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Abstract

The capacity of zoonotic pathogens to infect multiple hosts creates surveillance chal-
lenges but also provides opportunities to gather data from animal species that can be
used to understand risks to human health. This thesis presents a conceptual and prac-
tical assessment of the utility of domestic dog serosurveillance for the detection and
surveillance of two pathogens, influenza A and Leptospira spp. The first chapter gives
a theoretical framework that can be used to explore the attributes of animal sentinels
and assess their utility in different contexts. In subsequent chapters, this framework
is applied in a practical assessment of the utility of a domestic dog serosurveillance
approach for the detection and surveillance influenza A and Leptospira spp. at two
sites in Africa.

Two cross-sectional surveys of the avian and mammal populations at a site in Northern
Cameroon were conducted in early 2006 to determine if H5N1 influenza A viruses had
circulated in this area and in which species that presence could be detected. Serological
and molecular evidence of extensive H5 virus circulation in the domestic duck popula-
tion was identified. 47% of domestic ducks at the Maga site were cELISA positive for
anti-influenza A antibodies and 20% were HI test positive against an H5N1 antigen.
There was also evidence of exposure to H5 subtype viruses in the local dog and pig
populations.

At the Kibera site in Nairobi, a cohort study was established to carry out surveillance
of influenza A and Leptospira spp. in the domestic dog population and cross-sectional
surveys of the domestic poultry and rodent populations were completed. There was no
indication of influenza A circulation in any of the animal species surveyed, indicating low
risk of zoonotic influenza A infection in the human population of Kibera. In contrast,
there was extensive molecular and serological evidence of the presence of Leptospira spp.
in both the rodent and dog populations. 18% of 236 trapped rodents were PCR. positive
for kidney carriage of pathogenic leptospires and the estimated seroprevalence of anti-
Leptospira antibodies in the dog population ranged from 5-36% during the course of the
study, indicating high potential risk of leptospirosis infection in the human population.

The results indicate that dog serosurveillance can be used as useful tool for the deter-
mination of broad-scale patterns of pathogen presence and relative levels of population
exposure. However, there are limitations of the data that can be gathered from animal
sentinels and the complexities introduced particularly by incomplete understanding of
diagnostic test performance must be recognized. Animal sentinel surveillance may be
of most use for addressing fundamental questions of what pathogens are present where.
In the developing world particularly where disease burden data are still lacking, dog
sentinel serosurveillance can provide essential baseline data that can be used to target
future research and resource allocation.



Acknowledgements

Firstly, I would like to thank my supervisors, Dr Mark Bronsvoort, Professor Sarah
Cleaveland and Professor John Fazakerley for their help and support throughout the
past few years and for giving me the opportunity, inspiration and guidance to complete
this thesis. I also owe a debt of gratitude to the institutions that I have been affiliated
with and that have authorized and supported these research projects: The University
of Edinburgh; The Institute of Agricultural Research Development at the Cameroon
Ministry of Scientific Research and Innovation; The Kenya Medical Research Institute;
the Centers for Disease Control and Prevention; The University of Nairobi; The Kenyan

Department of Veterinary Services and The National Museums of Kenya.

It was a pleasure for me to meet and work with the many members of the field teams
that worked specifically on this project. Stella Kiambi, Gilbert Ogango, John Mugo
and Samuel Chege formed the backbone of the Kibera project in the field and without
their patience, enthusiasm and invaluable local knowledge the project would not have
got far. For the rodent sampling work specifically, Dr Bernard Agwanda and his team
from the National Museums of Kenya gave us expert advice and assistance with the

trapping and dissection.

A great deal of the work that contributed to this thesis was carried out in Nairobi and
I would particularly like to thank all of very many people at the CDC and KEMRI in
Nairobi without whose hospitality, technical guidance, support, generosity and enthu-
siasm this research project would have been impossible. Drs Rob Breiman and Kariuki
Njenga were more than generous with their time and the resources at their disposal
throughout. In Kibera, Beatrice Olack, George Okoth, Kennedy Odero, Alice Ouma
and Heather Burke all helped me get set up in the field. The good relationship that
our project was able to maintain with the local community is a reflection largely of the
years of work that the Kibera field team have put in and I would like to thank all of
them for the help that their work provided to this project. Of course, I would also like
to thank the residents of Kibera who so kindly and patiently allowed us to collect much

of the data presented in this thesis.

iii



iv

Through the course of my PhD I have received advice and assistance from people at
labs around the world. On the Leptospira side I would particularly like to recognize the
work that Anna Meredith and Dr Jeremy Brown did to set up the ELISA used for the
rodent and dog sera testing at Edinburgh, and Lorna Hume and Jennipher Harris who
were hugely patient and generous in helping me to get to grips with Leptospira culture
methods. Sally Cutler, Rudy Hartskeerl, Lee Smith and the team at the Leptospirosis
Reference Unit at Hereford all assisted me to get the Leptospira lab work up and
running and guided me through the various processes involved. For the flu diagnostics,
Karl Stahl and Anna-Britta Pettersson at the SVA and Ruth Manvell and Wendy Shell
at the VLA all contributed to the HI data particularly.

There are many other people in Edinburgh, Kenya and Cameroon who have helped
my hugely throughout this degree. I would like to think my friends and colleagues in
Edinburgh: Harriet Auty, Paul Bessell, Amy Jennings, Tiziana Lembo, Anna Meredith,
Darren Shaw and particularly Darryn Knobel and Ian Handel for their academic support
and friendship over the years. In Nairobi, Solomon Gikundi, Alice Maina, Leonard
Nderitu and Sylvia Omulo amongst many others, helped me to learn my way in the labs
and made me feel welcome. Kath Allen, Lian Doble, Anna Haw and Sarah McFarland
all joined the project for summer placements and their extra hands, knowledge and

enthusiasm were greatly appreciated.

Finally I would like to thank my family, friends and Parry Clarke particularly for helping
to get me through.



Contents

Declaration of Authorship

Abstract

Acknowledgements

List of Figures

List of Tables

Abbreviations

1 Evaluating Animals as Sentinels for Infectious Disease Surveillance

1.1
1.2

1.3
14

1.5

Abstract . . . . . . .
Introduction . . . . . . ...
1.2.1 Emerging and Re-emerging Pathogens . . . . . ... ... ... ...
1.2.2  Drivers of Pathogen Emergence . . . . . ... ... ... ......
1.2.3 Pathogen Surveillance . .. ... ... ... ... . ... ... ...
1.2.4  Surveillance of Emerging Zoonoses . . . . . . . . ... .. ... ...
1.2.5  Surveillance Approaches . . . . . ... ... ... .. ... ...
1.2.6  Animal Sentinels . . . . ... .. ...
1.2.7 Chapter Objectives . . . . . .. . ... .
Identifying and Assessing Animal Sentinels . . . ... ... ... ... ...
The Sentinel Framework . . . ... ... .. ... ... ... ... .. ....
1.4.1 Sentinel Response to Pathogen . . . ... ... ... ... .....
1.4.2 Relationship between Sentinel and Target Populations . . . . . ..
1.4.3 Transmission Route . . . .. ... ... ... ... ... ... ...
Placing the Sentinel Framework in Context . . . . ... ... ... ... ..

1.5.1  West Nile Virus Surveillance in North America: Animal Sentinel
Case Study . . . . . . . .

ii

iii

xi

xiii

XV



Contents vi
1.6 Applications of Animal Sentinels . . . ... ... ... ... .. ... .... 20
1.7 Carnivores as Sentinels . . . . .. . ... .. ... ... 24
1.8 Domestic Dogs as Sentinels . . . . . .. ... ... .. L oL, 25
1.9 Discussion . . . . . . . e 27

2 Influenza A H5N1 Surveillance in Cameroon 29
2.1 Abstract . . . . . ... 29
2.2 Introduction . . . . . . . . . . .. ... 30

2.2.1 Influenza A H5N1 in Africa . . ... ... ... ... .. ... .... 30
2.2.2 Influenza A H5N1 in Cameroon . . . . . . . ... ... ........ 32
2.2.3 Influenza A H5N1 in Dogs and Pigs . . ... ... ... ... .... 34
2.2.4  Influenza A Surveillance using Domestic Animals . . . .. ... .. 34
2.2.5 Laboratory Diagnosis of Influenza A . . . . . ... ... ... .... 36
2.2.5.1 Molecular Tests and Isolation . ... ............ 36

2.2.5.2  Serological Tests . . . .. ... ... ... ... ..... 38

2.2.6  Chapter Objectives . . . . . . ... ... . . . ... . .. 41

2.3 Methodology . . . . . ... . 42
2.3.1 Sampling Locations . . . . . ... ... ... ... . 42
2.3.2 Sample Collection . . . . .. ... ... L 43
2.3.3 Molecular Laboratory Analysis . . . ... ... ............ 44
2.3.4 Competitive ELISAs . . . .. . ... .. ... ... 44
2.3.5 Haemagglutination Inhibition Tests . . . . ... ... ... ... .. 45
2.3.6 Statistical Analyses . . . . .. ... Lo 47

24 Results . . . . oo 48
2.4.1 Real Time RT-PCR and Virus Isolation . . . ... .......... 48
2.4.2 Competitive ELISAs . . . . . . ... ... ... 49
2.4.3 Haemagglutination Inhibition Tests . . . . ... ... ... ... .. 50
2.4.4  Test CompariSons . . . . . . . . ..o i i 52

2.5 Discussion . . . ... e 54
2.5.1 Conclusions . . . . . . . . . e 61

3 The Kibera Study Site 63
3.1 Abstract . . . . . . .. 63
3.2 Introduction . . . . . . ... 63

3.2.1 The Urban Slum Context . .. ... ... ............... 64
3.2.2 Health and Disease Surveillance in Slums . . . . .. ... ... ... 64
3.2.3 Urban Livestock Keeping and Zoonotic Risks . . ... ... .. .. 66
3.2.4 Linked Disease Surveillance in Animal and Human Populations 68
3.2.5 Chapter Objectives . . . . . . ... .. .. ... 69
3.3 The Kibera Study Site . . . ... ... .. ... ... o 69
3.3.1 The Kibera Slum . . .. ... ... ... .. ... . 69
3.3.2 Study Area Description. . . . ... ... ... ... ... 70



Contents

vii

3.3.3
3.4 Animal
3.5 Discuss

Household Identifiers . . . . ... ... ... ......
Study Overview . . . . . .. ... ... ... ......
10 )0 N

4 The Kibera Dog Cohort

4.1 Abstract
4.2 Introduction

4.2.1
4.2.2
4.2.3

4.3.1
4.3.2
4.3.3
4.34

4.3.5
4.3.6

4.3.7
4.3.8
4.3.9
4.3.10
4.3.11
4.4 Results
4.4.1
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
4.4.7
4.5 Discuss
4.5.1

Demographic Data and Sentinel Assessment . . . . .
Longitudinal Patterns and Dog Age . . ... ... ..
Chapter Objectives . . . . ... ... ... .......
4.3 Methodology
Defining Dog Ownership . . . ... ... ... .....
Sampling Frame Identification . .. ..... ... ..
Household and Dog Recruitment and Exclusion . . .
Informed Consent . . ... ..... ... ... .....
4.3.4.1 Consent Procedure . . . . ... ... .....
4.3.4.2 Consent at Follow-Up Household Visits . .

Animal Handling, Safety Measures and Waste Procedures . . . . .

Dog Household Visits . . . .. ... ... ... .....
4.3.6.1 Dog Identification . ... ...........
4.3.6.2 Dog Data Collection and Sampling . . . . .
4.3.6.3 Incentives and Veterinary Interventions . .
Analysis of Dog Ages . . . ... ... L.
Evaluating Sampling Success . ... ... ... ... ..
Questionnaire Survey . . . . . ... L.
Dog Survival Analysis . ... ..............
Dog Population Estimation . ..............
Dog Cohort Recruitment . . . . .. ... ... .....
Cohort Age and Sex Structure . .. ..........
Cohort Confinement and Collar Survival . ... ...
Cohort Sampling Success . . . . .. ... ... .....
Questionnaire Survey . . . .. ... ...
Dog Survival Analysis . . ... .............
Dog Population Estimates . . . . ... ... ... ...
170 o
Conclusion . .. ... ... ... ... ... ...,

5 Influenza A Surveillance in Kibera

5.1 Abstract
5.2 Introduction

5.2.1

Avian Influenza A Transmission and Zoonotic Risks

71
72
72

75
75
76
76
77
78
78
78
79
80
82
83
83
83
84
85
86
87
88
89
90
90
92
95
95
98
98
101
104
106
109
111
115



Contents viii

5.2.2 Human Seasonal Flu Patterns . . . . . ... ... ........... 120
5.2.3 Human Influenza A Surveillance in Africa . ... ... ... .. .. 121
5.2.4 Human Influenza A in Kenya . . ... ... ... ... ... ...... 122
5.2.5 Influenza AinDogs . . . . . ... .. .. ... ... 123
5.2.6 Chapter Objectives . . . . . . . .. ... . . . ... ... .. ... 125

5.3 Sampling Methodology . . . . . . .. .. ... .. L. 125
5.3.1 Dog Samples . . ... ... . . ... 125
5.3.2 Bird-Owning Household Identification . . . . . ... ... ... ... 125
5.3.3 Bird Household Sampling Visits . .. ... ... ... ........ 126
5.3.4 Bird Household Questionnaire Survey . . . .. ... .. ... .... 127

5.4 Laboratory Methods . . . . . . ... . ... .. 128
5.4.1 Competitive ELISA . . . ... ... .. ... . . ... ... .. 128
5.4.2 Haemagglutination Inhibition Tests . . . . ... ... ... ... .. 128

5.5 Results . . . . oo 129
5.5.1 Bird Ownership and Sampling . . ... ... ... ... ....... 129
5.5.2 Competitive ELISA . . . . .. .. ... ... . 131
5.5.3 Haemagglutination Inhibition Tests . . ... ... ... ... ... .. 133
5.5.4 Questionnaire Data . . . . ... ... ... . ... ...... ... 133

5.6 Discussion . . . . . ... .. 134
5.6.1 Kibera Site Conclusions . . . ... ... ... ... ... ....... 140
5.6.2 Influenza A Surveillance Conclusions . ... ... ... ....... 140

6 Surveillance of Leptospirosis in Animal Populations: Infection Pat-

terns in Kibera Rodents 143
6.1 Abstract . . . . . . . . . e 143
6.2 Introduction . . . . . . .. ... 144
6.2.1 Classification of Leptospira . . . ... ... ... ... .. ...... 146
6.2.2 Laboratory Diagnosis of Leptospirosis . . . . .. ... ... .. ... 147
6.2.2.1 Culture, Isolation and Typing . . . . ... .. ... .... 147

6.2.2.2 Serology . . . . ... 148

6.2.23 PCR .. .. . . 151

6.2.3 Leptospirosis Epidemiology and Surveillance . . . . . ... ... .. 152
6.2.3.1 Urban Leptospirosis . . . . .. ... ... ... ....... 154

6.2.3.2 Leptospirosis in Africa . . ... ... ... ... ...... 154

6.2.4 Chapter Objectives . . . . . . ... ... .. . 155

6.3 Rodent Cross-Sectional Survey . . . . . ... .. ... . oL 156
6.3.1 Household Identification and Consent . . . ... ... ........ 156
6.3.2 Trap Placement, Checking and Collection . . . . ... ........ 157
6.3.3 Rodent Handling and Sample Collection . ... ... ........ 157
6.3.4 Questionnaire Survey . . . . . . ..o 158

6.4 Laboratory Methodology . . . ... ... ... .. .. . . . ... . . . ... 158

6.4.1 Kidney Sample Processing . . . . ... ... ... ... ........ 158



Contents ix

6.4.2 Culture . .. ... .. 159
6.4.3 PCR ... ... . e 160
6.4.3.1 Tissue Processing and DNA Preparation ... ...... 160

6.4.3.2 PCR Control Preparation . . ................ 160

6.4.3.3 P-actin PCR. ... ... ... .. ... . . ... ... ... 162

6.4.3.4 Pathogenic Leptospire PCR . . ... ... ... ...... 163

6.4.4 ELISA . . . . . 164
6.4.5 Microscopic Agglutination Tests . . . . .. ... ... ... ..... 165

6.5 Data Analysis . . . . . . .. . 167
6.5.1 Leptospire PCR . . . ... ... ... . .. . . ... 167
6.5.2 ELISA Score Standardization . . .. ... ... ............ 168

6.6 Results . . . . . . . 168
6.6.1 Rodent Trapping . .. ... .. . ... 168
6.6.2 Kidney Culture and PCR Tests . . . . .. ... .. ... ... .... 169
6.6.3 Serological Data . . . ... ... ... ... ... 171
6.6.4 ELISA and PCR Correspondence . . . . .. . ... .......... 172
6.6.5 Questionnaire Survey . . . . .. ... Lo 172

6.7 Discussion . . . . . . ... 174
6.7.1 Conclusion . .. .. ... .. .. 179

7 Surveillance of Leptospirosis in Animal Populations: Infection Pat-

terns in Kibera Dogs 180
7.1 Abstract . . . . . .. 180
7.2 Introduction . . . . . . . ... 181
7.2.1 Chapter Objectives . . . . . . . ... .. ... 183
7.3 Laboratory Methodology . . . . .. ... ... .. ... ... .. . ... ... 183
7.3.1 ELISA . . . . . e 183
7.3.2 MAT . . . e 184
74 Data Analysis . . . . . . ... L 185
7.4.1 ELISA Score Standardization . . . .. ... ... ... ........ 185
7.4.2 Multilevel Modelling . . . ... ... ... ... ... ... ... 186
7.5 Results . . . . . . . e 188
7.5.1 ELISA and MAT Scores . . .. ... ... ... ... 188
7.5.2  Multilevel Modelling . . .. ... ... ... ... ... ... ... 193
7.6 Discussion . . . . . . . . .. e e e 195
7.6.1 Diagnostic Test Data . . . . . ... ... ... ... .......... 195
7.6.2 Patterns of Dog Exposure . . . ... ... ... ... ... .. .... 199
7.7 Conclusions . . . . . . .. e 203

8 Kibera Dogs as Leptospirosis Sentinels? Addressing other Surveil-
lance Questions? 205
8.1 Abstract . . . . . . ... 205
8.2 Imtroduction . . . . . . . . . . . .. .. 206



Contents b'e

8.2.1 Chapter Objectives . . . . . . . .. . . . ... 206

8.3 Data Analysis . . . . . . . . .. 207
8.3.1 Estimating Seroprevalence . . . . . .. ... ... .. ... .. ... 207

8.3.2 Spatial Patterns . . . . ... ... 210

8.3.3 Response Specificity . . . . . .. ... 211

84 Results . . . . . . . e 212
8.4.1 Seroprevalence Modelling . . ... ................... 212

8.4.2 Spatial Patterns . . . .. ... ... 215

8.4.3 Response Specificity . . . . . .. .. oo 216

8.5 Discussion . . . . . . .. .. e 220
8.5.1 Temporal Variation . . . . . ... ... ... ... ... . ... . 220

8.5.2 Spatial Variation . . ... ... ... ... . . ... 226

8.5.3 The Sentinel Response . . . . .. ... ... ... ... ... . 227

8.5.4 Conclusion . .. ... ... .. ... 229

9 Discussion 231
A Consent Documents 236
B Data Collection Sheets & Questionnaires 243
C Halliday et al. 2007 - Publication of Introduction 256

Bibliography 269



List of Figures

1.1
1.2
1.3
14

2.1
2.2

2.3

24

2.5

3.1

3.2
3.3

4.1
4.2
4.3

4.4

4.5

4.6
4.7

5.1

5.2

Key components and attributes of the sentinel framework . ... ... .. 11
The sentinel framework in context . . . ... ... ... ........... 16
Application of the framework to H5N1 Influenza A . . . ... ... .. .. 22
Summary of the bio-accumulation effect . . . . ... ... ... ... ... 25
Map of Northern Cameroon showing key locations . . . . .. ... ... .. 33
Correspondence between the two cELISA scores and the VLA H5N1 titre

for the Cameroon duck samples . . . ... .. ... ... .. ......... 52
ROC curves of the two cELISA scores for discriminating between H5N1

HI test positive and negative duck sera . . . . . .. ... ... .. ... ... 53
Correspondence between test scores for the mammal samples tested with

the ID VET cELISA at recommended dilution, the BioChek cELISA and

the H5N1 (VLA) and H3N2 (SVA) titres . . . ... ... ... ...... 54
ROC curves for the three cELISA scores for discriminating between VLA
H5N1 HI test responding and negative mammal sera . . ... .. ... .. 55

Outline map of Kenya with Nairobi indicated and satellite image of Kib-

era with outline of study area indicated . ... ... ... ... ... .... 70
Kibera study site cluster map . . . ... ... ... ... ... ... 71
Kibera sample collection timeline . . . . ... ... ... ........... 73
Dog identification photographs. . . . ... .. ... ... ... ... ..... 85

Map of all DKHH enrolled during the dog cohort study and transect routes 96
Number of adults and puppies present at study households across sam-

pling visits . . . . . . .. 97
Plot of the calculated age variable based upon extrapolation from the

first reported age, against additional numeric ages reported . .. ... .. 99
The age and sex structure of the enrolled dog population at each sampling

VISIE . e 100
Mosaicplot of dog sampling success . . . . ... ... ... L. 103
Kaplan-Meier plots of dog survivorship. . . . ... ... .. ... ... ... 108

Map of dog and bird owning households sampled during influenza A
surveillance . . . . . . .. 126

ID.VET cELISA results for Kibera dogs and birds sampled in 2007 . . . 132

X1



List of Figures xii

6.1
6.2
6.3
6.4

7.1
7.2
7.3
7.4

8.1
8.2
8.3

8.4
8.5
8.6
8.7

Photographs of the Kibera study site . . . . . ... ... ... ... ..... 145
Framework for evaluating dogs as sentinels of human leptospirosis in Kiberal46
Rodent trapping area locations . . ... ... ... ... ... ... . ... 156
Rodent sera standardized ELISA scores . . .. ... ... ... ....... 171
Overview of leptospirosis serology . . . . . . . . . ... ... ..., 185
ELISA repeatability and controls . . . ... ... ... ... ......... 189
ELISA repeatability and correspondence with MAT results . .. ... .. 193
Influence of visit number and dog age upon ELISA scores . ... ... .. 195
Histogram of observed ELISA ODN scores . . ... ............. 215

Posterior seroprevalence estimates generated from the full mixture models216
Kernel density plots for posterior parameter estimates from the Full

Model + ivermectin . . . . . . . ... 217
Spatial distribution of ELISA positive and negative samples . . . . . . . . 218
Test of random labelling at dog sampling visit C . . . . .. ... ... ... 218
Heatmap illustrating the dog and rodent MAT data . . . . . ... ... .. 221

Sample of dog Leptospira ELISA scores over time . . . .. ... ...... 225



List of Tables

1.1 Summary of applications of animal sentinels for environmental and in-
fectious hazards . . . . . . . . ...

1.2 Selection of pathogens for which a high seroprevalence has been demon-
strated in domesticdogs . . . . .. ... o

2.1 Summary of haemagglutination tests . . . . . .. ... ... ... ... ...
2.2 Summary of real time RT-PCR results . . . . ... ... ... ... ......
2.3 Summary of influenza serology results . . .. ... ... ... .. ... ...
2.4 GLM of mammal sera VLA H5N1 HI reaction status . . .. ... .....

4.1 Summary of dog sera samples collected during the study . . .. ... ...
4.2 Summary of quasibinomial mixed model of sampling success . . . . . . ..
4.3 Summary of accelerated failure time model of dog survival . . . . ... ..
4.4 Transect survey summaries . . . . . . . . ...
4.5 Estimates of the total dog population and coverage achieved by the co-
hort study . . . . . . . ..
4.6 Estimates of dog population density and dog:human ratios . . . . . .. ..

5.1 Summary of haemagglutination tests . . . . . ... ... ... ... ..., .
5.2 Influenza A sera samples . . ... ... ... ... .. ... ..

6.1 p-actin PCRreagents . . ... ... ... ... ... .. ... ...
6.2 pB-actin PCR oligonucleotides . . . . . . . ... ... ... ... ..
6.3 Leptospire PCR reagents . . . . ... .. .. ... ... ... ... ... ...
6.4 Leptospire PCR oligonucleotides . . . . . . ... .. ... .. ... ......
6.5 Buffers used in the Leptospira ELISA . . . . ... ... ... ... .. ...
6.6 Summary of rodent sera Leptospira ELISA test procedure . .. ... ...
6.7 Rodent trapping summary . . . . . ... ... e
6.8 Logistic regression model of rodent pathogenic leptospire PCR status . .
6.9 MAT details and results for rodent sera . . . . ... ... ... .......
6.10 Summary of selected rodent questionnaire results . ... ... ..... ..

