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Abstract

Chemotherapy has provided a realistic approach for controlling schistosomiasis in resource-
poor settings such as sub-Saharan Africa and control programmes have mainly adopted
an age-targeted strategy of implementation. However, it is being increasingly argued
that the setting-specific context in which the transmission of schistosome infections oc-
curs may render this global approach of chemotherapy implementation inefficient. Evid-
ence from different endemic settings points to the fact that the transmission dynamics of
schistosome infections is not merely an interplay between humans and the parasites, but
also a series complex interactions between environmental and social processes. Hence
the degree of the spatial heterogeneity, that often characterises the transmission of infec-
tions, may differ for different endemic settings depending on the extent of the interaction
between these processes. This thesis employs geostatistical methodology in assessing the
collective effects of the social and environmental determinants of schistosome transmis-
sion within different endemic settings in Ghana. It also explores how these processes may
influence the patterns of transmission at the local level and how these patterns could be

utilised in improving the effectiveness of mass chemotherapy intervention programmes.

II



Acknowledgements

I first of all like to acknowledge the Economic and Social Research Council (ESRC) for
the three-year grant that brought me to Lancaster; and Professors Daniel Boakye and
Maria Yazdanbakhsh for granting me access to the datasets I used for this thesis. I
am also deeply indebted to the Faculty’s Postgraduate Programmes’ Administrator,

Ms. Dawn McCracken, for her constant support throughout those anni horribiles.

I appreciate the kind support of Carmen Armero and her wonderful textbook recom-
mendations; Benjamin Taylor for his critical review of the paper I submitted for my
upgrade; Barry Rowlingson for coming to my rescue whenever I got stuck with certain
aspects of the work; Emanuele Giorgi for taking the time to demonstrate the function-
ing of his PrevMap package; Michelle Stanton and Nicola Reeve for providing me with
the necessary guidance during those early days when I had to learn R and LaTEX from
scratch; and my dearest friends Ebrahim Al Hanaei, Mr & Mrs Gerald Brady and Mr &

Mrs Appiah for their unwavering support.

When I think of the curious paradox of the emotional turmoil I experienced while study-
ing on this programme, the opening paragraph of Charles Dickens’ novel, A Tale of Two
Cities, springs to mind: “It was the best of times, it was the worst of times, it was the
age of wisdom, it was the age of foolishness...it was the spring of hope, it was the winter
of despair”. That pretty much captures most of it but to that I might add that it was
also a period of much enthusiasm and apathy, trust and mistrust, anxiety, self-realisation
and absolute misery. Then of course, there was the constant sense of alienation and the
consequential social isolation. At the end of it all, the adverse effects including the lost
time and the emotional adjustment make one wonder whether it was all worth it. I
really hope it was. In any case, I am awfully happy to see the end of this burdensome,

nightmarish, panic-inducing and sleep-depriving chapter of my life. Now, on to the next.

IIT



Dedication

v



Declaration

This thesis is entirely my own work and has not been submitted in full or in part for the
award of a higher degree at any other educational institution. No sections of this thesis

have been published.

Irene Akosua Larbi, October 2015



Contents

[Abstract]

|Acknowledgements|

[Dedicationl

[Declarationl

|General Introduction|

[Part I

[Part I

[Part TIT

/Conclusion

Bibliography|

VI

11

111

v

17

109

182

251

255



Contents

1 General Introduction 1
1.1 Epidemiology of Schistosomiasis in Ghana . . . . . . ... ... ... ... 1
1.2 Preventive Chemotherapy Interventions in Ghana . . . . . . . .. ... .. 1
1.3 Life-cycle of the Human Schistosomes . . . . ... ... ... ....... 4

1.3.1 Sexual Phase . . ... ... ... ... 4
1.3.2 Asexual Phase . . ... ... ... ... 5
1.3.3 Exposure-Infection Disease Processes . . . . . . . . ... ... ... 6
1.4 Snail Hosts Species in Ghana . . . . . . .. .. .. ... ... ... ..., 9
1.4.1 Conditions of the Aquatic Environment . . . . .. ... ... ... 9
1.5 Diagnostic Assessments of Schistosomiasis . . . . . . ... ... ... ... 12
1.5.1 Parasitological Detection . . ... ... ... ... .. ....... 12
1.5.2 Indirect Clinical Markers . . . . . ... ... ... ... ...... 14
1.5.3 Immuno-Diagnostic Techniques . . . . . . . .. .. ... ... ... 14
1.5.4 Molecular Techniques . . . . .. ... ... ... ... ...... 15
1.6 Field-Collected Data . . . . . . . . . ... .. .. .. 15
1.7 Organisation of Thesis . . . . . . . . .. ... ... . ... 16

List of Figures

1 Map of Ghana showing areas with low, moderate and high en-
demicity levels of S. haematobium infection in 2010 (adapted
from World Health Organization 2012) . . ... ... ..... ... 2

2 Map of Ghana showing areas with low and moderate endemi-
city levels of S. mansoni infection in 2010 (adapted from World
Health Organization 2012) . . . ... ... .. ... .......... 2

3 National coverage of preventive chemotherapy intervention for
schistosomiasis in Ghana as of 2010 (Adapted from World Health

Organization 2012). . .. . ... ... ... ... ... ........ 3

VII



4 Life-cycle of the human schistosomes showing the two alternat-
ing phases in the human definitive and the intermediate fresh-
water molluscan hosts (adapted from Gryseels et al. 2006 with
permission of the rights holder, Elsevier) . . . ... ... ... ...

5 Host immune responses associated with schistosome infection
(adapted from Pearce & MacDonald 2002 with permission of
the rights holder, Nature Publishing Group). . ... ... .. ...

6 A schematic diagram of a granuloma around a tissue-trapped
ovum (adapted from Pearce & MacDonald 2002). . ... .. ...

7 The intermediate molluscan hosts of the African schistosomes
in Ghana: Bulinus truncatus (A), Biomphalaria pfeifferi (B),

Bulinus globosus (C) (adapted from Mahmoud 2001). . ... ..

List of Tables

1 Detection methods for human schistosomiasis, with emphasis on
S. haematobium and S. mansoni infections (adapted from Feld-
meier & Poggensee 1993 with permission of the rights holder,

Elsevier). . . . . . . . .

VIII



Part 1

Title page

Abstract

1 Introduction

2 Materials and Methods
2.1 Study Sites . . . ...
2.1.1 Alabonu . . . . ..o
2.1.2 Torgorme and Klamadaboe . . . .. ... ... ... ........
2.2 Ethical Considerations . . . . . . . . . . . . . ...
2.3 Measured Exposures . . . . . .. .. Lo
2.4 Study Outcomes . . . . . . . ..
2.5 Exploratory Analysis . . . . . . . . ... o
2.5.1 Criteria for Inclusion in the Analysis . . . . . .. ... ... ....
2.5.2  Assessing Non-Linearity in Age . . . . . .. ... ... ... ...
2.6 Confirmatory Analysis . . . . . . . ... ...
2.6.1 Model Formulation . . . . . . ... ... ... 0oL
2.6.2 Estimation of the Unknown Regression Parameters . . . . . . . ..
2.6.3 Model Validation . . . . . . .. ... ... oo
2.6.4 Alternative Approach . . . . . . .. ... ... ..
3 Results
3.1 Alabonu . . . . . ..
3.1.1 Baseline Characteristics of Study Population . . . ... .. .. ..
3.1.2  S. haematobium . . . . . ...
3.1.3 Exploratory Analysis . . . . . .. . ... ... ... ...
3.1.4 Confirmatory Analysis . . . . . . . ... ... ... ...
3.1.5 §. mansoni Infections . . . . . .. ... ... L.
3.1.6  Exploratory Analysis . . . . . . . . ... ... ... ... ... ...
3.1.7 Confirmatory Analysis . . . . . . . . . ... ... ... ...
3.2 Klamadaboe . . . . . . . ...

18

19

20

25
25
25
26
27
27
27
30
30
30
31
31
32
34
40

41



3.2.1 Baseline Characteristics of Study Population . . . ... ... ... 67

3.2.2 Micro-Level Determinants of Infectivity . . . . . ... ... .. .. 68
3.2.3 Exploratory Analysis . . . . . . . . ... ... . 72
3.2.4 Confirmatory Analysis . . . . . . ... ... L. 75
3.2.5 Modelling the Risk of S. mansoni Infection . . . . ... ... ... 75

3.3 Torgorme . . . . . .. L 82
3.3.1 Baseline Characteristics of the Study Population . . . . . ... .. 83
3.3.2 Micro-Level Determinants of Infectivity . . . . . ... ... .. .. 84
3.3.3 Exploratory Analysis . . . . . ... ... ... . . 90
3.3.4 Confirmatory Analysis . . . . . . . ... ... ... 93

4 Discussion 98
4.1 Conclusions and Recommendations . . . . . . ... ... .. ... ... .. 101
References 103

List of Figures

8 Map of the study sites showing the locations of the three com-
munities relative to the Akosombo Dam and the Volta Lake
(Main). Inset: Map of Ghana showing the locations of the
study sites (circled). R Packages used in map preparation: ggmap
(Kahle & Wickham 2013).. . . ... ... ... ... ... ....... 26

9 A schematic representation of the lag distances, d; - d3, and
residuals that occur within each lag (adapted from Myers 1997
with permission of the rights holder, John Wiley and Sons). . . . 38

10 An example of a typical variogram (adapted from Waller & Got-
way 2004 with permission of the rights holder, John Wiley and
Sons). The variance of the spatial process, Y, is given by the
sum of the measurement error variance, 72, and the signal vari-
ance, o2 whilst ¢ denotes the range within which residuals are

spatial correlated. . . . . . . . ... ... ... .. 38



11

12

13

14

15

16

17

18

Diurnal variation in the relative density of cercariae discharged
by the intermediate snail host of S. haematobium (adapted from
Chandiwana et al. 1991 with permission of the rights holder,
Cambridge University Press.) . ... ... ... ... . ... ... .. 43
Left: Children taking their bath in the Lake before school.
Right: People getting off the canoe in the late afternoon. A
woman is seen returning from the cassava mill (circled). . .. .. 44
Left: Female farmers peeling cassava, while listening our field
personnel, around 11:00 GMT. Right: Children returning from
school around 14:30 GMT. . .. ... ... ... ... .. ....... 45
Scatterplot of infection status, as judged by the presence of S.
haematobium eggs in urine samples, versus age of study par-
ticipants in Alabonu. The graph mainly suggests S. haemato-
bium infections were common in participants aged < 23 whilst
the older-aged participants mainly constituted the non-infected
population. . . . ... 46
Estimated non-parametric smoother (solid line) showing a non-
linear trend in age for the probability of S. haematobium in-
fection in Alabonu. The outer dashed lines represent the 95%
confidence limits whilst the value, 4.09, in the y-axis label rep-
resents the optimum amount of smoothing as determined by the
cross-validation process. . . ... .. .. ... ... ... ... 46
Estimated non-parametric smoother (solid line) for age, equa-
tion 1, plotted on the response scale. The grey dots represent
the observed prevalence of S. haematobium infection in Ala-
bonu. ... 47
Grouped Pearson residuals, as described in section 2.6.3.1, versus
fitted values of the provisional model for S. haematobium infec-
tion in Alabonu. . . . . . ... Lo L oo 53
Omni-directional empirical variogram for the Pearson residuals