7.1 Summary of dog sera samples tested by ELISA and considered in the
multilevel modelling analysis . . . . . . ... ... ... ... ...,



List of Tables xiv

7.2 VLA MAT screenresults . . . ... .. ... ... ... ... 191
7.3 Edinburgh MAT details and results . . . . .. ... ... .. ......... 192
7.4 Multilevel model of log dog ELISA scores . . . ... ............. 194

8.1 Mixture model summaries . . . . . . . . . .. 214



Abbreviations

AFT Accelerated Failure Time

AGID Agar Gel Immunodiffusion

AIC Akaike Information Criterion

BSA Bovine Serum Albumin

CAAT Cross-Agglutination Absorption Test
CDC Centers for Disease Control and Prevention
CCC Concordance Correlation Coefficient

cELISA competitive Enzyme Linked Immunosorbent Assay
DNA Deoxyribonucleic Acid

DKHH Dog Keeping Households

DOHH Dog Owning Households

DSHH Dog Supervising Households

EDTA Ethylenediaminetetraacetic Acid

ELISA Enzyme Linked ImmunoSorbent Assay

EMA European - Middle Eastern - African

EMJH Ellinghausen & McCullough Medium (Johnson and Harris modification)

GABA gamma-Aminobutyric acid

GLM Generalised Linear Model

HI test Haemagglutination Inhibition test

HPA Health Protection Agency

HPAI High Pathogenicity Avian Influenza

IEIP International Emerging Infections Programme

XV



List of Tables

xvi

IHA
ILI
KEMRI
LBM
LPAI
LRT
LRU
MCMC
MLST
MOSS
NMK
OD
ODA
ODN
OIE

OR

PBS
PCR
PFGE
RBC
RDE
RHDV
RNA
RT-PCR
rRT-PCR
ROC

SA

SAT

SSS

Indirect Haemagglutination Assay
Influenza Like Illness

Kenya Medical Research Institute

Live Bird Market

Low Pathogenicity Avian Influenza
Likelihood Ratio Test

Leptospirosis Reference Unit

Markov Chain Monte Carlo

Multi-Locus Sequence Typing
Monitoring and Surveillance System
National Museums of Kenya

Optical Density

Average Optical Density

Normalised Optical Density

Office International des Epizooties

World Organisation for Animal Health
Odds Ratio

Phosphate Buffered Saline

Polymerase Chain Reaction

Pulse Field Gel Electrophoresis

Red Blood Cell

Receptor Destroying Enzyme

Rabbit Haemorrhagic Disease Virus
Ribonucleic Acid

Reverse Transcriptase - Polymerase Chain Reaction
real-time Reverse Transcriptase - Polymerase Chain Reaction
Receiver Operating Characteristic analysis
Sialic Acid

Slide Agglutination Test

Syndromic Surveillance Study



List of Tables

xXvii

SVA

TAE
TBE
TR
uv
VLA
WHO
WNV

Statens Veterindrmedicinska Anstalt
National Veterinary Institute of Sweden
Tris Acetate EDTA

Tris Borate EDTA

Time Ratio

Ultraviolet

Veterinary Laboratories Agency
World Health Organization

West Nile Virus



Chapter 1

Evaluating Animals as Sentinels for

Infectious Disease Surveillance

Sections of this chapter have been published as: Halliday, J.E.B., Meredith, A.L.,
Knobel, D.K., Shaw, D.J., Bronsvoort, B.M. de C. and Cleaveland, S. (2007). A
framework for evaluating animals as sentinels for infectious disease surveillance. Journal

of the Royal Society Interface 4:973-984.

A copy of the original article is included in Appendix C

1.1 Abstract

Infectious disease host ranges, host responses to pathogens and the relationships be-
tween hosts are heterogeneous. This heterogeneity poses challenges but also oppor-
tunities for effective pathogen surveillance. Animal sentinels can be used to address
many surveillance questions but they may currently be underused as a surveillance tool
and there is a need for improved interdisciplinary collaboration and communication in
order to fully explore the potential of animal sentinels. In different contexts, different
animal hosts will themselves vary in their capacity to provide useful information. This
chapter describes a conceptual framework within which the characteristics of different

host populations and their potential value as sentinels can be evaluated in a broad

1
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range of settings. The particular attributes of carnivores and domestic dogs specifically
that may enhance their utility as sentinels for global zoonotic disease surveillance are

described.

1.2 Introduction

The dynamics of infectious disease systems are inherently variable. The outcome of any
infection depends on multiple factors relating to pathogen characteristics, host suscep-
tibility, infecting dose, and routes of transmission, all of which can vary widely for any
particular infectious organism. Many of the major diseases of medical, veterinary and
conservation importance are caused by pathogens with wide host ranges (Woolhouse
and Gowtage-Sequeria, 2005), which introduces further complexity. While the complex
epidemiology of multi-host pathogens presents considerable challenges for understand-
ing infection dynamics and implementing disease control, heterogeneities in host range
and infection outcome also provide opportunities for disease surveillance. This chapter
discusses the surveillance of zoonotic pathogens and presents a conceptual framework
that can be applied to examine those characteristics of host populations that influence
their potential value as sentinels for disease surveillance in different ecological and epi-
demiological settings. In the following chapters of this thesis, a practical assessment of
the use of domestic dogs as sentinels for the surveillance of influenza A and leptospirosis

at two field sites in Africa is presented and discussed.

1.2.1 Emerging and Re-emerging Pathogens

Emerging or re-emerging diseases are those that have recently appeared for the first
time, are increasing in incidence, or are spreading into new areas (Cleaveland et al.,
2001). As compared to non-emerging pathogens, comparative surveys reveal that
emerging pathogens are more likely to be viruses (Cleaveland et al., 2001; Taylor
et al., 2001; Woolhouse and Gowtage-Sequeria, 2005), or bacterial /rickettsial pathogens
(Jones et al., 2008), depending on the classification of drug-resistant microbes. Emerg-
ing diseases are more likely to be zoonotic (Taylor et al., 2001; Woolhouse and Gowtage-

Sequeria, 2005; Jones et al., 2008), and are also more likely to have broad host ranges



Sentinel Framework 3

(Cleaveland et al., 2001). An understanding of these characteristics, as well as recogni-
tion of the huge diversity that exists within emerging and re-emerging diseases (Wool-
house and Gowtage-Sequeria, 2005) is essential for the design and effective implication

of surveillance and control strategies for emerging pathogens.

Zoonotic pathogens are defined as those diseases and infections which are naturally
transmitted between vertebrate animals and humans (WHO, 1959). The majority of
all human pathogens are zoonotic (Taylor et al., 2001), and zoonotic pathogens show
a higher probability of emerging than non-zoonotic pathogens (Taylor et al., 2001;
Woolhouse and Gowtage-Sequeria, 2005). Zoonoses with wildlife origins specifically
have been identified as the most significant emerging disease threat to global health

(Jones et al., 2008).

The likelihood of pathogen emergence or re-emergence is significantly associated with
the host range of the pathogen, such that pathogens that have broader host ranges,
and specifically those that can infect hosts of more than one taxonomic order, are
more likely to be defined as emerging or re-emerging (Cleaveland et al., 2001; Wool-
house and Gowtage-Sequeria, 2005). This capacity to infect multiple hosts is associated
with zoonotic potential and also has implications for surveillance. Multihost pathogens
have complex ecology that involves interactions between multiple species and numerous
transmission opportunities. Effective surveillance of these pathogens requires the de-
velopment of new strategies that recognize this complexity and should utilize the range
of potential sentinel species that is an obvious consequence of this generalist capacity

(Cleaveland et al., 2006).

1.2.2 Drivers of Pathogen Emergence

The factors associated with the emergence and re-emergence of pathogens can gener-
ally be categorized into: 1) genetic and biological factors, 2) environmental factors,
3) ecological factors and 4) demographic factors. The majority of these are directly
attributable to human activity (Morse, 1995; King et al., 2004). Together, these fac-
tors combine to increase contact between humans and pathogens or their animal hosts,

helping to create novel niches that can be exploited by pathogens and increasing the
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likelihood of interspecies transmission (Morse, 1995; King et al., 2004). Human popu-
lation density has been identified as a consistent predictor of disease emergence events
(Jones et al., 2008). However, this observation may reflect patterns in the spatial dis-
tribution of the detections of disease emergence, the locations of which may differ from

those of the emergence events themselves.

1.2.3 Pathogen Surveillance

Surveillance is defined by the World Health Organization (WHO) as “the ongoing sys-
tematic collection, collation, analysis and interpretation of data and the dissemination
of information to those who need to know in order for action to be taken” (WHO, 2001).
A critical element of surveillance is that an identified response is made on the basis of the
surveillance data generated, to allow appropriate action to be taken. Monitoring and
surveillance systems (MOSS) (Doherr and Audigé, 2001) can be designed to address a
number of specific questions, including detecting the presence of pathogens, identifying
changes in the prevalence of a pathogen over time, determining the rates and direction
of pathogen spread, testing specific hypotheses about the ecology of a pathogen and

evaluating the efficacy of potential disease control interventions (McCluskey, 2003).

1.2.4 Surveillance of Emerging Zoonoses

The increasing recognition of the threat posed by emerging and re-emerging zoonoses
and the awareness that this threat will persist and probably increase in the future,
has prompted a reappraisal of the existing networks and systems of infectious disease
surveillance. The importance of interactions between human, wildlife and domestic
animal populations, the potential for the rapid global spread of emergent pathogens
and appreciation of the need to carry out surveillance for as yet unknown pathogens
demonstrates the necessity for novel, interdisciplinary surveillance strategies that are

both more comprehensive and more flexible than any that have existed previously.

Integration between human and animal surveillance is repeatedly identified as key to

the successful surveillance of emerging infectious diseases (Morse, 1995; Murphy, 1998;
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Cleaveland et al., 2001; Woolhouse, 2002; Kuiken et al., 2005; Woolhouse and Gowtage-
Sequeria, 2005; Kahn, 2006). In order to effectively monitor pathogens and characterize
their potential to cross into and spread throughout human populations, surveillance
must include both human populations and the animal populations from which such
pathogens may emerge (Woolhouse and Gowtage-Sequeria, 2005). The collection of
accurate and comprehensive field data is the essential foundation of the required in-
tegrated approach to emerging zoonosis research, surveillance, assessment and control
(Chomel, 2003; King et al., 2004), which must prioritize international and interdis-
ciplinary exchange of existing data and techniques as well as the utilization of novel
sources of information, in order to rapidly detect and respond to emerging disease

threats (Chomel, 2003; King et al., 2004; Hoinville et al., 2009).

The effective integration of the medical and veterinary disciplines may be particularly
important in the developing world, where a basic lack of infrastructure often means
that human disease surveillance networks are poorly developed and that resources are
scarce (Shears, 2000b). In many regions, veterinary personnel may more numerous,
and animal health surveillance better established, than in the equivalent human health

profession (Shears, 2000a).

The developing world has been identified as at particular disadvantage in terms of
existing capacity to cope with the threat posed by emerging diseases (Shears, 2000a;
Breiman et al., 2007). High profile pathogen outbreaks in Africa such as viral haemor-
rhagic fevers and the spread of H5N1 influenza A in 2006-2007 have revealed the current
shortcomings in surveillance capacity and prompted the proposal of strategies to de-
velop core capacities vital to the surveillance of all potential disease threats (Shears,
2000a; Breiman et al., 2007). These practical proposals fit well with the argument
that surveillance efforts should be concentrated on areas of the world identified as more
likely locations of pathogen emergence, which include tropical Africa, Latin America

and Asia (Jones et al., 2008).
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1.2.5 Surveillance Approaches

The above definition of surveillance encompasses a broad range of activities and pur-
poses. Different approaches to surveillance are appropriate in different circumstances,
which may be defined by the purpose of the surveillance activity as well as the context
in which it is conducted and the resources available. These approaches and the associ-
ated terminology have recently been described and compiled in an effort to clarify and
unify the language used and work towards a standardized system for the description of

surveillance activities (Hoinville et al., 2009).

The term general surveillance is used to describe surveillance that is not focused on
a particular disease or health issue and can detect any disease or pathogen (Hoinville
et al., 2009). Such an approach can be used flexibly to detect any disease or pathogen
through the collection of non-specific diagnostic data such as clinical information and
indirect indicators (Hoinville et al., 2009). At the other end of the spectrum in terms
of precision, targeted surveillance is designed to address specific questions about the
occurrence or epidemiological features of a defined disease or condition (Hoinville et al.,

2009).

Hoinville et al. (2009) note that the very resource limitations that are frequently iden-
tified as constraints to effective disease surveillance in the developing world can also
prompt the development of innovative ‘outside the box’ surveillance approaches such
as risk-based and sentinel approaches. The core concept of risk-based surveillance is
that issues that present higher risks merit higher priority for surveillance resources
and its goal is to achieve a higher benefit-cost ratio than conventional approaches with
existing or even reduced resources (Stirk et al., 2006). Hoinville et al. (2009) define
risk-based surveillance as a surveillance activity in which efficiency is increased by in-
cluding sample units that are more likely to: 1) be infected with the disease of interest,
2) be detected as infected with the disease of interest, 3) become infected with the
disease of interest or 4) transmit the disease of interest to other units in the popu-
lation (Hoinville et al., 2009). This definition overlaps with the definition of sentinel
surveillance provided by these authors and also with the definition used in this thesis
(See Section 1.2.6). Hoinville et al. (2009) define sentinel surveillance as the regular

collection of information from selected sites about the occurrence of infection, disease
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or the health of a specified population. When the sentinel unit is selected on the basis

of likely increased risk then these two approaches to surveillance overlap.

1.2.6 Animal Sentinels

Sentinel surveillance is a form of surveillance in which activities focus on specific sub-
populations to enhance detection of disease and/or improve the cost-effectiveness of
surveillance (McCluskey, 2003). The aim of sentinel surveillance is to obtain timely
information in a relatively inexpensive manner rather than to derive precise estimates
of prevalence or incidence in the general population (CDC, 2008). It has long been
recognized that animal populations have the potential to act as sentinels for environ-
mental health hazards (CAMEH, 1991), but, given the importance of domestic and
wild animal hosts in emerging human diseases, it is clear that surveillance in animals is
also critical for understanding and managing emerging disease threats (Kuiken et al.,
2005; Woolhouse and Gowtage-Sequeria, 2005; Kahn, 2006). Animal sentinels almost
certainly represent an important but under-used surveillance tool (Rabinowitz et al.,
2005) that may be capable of accommodating and capitalizing upon the variability that

exists in infectious disease processes.

The term sentinel is widely used in both epidemiological and veterinary clinical lit-
erature, and is implicitly understood but rarely defined. While all uses invoke the
common concept of standing guard or keeping watch, existing definitions tend to be
context-specific. The classic example of an animal sentinel is that of the coal-miner’s
canary. In this case an individual animal of a different species is deliberately selected
and placed in a situation where it can provide evidence of increased risk to the human
population on the basis of its greater sensitivity and obvious observable response to the
presence of carbon monoxide. Since the mid-twentieth century, it has been recognized
that animals can act as important sentinels for a wide range of environmental health
hazards (CAMEH, 1991). The term proxy has also been used to describe such uses of
animal sentinels, when a proxy species or population is identified and selected - usually
on the basis of higher susceptibility to the hazard - and observed in place of the target
population (Hoinville et al., 2009). The sentinel or proxy population may not play an

important role in the epidemiology of the pathogen of interest, instead the rationale for
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Table 1.1: Summary of applications of animal sentinels for environmental and infec-
tious hazards

Type of sentinel Example Reference
Individual animal Coal-miner’s canary used to detect the presence of carbon monoxide (Burrell and Seibert, 1916)
(Schwabe, 1984)
Herd/population Sentinel cattle herds and chicken flocks used to monitor the distribution of (NAMP, 2008)
arboviruses and their vectors in Australia and the USA (Loftin et al., 2006)
Same species Unvaccinated chickens placed within vaccinated flock to detect HPAI (Suarez, 2005)
Different, more Feral pigs released into New Zealand to detect the presence of bovine TB (Nugent et al., 2002)
susceptible species  Coal-miner’s canary (as above) (Burrell and Seibert, 1916)
Sentinel application Example Reference
Deliberately placed Standard laboratory mice sentinel programmes using outbred mice, (ILAR, 1991)
(experimental) sacrificed and tested to detect presence of a panel of
rodent pathogens in the core experimental or breeding colony
Use of sentinel chickens to evaluate the effectiveness of cleaning (McCluskey et al., 2006)
and disinfection procedures for eradication of Newcastle disease
In natural habitat Evaluation of white-tailed deer as natural sentinels for (Dugan et al., 2006)
(observational) Anaplasma phagocytophilum, the cause of human granulocytic anaplasmosis
Mesothelioma in pet dogs associated with exposure of their owners to asbestos (Glickman et al., 1983)
Amphibian population declines as indicators of environmental stresses (Halliday, 2000)
including habitat destruction, pollution, increased UV-B radiation or climate change
Sentinel unit Equine premises used to investigate presence of vesicular stomatitis in Colorado (McCluskey et al., 2002)

its selection as the unit of surveillance is based solely on its capacity to provide data

on the presence of a pathogen.

Sentinels can vary from individual animals to herds or larger populations, from animals
of the same species to different, more susceptible, more expendable or more accessible
species, and from animals deliberately placed or introduced to those already existing
in a particular location. The sentinel concept can also refer to a physical location,
such as a farm, abattoir, veterinary practice or laboratory (the “sentinel unit”) which

is selected to monitor a particular hazard (Table 1.1).

For many people, the term animal sentinel relates particularly to situations in which a
signal observed in an animal population can herald or give advance warning of a risk to
human health (Yale Occupational and Environmental Medicine Program, 2010). The
general principal of using data gathered from an animal population to inform under-
standing of risks to other species (most commonly humans) can however be extended
to cover a broader range of scenarios. In the context of pathogen surveillance, animal

sentinels may be used to address a range of questions, including;:

e detecting a pathogen in a new area;

e detecting changes in the prevalence or incidence of a pathogen or disease over

time;
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e determining the rates and direction of pathogen spread;
e testing specific hypotheses about the ecology of a pathogen and

e cvaluating the efficacy of potential disease control interventions (McCluskey, 2003).

Throughout this thesis, ‘animal sentinels’ is used as an umbrella term for the general
use of data from animal populations to inform understanding of health risks in other
populations. The term ‘sentinel population’ is used to refer to the unit of observation

in a particular case.

Animal sentinels appear under-utilized, particularly in the context of infectious dis-
ease surveillance (Rabinowitz et al., 2005, 2008), and their value has been discussed
primarily in the context of environmental health (CAMEH, 1991). A basic lack of inte-
gration between disciplines, most noticeably between human and veterinary medicine
but also between different branches within these fields is likely to have contributed to
this under-use of animal sentinels and the persistence of critical knowledge gaps (Rabi-
nowitz et al., 2005, 2008). There are currently no standard criteria which are applied for
the evaluation of animal sentinels (although (Hoinville et al., 2009) have recently pro-
posed mechanisms to resolve this for surveillance activities more generally) limiting the
ease with which data can be transferred between disciplines (Rabinowitz et al., 2005).
The infectious disease literature regarding animal sentinels consists largely of descrip-
tive studies that have generated hypotheses regarding animal sentinel use (Rabinowitz
et al., 2005; Scotch et al., 2009; Yale Occupational and Environmental Medicine Pro-
gram, 2010), but as yet includes few studies that were purposefully designed to evaluate
their potential. A lack of quantitative methods for linking animal and human health
surveillance data and a tendency amongst researchers to underestimate the degrees of
association between human and animal health, may both play a role in this shortfall
(Rabinowitz et al., 2008; Scotch et al., 2009). One major exception is the extensive
research that has been carried out into the use of animal sentinels in the surveillance

of West Nile virus (WNV) in North America, which is discussed in Section 1.5.1.
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1.2.7 Chapter Objectives

The principal aim in this chapter, is to develop and discuss a conceptual framework
that can be used to evaluate animal sentinels of infectious diseases. The attributes
of carnivores, and domestic dogs specifically, that may enhance their utility as animal

sentinels for a range of epidemiological questions are explored.

1.3 Identifying and Assessing Animal Sentinels

For any population to be useful for disease surveillance it must be under observation
and must be capable of developing a detectable response to a particular pathogen.
Sentinel populations are distinguished from other populations by having attributes
that enhance detection of the disease or of the etiological agent and/or improve the
cost-effectiveness of surveillance (McCluskey, 2003). In most cases, this means that
the sentinel population is more likely to be exposed to, or to respond to the pathogen
than other populations. This sentinel concept encompasses the variety of uses described
above and can refer to any level of grouping from an individual to a larger unit, such

as a herd or even a species.

Various authors have compiled lists of attributes of an ‘ideal’ sentinel (CAMEH, 1991,
Komar, 2001) but these have invariably been created with a particular sentinel appli-
cation in mind and there exists little or no consensus about the common characteristics
or defining features of ‘the sentinel’. This ambiguity of course reflects the fact that
there is no innate quality of sentinel suitability that particular species or populations
have. Instead, the criteria against which the usefulness of a given sentinel population is
assessed are influenced by the aim of surveillance and the context in which the sentinel

would be used.

1.4 The Sentinel Framework

Within any pathogen surveillance context the sentinel population must always interact

with both the pathogen and the target population and it is essential to consider and
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Figure 1.1: Key components and attributes of the sentinel framework

describe the interactions between these fundamental components (Figure 1.1). The

three components of the sentinel framework are:

Pathogen The pathogen that is under surveillance;
Target population The population of concern, to which information gathered from
the sentinel is applied;

Sentinel population

This framework is not intended to represent the transmission dynamics of a pathogen,
but rather the ways in which the components of the sentinel framework are associated.
Three critical attributes of this system must be considered in order to assess the utility of
a potential sentinel for a particular surveillance aim and in any given ecological context:
1) the sentinel response to the pathogen, 2) the relationship between sentinel and target
populations and 3) routes of transmission to both target and sentinel populations. This
framework is discussed with reference to the surveillance of WNV in North America

(Section 1.5.1).
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1.4.1 Sentinel Response to Pathogen

The sentinel response to a pathogen can range from the production of antibody in an
otherwise healthy individual, through morbidity and ultimately to mortality. It may
also be possible to detect the presence of the pathogen in a sentinel population before

other responses develop and sentinel responses can therefore include:

Current infection or presence of pathogen
Seroconversion

Morbidity

Mortality

There is a clear intuitive distinction between sentinel populations that develop high lev-
els of morbidity or mortality in response to pathogen exposure and those that remain
healthy. Sick or dying sentinels show an obvious and dramatic response to a pathogen
and provide a readily appreciable signal of the presence of a pathogen within an ecosys-
tem (See the discussion of crow mortality as a sentinel of WNV presence in Section
1.5.1). At the other end of the spectrum, apparently healthy sentinels that develop a
subclinical response are often more useful for investigating the maintenance patterns
and transmission dynamics of a pathogen within the sentinel and target populations.
Following the consumption of prey infected with rabbit haemorrhagic disease virus
(RHDV), foxes in northern Germany developed antibody responses that declined after
just two weeks. Serosurveillance of this fox population therefore reveals the propor-
tion of the population that has been exposed in the 1-2 weeks prior to testing. These
serological data can therefore provide a good indication of the incidence patterns of
RHDV in the corresponding rabbit population (Frolich et al., 1998). In cases in which
healthy sentinels are used, it may be desirable to re-sample the same individuals or
populations over time. It is also important that the observation and sampling of the
sentinel population, and perhaps also the sentinel response itself, has minimal impact

upon the study system.

This example also demonstrates the influence of the temporal characteristics of the

sentinel response to a pathogen upon the choice and application of sentinel populations.
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Sentinel populations which respond to a pathogen prior to the exposure of the target
population may be useful for those surveillance programmes that aim to prevent the
exposure of the target population. For other sentinel uses, the rapid development of a
response may not be required. The duration of the potential sentinel’s response can also
influence the types of question it can usefully be used to address. An equivalent sentinel
population (to that of the foxes) that developed a longer lasting antibody response in
the above RHDV example would be of limited use for investigating the incidence of

disease in the rabbit population on this immediate timescale.

The sentinel response can be viewed as a test for the presence of the pathogen within
the target population and as such has properties that are analogous to diagnostic test

sensitivity and specificity:

Sentinel Sensitivity The sensitivity of the sentinel refers to its capacity to respond
to the presence of the pathogen in the target population and effectively translates
as susceptibility to infection. An insensitive sentinel population would be unlikely
to display evidence of infection with the pathogen even if it were present in the
target population and would therefore be poorly suited for use as a sentinel.

Sentinel Specificity The specificity of the sentinel response relates to the ease with
which a sentinel response can be interpreted and attributed to a particular pathogen.
Specificity is thus closely linked to the response type and the methods used to
detect the response. Morbidity and mortality are generally less specific indica-
tors of the presence of a particular pathogen than molecular responses that are

observed using a diagnostic test or assay unique to the pathogen in question.

Whatever type of response a particular sentinel population mounts to a pathogen,
it is important that the individual members of that population are consistent in the
development of the response. Excessive variation within a sentinel population would
greatly complicate the interpretation of surveillance findings and it may therefore be
important to ensure that members of the sentinel population are of similar age, sex, or

other relevant characteristics, depending upon the type of response measured.
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1.4.2 Relationship between Sentinel and Target Populations

The relationship that exists between the sentinel and target populations may include be-
havioural, epidemiological or spatial aspects or any other form of ecological association.
Detailed understanding of the associations between the sentinel and target populations
is not required to address all questions. However, a comprehensive understanding of
the relationship between a sentinel and a target population will allow for the investiga-
tion of more complex epidemiological questions and better informed interpretation of
the data collected through surveillance of that sentinel. The minimum association that
must exist between a sentinel and a target population is a spatial association. This
need not imply spatial overlap however. If the pathogen is spreading on a wave-front,
or emanating from a focal source, then a sentinel population may be selected on the

basis of its closer proximity to the focus than the target population (NAMP, 2008).