of the provisional model for S. haematobium infection in Alabonu. 54

XI



19

20

21

22

23

24

25

Spatially-referenced residuals of the provisional model for S.
haematobium infection in Alabonu. The radii of the points are
proportional to the absolute values of the Pearson residuals.
The red and black points represent the negative and positive
residuals, respectively. . . . . . .. . ... ... ... L.
Distribution of S. haematobium infection in Alabonu. Each
point corresponds to a sampled location i.e location of the house-
hold of the sampled participant. The red and black points rep-
resent infected and non-infected cases, respectively. . . .. .. ..
Directional empirical variograms for the 0° , 45°, 90° and 135°
spatial directions (with a tolerance angle of + 22.5° around each
of these directions). . . . . . . ... ... ...
Empirical variogram of the Pearson residuals of the provisional
model for S. haematobium infections in Alabonu (dotted red
line) and the 95% confidence envelope (outer dashed lines). The
variogram suggests no evidence of significant spatial autocorrel-
ation in the residuals.. . . . . . . . ... ... o 0oL,
(a) Scatterplot of the prevalence of S. mansoni infection in
Alabonu versus age of the study participants. (b) Estimated
non-parametric smoother for the effect of age on the predictor
scale (solid line) and the 95% confidence limits (outer dashed
lines). The intersection of the three lines is the result of a
constraint in the Generalised Additive Models’ algorithm that
centres smoothers around 0 (Zuur 2012). . . . .. ... .. .....
Grouped Pearson residuals versus fitted values of the provisional
model for S. mansoni infections in Alabonu. . ... .. ... ...
Omni-directional empirical variogram for the Pearson residuals

of the provisional model for S. mansont infection in Alabonu. . .

XII

58

63



26

27

28

29

30

31

32

33

Spatially-referenced residuals of the provisional model for S.
mansont infection in Alabonu. The radii of the circles are pro-
portional to the absolute values of the Pearson residuals. The
red and black circles represent the negative and positive resid-
uals, respectively. . . . . . . . . ... ...
Distribution of S. mansoni infection in Alabonu. Each point
corresponds to a sampled location i.e location of the household
of the sampled participant. The red and black points represent
the infected and non-infected cases, respectively. . . . .. ... ..
Directional empirical variograms for the 0° , 45°, 90° and 135°
spatial directions (computed with a tolerance angle of + 22.5°).
Empirical variogram (dotted red line) for the Pearson residuals
of the provisional model for S. mansoni infection in Alabonu
and the envelope of random permutations. . . . . .. ... ... ..
Left: A section of Klamadaboe. Right: The footpath that linked
Klamadaboe to the neighbouring community, Torgorme. . . . . .
A hut, used as a bathing area (circled), in Klamadaboe. Adults
in households that had these bathing huts were assumed to use

them instead of bathing directly inside the littoral zone of the

(a) Scatterplot of the prevalence of S. haematobium infection in
Klamadaboe versus age of the study participants. (b) Estimated
non-parametric smoother for the effect of age on the predictor
scale (solid line) and the corresponding 95% confidence limits
(outer dashed lines). . . . .. ... ... ... ... ... ...
Scatterplot of the prevalence of S. mansoni infection in Kla-

madaboe versus age of the study participants. . . . . . ... .. ..

XIII

65

65



34

35

36

37

38

39

40

41

(a) Estimated non-parametric smoother for the effect of age on
the predictor scale (solid line) and the corresponding 95% con-
fidence limits (outer dashed lines). (b) Estimated non-parametric
smoother (solid line) for age, plotted on the scale of the raw data.
The grey dots represent the observed prevalence of S. mansoni
infection in Klamadaboe. . . . . .. ... ... ... ... ....... 75
Grouped Pearson residuals versus fitted values of the provisional
model for S. mansoni infections in Klamadaboe. The small
sample size makes the interpretation of any trend in the spread
of the residuals difficult. . . .. ... ... ... ... .00, 78
Spatially-referenced residuals of the provisional model for S.
mansont infection in Klamadaboe. The radii of the circles are
proportional to the absolute values of the Pearson residuals.
The red and black circles represent the negative and positive
residuals, respectively. . . . . . .. ..o 79
Distribution of S. mansont infection in Klamadaboe. Each point
corresponds to a sampled location i.e location of the household
of the sampled participant. The red and black points represent
infected and non-infected cases, respectively. . . . . . . .. ... .. 79
Omni-directional empirical variogram for the Pearson residuals
of the provisional model for S. mansoni infection in Klamadaboe. 80
Directional empirical variograms for lags in the 0°, 45°, 90° and

135° spatial directions, computed with a tolerance angle of +

The omni-directional empirical variogram of the Pearson resid-
uals of the provisional model for S. manson: infection in Kla-
madaboe (dotted red line) and the envelope of random permuta-
tions (outer dashed lines). . . . . . . ... ... ... 81
Map of Torgorme showing its proximity to the Akosombo Dam;
and the distribution of water contact sites and social amenities

in the community. . . . . . ... ... oo 82

XIV



42

43

44

45

46

47

48

49

Figure 42(a): Spillways of the Akosombo Dam as seen from
the shoreline in Torgorme. Figure 42(b): The opened spillways
(source: (Wikipedia 2014)). Figure 42(c): The low flow rate at
a water contact site when the spillways are closed. Figure 42(d):
The increased current when the spillways are opened during the
raining season. . . . . . . ... L. oo
Earthenware pots that were used for water storage in some
households in Torgorme. . . . . . . . ... ... ... .. ........
A woman (circled on the left) washing clothes at one of the water
contact points in Torgorme. Standing nearby is her pre-school
aged son (circled on the right). . . ... ... ... ... ... ...
(a) Scatterplot of the prevalence of S. haematobium infection in
Torgorme versus age of the study participants. (b) Estimated
non-parametric smoother for the effect of age on the predictor
scale (solid line) and the corresponding 95% confidence limits
(outer dashed lines). . . .. ... ... ... ... .. L.
(a) Scatterplot of the prevalence of S. mansoni infection in Tor-
gorme versus age of the study participants. (b) Estimated non-
parametric smoother for the effect of age on the predictor scale
(solid line) and the corresponding 95% confidence limits (outer
dashed lines). . . . . . . . . . ...
Grouped Pearson residuals versus fitted values of the provisional
model for S. haematobium infections in Torgorme. . ... .. ..
Spatially-referenced residuals of the provisional model for S.
haematobium infection in Torgorme. The radii of the points
are proportional to the absolute values of the Pearson residuals.
The red and black points represent the negative and positive
residuals, respectively. . . . . ... ... ... ... L.
Distribution of S. haematobium infection in Alabonu. Each
point corresponds to a sampled location i.e location of the house-
hold of the sampled participant. The red and black points rep-

resent infected and non-infected cases, respectively. . . .. . . ..

XV



50 Omni-directional empirical variogram for the Pearson residuals

of the provisional model for S. haematobium infection in Tor-

51 Directional empirical variograms for the 0° , 45°, 90° and 135°
spatial directions (with a tolerance angle of + 22.5° around each
of these directions). . . . . . . ... ... ... ... 96
52 Empirical variogram for the Pearson residuals of the provisional

model for S. haematobium infections in Torgorme. . ... .. .. 97

List of Tables

2 Exposure variables measured during question survey. . .. .. .. 28
3 Total number of participants who were considered for inclusion

in the analysis. The inclusion criteria was based on participa-

tion in at least one of the parasitology surveys as well as the

questionnaire survey. . . . . . ... ..o Lo oo 30
4 Baseline Characteristics of Study Population in Alabonu . . . . . 42
5 Model summary for the smoothing function of age in equation 1.

The gam function which was used in estimating the smoother

used the Unbiased Risk Estimator (UBRE) score in the cross-

validation process to determine the optimum amount of smooth-

ing (Wood 2006). The amount of smoothing is expressed as

effective degrees of freedom (EDF) (Zuur et al. 2011).. . . . . . . 48
6 Deviance analysis for interaction between terms in the main

effects model for S. haematobium Infection in Alabonu. The

difference between the null and residual deviances, Dy - D1, rep-

resents the contribution of each interaction term to the overall

deviance of the model. . . . . . . . .. .. ... o0 50
7 Simple logistic regression models for S. haematobium infection in Ala-

bonu. The difference between the null and residual deviance is given

XVI



10

11

12

13

14

15

16

17

18

Multiple logistic regression model for S. haematobium infection
in Alabonu. The difference between the null and residual devi-
ance is given by Dy - D;. The p-values indicate the effect each
term would have on the overall deviance of the model if terms
were excluded sequentially from the model. . . ... ... ... ..
Provisional model for S. haematobium infections in Alabonu. . .
Summary of model 1 for S. mansoni infection in Alabonu. The
optimum amount of smoothing was determined by default using
the Unbiased Risk Estimator (UBRE) score. . . ... .......
Simple logistic regression models for the risk of S. mansoni in-
fections in Alabonu . . . . . . ... ... oo

Multiple logistic regression model for S. mansoni infections in

Deviance analysis for terms in the multiple regression model for
S. mansoni infections in Alabonu. The second column gives the
difference between the null (Dj) and residual (D;) deviances as
each term is added sequentially to the model. . . . . . . .. .. ..
Deviance analysis for interaction terms in the main effects model
for S. mansoni infections in Alabonu. . . ... ... ... ... ...
Schistosomiasis treatment history of the inhabitants of Klamad-
aboe. The numbers in brackets represent the row percentages. .
Local knowledge of schistosomiasis in Klamadaboe. The num-
bers in brackets represent the row percentages. . . . . ... .. ..
Activities that took the inhabitants of Klamadaboe into con-
tact with the Lake. The numbers in brackets represent the row
percentages. . . . . . ... e
Model summary for the smoothing function of age in equation 1
for Klamadaboe. The smoothers were estimated using default
settings in the R mgcv package by Wood 2006. Therefore, the
optimum amount of smoothing, EDF, was determined at default

by cross-validation. . . . ... ... ... ... ... .. ... ...,

XVII

61

69

70



19

20

21

22

23

24

25

26

Simple regression models for the risk of S. mansoni infections
in Klamadaboe . . . . . . . .. ... .o

Multiple regression model for S. mansoni infections in Klamad-

Deviance Test for terms in the multiple regression model for
S. mansoni infections in Klamadaboe. The second column rep-
resents the difference between the null (Dj) and residual (D;)

deviance as terms are added sequentially, starting from first to

Schistosomiasis treatment history of the inhabitants of Torgorme.
The numbers in brackets represent the row percentages. . . . . .
Local knowledge of schistosomiasis in Torgorme. The numbers
in brackets represent the row percentages. . ... ... ... .. ..
Activities that took the inhabitants of Torgorme into contact
with the Lake. The numbers in brackets represent the row per-
centages. . . . . ... oL
Model summary for the smooth function of age in the general-
ised additive model (equation 1). . . .. ... ... ... .......
Simple regression models for S. haematobium infections in Tor-
gorme. Dy - D; represents the difference between the null and

residual deviance. . . . . . . . ...