At the other extreme, the sentinel population may consist of a specific subset of the
target population, ensuring a very close relationship between the two populations. A
sub-population that experiences high transmission risk, or is particularly sensitive to
infection with a particular pathogen, may serve as a sentinel for the wider population
and can clearly provide a more accurate assessment of risk to the target than a pop-
ulation occupying a dissimilar ecological niche and consequently experiencing a very
different pattern of exposure to the pathogen (e.g. unvaccinated sentinel birds are used
to detect the presence of highly pathogenic avian influenza (HPAI) viruses within the
otherwise vaccinated flock (Suarez, 2005)). The sentinel and target population may
also be epidemiologically linked such that the sentinel may act as a source of infection

for the target population, as is often the case with arthropod vector surveillance.

1.4.3 Transmission Route

This attribute is essentially a component of the relationship between the sentinel and
target populations that explicitly considers the route or routes through which the two
populations can become infected with the pathogen. In circumstances where the target
and sentinel are exposed to infection via the same route, the relative intensity and

patterns of exposure of the two populations to the source of infection are important



Sentinel Framework 15

(Estrada-Franco et al., 2006). It may be desirable to select a sentinel that has higher
levels of exposure and which is therefore more likely to show evidence of a pathogen if
it is present than to directly survey the target population itself. For pathogens that are
transmitted by a vector or vectors, the feeding preferences of the vector(s) can therefore
be important in informing sentinel selection. Domestic dogs are the preferred source of
blood meals for Triatoma infestans, one of the main vectors of Trypanosoma cruzi in
Mexico. A comparative serosurvey revealed overall anti- T. cruzi IgG prevalence of 16%
in dogs, compared with a 2% prevalence in humans, and a strong positive correlation
between human and dog seropositivity within the study area. These data suggest
that the feeding preferences of this vector make the domestic dog population a good
sentinel for identifying areas of human seropositivity and monitoring prevalence in this
context (Estrada-Franco et al., 2006). There are also circumstances in which the route of
exposure of the sentinel and target population may differ (See the discussion of exposure
through the consumption of infected material in Section 1.7). An understanding of
the predator-prey relationships between the target population and potential sentinels
may prove useful in sentinel selection. The principal transmission route of bluetongue
virus, which infects wild and domestic ruminants across East Africa, is via Culicoides
midge vectors. Serosurveillance of free-ranging African carnivores revealed that both
the seroprevalence and the virus serotype identified varied dramatically across carnivore
species (Alexander et al., 1994). This study suggested that the most likely route of
infection of carnivores with bluetongue was via consumption of infected prey, and that
the variation seen between species was attributable to dietary differences. Different
carnivore species may therefore vary in their utility as sentinels for the presence of

bluetongue virus in different ruminant species.

1.5 Placing the Sentinel Framework in Context

The sentinel response can be viewed as the output of the sentinel framework. The nature
of this response, in combination with other sentinel host factors and practical influences
which depend upon the context in which surveillance is conducted, determine the overall
detectability of the sentinel response (Figure 1.2). Unlike the attributes which operate

within the sentinel framework, detectability is a quality of the interaction between the
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Figure 1.2: The sentinel framework in context
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sentinel and the observer. The overall utility of any potential sentinel can only be
assessed by considering both the sentinel framework and the influences of the context

in which it would be applied (Figure 1.2 and Figure 1.3).

The visibility of any animal population is determined by the morphology, behaviour,
distribution and abundance of the individual animals of which it is comprised. The
detectability of the sentinel response includes both the visibility of the animal and of its
response to a pathogen. The type of response that an animal mounts will directly affect
the ease with which it is detected by the observer. Widespread morbidity or mortality
within a sentinel population are often more readily appreciable than seroconversion
or current infection/presence of pathogen, which can only be detected by the observer
after first sampling the sentinel population and then conducting laboratory analyses. In
the case of overt sentinel responses such as mortality, the existence of a reliable network
of ‘observers’ and of a mechanism through which data are reported are crucial. It is
equally important to consider the available capacity to detect any less overt responses
including the existence of a reliable sampling protocol and a diagnostic test (McCluskey,
2003). The majority of diagnostic tests for human and livestock pathogens have not
been validated for use in non-target species and the sensitivity and specificity of tests
can vary hugely between species (Greiner and Gardner, 2000). The existence of a
suitable negative control population and recognition of the time required to identify
and validate diagnostic tests must be considered in any proposed sentinel surveillance

programine.

The practical difficulties involved in sampling any potential sentinel population must
also be evaluated and it may sometimes be difficult to reconcile the use of a theoret-
ically ideal sentinel with such practicalities. For a sentinel population to be useful it
must be both logistically feasible and safe to sample sufficient numbers of the popu-
lation (CAMEH, 1991). Because sentinels are often selected on the basis of increased
likelihood of exposure to a pathogen, sentinel surveillance can enable targeting of re-
sources and often has improved cost-effectiveness as compared, for example to more
comprehensive surveys (McCluskey, 2003). In addition to consideration of time and
cost, the potential risks to research personnel and the public that are associated with

the desired sampling strategy must be evaluated, as well as the effects of sampling upon
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the sentinel population itself in the context of animal welfare and conservation status

(CAMEH, 1991).

1.5.1 West Nile Virus Surveillance in North America: Animal Sentinel Case
Study

WNV is an arbovirus of the genus Flavivirus, that is maintained in a mosquito—bird—
mosquito cycle primarily involving Culez spp. mosquitoes (Campbell et al., 2002).
Humans and other mammal species are incidental dead-end hosts. The majority of
human infections with WNV are asymptomatic or result in transient febrile illness but
in a small proportion of cases, meningoencephalitis can occur (Mostashari et al., 2001).
The geographical range of WNV has historically included Africa, Europe, Asia and
Australia (Campbell et al., 2002). In 1999, the first North American cases of WNV
were reported in New York and since then the virus has spread across the continental
United States and into Canada, Latin America and the Caribbean (Hayes and Gubler,
2006). The surveillance of WNV in North America has included investigation of the
utility of different animal sentinels. Some of the findings of these studies are described

below with reference to the sentinel framework.

Sentinel response to pathogen A number of North American bird species includ-
ing corvids, house sparrows, house finches and grackles are competent reservoirs
for mosquito infection with WNV (Komar et al., 2003). Among these potential
sentinel species, corvids and specifically American crows, Corvus brachyrhynchos,
are particularly susceptible to infection with WNV and have a high mortality
rate (McLean et al., 2001; Komar et al., 2003; Yaremych et al., 2004). In 2000,
it was established that dead crow reports preceded both the confirmation of viral
activity (through laboratory analysis) and the onset of human cases by several
months (Eidson et al., 2001b). Subsequent spatial analyses using data collected
in New York have identified a positive association between the risk of human
disease caused by WNV and elevated local dead crow reports in the previous one

to two weeks (Mostashari et al., 2003; Eidson et al., 2005; Johnson et al., 2006).
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The thorough characterization of this temporal association ensures that the ob-
servation of crow deaths can be acted upon immediately without the need for
time-consuming laboratory analyses. The observation of clusters with high crow
mortality can therefore be used to predict human risk early enough to implement
targeted mosquito control and personal protection warnings (Mostashari et al.,

2003; Eidson et al., 2005; Johnson et al., 2006).

Relationship between sentinel and target populations Domestic dogs have also
been evaluated as sentinels of WNV presence (Komar, 2001; Kile et al., 2005).
This sentinel choice is informed by the particular relationship that domestic dogs
have with humans, which means that they are well suited to act as indicators of the
infectious disease risks that their owners are likely to encounter. North American
domestic dogs consistently show higher seroprevalence of anti-WNV antibodies
than humans (Komar, 2001; Kile et al., 2005) and one analysis revealed that
outdoor dogs were nearly 19 times more likely to have seroconverted to WNV
than indoor-only pet dogs (Kile et al., 2005). The pattern of human exposure
to the arthropod vectors of WNV is likely to be more similar to that of indoor
only dogs, but within the context of broad spatial association with humans; this
divergence from the human niche means that outdoor-only dogs are more sensitive
sentinels of WNV presence and human risk than indoor-only dogs (Kile et al.,

2005).

Transmission route The role played by different mosquito species (predominantly of
the genus Culezr) in the transmission of WNV between birds and to humans is
quite variable (Kilpatrick et al., 2005; Molaei et al., 2006). In one study conducted
in Maryland and Washington DC, over 90% of all Culex mosquitoes identified
were of the species Culex pipiens (Kilpatrick et al., 2006). At this site, the rise in
human WNV cases that occurs in late summer and early autumn is apparently
caused by a shift in the feeding preferences of this vector species from birds to
humans (Kilpatrick et al., 2006) that is associated with the dispersal of a preferred
host, the American robin Turdus migratorius. This temporal variation in vector
feeding preferences means that the transmission of WNV to bird hosts (including
corvids) occurs earlier in the season than transmission to humans and explains

the capacity for bird die-offs to provide an early warning of human risk. A similar
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shift in feeding patterns associated with a rise in human cases is also seen in Culez

tarsalis mosquitoes in Colorado and California (Kilpatrick et al., 2006).

Detectability Although the pathogenicity of WNV to birds including crows has been
demonstrated within the historical geographical range of WNV (Work et al.,
1955), the very high mortality seen in American corvid populations is unusual
(Eidson et al., 2001a). Clearly, this difference may limit the application of corvids
as useful sentinels of WNV to contexts within the Americas. Even within North
America, there is variation in the suitability of corvids to act as a sentinel for
WNYV activity related to the density of human populations. A study using decoy
crows revealed that both detection and reporting rates were lower in rural areas
compared with urban areas (Ward et al., 2006). Spatial analyses have also identi-
fied reduced capacity of dead crow density measures to forecast human infections
in rural areas (Eidson et al., 2005). These effects are seen because the capacity of
crows to act as useful sentinels depends upon the likelihood that bird deaths are
observed and reported by people. The power of dead crow sentinel surveillance to
predict human risk is greatly reduced in rural areas as a consequence of a reduced

detectability of the sentinel response.

1.6 Applications of Animal Sentinels

Many of the questions addressed through the use of animal sentinels, such as the assess-
ment of pathogen control efforts, the monitoring of prevalence fluctuations over time,
and the demonstration of the absence of a pathogen, require only the basic qualities
of a sentinel as defined above. While the more specific requirements of any particular
sentinel are unique to the context and aim to which it is applied, there are some gen-
eral qualities and subtypes of sentinels that correspond to major applications of animal
sentinels. For example, only sentinels in which the response to a pathogen and the
detection of that response, occur prior to exposure or cases in the target population
can provide early warning of pathogen presence. Early warning sentinels are used to
provide a predictive signal of risk to the target population. Sentinels that are exposed

and which respond to a pathogen before the exposure of the target population may
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provide an opportunity to implement pre-emptive control measures and to prevent the
infection of the target population (See discussion of WNV surveillance in Section 1.5.1).
Other early warning sentinels may respond to the pathogen more rapidly than the tar-
get population but not necessarily before the target’s exposure (e.g. the coal-miner’s
canary). In such cases, data collected from the sentinel cannot be used to prevent cases
in the target population altogether. However, the information they supply can provide
advance warning of cases, enabling the prioritization of resources for treatment and the
prevention of additional cases. In most cases early warning sentinels are highly visi-
ble and develop a very obvious response to the pathogen. Data provided by sentinels
with these qualities can be more rapidly processed, analysed and acted upon than data
from apparently healthy sentinels for which the potentially lengthy processes of sample
collection and laboratory analyses must be carried out before any data are available.
Ideally, the response of early warning sentinels should also be very specific, to mini-
mize the likelihood of false positive responses and consequently improve confidence in

decision-making based on the sentinel response alone.

Sentinels can also be used retrospectively to provide evidence of the timing of pathogen
introduction and spread through a target population. In situations where a number
of populations or locations are sampled, this information can be combined to reveal
the spatial and temporal pattern of pathogen spread. Following the widespread rinder-
pest outbreak that occurred in Kenya in 1993-97, the retrospective serosurveillance of
buffalo herds and analysis of age-seroprevalence patterns allowed the estimation of the
time of infection in different herds, the identification of the probable point of entry of
the pathogen into the wildlife population and the elucidation of where the pathogen
had been, how it had spread and where it was likely to move to (Kock et al., 1999).
In this case, buffalo herds were selected as sentinels on the basis of the increased sus-
ceptibility of the species to this virus (Rossiter, 1994), and served as sentinels for the
larger livestock population in the affected areas. In such circumstances the appropri-
ate sentinel population must develop a response to the pathogen that persists and is
detectable a long time after exposure. When used retrospectively it is also important

that individuals of the sentinel population can be reliably aged.
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Figure 1.3: Application of the framework to H5N1 Influenza A

Surveillance aim

To establish if H5N1 viruses have been introduced into a country with underdeveloped disease
surveillance and reporting structure. Should sentinels be used?

e Cross-sectional survey may be expensive and time consuming
e Sentinel surveillance potentially cost-effective alternative

Sentinel framework

Pathogen HPAI H5N1 virus
Target population the national poultry population
Potential sentinels .
e Backyard chicken populations in areas of perceived high risk of virus introduction, e.g.
close to areas of wild bird congregation or to livestock markets
Backyard ducks in similar locations
Wild bird populations
Domestic cats
Domestic dogs

Other potential sentinels are excluded altogether on the basis of a lack of response to the pathogen or of
any type of meaningful relationship with the target population.

Relationship between sentinel and target populations

Chickens
e Subset of target population
Ducks

e Occupy a very similar niche to target population
e May act as silent carrier of viruses (Hulse-Post et al., 2005)

Wild birds

e May act as source of infection for domestic species
e May not occupy the same geographical areas as the target population (especially true for
large congregations of migratory birds)

Cats & dogs

e Spatial correspondence with target population
e Cats and dogs may prey upon the target population

Transmission routes

Chickens, ducks & wild birds

e Bird-bird transmission
e Environmental contamination

Cats & dogs

e Consumption of infected birds (Keawcharoen et al., 2004, Kuiken et al., 2004)
e Horizontal transmission in cats (Rimmelzwaan et al., 2006)

Sentinel response

Chickens

e Consistent, rapid and widespread mortality
e Die-offs provide a prompt indication of virus presence

Ducks

e Variable pathogenicity and thus mortality (Sturm-Ramirez et al., 2005)
e Isolation of virus from healthy birds (Hulse-Post et al., 2005)

Wild birds

e Variable pathogenicity (Ellis et al., 2004)
e Isolation of virus from healthy birds (Chen et al., 2006a)

Cats
e Experimental evidence of mortality response (Rimmelzwaan et al., 2006)
e Mortality reports associated with bird die-offs (Butler, 2006a, Songserm et al., 2006b,
Yingst et al., 2006)
e High seroconversion rates (Butler, 2006b)
e Subclinical infections (Leschnik et al., 2007)
Dogs

e High seroconversion rates (Butler, 2006b)
e Mortality report associated with bird infection (Songserm et al., 2006c)
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Sensitivity & specificity of responses

Chickens
e vV Highly sensitive but specificity of mortality response is low, as
e X XX chicken die-offs not necessarily unusual where poultry are not routinely vaccinated
against other pathogens, e.g. Newcastle disease virus
e VvV High specificity of laboratory tests
Ducks
e /X Variable mortality response limits sensitivity
e VvV High specificity of laboratory tests
Wild birds
e XXX Very low prevalence in healthy birds limits sensitivity (Chen et al., 2006a)
e /X Unknown or variable sensitivity & specificity of laboratory tests
Cats & Dogs
e /X Serological analyses non-specific for distinguishing high- and low-pathogenicity viruses

Host ecology

e V' V'V Domestic species are all highly observable as a consequence of their close association with

humans
e X XX Wild birds are considerably less visible and may occupy relatively remote and inaccessible

areas

Practical factors

Risk to sampling personnel must be considered as a priority when developing all sampling protocols.

e VvV Domestic species approachable and handleable
e /X Distribution of cats and dogs relatively to poultry may vary according to factors such as

urbanization
e X XX Considerable investment of money, time and expertise required to sample sufficient

numbers of wild birds
e v V'V For the identification of virus presence, standard test protocols include RT-PCR and virus

isolation (OIE, 2005) which are generally adaptable across species
e /X Serological analyses may not be well developed for wild birds, cats or dogs

Detectability

Chickens

v Vv Mortality response easily appreciated
e vV High visibility within human communities
e XXX Low specificity of mortality limits detectability

Ducks
e X XX Mortality response variable
e vV Additional responses detectable through laboratory tests
e vV High visibility within human communities
Wild birds
e X X X Mortality response variable
e X XX Low visibility compared with domestic species
e Logistically complex and time-consuming sampling required
Cats & Dogs

e V'V High visibility within human communities
e VvV Sudden and widespread morbidity or mortality uncommon
e /X Non-mortality responses less detectable

In all cases, a comprehensive network of observers is vital and it may be necessary to develop education
programmes aimed at improving reporting levels.

e Domestic chicken and ducks sentinels are likely to provide the most rapid and dramatic response
to HPAI H5N1 virus within a country. However, in this context in which mortality in domestic
birds is not unusual, this mortality may not be reported and the detectability of the response in
the context of this surveillance aim may be very low.

e To best address this surveillance aim, the specificity of the chicken mortality response to HPAI
H5N1 presence could be enhanced by using a combination of sentinels such that priority was given
to the investigation of chicken die-offs that were accompanied by morbidity or mortality in cats or
dogs (Yingst et al., 2006).

e Retrospective analysis of sera collected from ducks, cats and dogs could also be used to identify
those areas in which an H5N1 virus had been present.
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1.7 Carnivores as Sentinels

Almost half (43%) of recently surveyed zoonoses are known to have a carnivore host
(Cleaveland et al., 2001). Carnivores constitute a relatively small proportion of host
species, suggesting a disproportionate concentration of pathogens, and zoonoses par-
ticularly, in carnivores. The most likely explanation for this imbalance considers the
apical position of carnivores within ecosystems and recognizes their potential for expo-
sure to pathogens of numerous species through ingestion. A review of infectious diseases
of large carnivores identified 52 diseases, 31 (60%) of which could be transmitted by
either ingestion or inhalation of infected material (Murray et al., 1999) and there is a
growing literature indicating that a number of emerging zoonoses, including WNV and
HPAI H5N1 viruses can be transmitted via this route (Komar et al., 2003; Austgen
et al., 2004; Rimmelzwaan et al., 2006; Thiry et al., 2007; Giese et al., 2008; Reperant
et al., 2008; VanDalen et al., 2009).

Carnivore and scavenger species that are exposed through consumption of infected prey
may prove useful sentinels for a wide range of pathogens, specifically because of this
additional route of exposure that is not shared with the target population (Cleaveland
et al., 2006). A single predator or scavenger typically consumes material from multiple
individuals, increasing the probability of exposure to pathogens circulating within the
prey population. Predators and scavengers can effectively sample from the prey pop-
ulation, leading to a ‘bio-accumulation’ effect whereby pathogens present at relatively
low prevalence in the prey population may be detected at higher prevalence in the

predator /scavenger species (Cleaveland et al., 2006) (Figure 1.4).

The ‘bio-accumulation’ concept suggests that either the pathogen itself, or evidence
of exposure to it, may effectively accumulate within carnivore populations (Cleaveland
et al., 2006). The detection of the presence of a pathogen within a particular area could
therefore be achieved by sampling relatively few carnivore sentinels, as compared to an
exhaustive and costly survey of the prey population within which the pathogen may
circulate at very low prevalence, providing a relatively rapid and inexpensive surveil-
lance option (Frolich et al., 1998; Leighton et al., 2001; Csang6 et al., 2004; Cleaveland
et al., 2006).
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Scavengers/Predators

e.g. dogs, jackals, hyaenas,
bears, birds of prey, corvids

Predators

e.g. dogs, cats, viverrids

Seroprevalence

Prey

e.g. rodents, birds, carcasses

v

Individual Abundance

Figure 1.4: Summary of the bio-accumulation effect. Adapted from a presentation by
Dr Sarah Cleaveland

1.8 Domestic Dogs as Sentinels

Domestic dogs are unique amongst carnivores in the position that they occupy within
human communities, and have been identified as a suitable sentinel species for as-
sessments of human risk because of their close association with people. Dogs share a
broadly similar environment with their human owners and consequently share a wide
range of potential exposure routes to environmental hazards such as chemical contami-
nation and pathogens (Backer et al., 2001). Dogs can therefore act as indicators of the

pathogens present within a local human community.

The niche occupied by domestic dogs in many communities across the world gives them

a number of attributes that are desirable in a sentinel:

e Dogs are widely distributed and almost ubiquitous (e.g. mean human:dog ratios
of 7.4 and 21.2 in rural and urban areas of Africa respectively (Knobel et al.,
2005))

e Dogs live in close proximity to people

e Dogs are broadly accessible for sampling and can be safely handled
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e Dogs are readily identifiable by both physical markings and name and owner
details

e Dogs can be repeatedly located and recruited into follow-up studies

Across large parts of Africa and Asia, domestic dogs are effectively free-ranging scav-
engers, feeding on a wide and varied range of species and sources in the locality of
human settlements. The bio-accumulation effect described above could explain the sur-
prisingly high seroprevalences seen in global domestic dog populations to a number of
pathogens (Cleaveland et al., 2006). A summary of some of these findings is given in

Table 1.2.

Table 1.2: Selection of pathogens for which a high seroprevalence has been demon-
strated in domestic dogs

Pathogen Dog Population Prevalence Reference

Avian influenza H5N1  Village dogs 25% (Butler, 2006¢)
Central Thailand

Trypanosoma cruzi Domestic dogs 65% (Castanera et al., 1998)
NW Argentina

Francisella tularensis ~ Rural dogs 14% (Leighton et al., 2001)
SW Canada

Yersinia pestis Rural dogs 10% (Leighton et al., 2001)
SW Canada

Ebola Village dogs 25% (Allela et al., 2005)
Ebola endemic area, Gabon

African Horse Sickness Domestic dogs 11% (Alexander et al., 1995)

Moremi, Botswana

With understanding of the pathogen-specific time-course of antibody responses in dogs,
serological data can be used in both the short and longer terms, to detect the presence
of a pathogen and also as part of integrated monitoring systems designed to retro-
spectively track the spread of a pathogen. Sentinel dog sampling could also be a very
comprehensive and cost-effective surveillance method if combined with a rabies vac-
cination campaign. Rabies vaccination provides a strong incentive for dog owners to
participate and facilitates the sampling of several hundred dogs per day at a cost of

just $1-2 per dog vaccinated (Cleaveland et al., 2006).
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1.9 Discussion

The objective of this chapter has been to provide a consistent and inclusive frame-
work that clarifies our understanding of the role of animal sentinels and their potential
value in the surveillance of human and animal infectious diseases, as well as providing
a conceptual tool that can be applied to assess and characterize potential sentinels in
the future. At present, surveillance of many pathogens involves the target population
alone, however, the broad host-range of many important human and animal diseases
provides opportunities for exploiting a wide range of species for surveillance purposes.
The variability of host responses to a pathogen, the heterogeneities in pathogen expo-
sure in different populations and the differing relationships between sentinel and target
populations indicate that different animal hosts will themselves vary in their ability to

act as effective sentinels in different circumstances.

Animal sentinels may not serve as a useful surveillance tool in all contexts. The generic
framework developed in this chapter describes the attributes of host species that need to
be considered to identify appropriate sentinel populations for different surveillance pur-
poses. This same framework should also be used to identify characteristics of potential
sentinels that perhaps make them unsuitable in a particular circumstance. For example,
sentinels must by definition be intentionally observed. This classification distinguishes
the use of animal sentinels from scenarios in which responses of animal populations to
novel pathogens are ‘noticed’. For this reason, animal sentinels cannot really provide
the solution to the question of how to carry out surveillance for pathogens that are
currently unknown. However, as a consequence of greater awareness of the potential of
animal sentinels and improved observation of animal populations, instances of unusual
morbidity and mortality in animal populations that result from the emergence of novel
pathogens would perhaps be more likely to be noticed and their potential significance

to other species recognized.

To date, there has been limited appreciation of the data resource that different animal
hosts represent for disease surveillance. This chapter has highlighted the variety of
surveillance functions for which animal sentinels may be used, the range of animal host

species that may usefully be exploited (particularly for human disease surveillance),
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and the potential benefits of animal sentinels for enhanced pathogen detection and
improved cost-effectiveness of surveillance. The potential value of animal sentinels in
disease prevention and control can only be realized with close integration and effec-
tive communication between and within human and animal health sectors; information
generated from sentinel populations must be disseminated to those who need to take
action, and appropriate responses must be generated as a result of this information to

mitigate disease risk.

The use of domestic dogs as sentinels represents a broadly applicable epidemiological
tool that may be applied globally for the detection of a vast range of multi-host and
zoonotic pathogens. By sampling sentinel species such as domestic dogs it may be pos-
sible to observe the dynamics of zoonotic pathogens within animal populations and use
this information to assess the risk posed to human populations. The following chapters
explore these concepts with reference to influenza A and leptospirosis surveillance using

domestic dogs sampled in Cameroon and Kenya.



Chapter 2

Influenza A H5N1 Surveillance in

Cameroon

2.1 Abstract

Opportunistic sampling of wild and domestic avian and mammal populations was con-
ducted in early 2006 in Northern Cameroon to determine if influenza A viruses including
H5N1 were present, which species were exposed, and to evaluate the use of a range of
serological and molecular diagnostic tests for sentinel surveillance of H5N1 using do-
mestic animal species. The influenza A M gene was detected by rRT-PCR in swabs
collected from domestic ducks, dogs, a Spur-winged goose and waterholes at sites of wild
waterfowl congregation. Two M gene positive swabs collected from ducks at the Maga
dam were also positive for the H5 gene. There was serological evidence of extensive
exposure to H5N1 in the domestic duck populations sampled near Maga. Two cELISA
tests yielded anti-influenza A seroprevalence estimates of 47% (ID VET cELISA) and
61% (BioChek cELISA). The sera were also tested by HI test using a range of antigen
subtypes and 20% of the ducks sampled in April 2006 at Maga were positive in the H5N1
HI test, whilst largely negative against other influenza A subtypes. There was also evi-
dence of exposure to influenza A in the domestic mammal populations at the same sites
but the data gathered from a range of tests applied to these populations was less clear.

Three different cELISA protocols were used, yielding seroprevalence estimates ranging

29
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from 8-40% for pigs and 11-75% for dogs at the Maga site and the HI data from these
species was inconsistent. The molecular and serological data gathered are consistent
with the circulation of an H5N1 subtype virus in the domestic duck population at the
Maga dam site. There is also evidence of exposure in the domestic mammals at this
site but the diagnostic test results are contradictory. These data support the use of
domestic ducks as sentinels of influenza A virus presence but reveal that the equivalent
data gathered from domestic mammal populations using currently available diagnostic

tests cannot be readily interpreted for similar surveillance purposes.

2.2 Introduction

2.2.1 Influenza A H5N1 in Africa

The first outbreak of H5N1 in Africa was reported from a commercial poultry farm
in Nigeria and confirmed on February 6th 2006 (ISID, 2006¢). Samples collected in
January 2006 have also now been identified as positive cases (De Benedictis et al.,
2007; Aiki-Raji et al., 2008). Since these first Nigerian cases, HSN1 was confirmed in
poultry and wild birds in ten other African countries (Benin, Burkina Faso, Cameroon,
Cote d’Ivoire, Djibouti, Egypt, Ghana, Niger, Sudan and Togo) (OIE, 2010) and human
cases were confirmed in three of these countries (Djibouti, Egypt and Nigeria) (WHO,
2009a).

All African influenza A H5N1 sequences cluster together with viruses from Europe
and the Middle East to form a phylogenetic clade (EMA or 2.2) that is distinct from
other H5N1 isolates collected in Asia. The relatedness of viruses within this clade
suggests a single ancestral source from which all viruses within this EMA clade are
descended. Phylogenetic comparison suggests that this source virus may have come
from Russia or Qinghai, China (Salzberg et al., 2007). Within Africa, the sequence
data is most consistent with a scenario of three introduction events, which probably
occurred in early 2006, followed by the spread within Africa of strains belonging to
three sublineages (EMA A, B, and C or 2.2 II, IV and I respectively) (Ducatez et al.,
2006, 2007a; Monne et al., 2008; Cattoli et al., 2009). More recently, it is proposed that
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a further introduction of a clade 2.2 sublineage III virus has occurred some time prior

to its first detection in Nigeria in July 2008 (Fusaro et al., 2009).

The capacity for the surveillance and control of pandemic influenza A in Africa is
greatly limited as compared to other global regions. Existing veterinary and human
disease surveillance networks are weak and control of animal movements within and
between nations is limited (Fasina et al., 2007). Partly as a consequence of these
data limitations, the relative importance of wild bird movements and trade in the
introduction and spread of influenza A viruses in Africa remains unresolved (Cattoli
et al., 2009). The speed with which the virus has spread within Africa implicates
the movement of poultry and poultry products as the vehicle of spread and suggests
that the biosecurity and control measures that have been imposed are insufficient to
contain outbreaks (Breiman et al., 2007; Fasina et al., 2007; Salzberg et al., 2007). It
is considered that H5N1 viruses are now endemic in countries such as Nigeria (Owoade
et al., 2008) where the co-circulation of different viral sublineages and the emergence of
reassortant viruses has been documented (Monne et al., 2008; Owoade et al., 2008). The
documentation of reassortant viruses is a further indication that existing biosecurity

measures are inadequate to contain these viruses (Monne et al., 2008).

Wild waterbird surveillance conducted in mid January - early March 2006 (the pe-
riod in which H5N1 outbreaks were first reported in African countries) identified avian
influenza viruses in wild birds sampled in eight (Chad, Ethiopia, Mali, Mauritania, Mo-
rocco, Niger, Senegal and Tunisia) of the fourteen sampled African countries . Sampled
species were selected from avian families recognized as major influenza A reservoirs
(principally Anseriformes and Charadriiformes) and both live caught and shot birds
were sampled (shot birds were provided by hunters except in Ethiopia, Burkina Faso
and Niger in which special hunting permits were obtained for sample collection) (Gaidet
et al., 2007). The overall prevalence of influenza A in the 4553 cloacal and faecal sam-
ples collected was 3.5%. Eleven H5 positive samples were detected but none were H5N1
and no other highly pathogenic viruses were detected (Gaidet et al., 2007). Continuing
surveillance in Northern Nigeria in 2007 has however identified H5N2 viruses with some
genetic characteristics of high pathogenicity viruses in apparently healthy wild ducks

and geese (Gaidet et al., 2008). The sequences of the Nigerian H5N2 viruses were most
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closely related to low pathogenicity influenza strains found in wild and domestic duck
species in Southern and Central Europe and South Africa but were found in species that
do not migrate out of Africa (Gaidet et al., 2008). The mechanism through which these
viruses reached wild birds in Nigeria and the potential for onward spread to migratory
species and domestic poultry is unknown. H5N1 viruses were identified in wild hooded
vultures showing neurological and respiratory disease signs in Ouagadougou, Burkina
Faso in early 2006. The observation of illness in these wild birds was associated with an
H5N1 outbreak that occurred in a nearby intensive poultry farm at the same time and
from which very closely related H5N1 isolates were collected (Ducatez et al., 2007b).
This case is consistent with a spillback scenario rather than independent maintenance
of the virus in wild birds and suggests a possible role for vultures as indicators of HAN1

presence (Ducatez et al., 2007Db).

A consequence of the common ancestry of African isolates is a broad similarity in some
key molecular properties. To date, all African strains retain HA gene sequences associ-
ated with a binding preference for a2,3 avian-type cell surface receptor linkages (Cattoli
et al., 2009) rather than the &2,6 preference more commonly observed in human-adapted
influenza A viruses. Concerningly though, the majority of EMA (clade 2.2) viruses and
all African sequences, possess the E627K mutation in the PB2 gene which is associated
with enhanced cold tolerance and replication in mammals (Shinya et al., 2004; Hatta
et al., 2007; Cattoli et al., 2009). Perhaps as a consequence of this mutation, the spread
of H5N1 within the EMA region has been associated with an increase in the number of
mammalian cases (Salzberg et al., 2007), including human cases in Turkey, Egypt, Iraq
and Djibouti (Salzberg et al., 2007) and cat infections in Turkey, Iraq and Germany
(Yingst et al., 2006; Salzberg et al., 2007; Thiry et al., 2007).

2.2.2 Influenza A H5N1 in Cameroon

The first case of HSN1 in Cameroon was reported on the 11th March 2006, following the
identification of infected domestic ducks from Maroua, in the Extreme North province
of the country (ISID, 2006a). This case was detected on the 21st February 2006 and
was closely followed by two further cases which were confirmed at the Pasteur Institute,

Paris (Njouom et al., 2008). The second case, an infection in a dead wild duck found
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on Lake Malape near the Nigerian border (40km west of Garoua), occurred on March
9th, and the third case took place on a domestic duck farm in Vélé, in the Far North
Province (Njouom et al., 2008). The locations of these confirmed cases are given in

Figure 2.1.

0 25 50 100 Km

Kalamaloue Nat. Park
®  Sampled Location
% Confirmed H5N1 Location
‘Wa\sa Nat. Park

Garoua

Figure 2.1: Map of Northern Cameroon showing sampled locations and sites of con-
firmed H5N1 avian cases
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2.2.3 Influenza A H5N1 in Dogs and Pigs

There is relatively little published material on H5N1 infection in dogs. Anecdotal re-
ports of infected dogs in Azerbaijan and Thailand have been published on ProMED
(ISID, 2004, 2006b) and there is one confirmed fatal dog infection reported from Thai-
land (Songserm et al., 2006b). A serosurvey conducted in central Thailand identified
antibodies against H5N1 in 160/629 (25%) village dogs and virus was isolated from at
least one dog (Butler, 2006¢). This high seroprevalence indicates that a proportion of
dogs were surviving exposure to H5N1 virus. However, this early report of such high
seroprevalence which was published at the time of the outbreak has not since been
confirmed or validated and published in a peer-reviewed format. In support of the
indication that dogs can survive infection with H5N1 viruses though, an experimental
infection study using a German H5N1 isolate that possessed the 627K mutation showed
that infected dogs developed only mild symptoms. Viral RNA was detected by PCR in
the pharyngeal swabs of 3 of 4 dogs 2 days post infection but no live virus was isolated,

and antibody was later detected in the 3 dogs that shed viral RNA (Giese et al., 2008).

Pigs are relatively frequently involved in interspecies transmission of influenza A viruses
(Webster et al., 1992; Castrucci et al., 1993) and it has been suggested that they may
play an important role in influenza A epidemiology as ‘mixing vessels’ in which co-
infection with avian and human viruses may result in the generation of reassortant
viruses with pandemic potential (Webster et al., 1992). A study conducted in areas of
Korea in which H5N1 and H7 viruses circulate in birds found no seroepidemiological
evidence of avian H5N1 infection in pigs (Jung et al., 2007). Experimental infections
have shown that pigs can be infected with H5N1 viruses but that they are not readily
transmissible between pigs (Choi et al., 2005).

2.2.4 Influenza A Surveillance using Domestic Animals

The global spread of H5N1 and HIN1 influenza A viruses have provided a clear and
immediate demonstration of the capacity of influenza A viruses to transmit between
species and these recent crises have contributed to a recognition of the need to conduct

influenza A surveillance at sites of interface between human and animal populations
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(WHO, 2006) and to explore the use of domestic species for influenza A surveillance.
Particularly in countries and situations where surveillance resources are limited, it is
hoped that surveillance of influenza A viruses in animal populations may provide new
understanding and consequently new opportunities for the prevention and control of

human and animal influenza outbreaks (Fouchier et al., 2003).

Influenza A surveillance in domestic animals is traditional concentrated upon commer-
cial poultry flocks. H5N1 subtype HPAI viruses have consistently caused widespread
mortality amongst domestic chicken populations around the world, and the extremely
high levels of mortality caused often provides a clear and dramatic indication of virus
presence. In countries where poultry are not routinely vaccinated against other pathogens
such as Newcastle Disease, non-H5N1 related poultry die-offs may occur relatively fre-
quently however, significantly reducing the specificity of high bird mortality as an in-
dication of HPAI and effectively reducing the detectability of H5N1 HPAI presence. In

such circumstances, additional surveillance options and targets may prove useful.

In parallel with the global spread of avian H5N1 infections, there have been numerous
reports of illness and death in cats and dogs associated with simultaneous outbreaks in
birds (Butler, 2006a,c; Songserm et al., 2006a,b; Yingst et al., 2006). Whilst poultry die-
offs alone may not be recognized/considered unusual and trigger a targeted surveillance
response, the concurrent occurrence of infection indications in cat and dog populations
could be used to provide additional support for the targeting of limited surveillance
resources. The potential for domestic carnivores to act as sentinels of HSN1 presence,
within either domestic populations in which infection may not be readily appreciated,
or in local wild bird populations in which prevalence may be very low and which may

not develop clinical symptoms, has yet to be fully explored.

The recent HIN1 ‘swine flu’ pandemic has reaffirmed the potentially pivotal role that
domestic pig populations can play in the epidemiology of influenza A viruses. Pig
trachea contains both «2,3 and 2,6 sialic acid receptors, facilitating pig infection with
both avian and mammal adapted viruses and raising concerns about the role that pigs
can play in the epidemiology of influenza A viruses, either through direct reassortment
of avian and mammal adapted viruses in the pig host or through a process in which avian

origin viruses may become mammal adapted in the pig host and acquire the capacity
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for efficient spread within human populations (Webster et al., 1992; Kida et al., 1994;
Ito et al., 1998; Zhou et al., 1999; Cohen, 2009). The propensity for influenza A viruses
to infect multiple species makes it both desirable and necessary to conduct influenza A
surveillance in both wild and domestic animal species and this should include but not

be restricted to domestic poultry.

2.2.5 Laboratory Diagnosis of Influenza A

There are a variety of molecular and serological methodologies available for the de-
tection of influenza A infections. In most cases these tests have been developed and
extensively validated for use in domestic poultry but their suitability for application
to other species and populations is considerably less well defined (Cattoli and Capua,

2007; VanDalen et al., 2009).

2.2.5.1 Molecular Tests and Isolation

The diagnostic gold standard test for any influenza A infection is virus culture via
inoculation into chicken eggs or into cell cultures (Cattoli and Capua, 2007). Isolation
can be used on many types of specimens and is the only method that can determine the
presence of viable virus. Isolates can be fully characterized, sub-typed and potentially
sequenced. However, isolation is a time consuming assay that can only be conducted
in laboratories with the appropriate equipment, expertise and containment facilities
(Cattoli and Capua, 2007). It also depends upon the collection and appropriate storage
of viable live virus which is often difficult in field settings and can therefore lead to false-

negative results (Cattoli and Capua, 2007).

Increasingly, PCR based molecular techniques such as reverse transcriptase-PCR (RT-
PCR) are used to detect and characterize influenza A virus RNA. RT-PCR can be used
to detect sequences common to all influenza A viruses such as matrix and nucleoprotein
gene targets but can also be used to sub-type detected viruses. RT-PCR techniques
can be very sensitive and specific and high throughput methodologies enable the rapid
testing of large numbers of samples (Cattoli and Capua, 2007). The interpretation

of RT-PCR test results can be complicated by false-negative results due to inefficient
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RNA extraction and/or the presence of contaminants that can inhibit the PCR reaction
(Cattoli and Capua, 2007). The evaluation of the significance of such potential problems
is though complicated by the fact that in many cases, there exists no appropriate
control target that can be used to evaluate the success of extraction from for example
swab samples. It has also been demonstrated that some RT-PCR tests for influenza A
perform poorly with wild bird samples (Xing et al., 2008) indicating that these assays

may not be as readily transferable across species as initially hoped.

In real-time RT-PCR (rRT-PCR), the PCR product can be visualized with a fluorogenic
probe that binds to a specific sequence of the product. As the product is synthesized, a
fluorescent signal is produced that is directly correlated to the amplicon concentration
in the log phase of amplification (Spackman and Suarez, 2008). The fluorescence signal
is monitored in every amplification cycle, yielding a quantitative measure of the amount
of product in real time as the reaction progresses (Spackman and Suarez, 2008). The
results of rRT-PCR tests are reported as cycle threshold (Ct) values. A threshold
fluorescence value, the level at which a reaction reaches a fluorescent intensity above
background, is set in the exponential phase of the amplification of a positive standard
(Applied Biosystems, Accessed 2010). The Ct value of a given sample is the first real-
time amplification cycle in which the signal from amplified target material is detectable
at this given threshold value. A low Ct score indicates that more copies of the target
sequence were present in the test sample as compared to a sample with a large Ct value.
Because both the primers and probe used in rRT-PCR reactions are specific to target

sequences, these assays have very high specificity (Spackman and Suarez, 2008).

Both isolation and RT-PCR depend on the collection of virus at the time of sampling
and can thus only be used to detect active infections. Birds infected with influenza
A viruses can shed virus in both respiratory and digestive tract excretions. Shedding
of H5N1 viruses following both natural and experimental of ducks has been recorded
for periods of between one week and 11 days post infection (Hulse-Post et al., 2005;
Chen et al., 2006a; Songserm et al., 2006c). Dogs infected with an H3N2 virus were
shown to shed virus in nasal discharge for up to 6 days post infection (Song et al.,
2008), whereas viral RNA was only detected at 2 days post infection (and not at 4

or 6 days) in pharyngeal swabs collected from dogs experimentally infected with an
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H5N1 virus (Giese et al., 2008). These relatively short periods of virus shedding mean
that there is only a brief window of opportunity in which influenza A infections can
be detected using these molecular techniques. Neither isolation nor RT-PCR assays
can provide any indication of previous exposure to influenza A virus and for population
based surveillance particularly, that is not targeted at potential or probable cases, these
testing approaches can therefore require a huge investment in sampling effort that may

lead to the detection of very few or no active infections.

2.2.5.2 Serological Tests

Serological tests detect antibodies against influenza A viruses and all therefore reveal
evidence of previous exposure rather than acute infection. They cannot be used to
distinguish between high and low pathogenicity infections but are widely used for sero-
prevalence evaluations and also for antigenic characterization of viruses and assessment

of vaccine immunogenecity (Stephenson et al., 2007)

The agar gel immunodiffusion (AGID) is the traditional screening tool for detecting
antibodies to influenza A in poultry populations. The test uses concentrations of antigen
common to all influenza A viruses and is therefore not able to provide an indication of
virus subtype. It is also the case that waterfowl rarely produce precipitins and although
the AGID is the standard test for screening commercial flocks it has not been validated

for use with other species (Cattoli and Capua, 2007; VanDalen et al., 2009).

A variety of enzyme linked immunosorbent assays (ELISAs) have been developed for
influenza A testing, including both pan - influenza A and subtype specific tests. ELISAs
are particularly useful in screening contexts as they are relatively cheap, simple to per-
form and can be completed within a matter of hours. Many influenza A ELISA formats
traditionally use an anti-chicken secondary antibody conjugates and have not been val-
idated for use in populations other than commercial chicken and turkeys (Cattoli and
Capua, 2007). However, competitive ELISA (cELISA) test formats have now been de-
veloped, which do not employ any species specific reagents and can therefore be used
to test sera from a range of species. Two different commercially available cELISA kits

were used to test the bird and mammal sera collected in Cameroon. The ID Screen
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Influenza A Antibody Competition ELISA (ID VET Montpelier, France) (ID VET
cELISA) and the Avian Influenza Multispecies ELISA (BioChek UK Ltd) (BioChek
cELISA) are both designed to detect antibodies against the influenza A nucleocapsid

protein which is conserved across all H and N influenza A subtypes.

The manufacturers of the ID VET cELISA kit provide data on validation testing con-
ducted by themselves and other laboratories. For the testing of bird sera, the specificity
of the test as determined by the manufacturer using 600 European bird sera (predomi-
nantly chickens) was determined as 100% (IDVET, Distributed 2008a). The manufac-
turer also determined that the cELISA was more sensitive than the AGID and HI tests
for detecting antibodies in vaccinated birds (subtypes H5 and H7). 15 of 15 sera from
birds naturally infected with a variety of strains (including H5 and H3 subtypes) were
also positive in the cELISA test. For testing swine sera, the manufacturers report that
the cELISA has 100% specificity for influenza A based on the testing of 88 sera from in-
fluenza free herds and 75 sera from specific pathogen free animals (IDVET, Distributed
2008b). Using sera from 120 animals with unknown influenza A infection status and
25 sera from vaccinated individuals, the cELISA test had better diagnostic sensitivity
than the HI, neutralization tests and indirect ELISA tests used for comparison (IDVET,
Distributed 2008b).

Independent validation testing conducted by the OIE-FAO and National Reference
Laboratory for Newcastle Disease and Avian Influenza determined that the sensitivity
and specificity of the ID VET cELISA for chicken sera were 98.7% and 98.7% respec-
tively, and for duck sera testing the sensitivity and specificity of the test were 89.0%
and 88.8% as compared to AGID and HI test results (Terregino, Distributed 2010).
The cELISA also correctly classified hyper-immune reference sera against strains of all

sixteen influenza HA subtypes as positive (Terregino, Distributed 2010).

Data provided by the manufacturer of the BioChek cELISA reports that the cELISA
has been validated using sera positive against fifteen influenza A subtypes (not H16)
and that the cELISA has >95% sensitivity and >99% specificity when compared to
agar gel precipitin test and HI (BioChek, 2008). Sera positive for a range of other
avian pathogens were all negative in the BioChek test and the test showed 99.5% and
100% specificity when used to screen field flocks of 376 broilers and 123 Peking ducks
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respectively that were screened regularly by indirect ELISA to confirm negative status
(BioChek, 2008). In a population of zoo birds vaccinated using an H5N2 strain, the
BioChek cELISA showed sensitivity of 81% and the HI test had sensitivity of 87% in
the same population (BioChek, 2008).

These cELISAs are not subtype specific and HI tests are the principal serological test
used to determine the infecting virus subtype. The haemagglutination inhibition (HI)
test utilizes the capacity of influenza A viruses to cause the agglutination of red blood
cells (RBCs). Preparations of RBCs will typically sediment, but in the presence of
influenza virus or viral antigen, the RBCs are bound and will fail to sediment. In
the presence of antibodies against the particular subtype of influenza virus or antigen
preparation used the RBCs will not be agglutinated and will sediment. These reactions
can be visually distinguished to identify the presence or absence and titre of antibody

in test sera.

The HI test is a standard serological test for the detection of subtype specific antibody in
avian species and has the advantage of not utilizing any strictly species-specific reagents.
However, there are species specific influences upon test performance. The sera of some
species contain non-specific haemagglutinins that can interfere with the HI test and lead
to false negative results. There are though two common sera pre-treatment protocols
that can be used to mitigate this problem (WHO, 2002). A number of studies have
identified a problem of limited sensitivity of this traditional test when used to detect
antibody against avian influenza viruses in mammalian sera including human sera (Lu
et al., 1982; Beare and Webster, 1991; Rowe et al., 1999). Different influenza A viruses
have variable capacity to bind to different SA linkages and this binding specificity also
influences HI tests. Traditionally, HI tests utilize either chicken or turkey RBCs which
are large and settle clearly. Both chicken and turkey RBCs express predominantly
@2,3 SA linkages but also some «2,6 SA linkages. Horse RBCs express «2,3 linkages
exclusively and the use of horse RBCs in the HI test can lead to a marked increase
in the sensitivity of the HI test as compared to the standard protocol using turkey
RBCs (Stephenson et al., 2004). The horse RBC adapted HI test has now been used

in a number of studies and has been shown to increase test sensitivity for H5 viruses
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particularly (Stephenson et al., 2003; Meijer et al., 2006; WHO, 2006; Jia et al., 2008;
Kayali et al., 2008).

Finally, the virus neutralization (VN) test, which is often considered the gold-standard
serological test, uses live infectious virus and detects functional antibody directed
mostly against the viral HA molecule (Stephenson et al., 2007). The VN assay can
be rapidly developed for all subtypes without the need for the purification of antigens
that is required for the HI test (Stephenson et al., 2007). However, the VN takes 3 to 4
days to complete and because of the requirement for live virus, can only be conducted
in specialist facilities (WHO, 2006). The microneutralization (MN) test is a variation
of this VN test that can be performed in microtitre plates and can yield results on
a next-day basis (VanDalen et al., 2009). In a recent study of inter-laboratory test
result comparisons, the results of both HI and VN tests were found to vary between
laboratories, with the VN results showing significantly more variability than the HI
(Stephenson et al., 2007). In comparison to the VN, the HI test is easy to perform and
is the most widely used test for the detection of subtype specific antibody populations
(Stephenson et al., 2007).

2.2.6 Chapter Objectives

This chapter describes two opportunistic cross-sectional surveys conducted in Northern
Cameroon in early 2006 with two principle objectives. First, to determine the presence
of influenza A H5N1 infection in different avian and mammal populations using both
serological and molecular tests and second, to evaluate the performance of different
molecular and serological tests for detecting influenza A viruses for sentinel surveillance

in these different animal populations.
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2.3 Methodology

2.3.1 Sampling Locations

Cameroon is located at the cross-over point of major migratory bird flyways - the
East Atlantic, Black Sea/Mediterranean and East African West Asian flyways and the
Northern Province area, on the edge of Lake Chad is a major over-wintering site for
large numbers of birds including ducks and waders. The Northern Province contains
irrigated rice schemes at which wild and domestic birds, pigs and people and other
domestic animals interact. Areas of interface between wildlife, livestock and humans
such as this may be important for the transmission of avian viruses from the wild bird
reservoir population to other species, and ultimately for the evolution of pandemic

strains of influenza (Fouchier et al., 2003; Gilbert et al., 2006a,b).

Opportunistic sampling of wild and domestic species was carried out in the period
February-April 2006 and covered three major areas (Figure 2.1). The Maga dam,
in the Extreme North province of Cameroon was visited twice, in February and April
2006. The Maga site was selected because the large dam and wetland area attracts wild
waterfowl to an area at which domestic species are also present and it is also the closest
large water body to the Maroua site at which the first H5N1 cases in Cameroon were
reported. This site included ten villages clustered around a rice scheme that is irrigated
from the dam. The villages around the rice scheme were all visited to sample domestic
animal species, including chickens, ducks, pigs and dogs. Local paravet assistants visited
the villages on days prior to sample collection to inform residents that the project would
visit their village for sampling and questionnaire surveys. On the day of visits, a small
number of key points were set-up in the villages and residents were invited to bring
their animals for sampling. All domestic animal owners provided verbal consent for
participation in the sampling exercise prior to sample collection. Animal owners were

asked about recent animal mortality on an ad hoc basis.