XVIII



Part 11

Title page

Abstract

1 Introduction

2 Materials and Methods
2.1 Data Source . . . .. ..

2.2 Study Sites . . ... ..

2.2.1 The Urban and Peri-Urban Sites . . . . . . . .. .. ... .....

2.2.2 The Rural Sites .
2.3 Recruitment Strategy .
2.3.1 Rural Site . . . .

2.3.2 Urban and Peri-Urban Sites . . . . . . . . . . . . . ... ... ...

2.3.3 Sample Population . . . . ... ...

2.4 Ethical Considerations .

2.5 Measured Exposures . .

2.5.1 Indices of Socio-Economic Standards in Low Income Countries

2.5.2 Household Asset-Based Indices . . . . . . . . . . ... ... ....

2.5.3 The Chosen Index for this Study . . . . ... .. ... ... .. ..

2.6  Study Outcomes . . . .

2.7 Exploratory Analysis . .

2.7.1 Criteria for Inclusion in the Analysis . . . . . ... ... ... ...

2.7.2  Assessing Non-Linearity in Age . . . . . ... ... ... ... ...

2.8 Confirmatory Analysis .

2.8.1 Effect of Group Level Homogeneity . . . . . . . . . ... ... ...

2.8.2 Goodness-of-Fit Check . . . . . . . . . ...

2.8.3 Model Validation

2.8.4 Classical Geostatistical Concepts . . . . . . . . . .. .. ... ...

3 Results

3.1 Baseline Characteristics

110

111

112

116
116
116
117
119
120
120
121
121
122
122

. 123

125
125
128
130
130
130
131
131
137
137
138

142



3.1.1 Prevalence of Our Study Outcomes . . . . . . . .. ... ... ... 142
3.1.2 Socio-Economic Standards of Households . . . . . . ... ... .. 142

3.1.3 Prevalence of Infection by Socio-Economic Standards of Households145

3.1.4  Assessing Non-Linearity in Age . . . . . .. .. ... ... ..... 145

3.2 Confirmatory Analysis . . . . . . . . .. ... L 149
3.2.1 Modelling the Risk of the Soil-Transmitted Helminths Infections . 149

3.2.2 Model Validation . . . . . . ... ... Lo 153

3.2.3 Modelling the Risk of Schistosoma haematobium Mono-Infections . 161

4 Discussion 173
4.1 Conclusions and Recommendations . . . . . ... . ... ... ....... 175
References 176

List of Figures

93

56

o7

58

Stages involved in the control of schistosomiasis in high and low
endemicity areas (adapted from Engels et al. 2002 with permis-
sion of the rights holder, Elsevier.) . . ... .. ... ... ...... 112
Main: Map of the Greater Accra Region showing the locations
of the recruited schools (i.e. the red triangles). Inset: Map
of Ghana showing the location of our study region (circled).
Source of shapefiles: Map Library 2014. R Packages used in
map preparation: ggmap (Kahle & Wickham 2013). . ... .. .. 117
A section of the urban site showing the Odaw River and the
locations of the homes of some of our study participants (i.e.
the red dots). This River also flows through parts of the peri-
urban site. . . . . .. 118
The locations of our five rural sites relative to the Songor Lagoon
in the Dangme East District. The red triangles indicate the

locations of the homes of the children in the surveyed schools. . 119

XX



59

60

61

62

63

64

65

The assumed distribution of household asset ownership with in-
creasing wealth in low income countries (Adapted from (Rut-
stein & Johnson 2004)). The relative position of households on
this wealth scale determines their access to improved services.
Sanitation facility (a) and water storage containers (b — d) in
Ghanaian state schools. . . . . ... ... ... ... ... ...
The degree of smoothness in the underlying spatial process as-
sociated with different values of the shape parameter, x, in the
Matern family of correlation functions (adapted from Diggle &
Ribeiro 2007). . . . . . . .
An example of a typical isotropic variogram showing the ele-
ments of the covariance structure, ¢, 0> and 72. The range, ¢,
quantifies the zone within which attributes are spatially correl-
ated, the variance of the spatial process, Y (s), is the sum of the

2, and signal variance, ¢?. This

measurement error variance, T
figure was adapted from Waller & Gotway 2004 with permission
of the rights holder, John Wiley and Sons. . . . . .. .. ... ...
Left: Scatterplot of the prevalence of STH infections in the three
sites versus age of the study participants. Right: Estimated non-
parametric smoother for the effect of age on the predictor scale
(solid line) and the corresponding 95% confidence limits (outer
dashed lines). . . . . . . ... ... Lo
Left: Scatterplot of the prevalence of S. haematobium mono-
infections in the three sites versus age of the study participants.
Right: Estimated non-parametric smoother for the effect of age
on the predictor scale (solid line) and the corresponding 95%
confidence limits (outer dashed lines). . . . ... ... ... .. ...
Grouped Pearson residuals versus fitted values of the provisional
model for the soil-transmitted helminths (STH) infections. The
spread of residuals across the range of the fitted values suggests

homoscedasticity is a reasonable assumption. . ... ... ... ..