Samples were also collected from wild birds (predominantly wild geese) shot at a hunting

lodge near the Maga dam on one day of sampling in February 2006. The shot species
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and individuals were selected by the hunters rather than the surveillance project and

samples were collected from the birds within hours of their collection.

The urban site of the confirmed H5N1 case in Maroua was visited in April 2006. Local
assistants identified households that had reported bird die-offs in March 2006 and ad-
ditional bird owning households proximate (within 100m) to these locations. Domestic
birds in the area had been depopulated in the period between the confirmed case in
March and this sampling visit. Any chickens and ducks present at households that had

reported die-offs previously and at proximate households were sampled.

In the period between February and April 2006, wild bird sampling was conducted
at sites across the Extreme North of Cameroon including the Maga dam area, Wasa
National Park and Kalamaloue National Park (Figure 2.1) all of which are hosts to large
populations of wild migratory birds, including ducks. Live wild birds were trapped using
mist netting techniques targeting wild duck species and environmental faecal and water
samples were collected to supplement wild bird sampling. Watering hole and trapping
sites within these areas were selected on the basis of sightings of large congregations of

wild waterbirds and logistic constraints.

2.3.2 Sample Collection

Tracheal and cloacal swabs were collected from all wild and domestic birds. Swabs were
moistened before sample collection by dipping them in viral transport media and after
collection the tip of each swab was broken off and stored individually in viral transport
media. The transport media used was brain heart infusion broth supplemented with
antibiotics (provided by the Veterinary Laboratories Agency (VLA), Weybridge, UK).
Blood samples were collected from domestic birds and shot birds but not live caught wild
birds. From domestic birds, blood samples were collected from the brachial vein using
a sterile vacutainer (4ml red topped plain vacutainers) and 23 gauge needle. Up to 4ml
of blood was collected from each adult domestic bird, ensuring that the total collected
volume was less than 1% of body mass (FAO, 2007). Post-mortem blood samples from
shot birds were collected from the heart chambers and major blood vessels using a

syringe and transferred into a vacutainer (FAO, 2007).
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Sampling of domestic dogs and pigs included collection of nasal and faecal swabs and
a blood sample. Nasal and faecal swabs were collected using the equipment and media
described for bird tracheal and cloacal swabs. Dog blood samples of maximum 10ml
were taken from the cephalic vein. Blood was collected using 21G S-Monovette needles
and S-Monovette collection tubes (Sarstedt AG & Co.). Pig blood samples of up to

10ml were collected from the anterior vena cava into the S-Monovette tubes.

For environmental sample collection, the predominant species present at a waterhole
was recorded before collecting water itself or swabbing fresh faeces from visibly con-
taminated areas. Swabs were handled as described above using the same media. All
swabs and water samples were frozen in liquid nitrogen within 24 hours of collection.
Blood samples were centrifuged on the day of collection to separate sera which was
refrigerated for up to five days before transfer to liquid nitrogen. All samples were
shipped in a liquid nitrogen dry shipper and stored in the UK at -80°C for swabs and
-20°C for sera.

2.3.3 Molecular Laboratory Analysis

All swabs were tested by rRT-PCR for the influenza A M and H5 genes (OIE, 2006) at
the VLA and the Ct value recorded. All samples in which either the M or H5 genes were
detected through rRT-PCR, were inoculated into specific pathogen-free embryonated
chicken eggs.

2.3.4 Competitive ELISAs

82 mammal sera collected from dogs (41 sera) and pigs (41 sera) at Maga and Maroua
in April were screened at a dilution of 1:10 at the National Veterinary Institute, Swe-
den (Statens Veterindrmedicinska Anstalt (SVA)) using the ID VET cELISA. Bird and
mammal sera with sufficient material were also tested at the University of Edinburgh
using the ID VET c¢ELISA and the BioChek cELISA. The ID VET c¢ELISA was used
to re-test those mammal sera already tested at the SVA because of a change in manu-

facturers recommendations regarding test dilutions for dog and pig sera.
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163 sera (82 duck sera, 40 pig sera and 41 dog sera) were tested with the ID VET
cELISA at Edinburgh (Table 2.3). Duck sera were tested at 1:20, dog sera at 1:20 and
pig sera at 1:41 as recommended by the manufacturer (specific recommendations for
the dilution of dog sera are not included as standard in the kit and were made by the
manufacturer directly). For all species, the recommended cut-off of <45% competition

as compared to kit negative control was used to define positive sera.

All sera were tested in duplicate and an average optical density (OD) recorded for each
sample. Results from the ID VET cELISA are reported as percentage competition
(Equation 2.1).

sample OD

competition % = x 100 (2.1)

negative control OD
Sample values less than 100% competition indicate that antibody present in the test
sample bound to the antigen on the plate and inhibited the binding of the labelled test
antibody. Values closer to zero indicate a greater concentration of antibody present in
the test sample. Values greater than 100 indicate that the test sample bound to the

test plate less effectively than the negative control.

153 sera (79 duck sera, 35 pig sera and 39 dog sera) were also tested with the BioChek
cELISA. Sera from all species were tested at 1:50 as recommended by the manufacturer.
Results from the BioChek cELISA are reported as sample to negative ratios (Equation
2.2). This measure is analogous to the % competition used in the ID VET test but is
recorded on a 0 to 1 scale. The recommended cut-off of a sample /negative control ratio

of €0.6 was used to define positive sera.

sample OD

sample/negative ratio = (2.2)

negative control OD

2.3.5 Haemagglutination Inhibition Tests

A range of haemagglutination inhibition (HI) tests were run for both avian and mammal

sera. A summary of the HI tests conducted at different laboratories and the details
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of the antigens used is given in Table 5.1. All HI tests were run following standard

protocols (WHO, 2002; OIE, 2005), except as described below.

The first HI tests were conducted at the VLA with the principal aim of identifying
antibodies against highly pathogenic (H5 or H7) influenza A viruses. All bird sera
were tested at a starting dilution of 1:2. Mammal sera were pre-treated with four
volumes of receptor-destroying enzyme and incubated overnight at 37°C. The enzyme
was inactivated by incubation at 56°C for 30 minutes prior to testing at a starting sera
dilution of 1:7.5. All bird and mammal sera were tested against the VLA H5N1 antigen
(Table 5.1). Those mammal sera that gave a non-zero titre in the first test were re-tested
against H5N1 and H5N2 antigens with a starting dilution of 1:5. All domestic duck
and mammal sera collected in Maga and Maroua in April were tested using a Newcastle
Disease Virus (NDV) antigen and the duck sera were also tested against HbN2, H7N7
and HINO influenza A antigens (Table 5.1). All HI tests conducted at the VLA were
run using a 1% suspension of chicken red blood cells and positive and negative controls
were run with each batch of test samples. The HI titre was read and defined as the

reciprocal of the last dilution of serum that completely inhibited hemagglutination.

All mammal sera collected at Maga and Maroua were later tested at the SVA against
H5N1, H5N2, HIN1 and H3N2 antigens. This additional HI testing was conducted to
allow comparison of the results obtained using horse RBCs at the SVA as compared
to the chicken RBCs used at the VLA, and to include the non-H5N1 N1 and H3N2
antigens in the test panel. The additional N1 antigen was used to assess the potential
that the antibodies detected in the H5N1 assay at the VLA were ‘against’ the N1 rather
than H5 epitopes of this antigen and the H3N2 antigen was included as viruses of this

subtype are commonly associated with swine populations.

All tests run at the SVA apart from the HIN1 assay were run using a modified HI
test protocol utilizing horse erythrocytes. The HIN1 antigen did not agglutinate horse
erythrocytes and this test was run using chicken erythrocytes as in standard tests.
The protocol for HI tests using horse erythrocytes was adapted from Jia et al. (2008).
Whole equine blood was centrifuged and the supernatant discarded. The erythrocytes
were washed three times in phosphate buffered saline (PBS) then reconstituted at 1%
in PBS with 0.75% bovine serum albumin (BSA). For all HI tests at the SVA, sera
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Table 2.1: Summary of haemagglutination inhibition tests

Testing Virus Antigen Virus subtype Erythrocytes n Sera tested
laboratory Avian Mammal
VLA Influenza A A /turkey/Turkiye/05 H5N1 Chicken 166 84

A /ostrich/Denmark/72420/96 H5N2 Chicken 114 12

A/turkey/Englang/647/77 H7N7 Chicken 113 0

A /knot/England/SV4/02 HIN9 Chicken 114 0

Newcastle Disease Ulster 2C NDV Chicken 114 84

SVA Influenza A A /ostrich/Denmark/72420/96 H5N2 Horse 0 84

A /chicken/Scotland /59 H5N1 Horse 0 84

A /swine/Beligium/1/98 HIN1 Chicken 0 84

A /swine/Flanders/1/98 H3N2 Horse 0 84
Edinburgh Influenza A A /turkey/England /69 H3N2 Chicken 70 0

were pre-treated with a trypsin-heat-periodate protocol (WHO, 2002) and diluted to
a starting dilution of 1:8. Tests using horse erythrocytes were incubated for 1 hour
at room temperature before the HI titre was read and defined as the reciprocal of the
last dilution of serum that completely inhibited hemagglutination. Sera and antigen
controls as well as positive and negative control sera were run in each batch of tests

with each antigen.

Finally, those avian samples with sufficient sera remaining were tested by HI test using
an H3N2 antigen (Table 5.1). Sera were pre-treated using the same protocol as described

above for the SVA HI tests and tested using a 1% suspension of chicken erythrocytes.

2.3.6 Statistical Analyses

The diagnostic tests used have been extensively validated for use with bird sera. How-
ever, their use for the analysis of sera from mammals is less well described and for
this reason, lab data from bird and mammal serological tests were analysed separately.
Receiver operating characteristic (ROC) analysis was used to evaluate the performance
of cELISA tests as compared to HI test outcomes in both groups. Area under the curve
(AUC) values were calculated for all tests. AUC values give the probability that a ran-
domly selected true positive has a lower (more positive) cELISA score than a randomly

selected true negative sample (Dohoo et al., 2003).

For the bird samples, the widely used cut-off of >1:16 was used to define positive

sera in the H5HN1 HI test. For the mammal sera, in which reduced test sensitivity
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was anticipated, all sera with a titre >1:7.5 were considered positive and the modelled
outcome was a response (titre of >1:7.5) vs. no response (titre of <1:7.5) in the VLA
H5N1 HI test. Logistic regression modelling was carried out to examine the influence of
species on the HSN1 HI test status of mammal sera. The three ELISA test scores (ID
VET cELISA using species specific sera dilution, BioChek cELISA and ID VET cELISA
using 1:10 dilution) were also considered in the model as continuous predictors of HI
status. Generalized linear models (GLMs) were compared using likelihood ratio tests.
Variables were added to the intercept only model in order of decreasing significance until
no further variables were significant at p<0.05. At each step all variables were checked
to ensure that they maintained significance at p<0.05. The overall goodness of fit of the
model was assessed using the unweighted sum of squares test (Hosmer et al., 1997) and
diagnostic plots of fitted values, residuals and influence measures (Hosmer et al., 1997,
2008). All statistical analysis was carried out using R (R Development Core Team,
2009). The unweighted sum of squares test was calculated using the Design package

(Harrell, 2009).

2.4 Results

A total of 75 wild birds (predominantly Spur-winged geese (Plectropterus gambensis)
and Ruff (Philomachus pugnaz)), 161 domestic Muscovy ducks (Cairina moschata), 39
chickens (Gallus domesticus), 43 dogs (Canis familiaris) and 41 pigs (Sus domesticus)
were sampled. Eighty-eight environmental faecal swabs and eight water samples were

collected (Tables 2.2 and 2.3).

2.4.1 Real Time RT-PCR and Virus Isolation

The influenza A M gene was detected by real time RT-PCR in twelve domestic duck
swabs (6 tracheal and 6 cloacal), one Spur-winged goose cloacal swab, two environ-
mental faecal swabs collected from waterholes visited by Spur-winged geese and two
domestic dog nasal swabs. Two of the M gene positive duck tracheal swabs collected at

Maga in February were also positive for the H5 gene (Table 2.2). All real time RT-PCR
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Table 2.2: Summary of real time RT-PCR results for all swabs collected

Sampling Location Species/Origin Swabs tested M Gene Positive H5 Gene Positive
and Dates E Tr N Cl F
Maga Spur-winged goose - 31 - 31 - 1*Cl1 0
21-23 Feb Knob-billed goose - 9 - 9 - 0 0
Frankolin - 2 - 2 - 0 0
Spur-winged plover - 4 - 4 - 0 0
Domestic duck - 43 43 - 3*Tr & 3*Cl 2*Tr
Wasa N.P. Env - Faeces 65 - - - - 2 0
24th Feb Env - Water 7T - - - - 0 0
Wasa and Little ringed plover - 3 - 3 - 0 0
Kalamaloue N.P. Wood sandpiper - 9 - 9 - 0 0
24 Mar-7 Apr Spur-winged plover - 2 - 2 - 0 0
Ruff - 17 - 17 - 0 0
Common sandpiper - 1 - 1 - 0 0
Moorhen - 1 - 1 - 0 0
Temmineck’s stint - 1 - 1 - 0 0
Environmental 23 - - - - 0 0
Maga Domestic duck - 9% - 95 - 3*Tr & 3*Cl 0
3-6 April Domestic chicken - 21 - 21 - 0 0
Domestic pig - - 41 - 41 0 0
Domestic dog - - 40 - 40 2*N 0
Maroua Domestic duck - 23 - 23 - 0 0
7th April Domestic dog - - 3 - 3 0 0

E = Environmental, Tr = Tracheal, N = Nasal, Cl = Cloacal, F = Faecal swab

Ct scores were borderline positive and fell near the VLLA’s recommended cut-off point
of 35Ct. Samples with a positive PCR result completed two passages in embryonated

eggs. No haemagglutinating viruses were isolated.

2.4.2 Competitive ELISAs

Antibodies against influenza A were detected in sera from ducks, pigs and dogs sampled
in April 2006 using all three competitive ELISA protocols. All prevalence estimates are
reported with exact binomial confidence intervals. In total 28/60 (47%, 95% CI: 33-
60%) duck sera, 3/40 (8%, 95% CI: 1.5-20%) pig sera and 4/38 (11%, 95% CI: 3-25%)
dog sera from Maga were classified positive by the ID VET cELISA at the species
specific recommended sera dilutions. The mammal sera were also tested at a dilution
of 1:10 using the ID VET cELISA and 12/35 (34%, 95% CI: 19-52%) pig sera and 21/37
(57%, 95% CT: 39-73%) dogs sera were classified as positive. None of the sera collected
at Maroua were classified as positive by this test at either test dilution. The BioChek
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cELISA classified 35/57 (61%, 95% CI: 48-74%) duck sera from Maga, 2/22 (9%, 95%
CI: 1-29%) duck sera from Maroua, 14/35 (40%, 95% CI: 24-58%) pig sera from Maga,
27/36 (75%, 95% CIL: 58-88%) dog sera from Maga and 2/3 (67%, 95% CI: 9-99%) dog

sera from Maroua as positive for anti-influenza A antibodies (Table 2.3).

2.4.3 Haemagglutination Inhibition Tests

No antibodies were detected in the wild bird sera using the HI tests. One of 37 domestic
ducks sampled at Maga in February was HI positive for neutralizing antibodies to H5N1
(Table 2.3). Eighteen of the 89 (20%, 95% CI: 12-30%) domestic ducks sampled at Maga
in April but none of 23 ducks sampled at Maroua were positive in the H5N1 test (0%,
95% CI: 0-15%). All duck samples were negative in the HSN2 HI test but seven ducks
gave non zero titres (2 at 1:2 and 5 and 1:4). All seven of these samples had a titre of
21:16 in the H5N1 HI test. All bird sera were negative in the HI tests using H7N7 and
H3N2 antigens. One duck was positive at a titre of 1:16 against the HIN9 antigen. 21
of 90 (23%, 95% CT: 15-33%) ducks from Maga and eight of 24 (33%, 95% CI: 16-55%)

from Maroua tested positive for neutralizing antibodies against NDV.

Some low titre inhibition of haemagglutination was recorded in the H5N1 HI tests
conducted at the VLA for three of 41 (7%, 95% CI: 2-19%) pig sera and eight of 40
(20%, 95% CI: 9-36%) dog sera collected at Maga in April, and for one of the three dog
sera collected at Maroua. The 12 mammalian sera that showed HI activity (non-zero
titres recorded) in the first HSN1 test were re-tested against H5N1 and H5N2 antigens
at a starting dilution of 1:5. Eleven of these 12 sera also gave a non-zero titre in the
second H5N1 test including 3 sera with a titre of 1:20. Only one sample showed any
HI activity (at 1:10) against the HSN2 antigen. In the H5N1 and H5N2 HI tests run at
the SVA using horse erythrocytes, all of the mammal sera tested were negative and no

non-zero titres were observed.

There was some evidence of H3N2 exposure in the mammal sera collected at Maga.
Three sera (1 dog and 2 pig sera) gave non-zero titres of 1:8, 1:128 and 1:128, with
repeat tires of 1:16, 1:128 and 1:256 respectively. No antibodies against NDV were
detected in any of the pig or dog sera tested.
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2.4.4 Test Comparisons

The relationships between the two cELISAs and the VLA H5N1 HI data for 78 duck
samples tested by all three tests are shown in Figure 2.2. The ROC curves for the two
cELISAs as compared to the H5N1 HI results are shown in Figure 2.3. The AUC values
for the two tests are 0.897 and 0.899 for the ID VET and BioChek tests respectively.
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Figure 2.2: Correspondence between the two cELISA scores and the VLA H5N1 titre
for the Cameroon duck samples. Grey squares indicate samples with a
negative H5N1 HI titre of <1:2, black triangles indicate samples with a
non-zero H5N1 HI titre below 1:16 and black points indicate samples with
a positive H5N1 HI titre of >1:16. Dotted lines show the recommended
cut-offs for the cELISA tests and positive and negative signs indicate the
classification of scores by each test. Text in grey indicates the number
of samples in each section of the graph as defined by the recommended
cELISA cut-offs.

The relationships between the ID VET cELISA scores (at recommended test dilution),
the BioChek cELISA scores and the VLA H5N1 HI titres for the mammal sera are
shown in Figure 2.4. The ROC curves for the three cELISAs as compared to the H5N1

HI non-zero H5N1 HI titre classifier of the mammal sera are shown in Figure 2.5. The
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Figure 2.3: ROC curves for the two cELISA scores for discriminating between H5N1 HI
test positive and negative duck sera (21:16 cut-off). The grey diagonal line
indicates the performance of a random classifier. The grey circle and black
diamond indicate the recommended cut-offs for the ID VET and BioChek
tests respectively.

AUC values for the three cELISAs are (in descending order): ID VET at recommended
dilutions - 0.914, BioChek - 0.899 and ID VET at 1:10 - 0.867.

GLM model building for the mammal samples considered the H5N1 HI response status
(response vs no-response) of samples as the outcome variable and included the three
cELISA scores and species as candidate covariates. Models were fitted using data from
72 individuals tested with all four tests (ELISA and HI data). The three cELISA scores
are strongly correlated and all are negatively associated with the log odds of a non-zero
H5N1 HI titre. The relative improvements of model fit for the univariate models as
compared to the intercept only model given with the three cELISA scores in descend-
ing order were ID VET 1:10 (LRT=16.87, df=1, p<0.001), ID VET at recommended
dilutions (LRT=14.66, df=1, p<0.001) and BioChek (LRT=8.50, df=1, p<0.01). The

addition of the species factor also significantly improved model fit and indicated that
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Figure 2.4: Correspondence between test scores for the mammal samples tested with
the ID VET cELISA at recommended dilution, the BioChek cELISA, the
H5N1 (VLA) HI and the and H3N2 (SVA) HI titres. Black squares indicate
sera from dogs, and grey points indicate sera from pigs. Black circles
indicate samples with an H5N1 HI titre of >1:2. Black diamonds indicate
samples with an H3N2 HI titre of >1:8. Dotted lines show the recommended
cut-offs for the cELISA tests and positive and negative signs indicate the
classification of scores by each test

sera from pigs were less likely to give a non-zero H5N1 HI titre as compared to dog
sera. The final model is given in Table 2.4. The unweighted sum of squares test had a
test statistic value of 3.90 and a p value of 0.95 providing no indication of poor model

fit (Hosmer et al., 1997).

2.5 Discussion

The molecular and serological data presented are consistent with the circulation of an
H5N1 virus in the domestic duck populations around the Maga dam and there are

also indications of H5N1 exposure in the domestic mammal populations at this site.
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Figure 2.5: ROC curves for the three cELISA scores for discriminating between VLA
H5N1 HI test responding and completely negative mammal sera. The grey
diagonal line indicates the performance of a random classifier. The grey
circle, black diamond and light grey square indicate the recommended cut-
offs for the ID VET recommended dilutions, BioChek and ID VET 1:10
tests respectively.

Table 2.4: GLM of mammal sera VLA H5N1 HI reaction status

Variable Level Coef. s.e. Z p OR  95% CI  n Observations
Intercept 2.84 1.60 1.77 <0.01
ID VET cELISA 1:10 -0.26 0.13 -2.02 <0.05 0.78 0.59:0.99 72
Species Dog ref - - - - - 37

Pig -3.38 1.38 -2.45 <0.05 0.03 0.002:0.51 35

Null deviance = 50.23, df=71. Residual deviance = 24.67, df=69.
OR = Odds Ratio
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Although H5N1 presence had not been previously recorded at Maga, this finding is in
keeping with data from nearby areas. The Maga dam is linked by direct road routes
to both Vélé (approximately 45km) and Maroua (approximately 75km) (Figure 2.1) at
which H5N1 virus presence has been confirmed during the same period as this study

(Njouom et al., 2008).

The weight of evidence for H5N1 circulation at the study sites comes from data collected
from domestic ducks. The majority of M gene positive swabs and both of those that
were also H5 positive were collected from domestic ducks. The serological diagnostic
tests all performed well with the duck sera samples. In Maroua where the confirmed
H5N1 outbreak occurred, none of the sampled ducks were positive in the HI test.
However, this is unsurprising as birds in the area were depopulated in response to the
outbreak prior to sampling for this study. At the Maga site, 20% of the ducks sampled
were positive in the H5N1 HI test and both cELISA tests classified the H5N1 HI status
of the ducks very well (Figure 2.3). The cELISAs are relatively simple to perform and
read and can both be used as screening tests prior to further characterization using
subtype specific HI tests. In this screening context, the sensitivity of the test would
be prioritized over its specificity. At the recommended cut-offs for the two cELISAs,
100% sensitivity as compared to the HI results is maintained in both cases and the
ID VET achieves better specificity than the BioChek kit. Figure 2.2 shows that these
recommended cut-offs are relatively lenient and that in addition to correctly classifying
the HI positive samples, they also classify almost all sera with non-zero HSN1 HI titres
as cELISA test positive whilst maintaining good specificity regarding the sera with HI
titres of <1:2. When comparing the cELISA and HI results it is important to recognize
that the cELISA tests are designed to detect antibodies against all influenza A viruses
whilst the HI tests are subtype specific. If we assume that the cELISA tests have equal
sensitivity for antibodies against all influenza A subtypes, the high specificity of both
cELISA tests as compared to the H5N1 HI data for these duck sera, indicate that an
H5N1 subtype virus was the predominant if not only influenza A virus circulating in

this population at the time of sampling.

The survival of ducks infected with H5N1 viruses has been documented previously
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(Hulse-Post et al., 2005; Chen et al., 2006b). Whilst raising concerns about the un-
detected spread of viruses, the capacity of ducks to survive H5N1 and influenza A
infections more generally, makes them suitable for use as in situ monitors of virus pres-
ence and circulation. Sentinel ducks have been used in this way to monitor influenza
A viruses circulating amongst wild bird populations in Europe and the approach was
found to be relatively efficient as compared to wild bird monitoring (Globig et al.,
2009). The number of influenza A RT-PCR positive swabs identified through wild bird
sampling in this study corresponds with the low prevalence of influenza A detected by
RT-PCR in wild birds that has been reported in other studies (Gaidet et al., 2007; Glo-
big et al., 2009). Wild birds, particularly ducks and geese, are the principle reservoir
of influenza A viruses and are therefore a desirable target for surveillance. However
wild bird surveillance programs face considerable problems with the detectability of
responses (Xing et al., 2008). Comprehensive surveys of wild bird populations are a
massive logistical undertaking and can also be subject to problems of sampling bias
as the success of capture methods varies across species (Fouchier and Munster, 2009;
Globig et al., 2009). Few diagnostic tests are validated for use with samples from wild
species (Gardner et al., 1996) and some influenza A tests have been shown to perform
poorly with wild bird samples (Xing et al., 2008). In this study, insufficient sera from
wild birds was available for cELISA testing and none of the sera collected from wild
birds were positive in the HI tests. However, the appropriate interpretation of these
negative results from wild bird samples is not clear and further work is required be-
fore serological data from wild species can be usefully interpreted (Cattoli and Capua,
2007). Overall, in this study as in others, the ‘yield’ of data from the domestic duck
population is considerably greater than that from the wild bird surveillance and the
investment required for the wild bird sampling was considerably greater. In Europe,
sentinel ducks have been actively placed amongst wild bird populations to monitor the
circulation of viruses in this reservoir population (Globig et al., 2009). At the Maga site,
where owned and wild birds mix, the owned domestic ducks serve the same function
passively, as a consequence of the ecology of the domestic and wild bird populations
in this area. In contrast to the wild bird population, the ducks are easy to catch and
handle, and the appropriate diagnostic tests have been well validated and give readily

interpretable results.
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A small number of domestic chickens were sampled at Maga in February 2006 but
none were sampled during the second visit in April and no evidence of H5N1 presence
was detected in chickens. The surveillance of HPAT viruses using domestic chickens in
the context of the backyard poultry keeping seen within the study area is complicated
by two key factors. Firstly, chickens are likely to die rapidly upon exposure to HPAI
viruses, leaving a very short time window for the collection of diagnostic samples. In the
absence of well developed veterinary surveillance infrastructure, laboratory diagnosis of
an influenza A infection in chickens is therefore unlikely. The ‘signal’ provided by the
occurrence of poultry mortality could though provide a useful indication of pathogen
presence. A systematic questionnaire survey was not conducted as part of this study but
ad hoc records of poultry die-offs were made. Reports of extensive mortality amongst
poultry were recorded at six of the ten villages around the Maga dam covering the period
from September 2005 to March 2006 (data not shown). These reports are consistent
with the spread of a highly pathogenic influenza A virus, such as H5N1. However, the
circulation of other viruses such as NDV in this region complicate the interpretation
of die-off reports. The pathogenesis and reported symptoms associated with these two
viruses are very similar and in areas such as this, where viruses including NDV are
circulating, high mortality amongst bird populations is not uncommon. The ‘signal’
given by poultry die-offs is therefore less likely to be reported and detected by any
surveillance system and is also difficult to interpret. Ducks that were positive for
antibodies against NDV were identified at seven of the villages at Maga, including four
of the six villages at which poultry die-offs were reported. In this context therefore, it
is not possible to use chicken mortality reports as a specific indicator of the possible

presence of highly pathogenic influenza viruses such as H5N1 (WHO, 2005).

In contrast to the data from domestic ducks, the evidence of influenza A infections in
the mammals sampled at Maga is less clear. The influenza A M gene was detected
in two dog nasal swabs collected at Maga but the subtype of the influenza A virus
could not be determined. In contrast, none of the pig swabs were RT-PCR positive for

influenza A.

When considered as dichotomous classifiers of VLA H5N1 HI response, the performance

of the ELISA tests was variable using the recommended cut-off values. Figure 2.5 shows
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that this apparent variation between the tests is largely a consequence of the choice
of the test cut-offs, with the cut-off for the ID VET cELISA at the recommended test
dilutions particularly poorly placed for this sample. The ROC curves for the two sets
of tests using the ID VET kit support the manufacturers recommendation to test the
mammal sera at more dilute concentrations. At all levels of sensitivity, the specificity of
the test run at the recommended test dilutions is better than or equal to the test using
a 1:10 dilution for all samples, suggesting that the additional dilution of sera helps to
reduce the influence of non-specific factors present in these mammal sera that bind the

antigen on the ELISA plate.

When assessed as continuous classifiers in comparison to the H5N1 HI test data the
cELISAs all performed relatively well and relatively consistently. The data presented
here on the sensitivity and specificity of the cELISA tests relative to the H5N1 HI
provide information on the relative performance of these diagnostic tests with these
samples, rather than the absolute performance of the tests relative to true disease
status. The analysis also considered both the dog and pig data and the summary mea-
sures relate to this combined population. The GLM analysis indicates that pigs were
less likely to be HI positive than dogs with similar ELISA scores indicating that the
tests performed quite differently for these two species. More data from these popula-
tions would be required to assess this fully. The ROC curves show that the cELISAs
categorize the samples with and without an H5N1 HI non-zero titre relatively well
(Figure 2.5) but that there is some loss of specificity. The HI test with the standard
protocol using chicken erythrocytes is known to have relatively poor sensitivity for the
detection of antibodies to avian influenza A viruses in mammal sera (Stephenson et al.,
2003) and we might therefore expect the cELISAs to show relatively poor specificity in
comparison. The apparently poor specificity of the cELISAs could also be explained
by the presence in these sera of antibodies against other influenza A subtypes which
would not be detected by the H5 subtype specific HI test. The pig serum sample with
the most positive score in both cELISA tests for example was negative in the H5N1 HI
test but strongly positive at a titre of 1:128 against the H3N2 antigen in the HI test.

The GLM modelling of the H5N1 HI test outcome revealed that pigs were significantly

less likely to have a non-zero response in this test as compared to dogs (Table 2.4).
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However, Figure 2.4 shows that there are a number of samples from pigs with cELISA
scores in the same range as those from the dog sera with non-zero H5N1 HI titres. H3N2
and HIN1 influenza subtypes are the influenza A subtypes that are classically associated
with swine populations. All of the mammal sera were HI tested against antigens of
these subtypes but apart from three individuals with observable non-zero titres against
the H3N2 antigen (Figure 2.4), all of the sera were negative. Concerningly, the three
samples with detectable H3N2 HI responses have widely variable cELISA scores. The
sera were not tested against an exhaustive panel of HI antigens so the circulation of

other virus subtypes cannot be ruled out.

The mammal sera were re-tested at the SVA using an H5N1 antigen and a modified
HI protocol using horse RBCs, to evaluate the influence of using horse RBCs on the
sensitivity of the HI assay. Surprisingly, in these tests that would be expected to have
shown greater sensitivity (Stephenson et al., 2003; Meijer et al., 2006; WHO, 2006; Jia
et al., 2008; Kayali et al., 2008), no inhibition was detected in any of the mammal sera
tested using H5N1, H5N2, or HIN1 antigens at the SVA. This lack of correspondence
between the results of the H5N1 HI tests conducted at the two labs is concerning.
Both the absolute number of individuals with non-zero titres in the VLA tests and
the antibody titres recorded in dog and pig sera were low. However, the re-testing
of those sera that gave non-zero titres indicated reasonable reproducibility of these
findings at the VLA (data not shown). Previous studies have documented relatively
poor reproducibility of HI test titres between laboratories (Stephenson et al., 2007) and
given the low titres recorded at the VLA this may have contributed to the difference
in results from the two labs. However, the protocol used at the SVA should have had
greater sensitivity as compared to that run at the VLA. It is possible that the non-
zero titres observed at the VLA were due to non-specific inhibitors present in the dog
sera, but, the sera were pre-treated with RDE to minimize this risk (WHO, 2002) and
using exactly the same sera and protocols no similar inhibition of haemagglutination
was observed using other antigens. This same cELISA test has been used to test sera
from 6,859 Ttalian dogs and in these tests only 2 samples (0.03%) were positive and the
two positive sera were also positive by HI and immunofluorescence assays against H3
strains. Although we cannot make direct comparisons between these Cameroonian and

Italian dog results, the Italian study provides no indication of poor specificity of this
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cELISA when used to test dog samples (De Benedictis et al., 2009). Exploration of the
application of standard influenza A diagnostic tests for testing mammal species have
consistently identified potential problems with false-negative rather than false-positive
findings (WHO, 2006; VanDalen et al., 2009). In addition to the erythrocytes used, the
HI tests conducted at the VLA and SVA also differed in the sera pre-treatment protocol
and actual test antigen used, both of which could have contributed to the difference in

findings observed.

2.5.1 Conclusions

The data gathered from the domestic duck population at Maga provides clear evidence
of the circulation of an H5N1 subtype influenza A virus in an area in which it had not
been previously recorded. However, the utility of the other animal populations assessed
as potential sentinels of HHN1 presence is affected by a number of factors relating to
the detectability of responses. The logistical problems associated with comprehensive
surveillance of influenza A in wild bird populations have been documented previously
and in the ecological context of this study, chicken die-off surveillance would provide a
very poor specificity signal of HPAT presence. Previous studies have indicated that the
extent of subclinical infections of avian influenza A viruses in mammals may be greater
than is generally recognized (Butler, 2006¢; Meijer et al., 2006; Kayali et al., 2008) and
the data presented here indicate that dogs particularly may show serological evidence of
exposure to H5N1 that is associated with infections in local bird populations. However,
the sample sizes in this study are small and for the data from serosurveys of mammals

to be more useful, further evaluation of the available diagnostic tests is required.

The impact of influenza A in the developing world, where underlying malnutrition,
chronic disease conditions and HIV all increase susceptibility to flu complications is
generally under-estimated (Schoub et al., 2002) and the economic and nutritional im-
pact of mortality in poultry is also considerable (Breiman et al., 2007). H5N1 is now
endemic in a number of African countries (Ortu et al., 2008; Owoade et al., 2008), as of
February 2010, 33 African countries have reported confirmed cases of pandemic HIN1
infections (WHO, 2009b), and seasonal influenza is grossly under-reported (Fasina et al.,

2007). Given the limited resources and capacities available, and the need to balance
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the allocation of resources for influenza A surveillance with continued support for other
ongoing health threats in Africa (Breiman et al., 2007), there is an argument for making
more efficient use of the basic tools that are currently available for influenza A surveil-
lance. Given the very low level of the baseline information available, and the limited
diagnostic laboratory capacities, the surveillance of influenza A in Africa should per-
haps be aimed towards technologically simple but comprehensive baseline surveys. The
serosurveillance of domestic bird and mammal species should offer a relatively cheap
and logistically simple method of collecting essential data concerning the influenza A
viruses (including H5N1, HIN1 and non-H5N1 subtypes) that circulate in different
species and different regions within Africa, particularly if concentrated at areas of in-
teraction between multiple species including wild waterbirds, domestic animal species
and humans. The work presented in this chapter demonstrates the potential value of
serosurveillance in a range of domestic animal species for the cost-effective identifica-
tion of previously unrecognized influenza A circulation. However, it also demonstrates
the limitations placed on such a surveillance approach by the current lack of suitable

diagnostic tools.



Chapter 3

The Kibera Study Site

3.1 Abstract

The urban slum environment is home to an ever-increasing proportion of the global hu-
man population and yet this environment and the disease status of its human and animal
occupants are relatively poorly understood. Key characteristics of the urban slum are
described and some of the implications of these characteristics for pathogen emergence,
transmission and maintenance are explored. Human populations in slums have poor
health as determined using a variety of outcome measures and urban livestock-keeping
in particular creates an increased risk of zoonotic pathogen transmission in this context.
The Kibera study site is representative of an increasingly relevant ecological setting in
which the linked surveillance of animal and human health can provide useful data on

zoonotic pathogen presence, transmission and risk.

3.2 Introduction

The proportion of the world population that lives in slum areas is projected to rise
dramatically within the next 30 years but the human health risks associated with this
increasingly important environment are poorly described (Riley et al., 2007). Many

of the defining characteristics of slums predispose their occupants to infectious disease
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risks including zoonotic diseases. The following chapters describe the zoonotic disease
surveillance project established in the Kibera slum in Nairobi, Kenya. This chapter
describes the Kibera study site and the need for surveillance of zoonotic diseases in the

urban slum context.

3.2.1 The Urban Slum Context

UN Habitat calculate that the current global population living in urban slums is ap-
proximately one billion, and that if current trends continue, this will reach 1.4 billion
people by 2020 (UN-HABITAT, 2006). In sub-Saharan Africa specifically, the rate
of slum growth, 4.53% per year, is higher than that seen in any other global region
(UN-HABITAT, 2006). 36% of the 700 million total population in 2003 lived in cities
and towns, and this urban population is projected to increase by 300 million before
2030, by which time the majority of sub-Saharan Africans will live in cities and towns
(Giddings, 2007). Within many of these sub-Saharan cities and towns, less than 10%
of the population live in formal sector housing (Giddings, 2007).

An operational definition for a slum was provided by The United Nations Expert Group
in 2002 (UN-HABITAT, 2003). This defines a slum as an area of human settlement that
combines, to various extents, the following characteristics: inadequate access to safe
water; inadequate access to sanitation and other infrastructure; poor structural quality

of housing; overcrowding; and insecure residential status (UN-HABITAT, 2003).

3.2.2 Health and Disease Surveillance in Slums

Most if not all of these defining slum characteristics have intuitive implications for
the health and disease risks faced by residents (Unger and Riley, 2007). A survey of
urban and slum characteristics or indicators, across developing world cities, revealed
direct correlations between high child mortality and indicators including inadequate
sanitation, structure durability, overcrowding and lack of access to safe water (Martinez

et al., 2008).
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Water-borne diseases such as diarrhoeal diseases, cholera, typhoid and hepatitis are
commonly associated with poor sanitation and inaccessibility of clean water (Unger
and Riley, 2007; Bhunia et al., 2009). A study conducted in the slums of five Indone-
sian cities found that the household use of inexpensive drinking water purchased from
street vendors was positively associated with mortality in under-fives and with diar-
rhoea in children (Semba et al., 2009), highlighting the risks associated with the poor
water and sanitation infrastructure within slums. Overcrowding also contributes to the
maintenance and transmission of communicable diseases such as tuberculosis, acute

respiratory infections and meningitis (Sclar et al., 2005; Unger and Riley, 2007).

Slum residents are also at high risk of infection with vector borne pathogens. Spa-
tial analysis of Dengue seroprevalence patterns in Rio de Janeiro, Brazil found higher
seropositivity in slum areas than in a suburban and central urban locations. The high-
est seroprevalence occurred in the slum site despite the fact that mosquito abundance
was lowest there and is thought to be explained by the fact that the household con-
ditions in slums were best for promoting contact between hosts and vectors (Honério
et al., 2009). Areas of high human movements were also identified as seroprevalence

hotspots (Hondrio et al., 2009).

The susceptibility of slum dwellers to communicable disease risks is also higher than
many other populations. HIV/AIDS rates are high in urban populations in developing
countries (Sclar et al., 2005; Unger and Riley, 2007). Limited access to health care
facilities contributes to reduced vaccination rates in slums as compared to other urban
environments and poor management of chronic conditions (Sclar et al., 2005). Malnu-
trition, chronic stress and depression can also all contribute to enhanced transmission

of communicable diseases in slum communities (Sclar et al., 2005).

Cities in sub-Saharan Africa compare poorly to other global regions in terms of both
access to safe water and improved sanitation (UN-HABITAT, 2006; Martinez et al.,
2008) and this corresponds to poor health indicators. In Kenya specifically, a demo-
graphic and health survey covering the period 1995-2003 revealed that the percentages
of children with both diarrhoea and acute respiratory infections were higher in slum

areas as compared to non-slum areas (diarrhoea - 16.5% vs 10.7%, acute respiratory
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infections - 19.2% vs. 10.8% for slum and non-slum areas respectively) (Martinez et al.,

2008).

A burden of disease study conducted in two slums in Nairobi found that the highest
mortality burden fell among children under five and that 77% of all mortality was
caused by communicable diseases, maternal, perinatal and nutritional causes (Kyobu-
tungi et al., 2008). Specifically, pneumonia, diarrhoea and stillbirths were the leading
contributors to mortality, accounting for nearly 60% of deaths in under fives. In the
population aged five years and over, AIDS and tuberculosis combined accounted for
nearly 50% of mortality (Kyobutungi et al., 2008). The study indicated that Nairobi
slum residents had been affected by the HIV/AIDS epidemic more severely than other
sub-Saharan sub-populations, that the overall mortality burden in Nairobi slums was
higher than that in a comparable Tanzanian coastal site and that this mortality burden
fell disproportionately on the youngest members of the population (Kyobutungi et al.,
2008).

Despite these studies that provide clear indications of the scale of the urban slum
health problem, the extent of the human health problems associated with the urban
slum context are still relatively infrequently assessed and poorly understood. Partly as
a function of their inherently informal nature, access to health services is poor across
most of the world’s slums (Riley et al., 2007). In many cases, the morbidity and
mortality data that exist concerning slum areas are gathered at end point facilities
such as clinics, hospitals and mortality registers. Data from these sources are likely
to underestimate the true burden of disease morbidity, and this in turn contributes to

inadequate provision of health service resources (Riley et al., 2007).

3.2.3 Urban Livestock Keeping and Zoonotic Risks

In addition to conditions of high human population density, slum inhabitants often also
live in close association with animal populations. The urban poor, who are increasingly
concentrated within slums, engage in urban agriculture, including livestock keeping,
in response to limited livelihood options and poor food security (Guendel, Accessed

2010). For the individual household, livestock keeping can provide a mechanism for
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diversifying household livelihood, enhancing food security and improving dietary diver-
sity (Branckaert and Guéye, 1993; Maxwell et al., 1998; Richards and Godfrey, 2003;
RUAF, Accessed 2010). It also has wider societal benefits, enhancing urban food secu-
rity, contributing to local urban economic development, alleviating poverty, enhancing
social inclusion of the urban poor and providing a mechanism for the re-use of urban

waste (RUAF, Accessed 2010).

Although keeping animals has the potential to improve urban livelihoods, it also has
a number of associated hazards and is considered by some to be indicative of a pop-
ulation in crisis (Richards and Godfrey, 2003). With limited or non-existent zoonosis
surveillance or food safety capacity, urban livestock keeping leads to an increased risk
of zoonotic pathogen transmission, particularly in rapidly growing urban centers of

resource limited countries (Zinsstag et al., 2007).

Growing urban populations create increasing demand for meat and milk products,
providing a strong economic incentive for livestock keeping and increases in urban and
peri-urban livestock keeping. Animals are moved into urban areas from surrounding
rural areas, facilitating the exchange of pathogens and creating hubs of onward pathogen
transmission (Fevre et al., 2006; Acosta-Jamett et al., 2010). Urban livestock are often
left to graze and roam freely. This enables both the access of roaming animals to
diverse human and animal waste products that may be utilized as food, and in turn
the widespread contamination of the immediate environment with the faeces of the
livestock themselves (Mantovani, 2001). Urban livestock are often slaughtered close to
human dwellings, independent of any existing systems for meat inspection and disease
surveillance (Acosta-Jamett et al., 2010; Mantovani, 2001). This creates immediate
risks of exposure to zoonotic pathogens in those people carrying out the slaughter and
the waste products are often disposed of inappropriately and are thus accessible to

other scavenging animals (Acosta-Jamett et al., 2010; Mantovani, 2001).

In the urban setting, and particularly in slums which are characterized by poor water
security and inadequate sanitation, close proximity between people, livestock, domestic
pet species and wildlife populations has the potential to create considerable risks of

zoonotic disease transmission (Richards and Godfrey, 2003). In addition to increased



Kibera Study Site 68

risks of transmission, urban slum populations are subject to causes of immunosup-
pression such as malnutrition and high rates of HIV/AIDS which also increase the

vulnerability of these populations to zoonoses (Mantovani, 2001).

3.2.4 Linked Disease Surveillance in Animal and Human Populations

The research presented in this thesis from the Kibera study site was carried out within
the framework of a larger study designed to investigate the relationships between pat-
terns of pathogen infection in domestic animals and diseases that cause major human
morbidity syndromes. The aim of this full study is to examine the relationships between
human and animal health, focusing on zoonoses in Africa that are either an emerging

disease threat or which exert a substantial disease burden.

The opportunity for conducting this integrated human and animal study was provided
by the establishment of a human population-based study by the Kenya Medical Re-
search Institute (KEMRI) and Centers for Disease Control and Prevention (CDC). The
KEMRI/CDC human syndromic surveillance study (SSS) is conducted at two sites, the
Kibera urban site and a rural site at Asembo bay in the Lake Victoria basin. Together,
these sites reflect two ecological systems that are likely to be important in the emergence
of human pathogens. The Lake Victoria basin is one of the most densely-populated ru-
ral areas in Africa, with extensive transport networks and rapid land-use changes that
are likely to facilitate disease emergence. The informal settlement of Kibera in Nairobi,

typifies the expansion of urban slums and the population of the urban poor.

The SSS involves biweekly visits to all recruited households during which, data is col-
lected on symptoms and signs of recent illness for all household members. Recently or
currently ill individuals showing signs of pneumonia, diarrhoea, jaundice and/or fever
are referred to the designated clinic for free clinical evaluation, treatment and speci-
men collection. In Kibera, the SSS comprises a cohort of approximately 25,000 people
from roughly 6,000 households in the Kibera site. The total population of the site is
approximately 30,000 people within 8,000 households (CDC unpublished data).

In this thesis the Kibera animal surveillance components of this larger study are pre-

sented. The full study is ongoing and all of the animal data discussed were collected
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with a view to additional research and analysis to enable linkage of these data with

parallel data collected from the human population.

3.2.5 Chapter Objectives

The aims of this chapter are to describe and characterize the Kibera study site, to
consider the implications of certain key attributes of the urban slum environment for
the maintenance and surveillance of zoonotic pathogens, to provide an overview of the
animal study established at this site and to outline the importance of the urban slum

environment as a target for zoonotic disease surveillance.

3.3 The Kibera Study Site

3.3.1 The Kibera Slum

By 1995, roughly 60% of the total population of Nairobi occupied informal settlements
(UN-HABITAT, 2003; da Cruz et al., 2006). Natural growth and rural-to-urban mi-
gration have continued to increase the size of Nairobi’s slum population, with 75% of
all urban population growth absorbed by slum areas (da Cruz et al., 2006). Across
Nairobi’s slum areas as a whole, the majority of households occupy single rooms and
residents typically earn low incomes and have limited assets (UN-HABITAT, 2003).
Only 22% of Nairobi’s slum households have water connections (da Cruz et al., 2006).

Kibera is frequently described as the largest informal settlement area in sub-Saharan
Africa (Richards and Godfrey, 2003; da Cruz et al., 2006). Estimates for the total pop-
ulation of Kibera now range from 600,000 to 1,000,000 within a total area of approxi-
mately 2.56km? (Candiracci and Syrjéanen, 2007). There is no access to formal urban
sanitation services within Kibera and household waste is dumped within the slum (Gulis
et al., 2004). The river and railway lines which form the upper and lower boundaries
of the study area (Figure 3.1) are used as principle dumping grounds (Richards and

Godfrey, 2003). Most residents use communal pit latrines, communal areas or plastic
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bags for human and domestic waste disposal (Candiracci and Syrjénen, 2007) and a

single pit latrine may serve up to 150 people (Richards and Godfrey, 2003).

3.3.2 Study Area Description

The Kibera animal study site includes the three adjoining villages of Gatwikira, Soweto
and Kisumundogo, located at the western end of the Kibera informal settlement in
Nairobi. The study site has a total area of 0.53km? and is bounded by a railway line
along the northern edge, a river along the southern edge and a major path along the

western edge of the site (Figure 3.1).

Figure 3.1: Outline map of Kenya with Nairobi indicated and satellite image of Kibera
with outline of study area indicated

The study site for the animal project included but exceeded that of the KEMRI/CDC
SSS which was ongoing throughout the period of this project in the Gatwikira and

Soweto villages. The combined area of these two villages is 0.39km?.

A recent survey of animal ownership practices within the Kibera study site revealed that
the most commonly kept livestock species was chicken, with 8.2% (95% CI: 7.5-9.0%)

of the 5549 households surveyed keeping chickens. Large livestock species keeping was



Kibera Study Site 71

however rare, with less that ten households keeping each of cattle, sheep, pigs and goats.
Approximately 50% of households reported keeping a cat whereas 2.1% of households
kept one or more dogs (CDC unpublished data).

3.3.3 Household Ildentifiers

All households with the KEMRI/CDC SSS study site are allocated a unique household
identifier code. This code describes the hierarchical classification of each household
within a cluster and structure. The SSS site is divided into 10 clusters based on ex-
isting geographical boundaries such as streams and major paths (Figure 3.2). Within
each cluster, every structure has a three digit identifier and within each structure,
each household (defined as those people using a common cooking site) has a two digit
household number. Every household within the KEMRI/CDC SSS site therefore has a
unique identifier in the format 01/001/01. This system of household identification was
adopted by this animal study to ensure correspondence with the KEMRI/CDC SSS at
the household level.

Figure 3.2: Map illustrating the distribution of structures and clusters within the Kib-
era SSS study area and the location of the adjacent Kisumundogo village,
coded as Cluster 22. Grey polygons show the location of structures. Pink
lines mark the boundaries of each cluster. Map adapted from original cre-
ated by the Kenya Bureau of Statistics
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At the beginning of the study, the project local representative and data handler spent
two days with a member of the KEMRI/CDC project training in the use of this number-
ing system. Ongoing correspondence was maintained through the use of reference maps
drawn up by KEMRI/CDC and the physical numbering of structures and households

with painted reference numbers.

3.4 Animal Study Overview

The field component of the Kibera animal surveillance study was conducted in two
principal sampling phases (Figure 3.3). The first phase started in July 2007 and ended
in December 2007. Six sampling visits (A-F) were made to households enrolled in the
dog cohort survey and two cross-sectional surveys of the domestic bird population were
conducted. At the beginning of 2008 the field study was interrupted by the political
unrest that occurred in Kenya following the national elections held in December 2007.
The disturbances that occurred within Kibera at this time prevented the continuation
of field sampling until roughly one year after the start of the study. The second phase of
sampling took place in September and October 2008. During this period, one follow-up
check of the dog cohort population (08F) and two further sampling visits (G and H)
were conducted, and a cross-sectional survey of the rodent population was conducted.
Questionnaire surveys relevant to all three animal populations took place in October and
November 2008. The methodology for the surveys of the dog population are described
in the next chapter (See Chapter 4). Details of rodent and bird population surveys are
provided in Chapters 6 and 5 respectively.