XXI

. 124

146



66

67

69

70

71

72

73

Spatially-referenced residuals of the provisional model for STH
infections in the three sites (urban/peri-urban and rural). The
radii of the circles are proportional to the absolute values of
the Pearson residuals. The red and black circles represent the
negative and positive residuals, respectively. . . . . . . ... .. ..
Distribution of STH infections in the three sites. Each point
corresponds to a sampled location i.e location of the household of
the sampled child. The red and black points represent infected
and non-infected cases, respectively. . . .. ... ... ... ..., ..
A schematic representation of geometric anisotropy. a;,, de-
notes the range of maximum continuity in direction ; and a,,;,is
the range in the direction of minimum continuity perpendicular

to the angle of maximum range (adopted from Waller & Gotway

154

2004 with permission of the rights holder, John Wiley and Sons.)157

The isotropic variogram for the STH infections with the fitted
covariance function of the order x = 2.5. The covariance para-
meters were estimated as: ¢ = 1.78, 72 = 0.55, 02 = 4415.24. To
adjust for the high variance, ¢ was set at 0.08°; as indicated by
the vertical dashed-line. . . . . . . ... ... ... 0.
Predicted prevalence of Soil-Transmitted Helminth infections
based on the covariates in the geostatistical model (Table 44).
The solid black dots represent the locations of the households
of the children who supplied data. . . . ... ... ... .......
Standard errors associated with the predicted prevalence of Soil-
Transmitted Helminth infections in Figure 71 . . . . . ... .. ..
Grouped Pearson residuals versus fitted values for the model
that was fitted to the entire dataset (top) and the model that

was fitted to unique observations per household (bottom). . . . .

XXII



74

75

7

78

79

80

List

27
28

29

Spatially-referenced residuals of the provisional model for S.
haematobium mono-infections in the three sites. The radii of
the circles are proportional to the absolute values of the Pear-
son residuals. The red and black circles represent the negative
and positive residuals, respectively. . . . . . . ... ... ... .. ..
Distribution of S. haematobium mono-infections in the three
sites. Each point corresponds to a sampled location i.e location
of the household of the sampled child. The red and black points
represent infected and non-infected cases, respectively. . . . . ..
Empirical variogram of the Pearson residuals of the provisional
model for S. haematobium mono-infections, o o , and 95% con-
fidence envelope. The shape variogram suggests the presence of
a marginal spatial trend. . . . . . . . ... ... L.
Empirical variogram for S. haematobium mono-infections with
the fitted Matern covariance function of the order x = 0.5. The

estimated covariance parameters are: ¢ = 0.006, 02 = 0.078, 72 =

Predicted prevalence of S. haematobium infections based on the
geostatistical binomial model (Table 51). The black dots rep-
resent the surveyed areas. . . . . . . ... ... ... ... ... ... .
Standard errors associated with the predicted prevalence of S.

haematobium infections. . . . . . . . . .. .. ...

of Tables

Criteria for recruiting schools in the rural sites . . . . . .. .. ..
Recruited schools in the various study sites and the overall re-
sponse rate. The “Enrolment” column only refers to the number
of enrolled children who fell within the age range for the study.
Main categories of measured exposures (collected at baseline in
an interviewer-administered questionnaire* survey that targeted

parents/ guardians of the recruited children). . . . ... ... ...

XXIII

168

122



30

31

32

33

34

35

36

37

38

39

40

How the factor levels of the main categorical explanatory vari-
ables were derived . . . . . .. ... Lo
Basis for using the chosen categories for sanitation facility and
source of water in Table 30. . . . . . . . . ... ... ... .......
Types of over-the-counter anthelmintics used by our study par-
ticipants. . . . ...
The three main study outcomes that were initially considered
inthisstudy. . . ... ... ... ... ... . ..
Parasitological techniques and detection methods used in pro-
cessing the collected samples . . . . ... ... ... ... .......
Number of parasitology samples collected during the school-
based cross-sectional surveys in the three study sites. . . . . . . .
Distribution of the study participants by households in the three

sites. In all, 184 households had multiple participants ranging

Recorded infections among participants in the three study sites.
The total number of participants in the urban, peri-urban and
rural sites were 228, 532 and 579, respectively. . .. ... ... ..
Indicators of socio-economic standards as well as risk and health-
seeking behaviours of our study population versus prevalence of
infection. . . . . . ...
Model summary for the smooth function of age in the general-
ised additive models (equation 1). By default, the gam function
in the mgcv package used the Unbiased Risk Estimator (UBRE)
score in the cross-validation process to determine the optimum
amount of smoothing. The amount of smoothing is expressed as
effective degrees of freedom (EDF) (Zuur et al. 2011).. . . . . ..
Simple and multiple regression models for the risk of the soil-

transmitted helminth infections. . . . . . . . . . . .. ... ... ...

XXIV

130



41

42

43

44

45
46

47

48

49

50

o1

Deviance analysis for terms in the multiple regression model

for the soil-transmitted helminth infections. The p-values were
obtained by the sequential omission of the model terms, starting
with the least significant. . . . . .. .. ... .. ... 00000, 151
Deviance analysis for interaction terms in the main effects model

for the STH infections. D¢ - D; represents the differences between

the null and residual deviances. . . . . .. .. ... ... ....... 152
Provisional model for the soil-transmitted helminth infections. . 152
Regression parameters and standard errors of the final and pro-
visional models for STH infections. . . . . . . ... ... ... .. .. 159
Mixed effects models for S. haematobium mono-infections. . . . . 161
Estimated regression parameters and standard errors obtained

by fitting a fixed effects logistic regression model to the data. . . 163
Estimated regression parameters and standard errors obtained

by fitting a fixed effects logistic regression model to a subset of

the data containing unique observations per household. . . . . . . 164
Deviance analysis for interaction terms in the two fixed effects
models for S. haematobium mono-infection. . . . ... ... .. .. 165
Estimated regression parameters and standard errors in the pro-
visional models obtained by fitting fixed effects logistic regres-

sion models to the entire dataset; and to a subset of the data
containing unique observations per household . . . . . .. ... .. 165
Quasi-binomial model fitted to account for the under-dispersion

in the two provisional models in Table 49. . .. ... ... ... .. 166
Regression parameters and standard errors of the final and pro-

visional models for S. haematobium mono-infections. . ... . .. 171

XXV



Part 111

Title page

Abstract

1 Introduction

2 Materials and Methods
2.1 Study Site . . . ..
2.1.1 Basis for Selecting Alabonu for this Study . . . . . ... ... ...

2.2 EXposures . . . . . . ... e
2.3 Study Outcome . . . . . . . ...
2.4 Exploratory Analysis . . . . . . . . . .. ... ..
2.5 Confirmatory Analysis . . . . . . . . . ...
2.5.1 Distribution of Schistosome Burden in the Study Population