3.5 Discussion

The global countryside has already reached its maximum population size. After 2020
the rural portion of the global population will begin to shrink and virtually all future
human population growth will occur within cities (Davis, 2006). 95% of urban growth

will occur in developing world countries and in contrast to the developed world, in
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Figure 3.3: Timeline illustrating the two phases of sample collection and number of
individuals of each type sampled. The letters at the top of the figure
indicate the dog sampling visit ID.

which urbanization is consistently associated with economic growth and industrializa-
tion, urbanization in the developing world often continues despite economic stagnation
or contraction, leading to a huge global growth of slums (Davis, 2006). In Africa,
slums now grow at twice the speed of ‘cities’ and by 2020 sub-Saharan Africa will have
393 million slum-dwellers, a number that will double every fifteen years (Davis, 2006;

UN-HABITAT, 2006).

The data on human and animal health in urban slum settings are sparse but those
that exist create a concerning picture. On many health measures, slum residents have
worse outcomes than occupants of more developed urban areas or rural sites (Sclar
et al., 2005; Unger and Riley, 2007). The defining characteristics of urban slums: high
human population density, limited availability of clean water and poor sanitation create
ecological conditions in which numerous well described infectious diseases can pose
considerable threats. High human population density is also of concern with respect to
‘new’ pathogen emergence as it has been identified as a correlate of pathogen emergence
or re-emergence (Jones et al., 2008) and the modern urban slum environment is a clear
example of a novel environment that provides opportunities for pathogens to exploit

new ecological niches (Morse, 1995; King et al., 2004).
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We know that the urban slum will be the home of an increasing proportion of the
human population in the future, that the health of slum residents is poor, that the
presence of livestock and wildlife animal species creates risks of zoonotic pathogen
transfer and that the slum environment is also of concern as a likely site of future
pathogen emergence. We also know that we currently have only limited understanding
of the ecology and epidemiology of the urban slum and that considerable research
and surveillance is required to address the challenges of slum population health. The
following chapters present data on the surveillance of two key zoonotic pathogens,

influenza A and Leptospira spp. in the Kibera urban slum.



Chapter 4

The Kibera Dog Cohort

4.1 Abstract

A domestic dog cohort of 637 individuals was recruited to carry out longitudinal
pathogen surveillance at the Kibera study site. In addition to the collection of samples
for diagnostic testing, data describing the demography of the dog population and the
ecological interactions of this population were collected. The data were analysed to as-
sess some of the practical and ecological factors that might influence the overall utility
of the Kibera dog sentinel population for pathogen surveillance. The human and dog
population density are both very high at the Kibera site. Dogs are rarely confined and
they obtain food from multiple sources, providing frequent and varied opportunities for
interaction with other species and exposure to a range of pathogens. There is consid-
erable puppy mortality in the Kibera dog population but the survival hazard declines
with age and the population that survives the first few months of life is relatively stable.
Dogs were readily accessible for sampling, they could be reliably identified at repeat
visits and they could be accurately aged. The overall proportion of sampling attempts
that were successful was 80% and no major practical obstacles to the successful use of

dogs as sentinels were identified.

75
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4.2 Introduction

Most of the data from the Kibera study site were gathered from the domestic dog cohort
population. In addition to collecting samples for diagnostic testing, the cohort study
was also designed to collect and use demographic and descriptive data about the sam-
pled individuals and the households at which they live. The data gathered in Cameroon
(See Chapter 2) demonstrated the potential for using dog sentinel serosurveillance to
detect the presence of influenza A viruses. These and other data presented later in this
thesis address the first key hypothesis related to the use of dogs as sentinels - that a
response to the pathogen of interest is detectable in the sentinel population. There are
though, additional questions that could and should be addressed to use and evaluate
data collected form dog sentinel populations, and additional data are required to do

this.

4.2.1 Demographic Data and Sentinel Assessment

Demographic data can provide direct evidence on the relationship between contextual
factors and the levels, patterns, and causes of death and other indicators of pathogen
presence (Chandramohan et al., 2008). With reference to the framework presented in
Chapter 1 (See Figure 1.2), many of the analyses described in this chapter refer to the
demographic characteristics of the dog sentinel population such as age and sex that
may well impact upon the response that a given individual mounts to the presence of
a pathogen and on the repeatability of that response across the population as a whole.
In the following chapters (particularly Chapter 7), the contextual data described here
are used to assess the degree to which the sentinel population varies in its response
to the pathogen of interest and to look at the correlations between observed sentinel

responses and contextual variables.

The data examined in this chapter also relate to the practical and ecological factors
that might influence the detectability of dog sentinel responses and the ultimate utility
of dog as sentinels of pathogen presence in the Kibera context. The proposed attributes
of dogs that make them suitable for use as sentinels include being broadly accessible

for handling, being safe to handle, being readily identifiable and being relocatable (See
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Section 1.8). Several of the analyses presented in this chapter address these attributes
and the following key questions: Are the dogs in Kibera accessible? Can they be located,
reliably identified and sampled? It is also important to describe the dog population in
order to be able to assess 1) the degree to which the sample is representative of the

total population and 2) the external validity of this population.

4.2.2 Longitudinal Patterns and Dog Age

The longitudinal nature of the cohort study design also allows assessment of temporal
patterns in sentinel responses and for the study to address particular surveillance ques-
tions. To interpret serological data particularly, it is useful to know how old individual
dogs are and how long the measured response can persist for. Good quality age data
can be used to look at variation in seroprevalence across age groups and also at different
times to make inferences about the epidemiology of a given pathogen. Previous studies
have used age seroprevalence data to address a range of different questions: to look at
changes in the epidemiology of pathogens over time (Ades and Nokes, 1993); to make
inferences about the timing of epidemics (Kock et al., 1999; Lembo et al., In Prep.); to
investigate patterns of acquired immunity (Welburn et al., 2008) and to evaluate the

success of disease control programmes (Letaief et al., 2005).

To address all of these questions you need accurate data on the age of sampled indi-
viduals. Studies looking at domestic dog populations have used owner-reported ages
to make inferences about the planning of rabies and population control programmes
(Butler and Bingham, 2000; Ratsitorahina et al., 2009). Such studies also often use
broad descriptive age classes such as mature/young/juvenile but the difficulty of such
an approach and the impact of this uncertainty upon inferences made has been noted
(Ratsitorahina et al., 2009). Despite its wide use, the accuracy of owner-reported dog
ages has not been validated or assessed previously. In this chapter we assess the con-

sistency and accuracy of owner-reported ages (See Section 4.4.2).
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4.2.3 Chapter Objectives

The overall aim of this chapter is to describe the domestic dog cohort study established
at the Kibera site and examine the effect of practical and ecological influences upon
the potential use of the Kibera domestic dog population for sentinel surveillance of
zoonotic pathogens at this site. Particular aims are to describe the demography of
the dog population, the relationships and interactions between the human and dog
populations, the accessibility of the dog population for successful sampling /surveillance,
the degrees to which the enrolled and sampled dog populations are representative of
the total dog population at this site and to assess the influence of these factors upon

dog sentinel utility.

4.3 Methodology

An open, prospective, population-based cohort study of the Kibera domestic dog pop-
ulation was conducted. The outcomes of interest were dog mortality and dog exposure
to Leptospira spp. and influenza A. The influenza A data are discussed in Chapter
5. The data relating specifically to Leptospira spp. are discussed in Chapters 6, 7
and 8. Dogs were enrolled and visited at the households at which they were resident.
Households included in the cohort study were visited for repeat sampling and descrip-
tive data collection as well as a single questionnaire survey conducted at the end of the
study period. In addition, transect surveys were conducted to estimate the size of the
total dog population within the study area. The detailed methods for each of these

components of the study are given in the following sections.

4.3.1 Defining Dog Ownership

The majority of dogs encountered and enrolled by this study were clearly ‘owned’ by
a single household. However, some dogs did not belong to any one household but
were communally owned or supervised by a number of households or individuals. Dog
households were therefore defined under one of two ownership definitions (adapted from

Knobel et al. (2008)) at the time of enrolment:
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Dog-owning households (DOHH) where residents of a single household claimed
ownership of the dog(s)

Dog-supervising households (DSHH) where dogs were not owned or claimed by
any identifiable individual or household but were consistently resident at a specific

location.

In the case of DSHH, residents around the area of dog residence were consulted to
identify an individual who was considered most responsible for the dog(s) and consent
for sampling was sought from that individual. This person was questioned to clarify that
they were at least as responsible for the dog(s) (if not more) as any other members of
the local community. The term dog-keeping household (DKHH), includes both DOHH
and DSHH and is used as an umbrella term to describe all households with which dogs

were associated.

4.3.2 Sampling Frame ldentification

Two different protocols were used to identify DKHH. In the villages of Gatwikira and
Soweto, the sampling frame of DKHH was generated through a cross-sectional house-
hold survey integrated within the KEMRI/CDC SSS household visit protocol. For one
round of sampling visits conducted from the 16th to 27th April 2007, all households
visited through the KEMRI/CDC SSS (n=6103) were asked additional questions re-
garding dog-keeping by the KEMRI/CDC project Community Interviewers. Household
respondents were first asked if the household kept any dogs, and at those households
that responded yes, the name of the head of household and the numbers of dogs and
puppies (aged <6 months) were recorded. The household identifiers of all responding
and non-responding households were recorded. At the time of this survey, dog-keeping

was essentially defined by the interpretation of the respondent.

The data collected through this survey constituted a sampling frame for the recruit-
ment of DKHH and a rough census of the kept dog population within the villages of
Gatwikira and Soweto (as the survey was only conducted at households participating

in the SSS, dogs kept at households not enrolled in the SSS would have been omitted).
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In Kisumundogo, which is not included within the SSS study area, DKHH were identi-
fied through a combination of techniques including key reporters (local representatives
with previous knowledge of DKHH), word of mouth, and by simply walking throughout
the village looking for dogs on the streets and attempting to identify where they were
resident. DKHH were allocated a Household ID of identical format to that used within
the KEMRI/CDC SSS study area.

4.3.3 Household and Dog Recruitment and Exclusion

Initial sample size calculations were made using data from the household survey of dog
ownership conducted by the SSS team in which 1.2% (95% CI: 0.9-1.6%) of responding
households were found to keep one or more dogs. Extrapolating this proportion of
households that keep dogs to estimate the total number of DKHH within the 8000
households in the study area (to include non-responding households and households not
enrolled in the CDC study) yielded an estimate of 99 dog-owning households within the
SSS study area (95% CI: 75-129). The mean number of adult dogs (>6 months) kept
at the DKHH was 1.9. Assuming that this estimate was representative for all DKHH
(See Section 4.4.1 for assessment of this assumption), the size of the total adult dog
population within the SSS study area was estimated at 189 dogs (95% CI based on
CI for number of DKHH: 143-246). Allowing for a total population at the top end of
this confidence interval (250 dogs), the sample size required to allow the detection of
the presence of a pathogen with 2.5% prevalence in a total population of 250 animals
with 95% confidence was calculated (Dohoo et al., 2003). This prevalence level was not
selected on the basis of the expected prevalence of either of the two study pathogens, but
to generate sample size estimates sufficient for the detection of any pathogen present
at only low prevalence in the population. This yielded a required sample size of 95
dogs. All households identified as keeping one or more dogs and/or puppies by the
CDC household survey were approached for recruitment into the study. Additional
households were recruited after identification through the house-to-house and transect

surveys.

All DKHH at which informed consent for participation in the study was provided (See

Section 4.3.4) were enrolled, and all dogs resident at enrolled households were recruited.
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The cohort was open to new dogs throughout the course of the study. During 2007,
records were kept of dogs observed within the study site that were not known to be
enrolled in the study. The locations of these ad hoc sightings were recorded and added
to a continuously maintained list of non-enrolled dogs. During 2007, new households
identified through this methodology were recruited into the study at the next sampling
visit as permitted by logistical and time constraints. The method of identification (CDC
survey, house-to-house survey or transect) was recorded for all study households. New
dogs were recruited at enrolled households as they were acquired by or born at the

households.

The cohort study was interrupted by the political unrest that occurred in Kenya around
the time of the national elections held in December 2007. The continuation of cohort
sampling at the beginning of 2008 was prevented and the cohort was instead re-visited
roughly one year after the start of the study for follow-up. During the 2008 follow-
up no additional DKHH were recruited but new dogs present at previously enrolled

households were recruited and sampled.

Individual dogs left the cohort when they died or moved out of the study site. In addi-
tion, dogs that could not be handled at three successive household visits were excluded
from the study. The reason for loss from the cohort was recorded for all individuals.
Households were lost from the study if there were no enrolled dogs remaining at the

household.

The sample size calculations described above were based on the assumption that the
mean number of adult dogs calculated from the CDC survey of only those households
that were enrolled in the SSS was also representative of the mean number of adult dogs
present at DKHH that were not enrolled in the SSS. Although data on participation in
the SSS was not collected directly, both the village in which households were located
and the method of household identification are likely to be strongly associated with SSS
enrolment. Only those households that were enrolled in the SSS were recruited through
the CDC ownership survey and although some SSS enrolled households may have been
enrolled through house-to-house and transect identification in Gatwikira and Soweto,
none of the DKHH in Kisumndogo were enrolled in the SSS. To check the validity of this

assumption and the impact of these study design parameters upon the data recorded,
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the data on dog numbers collected during the household questionnaire were compiled
and analysed to assess the influence of ownership type, method of identification and
village upon dog numbers at the household. These effects were assessed by fitting a
generalized linear model with poisson errors to the number of dogs at each household.
The influence of these variables as predictors of dog number were assessed by comparing
the intercept only null model to univariate models using likelihood ratio tests (Bolker,

2008).

4.3.4 Informed Consent

Written informed consent for participation in the dog cohort study was obtained from
all households at the time of enrolment. A copy of the consent form used is given
in Appendix A. The consent form for participation in the dog cohort study described
the types of samples that would be collected from the dogs and the vaccination and
treatments that would be offered by the study (See Section 4.3.6.3). The risks and
benefits associated with sampling and treatments were described in the consent form.
It was made clear to the household representative that the provision of vaccination
was not dependent upon the provision of consent for the sampling components of the
project. It was also made clear that refusal of consent for any or all components
of the study would not have any negative effect upon the members of the household
(other than non-provision of dog anti-helminthics which could be provided at follow-up
visits) and that households could withdraw from the study at any time. The content
of the consent forms were approved by the Kenya Medical Research Institute Scientific

Steering Committee and Ethical Review Committee.

In addition, supplementary consent was later obtained from the majority of participat-
ing households to link the data obtained through the cohort project with that obtained
from the same households by the KEMRI/CDC SSS study and with the data obtained
through questionnaire surveys of sampled households. Consent documents enabling the
linking of data collected through this study with data obtained from the same house-
holds by the KEMRI/CDC SSS study were also approved by the CDC Internal Review
Board.
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4.3.4.1 Consent Procedure

The head of household or other adult household member (aged 18 years or older) was
identified at each household approached to take part in the study and the project
explained to them. The consent form was read to the respondent in full by the project
vet or data handler. Consent documents were administered in English, or using Dholuo
or Kiswahili translations, as appropriate according to the preference of the respondent.
Following the provision of consent, two copies of the consent form were signed by the
respondent or witness. Witness signatures were obtained at those households at which
the identified respondent was unable to sign the form him/herself. In these cases the
forms were signed by the witness who testified that he/she had witnessed the consent
procedure in full and confirmed the provision of consent by the named respondent. One
copy of the signed consent form was retained by the project whilst the second signed
copy was retained by the respondent. In addition to the signature of the respondent or
witness, the name of the respondent (and witness where appropriate) and the unique

household identifier code were recorded on the project copy of each consent.

4.3.4.2 Consent at Follow-Up Household Visits

At follow-up visits to enrolled households, verbal consent from a responsible representa-
tive of the household was obtained before any animal handling, sampling or treatment
was conducted. Animal handling and sampling was therefore dependent upon the pres-
ence of a responsible household member at the time of the household visit. Information
about the risks associated with anti-helminthic treatments for dogs were explained to
the household member by the project vet and verbal consent provided before anti-

helminthics were administered at every visit.

4.3.5 Animal Handling, Safety Measures and Waste Procedures

Training was given to the sampling team in the safe handling of animals and all domestic
animals were manually restrained for sample collection by a member of the project team.

Dogs were muzzled as necessary and any animals which could not be safely restrained
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were not handled. This event was extremely rare. Pre-exposure vaccination against
rabies was offered to all members of the field teams involved in handling dogs and paid
for by the project. All field personnel were provided with a protective overall or lab coat
and gum boots for all animal handling and sampling visits. Disposable examination
gloves were worn for animal and sampling handling and changed between households.
Alcohol handwash, clean water and a basic first aid kit were carried by the field team.
All clinical waste generated during sampling was collected by the sampling team and
transported at the end of each day to the KEMRI/CDC laboratories for disposal by
incineration. All used needles were discarded into a sharps container carried by the

sampling team which were also incinerated at KEMRI/CDC when full.

4.3.6 Dog Household Visits

All currently enrolled households were sought at every study visit (A-H) (Figure 3.3),
with the exception of 18 households that could not be visited before the end of Visit
F in 2007. Each round of household sampling visits lasted for 17 days and within
the two phases of data collection, visits were conducted at intervals of 28 days. The
order in which households were sought within each round of visits was determined by
their location and the days of the week on which the respondents were likely to be
present. Households that were located near each other were likely to be visited on the
same or consecutive days, with the exception of households that could only be visited
on Saturdays which were more widely distributed across the study area. The order
in which households were sought was maintained as far as possible across all visits
so the interval between visits at any given household was 28 days. When a household
respondent could not be identified on the day on which they were sought, the household
was revisited on subsequent days within the same sampling visit where possible, in an
attempt to include the household in that sampling round. The GPS coordinates of
all enrolled households were recorded and the unique household identifier recorded on

every occasion that data was collected.
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4.3.6.1 Dog ldentification

Dogs enrolled in the study were allocated a unique identification code based on the
village in which they were located and a number reflecting the order of recruitment.
The name, age, sex and physical description of the dog was recorded for each individual
at the time of enrolment. Digital photographs of each dog were taken at the time of
enrolment and at all subsequent visits at which any significant change in the appearance
of the individual was observed. Most puppies under approximately six months were
photographed at every visit because of their rapid growth rate. Two photos were taken
of each individual (one front view and one side view) and all photos also included an
identification board labelled with the household and dog identifier codes. Additional
confirmation of dog enrolment was provided through the use of identification collars
(Figure 4.1). Adult dogs were fitted with a bright collar at the time of enrolment and
re-fitted at follow-up visits when the existing collar was either damaged or missing.
Collars were made using polypropylene strapping tape and closed metal seals that were
covered with insulating tape prior to sealing. These collars were not fitted to puppies

that were still growing rapidly due to their semi-permanent and inflexible nature.

)\ |262/0)
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Figure 4.1: Example photographs of an individual dog taken at the time of enrolment.
Digits on the board record the household and dog identifiers. Highly visible
green identification collars were fitted at the time of enrolment.
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4.3.6.2 Dog Data Collection and Sampling

All dogs enrolled at each household were sought at the time of each household visit. The
form used for dog data collection at each household visit is provided in Appendix B. The
descriptive identification data recorded for all dogs were carried by the data handler at
all subsequent visits. These data were checked and updated as necessary at each visit.
When new dogs were present and when a dog found at a study household could not
be matched with confidence to a previously enrolled individual, a new unique ID was
allocated at the time of data collection and identification photos taken. These photos
and details were then checked against records and photos for enrolled individuals and
either matched to an existing dog ID or confirmed as a new individual. Additional data
recorded at each visit included the daytime and night-time confinement status of each
dog as reported by the respondent. At visit F, the observed confinement status of every
dog at the time of the household visit was also recorded in order to assess the accuracy
of the owner reported measure. The presence/absence of an existing collar and fitting of
new or replacement collars was recorded at every visit, as was the collection or provision
of the samples and treatments described below. Enrolled dogs that were reported as
still present but that were not observed at the household during a household visit were
recorded as ‘not present’ and the data fields requiring the observation or handling of

the dog were completed as ‘not done’.

Blood samples of maximum 10ml were taken from the cephalic vein. The area of skin
above the vein was swabbed with surgical spirit and the hair clipped as necessary.
Blood was collected using 21 gauge S Monovette needles and S-Monovette collection
tubes (Sarstedt AG & Co.). Sample volumes were appropriate for the size of the
individual animal (i.e. no more than 0.9% body weight for adults). Blood samples
were collected from puppies when considered safe by the project vet according to the
mass and condition of the individual, and samples were rarely collected from puppies
less than 3 months old. All blood sample tubes were labelled at the time of collection
with the household ID, a unique animal/sample identifier code and the date of sample

collection.

Immediately after collection, all samples were stored in a cool box with ice packs carried

by the sampling team. At the end of daily sampling, the samples were taken to the
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labs at KEMRI/CDC for processing and storage. Blood samples were processed on the
afternoon of collection or stored upright at 4°C overnight before processing the following
day. Whole blood was centrifuged at 2000 x g for 10 minutes at room temperature in
the collection tube to separate serum. Duplicate serum aliquots were transferred into
two sterile cryovials using a sterile disposable transfer pipette. All handling of untreated
sera was conducted in a microbiological safety cabinet. Serum samples were labelled
with the full household and individual ID from the sample tube as well as the date of
collection, visit number and aliquot number. The blood clot remaining in the collection

tube and the sera aliquots were listed and stored at -20°C.

The collection or non-collection of each sample (distinguishing failed attempts at col-
lection and non-attempts) was recorded for each dog in the dog record sheet completed
for every attempted dog handling visit (Appendix B). Data from these paper forms was
manually entered into a sample database and matched to the sample lists created upon
return to the lab to identify any errors in sample labelling, data entry and/or missing

samples.

4.3.6.3 Incentives and Veterinary Interventions

Dog rabies vaccination was provided free of charge at all DKHH at which verbal consent
for vaccination was obtained. The vaccination did not constitute a key part of the
epidemiological research project but it was considered ethically responsible to vaccinate
dogs that were handled during the course of the study. The provision of vaccines was
also important in building a relationship within the community. All dogs older than
three months that were present at study households and could be safely restrained were
vaccinated against rabies (1ml Rabisin (Merial Ltd.) administered subcutaneously).
A vaccination certificate was provided for the dog owner. In addition, vaccine was
administered to cats presented to the field team during house-to-house visits, and to
non-enrolled dogs encountered in and around the study site upon provision of verbal

consent from the owner.

The project also provided anti-helminthic treatments for enrolled dogs. Ivermectin

treatment was provided to all dogs older than six months that were present at the
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household, could be safely restrained and for which owner consent was provided. Iver-
mectin can cause adverse reactions in a very small number of dogs (principally in specific
breeds not encountered at the study site) (Merck & Co., Inc, 2005). These risks were
explained and verbal consent confirmed prior to the administration of ivermectin at
each visit. Ivermectin (Ivomec, Merial Ltd.) was administered subcutaneously using a
1% ivermectin preparation at a dosage of 0.1ml per 5kg of body weight. Antihistamine
was carried by the team for use in the event of an allergic reaction to ivermectin ad-
ministration in any of the dogs treated. Dogs with any characteristics of those breeds
at higher risk of adverse reaction with ivermectin and all puppies were instead treated
with Canex Multi Spectrum All Wormer (Pfizer. Active ingredients: Pyrantel embon-
ate, Oxantel embonate and Praziquantel) administered by the project vet. Canex was
provided at a dosage of one tablet per 10kg of animal weight. When requested by

owners, Canex was also provided for the cats present at the household.

Ivermectin is a GABA agonist that acts to cause paralysis in susceptible arthropods
and nematodes, leading to the starvation and expulsion of parasites (Merck & Co., Inc,
2005). It is used extensively to control a variety of parasitic nematodes in domestic
animal species. In addition to this parasite-specific mode of action, there is some evi-
dence that ivermectin can also influence the immune system in lab animals and humans.
The studies conducted thus far have yielded variable indications of immunomodulatory
effects, with some observing enhancement of antibody production against antigens un-
related to the parasite target of treatment, some observing a reduction in antibody
responses at some timepoints and others reporting no influence at all (Sajid et al.,
2006). The assessment of the influence of ivermectin and Canex administration upon
the antibody responses measured in the Kibera dog cohort is discussed in Chapters 5

and 7.

4.3.7 Analysis of Dog Ages

Dog age was not requested or provided at every visit, instead the age of most dogs was
recorded at the time of enrolment and again at one of the follow-up visits in 2008. For
those individuals where any numeric age was provided, an age in months at each visit

was generated through extrapolation from the first reported age for each individual.
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This extrapolated age variable was calculated using the first numeric age provided in
months and the number of days since the provision of that age. A month was defined as
30.4375 days (=365/12) (Hosmer et al., 2008). The calculated age variable was used to
assess the validity of additional owner reported ages using 398 additional numeric ages
provided at later visits. A linear regression model was used to assess the relationship

between the calculated and additional owner reported ages.

For some individuals, no numeric age was provided and instead, qualitative responses
such as “Adult” or “Old” were given. To allow consideration of this qualitative data,
the calculated age variable was categorized and an additional “Adult Unknown” class

created to accommodate the non-numeric ages provided.

4.3.8 Evaluating Sampling Success

The potential influences of household ownership type, village and method of identifi-
cation upon respondent presence at the time of household visits were assessed using

Fisher’s exact test or chi-squared tests as appropriate.