2.5.2 Model Validation . . . . . . . . . ... e

3 Results
3.1 Community-Level Variation in the Points of Exposure . . . . ... .. ..
3.2 Sources and Effects of Ecological Changes . . . . .. ... ... ......
3.2.1 Exposure Activities . . . . . .. ...
3.2.2 Exploratory Analysis . . . . . .. . ... .. .

3.2.3 Confirmatory Analysis . . . . . . ... ...

4 Discussion

5 Conclusions and Recommendations

References

XXVI

183

184

185

191
191
192
193
193
193
195

. 195

206

215
215
218
219
224
227

238

242

246



List of Figures

81

82

83

84

85

86

87

88

89

Life cycle of the schistosome parasites showing the role of the
intermediate snail hosts in the transmission of infections (ad-
apted from Pearce & MacDonald 2002 with permission of the
rights holder, Nature Publishing Group). . . . ... ... ... ...
Proximity of households in Alabonu (4) to the main shoreline
of the Volta Lake. R Packages used in map preparation: rgdal
(Keitt et al. 2013) and rgeos (Bivand & Rundel 2013). . . .. ..
The characteristic stagnant flow rate of the Lake at the water
contact sites (Figure 83(a)) and the increased current during
the major raining season (Figure 83(b)). . ... ... ... .....
A Cleveland dotplot showing the distribution of worm burden,
as measured by S. haematobium egg output in 10ml of urine
samples per participant. . . . . .. ... ... . 0oL
Frequency plot showing the inflated zero counts in the distribu-
tion of schistosome burden among the inhabitants of Alabonu.
The main categories of the observed outcomes and the processes
responsible for generating them. . . . . . ... ... ... .......
Distribution of water contact sites in our study community. The
blue-coded sites are situated along the main shoreline of the
Volta Lake whilst the yellow-coded sites are along the banks of
the Alabo River, a tributary of the Volta Lake. . . . .. ... ...
The flow rate of the Alabo River during the period of stagnation
(a) and the raining season (b). Ceratophyllum sp (arrowed), in
the river (c). . . . . . . . .
A group of men transplanting rice. Working on rice plantations
is considered a high risk occupation as far as the transmission
of schistosome infections is concerned (Cowper 1971). Image

source: MoFA 2015 . . . . . . . . . s

XXVII

187

195

. 196

207



90

91

92

93

94

95

96

Distribution of households (+) colour-coded by the water con-
tact sites frequented (A) by members. The last four water con-
tact sites that appear beyond the main shoreline were situated
along the banks of the Alabo River, a tributary of the Volta
Lake. These sites were, however, accessible by canoes from the
main shoreline through the swampy area. . . . . . ... ... ... ..
The annual cycle of the lake with emphasis on the velocity
of flow. A: The high flow rate during the major rainy sea-
son in June-July when the spillways of the Akosombo Dam
were opened six miles upstream; B: alternating periods of in-
creased flow rate and stagnation during the minor rainy season
in September-October; and C: the period of absolute stagnation
between November-May. . . . . . . . ... ... ... .. ........
Manually-operated canoes (Figure 92(a)) and upgraded canoes
fitted with outboard motors (Figure 92(b)). The Akpeakpe
and Tutukope water contact sites also served as canoe berth-
ing points (Figure 92(c)). . . ... ... .. .. ... . ... . ...
Site-specific variations in the washing of clothes. (Figure 93(a)):
the Agbesi water contact site (Figure 93(b)): the Abor and
Figure 93(c): Tutukope. . . . . . . . .. .. ... ... ... ... ...
A group of children taking a break from their swimming at the
Alabo water contact site. Swimming was a common recreational
activity among children in the community. . . . . ... .. ... ..
Scatterplot of S. haematobium egg count, in 10ml of urines,
versus age of participants. The graph mainly suggests a non-

linear effect in the burden of infection in participants aged below

Estimated non-parametric smoother for age (solid curve) and
the corresponding 95% confidence limits (black dashed lines).
The smoother is plotted on the scale of the linear predictor and
the value, 6.9, in the y-axis label represents the optimum amount

of smoothing as determined by the cross-validation process. . .

XXVIII

222

. 225



97

98

99

100

101

102

103

Assessing the standardised residuals for patterns. A plot of the
Pearson residuals of the provisional model versus fitted values
(a). Pearson residuals versus individual terms in the provisional
model (b-f). .. ... ... 231
Spatially-referenced residuals of the provisional model for the
risk of aggregated S. haematobium burden. The radii of the
circles are proportional to the absolute values of the Pearson
residuals. The red and grey circles represent the negative and
positive residuals, respectively. . . . . . . .. .. ... 233
Distribution of the study population in Alabonu by infection
status. The position of each point signifies a sampled location. . 233
Omni-directional empirical variogram for the Pearson residuals
of the provisional model for aggregated S. haematobium burden. 234
Directional empirical variograms for lags in the 0°, 45°, 90° and
135° spatial directions, with a tolerance angle of + 22.5°. . . . . . 234
Empirical variogram for the Pearson residuals of the provisional
model for aggregated S. haematobium burden (red line) and 95%
confidence envelope. The variogram falls within the envelope of
random permutations, thereby suggesting the absence of any
significant spatial dependence in the residuals.. . . . . . . . .. .. 235
The risk of aggregated schistosome burden associated with fre-
quent exposure to each of the water contact sites in our study
community. The incidence rate ratios are presented against each

of the sites with the 95% confidence intervals in brackets. . . . . 236

List of Tables

52

93

The measured and unmeasured exposures that were considered
inthisstudy. . . ... .. ... . 194