Because samples were collected at repeat visits to enrolled dogs, the influence of po-
tential covariates upon sampling success was modelled at the dog level. The modelled
response variable for each dog was the proportion of sampling attempts that were suc-
cessful, weighted by the number of attempts. A sampling attempt was defined as a visit
to an enrolled dog where the household respondent was present and the dog was aged
>3 months. A success was defined as the collection of a blood sample. The binomial
mixed model was fitted with the household ID as the random effect. The covariates
considered in the model were the household ownership type, method of identification
and village as well as the sex of the dog and categorized dog age at recruitment. Models
were fitted with a quasibinomial error distribution to accommodate overdispersion and

compared using F tests (Crawley, 2002) as well as AIC and BIC values.
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4.3.9 Questionnaire Survey

A questionnaire survey of DKHH enrolled in the study was conducted between 27th
October 2008 and 11th November 2008 at the end of the cohort study. Consent for
questionnaire administration and linkage of the data collected with the existing sample
data was obtained as described in Section 4.3.4, and the head of household or an adult
relative was interviewed. Interviews were conducted in English or DhoLuo as appropri-
ate according to the preference of the respondent. Household-level questionnaire data
included information regarding the ownership of different animal species, the motiva-
tion for dog ownership, details of those people at the household who were principally
engaged with caring for the dogs and details of any dogs that had left the household
within the previous 12 months. Data collected for each dog present at surveyed house-
holds included information on the dog’s origin and date of acquisition, sickness in the
previous 12 months, previous vaccination, feeding practices and a reproductive history
for all adult females. The body condition score of all adult dogs present at the house-
hold at the time of the questionnaire interview was also assessed and recorded using
a five state scale adapted from GFAH (2007). A copy of the questionnaire used is
provided in Appendix B.

4.3.10 Dog Survival Analysis

Survival analysis was conducted to evaluate the impact of key demographic and study
design parameters upon the mortality of dogs enrolled in the cohort study. The analysis
covers the 16 month period between the enrolment of the first dog at the end of June
2007 and the end of the study at the end of October 2008. The survival status of
each dog was recorded for each attempted household visit. Dogs were recorded as
alive when seen at the household visit or reported to be still alive by the household
respondent. At household visits where no respondent could be identified, dog survival
status was recorded as unknown. When dogs were reported absent, the fate of the dog
was recorded. In this analysis, the event of interest was the death of an individual dog.
Dogs were considered to have died if their reported fate was one of: died, disappeared,

or fate unknown presumed dead.
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Because of the periodic nature of dog status assessments (including the long interval
between visit F in 2007 and follow-up in 2008), these data were modelled on the time
scale of visits using techniques for asynchronous interval censored data (Radke, 2003).
Dogs that died during the period of study were handled as interval-censored observa-
tions, where the exact time of death was unknown but had occurred in the interval
between the visit at which the dog was last known to be alive and the visit at which the
death of the dog was reported. Dogs that survived for the duration of the study, and
those that were excluded for reasons other than death (recorded fates of stolen, given
away, sold, taken/moved out of the study site or excluded for logistical reasons) were
handled as right censored observations, where the exact time of death of the dog was
unknown but must have been after the time at which the individual was last known to
be alive. Survival time was modelled on the scale of study visits, which represent 28
day intervals. The interval between visit F in 2007 and the follow-up in 2008 was fitted

to the same scale so that visit G occurred 10 ‘visits’ after visit F.

The influence of the following potential covariates upon dog survival time were assessed
- dog sex (M or F), age at enrolment (<3mo or >3mo), the household ownership type
(owned or supervised), method of household identification for recruitment (CDC survey,
house-to-house or transect) and the village (Gatwikira and Soweto or Kisumundogo).
No time-dependent covariates were included. Age was handled as a factor, considering
the categorized age of the individual at the time of enrolment. Covariate effects were
initially explored using non-parametric Kaplan-Meier estimations of survival functions.
This technique does not allow the consideration of interval censored data and for these
exploratory analyses, the survival time for individuals that died was approximated by
setting exact times of event at the mid-point of their censoring interval. The use of
approximations such as this in models of survival time can lead to underestimation of
both effect size and variance (Radke, 2003). For this reason, correct coding of the cen-
soring interval was used for the regression analysis of survival time. Data were analysed
using accelerated failure time (AFT) parametric regression models with interval and

right censoring, using a Weibull distribution of survival times.
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In(t) = Bo + 1z + 0 x In(e) (4.1)

Equation 4.1 gives the general formula for the Weibull model, where In(t) is the natural
log of the survival time, 3 is the intercept, 51z is a linear combination of the covariates
and o x In(e) is the error term distribution. In the case of a Weibull model, 1/ is the
shape parameter from the Weibull distribution of survival times. When 1/0 is greater
than one, the hazard (the instantaneous risk of death (Crawley, 2002)) increases over
time, when 1/0 is less than one, the hazard decreases over time. If o is equal to 1, the
Weibull model can be simplified to an exponential model (Dohoo et al., 2003; Hosmer

et al., 2008).

All analyses were conducted in R (R Development Core Team, 2009) using the survfit
and survreg functions of the survival package (Therneau and Lumley, 2009). A step-
wise method was used for model building and survival models were compared using
likelihood-ratio tests using a chi-square test of significance and a significance cut-off of
p<0.05. Two-sided Wald tests using a cut-off of p<0.05 were used to describe the risk
factors included in the multivariate model. The suitability of the Weibull distribution
was assessed by plotting a cumulative hazard plot of the observed data (Dohoo et al.,
2003; Klein and Moeschberger, 2003). The fit of the final multivariate model was
assessed using plots of deviance and residuals against the parameters estimated in the
model (including the shape parameter) and the survival times predicted by the model.
The overall fit of the model was also assessed using a plot of log cumulative hazard
against log time for each group as defined by the covariates in the final model (Klein

and Moeschberger, 2003).

4.3.11 Dog Population Estimation

A capture-mark-recapture approach was used to estimate the size of the total dog pop-
ulation within the animal study area. The enrolment of dogs into the study constituted
the initial capture and mark. Transect surveys at which dogs were recaptured were con-

ducted at intervals throughout the study period to generate approximate population
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estimates and to identify non-enrolled dogs. A variety of different routes were defined
and used during the entire study but only a subset of the data generated were used to
estimate the population size presented here to avoid bias in these estimates introduced
by the fact that some dogs were recruited after identification on transect paths. The
data used to calculate these population estimates were gathered in November 2007 and
then in September and October 2008. The transect routes used were defined for the

population estimates and had not been used previously.

Transect paths were defined by selecting points at opposite sides of the study area and
by setting a bearing through the site from one fixed point to another on the opposite
side of the site. Project personnel then walked through the study area guided by a
GPS unit programmed to set a course to the point on the opposite side of the village.
Given the density of housing and infrastructure within the study site, deviation from
the bearing was expected but was minimized as far as possible. Three sets of transect
surveys were conducted in November 2007, September 2008 and October 2008. Two
independent transect lines were defined for these surveys (Figure 4.2). The East-West
line (E-W), which was 1.6km long, was established in November 2007 and repeated
in the 2008 surveys. The North-South (N-S) composite line, which was 1.7km long in
total, was first used in September 2008 and repeated in October 2008. The number of

passages of each transect route during each survey is given in Table 4.4.

Transect lines were walked by a recorder and local guide. The recorder and guide
collaborated to record dog sightings made by either or both people. All dogs seen within
50m of the transect line were recorded, however, within the Kibera site built structures
are very densely distributed and the open ground on either side of the transect paths
in which dogs might be seen was often as little as 1m in width. Only dogs that were
directly visible from the transect path were recorded. As a consequence, dogs that
were for example behind a closed door/gate and invisible from the transect line would
not have been recorded even if they were within 50m of the line. Photographs were
taken and a brief physical description recorded for all dogs sighted during transects.
Using these data, each dog sighted during transect surveys was classified as known or
unknown to the study. Known dogs were those that could be matched to an enrolled

dog using photographs and physical descriptions. A conservative classification was used
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and dogs that were suspected to be enrolled but could not be matched to a specific dog
ID were classified as unknown. All sighted dogs were also classified as puppies or adults

using a cut-off age of approximately three months.

The probability that an encountered dog was known was estimated using a simple bi-
nomial Bayesian recapture model (Bolker, 2008). Equation 4.2 describes the binomial
model where k represents the number of known dogs encountered during the tran-
sect survey (binomial successes), n represents the total number of dogs encountered
(binomial trials) and p represents the probability that an encountered dog is known
(binomial probability of success) (Bolker, 2008). It was assumed that the probability of

trial success was equal over all transect line passages within each of the three surveys.

k~ binom (n , p) (4.2)
prob(p) ~ beta (a , b) (4.3)
prob(p | k)~ beta (a + k, n -k + b) (4.4)

The prior for the probability of trial success was set with a beta (1,1) prior, reflecting
the lack of previous data on the coverage achieved by the study (Equation 4.3). The
posterior distribution of the probability that an encountered dog was known was cal-
culated using Equation 4.4 (Bolker, 2008). Under the assumption that the probability
of encounter in the transect surveys was equal for enrolled and non-enrolled dogs this
estimated probability was then used to calculate the mean, median and 95% quantiles
of the total population size, given the recorded size of the enrolled (known) population
at the time of each transect survey. This was defined as the number of dogs that had
been enrolled in the study prior to the date of the transect survey and were excluded on
or after the date of the survey. In addition to calculating the size of the total dog popu-
lation, the analysis was repeated to calculate the estimated size of the adult population,
where puppies <3 months were excluded from the analysis. The analysis was also run
using data from Gatwikira/Soweto only to allow comparisons between the SSS study
area and the Kisumundogo village. Finally, the mean estimate of the total population

and of the adult population were used to calculate the proportion of the estimated total



The Kibera Dog Cohort 95

population that was enrolled in the study at the time of each survey and the proportion
of the estimated total adult population that had been blood sampled at the visit just

prior to each survey.

4.4 Results

4.4.1 Dog Cohort Recruitment

In the period 16th - 27th June 2007 the SSS community interviewers visited 6103
households within Gatwikira and Soweto to ask about dog ownership. A respondent was
identified at 4292 of these households and 52 (1.2%, 95% CI: 0.9-1.6%) were identified
as dog keeping (unless otherwise stated, all point estimates for proportions are reported
with exact binomial confidence intervals). A cohort of 637 dogs was recruited from 133
households over the course of the cohort study - defined as starting on the 29th June
2007 when the first dog was enrolled and ending on the 20th October 2008, the date of
the last household sampling visit. 49 of these households were identified through the
CDC survey, 19 through preliminary transect surveys and 65 through house-to-house
enquiries. All of the 38 households enrolled in the Kisumundogo village were recruited

through house-to-house enquiries.

A map showing the locations of the enrolled DKHH is given in Figure 4.2. Throughout
the study only two DKHH were omitted from the study as a result of consent refusal.
Recruitment of dogs at three additional households/locations failed when no respondent
could be identified to provide consent for unowned /unsupervised dogs at these locations.
Of the 133 households enrolled during the course of the study, 15 (11.3%, 95% CI: 6.5-
17.9%) were classified as dog-supervising rather than dog-owning. The status of two
additional households changed during the course of the study from dog-owning to dog-
supervising when the original owners moved away and responsibility for the remaining

dogs was taken by a neighbour.

The distributions of the number of dogs (>3 months) and puppies (<3 months) present
at enrolled DKHH at each study visit are shown in Figure 4.3. The mean number of

adults present at enrolled households ranged between 2.14 (Visit B) and 2.88 (Visit
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E-W Transect
N-S Transect
o Enrolled household

Figure 4.2: Map of all DKHH enrolled during the dog cohort study and the routes of
the transects used for dog population size estimates. The black outline
defines the total study area. The dashed black line indicates the border
between Kisumundogo and Gatwikira villages. Dark grey filled squares and
circles indicate the E-W and N-S transect lines respectively. Open black
points indicate the location of enrolled dog-keeping households.

H) at the different sampling visits, whilst the mean number of dogs in total (including
adults and puppies) ranged between 3.19 (Visit C) and 4.23 (Visit G). These mean adult
dog numbers per household are larger than those generated from the initial ownership
survey conducted by the CDC (See Section 4.3.2) in which a mean number of 1.9
adults was recorded. This discrepancy most likely reflects the fact that the definition
of adult used in the initial ownership survey was >6 months whereas the adult numbers
tabulated from the data collected at sampling visits was based on a definition in which

all dogs >3 months were considered adult.

The number of adult dogs present at enrolled households (as recorded in the household
questionnaire) was not significantly associated with the ownership type, the method
of household identification or the village. These effects were assessed by fitting a gen-
eralized linear model with poisson errors to the number of dogs at each household.
The influence of these variables as predictors of dog number were assessed using GLM
models of dog number fitted with poisson errors and by comparing the intercept only
null model to univariate models using likelihood ratio tests. In each case, the addition

of the variable to the model made no significant improvement to the overall fit of the
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model: ownership type (LRT: statistic = 0.408, df = 1, p>0.5), method of identification
(LRT: statistic = 0.403, df = 3, p>0.3), village (LRT: statistic = 1.077, df = 1, p>0.25).
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Figure 4.3: Number of adults and puppies present at study households across sampling
visits. Bold horizontal lines indicate the median number of adults/puppies
present at each visit. The top and bottom lines of each box show the
25 and 75 percentiles respectively. Horizontal lines joined by the dotted
lines approximate the 95% confidence interval for the median. Outliers are
drawn as individual points. The dashed lines and text at the top of the
figure illustrate the year in which the visit occurred.

Of the 637 dogs enrolled during the course of the study, 288 (45%, 95% CI: 41-49%)
were still present and enrolled at the end of the study. Of the 349 dogs that were lost
from the cohort during the course of the study, the majority - 184 individuals - died
(563%, 95% CI: 47-58%). 80 individuals disappeared and had unknown fate (23%, 95%
CI: 19-28%), 23 were reported stolen (7%, 95% CI: 4-10%) and 49 were given away,
sold or taken out of the study area by their owner (14%, 95% CIL: 11-18%). A small
number of individuals remained in the study area but were excluded from the study for
one of two logistical reasons. Eight dogs were excluded when they could not be located
or handled at three consecutive attempted visits, and five individuals were excluded as
a consequence of household non-compliance. During the entire study, fifteen dogs that
could not be matched to an existing dog ID were issued with a ‘new’ unique ID at the
time of sampling. All 15 were later matched to the correct original ID using the dog

description and photographs.
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4.4.2 Cohort Age and Sex Structure

The relationship between calculated and owner-reported age for those individual dogs
for which more than one age measure was provided during the study, and the linear
regression model used to assess the relationship between these age measures are rep-
resented in Figure 4.4. The model predicts the reported ages (excluding those used
to calculate ages) using the calculated age variable (the extrapolation from the first
reported age) and has a coefficient of 0.994 and s.e value of 0.015. The mean inter-
val between the provision of the first and additional ages was 225.1 days (approx 7.5
months) but the distribution of these intervals between age reports was clearly bimodal
as a consequence of the break in the study at the beginning of 2007. In total, 49.4%
(95%CI: 45.0-53.9%) of the owner-reported additional ages considered in the model

were provided 9 or more months after the first age report.

The age and sex distribution of the dogs enrolled in the study at the time of each visit
using the categorized age variable is shown in Figure 4.5. There was a predominance of
individuals in the less than 3 month and Adult Unknown age classes. The proportion
of the total cohort that was aged 3 months or younger ranged from 19 to 30% at each
sampling visit, and the proportion aged 1 year or younger ranged from 28 to 46%.
The Adult Unknown class is likely to contain individuals with actual ages of 2 years
and above. The cohort population overall comprised 320 males, 315 females and 2
dogs where sex was unknown (2 puppies that died before they were handled). The sex
distribution in the different age classes did not deviate consistently from an equal sex
ratio in any age class (Figure 4.5). The 95% exact binomial confidence intervals for
the proportion of males in each age/visit group included 50% in all but three cases. At
visit C, 60.4% (95% CI: 50.6-70.0%) of puppies aged < 3 months were male. At visits C
and D, the proportion of dogs in the Adult Unknown class that were male was 38.2%
(95% CI: 29.4-47.8%) and 39.7% (95% CI: 30.7-49.2%) respectively.

4.4.3 Cohort Confinement and Collar Survival

Confinement of dogs as reported by respondents was relatively infrequent. The per-

centage of dogs reported to be confined during the day ranged between 10 - 22% over
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Figure 4.4: Plot of the calculated age variable based upon extrapolation from the first
age reported against additional numeric ages reported. Filled squares in-
dicate the first ages provided and used as the basis of extrapolation. Open
circles indicate additional provided ages as compared to the calculated
age. The dotted line represents a linear model of additional reported ages
as predicted by the calculated age variable.

all visits. Night-time confinement was lower, with a range of 1-10% of dogs over the
different study visits. The reliability of owner-reported confinement measures was as-
sessed during visit F by recording both the reported and observed confinement of each
dog at the time of the household visit. The two measures agreed extremely well with a

Cohen’s kappa value of 0.90.

The fitting and presence of collars was recorded at every household visit, allowing
assessment of collar survival. There were 342 pairs of visits to individual dogs at
which a new collar was fitted at the first visit and its presence/absence recorded at
the follow-up visit. The analysis only considered those visit pairs in which the second
visit occurred within 28+7 days. In fact, the mean inter-visit interval for the pairs used

in the analysis was 28 days with an interquartile range of 28-29 days. For 252/342 of
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Figure 4.5: The age and sex structure of the enrolled dog population at each sampling visit. Black areas indicate female dogs and

hatched grey areas indicate males. Bar widths approximate the width of the age classes
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Table 4.1: Summary of dog sera samples collected during the study. Letters at the top
of columns indicate the sampling visit.

/A B C D E F |G H |Total

Kisumundogo 61 67 61 59 74 29 | 60 60 471
Gatwikira & Soweto | — 106 155 157 158 153 | 149 153 | 1031
Total |61 173 216 216 232 182|209 213 | 1502

these visit pairs, the collar was still present at the following visit, yielding a crude collar

survival measure of 74% (95% CI: 69-78%).

4.4.4 Cohort Sampling Success

A total of 721 household sampling visits were attempted during the dog cohort study.
On 35 of these occasions, (5% , 95% CI: 3-7%), no respondent was present at the house-
hold and dog handling and sampling could not be attempted. None of the considered
variables - household ownership type, village or method of household identification -
were significantly associated with respondent presence as assessed using Fisher’s exact

test or chi-squared tests as appropriate.

Over the course of the study, a total of 1502 blood samples were collected (Table 4.1)
and blood was successfully collected at 80% of all sampling attempts (95% CI: 78-82%).
Figure 4.6 gives a mosaic plot that illustrates the relationship between the number of
visits at which sampling was attempted (the number of trials) and the number of
samples collected (number of successes) from each dog. Mosaic plots illustrate the re-
lationships between categorical variables. They start with a square with length one,
which is divided into vertical columns whose widths are proportional to the probabili-
ties associated with the first categorical variable - in this case, the number of samples
attempted from each dog. Each vertical column is then split horizontally into sections,
the height of which is proportional to the conditional probability of the second cate-
gorical variable - in this case, the number of samples that were successfully collected.
Dashed lines indicate empty areas corresponding to combinations of the two variables in

which no observations were recorded. In this case, the number of samples collected can
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Table 4.2: Summary of quasibinomial mixed model of sampling success

Variable Level Coefficient  s.e. 95% CI n observations
Lower  Upper
Intercept 2.532 0.031  2.473 2.592
Age Enrolled <3 months -1.156 0.034 -1.223  -1.090 75
3-6 months -0.102 0.052 -0.203 2.4x107° 33
6-12 months 0.592 0.047  0.500 0.683 45
1-4 years 0.028 0.028 -0.052 0.108 46
4 + years 0.116 0.045 0.028 0.204 46
Adult Unknown ref - - - 132
Ownership Type Owned ref - - - 342
Supervised -1.208 0.070 -1.344  -1.072 35

377 observations. Random effect levels: 126 households
Variance components: Household 0.035 (65%), Dog/Residual 0.019 (35%)

never be larger than the number of samples attempted, leading to the tapered group of

dashed lines at the bottom of the figure.

The number of samples that were attempted for a given dog is essentially a measure of
the number of sampling visits for which it was enrolled in the study. The column repre-
senting dogs from which 8 samples were attempted is narrow because only a relatively
small number of dogs were recruited and sampled in the first visit and then attempted
at every subsequent visit. Many dogs were initially recruited and sampled in visit B and
were then present throughout the study, corresponding with the fact that the column
representing dogs from which 7 samples were attempted has the greatest width. The
plot is shaded so that all areas representing the same number of samples achieved are
the same shade. In each column, the section with the largest area represents dogs from
which the number of samples collected is equal to the number attempted, indicating
that 100% sampling success was the most probable outcome whatever the number of

attempts.

The final model of sampling success is summarized in Table 4.2. A considerable por-
tion of the variance in the data (65%) was attributable to differences between house-
holds. The fixed effects of the model indicate that sampling success was reduced in the
youngest age class (dogs enrolled aged <3 months) and in supervised dogs as compared

to owned dogs.
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n Samples collected

n Samples attempted

Figure 4.6: Mosaicplot of dog sampling success. The figure represents the relationship
between the number of samples attempted and the number achieved for ev-
ery dog in the cohort. Column widths represent the probabilities associated
with each number of samples attempted. The height of each section within
columns represents the conditional probability of achieving each potential
number of samples given the number of attempts. All areas representing
the same number of samples achieved are shaded the same. Black areas
indicate zero samples collected and white indicate eight samples collected.



The Kibera Dog Cohort 104

4.4.5 Questionnaire Survey

The questionnaire survey of DKHH included 95 households. This number constituted
92 of the 96 households enrolled in the study at the final sampling visit (H) and three
additional households at which dogs were present but that had been previously excluded
from the sampling survey on the basis of inability to capture the dogs. At the majority
of surveyed households 76% (95% CI: 66-84%), dogs were the only animals kept by
the household at the time of the questionnaire survey. 18% (95% CI: 11-27%) of dog
households also owned one or more cats and 12% (95% CI: 6-20%) households also kept
poultry (6 households with ducks, 6 with chickens and 1 household with both).

The household questionnaire survey included 9 households (10% , 95% CI: 4-17%) that
were dog-supervising rather than dog-owning at the time of the survey, a similar propor-
tion to that observed in the population as a whole (11%, 95% CI: 7-18%). The primary
reported reason for owning dogs at 93 of 95 (98% , 95% CI: 93-100%) interviewed house-
holds was to guard the household against human intruders. This was consistent across
dog-owning (85/86 households, 99% , 95% CI: 94-100%), and dog-supervising house-
holds (8/9 households, 89% , 95% CI: 52-100%). Additional secondary motivations for
dog ownership reported at five or more households were, to dispose of household waste
(86%, 95% CI: 78-93%), to provide companionship (40%, 95% CI: 30-50%) and to breed
puppies for sale (6%, 95% CI: 2-13%).

The majority of dogs included in the questionnaire survey were born or acquired within
the study area. 66% (95% CI: 61-71%) of the 345 individuals included in the ques-
tionnaire survey were born at the household at which they were found. 17% (95%
CIL: 13-21%) were acquired as a gift from within Kibera and 6% (95% CI: 4-9%) were
described as having been adopted off the street. 51% (95% CIL: 47-55%) of all dogs
enrolled throughout the cohort study were aged three months or less at the time of

enrolment, indicating that they were born within the study site.

65 of the 95 households interviewed (68%, 95% CI: 58-78%) reported the loss of one
or more dogs from the household within the previous year. The majority of these
losses were due to the death of the dog (41%, 95% CI: 37-45%) or to its disappearance
with unknown fate - presumed dead (36%, 95% CI: 38-48%). A smaller proportion of
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individuals were ‘lost’ from these households when they were given away (12%, 95%
CIL: 10-15%), reported killed by someone outside the household (4%, 95% CIL: 2-6%),
abandoned (1%, 95% CI: 0-3%) or reported stolen (6%, 95% CI: 4-8%). The mean
number of dogs that had left these 65 households in the previous year was 8.5. The
median was 6.5 with an interquartile range of 4.8-12. The median age at the time
that dogs left these households was less than 3 months in all cases except for those
individuals that were reported killed, indicating that most of the dogs that were lost

from study households were puppies that died.

Most of the individual dogs present at the time of the household questionnaire were
fed leftovers or household scraps (85%, 95% CI: 80-88%). Nearly all dogs (83%, 95%
CI: 76-87%) were fed daily and the reported sources of feed (allowing multiple sources)
were the household itself (85%, 95% CI: 80-88%), other households and hotels (food
kiosks) (63%, 95% CI: 58-68%) and local butcheries (48%, 95% CI: 42-53%). 71% (95%
CI: 66-76%) of dogs were also reported to feed at other houses, and 57% were reported
to feed at rubbish dumps (95% CI: 52-63%).

None of the dogs observed at the time of questionnaire administration were classified as
obese and only a single dog was classified as overweight by body condition scoring. 30%
(95% CI: 25-36%) of the individuals observed were classified as ideal condition whilst
the majority were classified as either, thin (16%, 95% CI: 12-20%) or underweight (54%,
95% CI: 48-60%). Only one of the 345 individuals included in the questionnaire survey
was reported to have been previously vaccinated against any pathogens, the dog having
received a previous rabies vaccination. Reporting of sickness in dogs within the previous
twelve months was relatively rare with only 7% (95% CI: 5-10%) of dogs reported as
having had any illness in this period. There were no consistent syndromes in the signs
of illness reported in these cases. Owners reported