Distribution of worm burden among the 522 participants in this

XXIX



54

95

56

o7

o8

59

60

61

62

Interaction terms that were considered but whose effects could
not be explored. . . . . . . . ... Lo
Intensity of infection among the female inhabitants and the wa-
ter contact sites they mostly frequented. . . .. ... ... ... ..
Intensity of infection among the male inhabitants and the water
contact sites they mostly frequented. . . . . . . . . ... ... .. ..
Model summary for the smooth function for age in the general-
ised additive model (Equation 1). By default, the gam function
in the mgcv package used the Unbiased Risk Estimator (UBRE)
score in the cross-validation process to determine the optimum
amount of smoothing. The amount of smoothing is expressed as
effective degrees of freedom (EDF) (Zuur et al. 2011).. . . . . ..
Maximal model for the mean burden of S. haematobium infec-

tions harboured per individual participant in our study com-

Maximal model for the mean of the binomial process i.e. the

probability that the observed outcome in a given individual in-

204

habitant was a false zero as against any other observed outcomes.228

Provisional model for the mean burden of S. haematobium in-

fections harboured per individual participant in our study com-

Provisional model for the mean of the binomial process i.e. the

probability that the observed outcome in a given individual in-

habitant was a false zero as against any other observed outcomes.229

Approximate significance of the smooth terms for each of the
continuous-valued covariates in the separate Generalised Addit-

ive Models that had the Pearson residuals as outcome. . . . . . .

XXX



1 General Introduction

1.1 Epidemiology of Schistosomiasis in Ghana

Ghana is classified by the World Health Organisation as one of the ten most endemic
countries for schistosomiasis in the world. These highly endemic countries, which are
all located in Africa, are collectively estimated to account for about 67% of the global
population in endemic areas that requires treatment (World Health Organization 2013).
The country is endemic for two forms of human schistosomiasis: the urinary form of
the disease caused by Schistosoma haematobium and the intestinal form caused by S.
mansoni (World Health Organization 2012). However, while both forms of the disease
are distributed nationwide, S. haematobium tends to be more common with over 80% of
the total area of the country being classified as meso-endemic areas. By contrast, about

90% of the country are low endemicity areas for S. mansoni infection (Figures 1 and 2).

While the endemicity of schistosomiasis in Ghana may be directly linked to the post-
independence water resource development projects that occurred across the country
mainly in the 1960s and 70s, evidence from studies pre-dating these projects suggests
schistosomiasis already existed (Mahmoud 2001, Hunter 2003, Hunter et al. 1982). There-
fore, the construction of the water impoundments projects in the endemic zones of schis-
tosomiasis increased its transmission foci and triggered off epidemics in the surrounding
areas of these projects. For instance, an 80% increase in the prevalence of S. haematobium
infection was recorded in children in the shoreline communities of the Volta Lake within
a year of reaching its maximum level in 1969 (Hunter et al. 1982, Mahmoud 2001, Hunter
2003).

1.2 Preventive Chemotherapy Interventions in Ghana

Due to the nationwide distribution of schistosomiasis in Ghana, the entire population
is considered to be at risk. Consequently, provisional estimates by the World Health
Organisation in 2010 suggested that the nation’s 24,332,755 population required pre-
ventive chemotherapy for schistosomiasis (World Health Organization 2012). However,

in keeping with the age-targeted global implementation strategy where interventions
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Figure 1: Map of Ghana showing areas with low, moderate and high endemicity
levels of S. haematobium infection in 2010 (adapted from World Health Organization
2012)
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Figure 2: Map of Ghana showing areas with low and moderate endemicity levels of
S. mansoni infection in 2010 (adapted from World Health Organization 2012)



are primarily focused on groups that are most susceptible to acquiring heavy infections
and experiencing the greatest morbidity (Basanez et al. 2012); ongoing chemotherapy
intervention programmes across the country have mainly been school-based with chil-
dren in the school-age population (6-15 years) as the primary target. Therefore, the
national coverage of 27.5% that was attained in 2010 was exclusive to school-age chil-
dren, who constituted 24% (5,866,905) of the country’s population (Figure 3) (World

Health Organization 2013, 2012).
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Figure 3: National coverage of preventive chemotherapy intervention for schistoso-
miasis in Ghana as of 2010 (Adapted from World Health Organization 2012).

However, long before these recent national chemotherapy intervention programmes were
ever implemented, pilot projects for a nationwide control programme were conducted as
far back as the mid 1970’s. These projects were necessitated by the explosive increase
in the transmission rates of S. haematobium following the creation of the Volta Lake in
1964 (Hunter et al. 1982, Hunter & Organization 1993). Therefore, the pilot projects
explored different control strategies, including selective chemotherapy with metrifonate,
focal mollusciciding of water contact sites and health education; over a 37 mile stretch of
the Lake’s 3,106 mile shoreline (Mahmoud 2001, Hunter & Organization 1993, Chu et al.
1981). However, despite the success of these early trials and their subsequent adoption
into the primary health care system at the time, they were never implemented at the

national level (Mahmoud 2001).



1.3 Life-cycle of the Human Schistosomes

Human schistosomiasis is caused by parasitic blood-dwelling trematodes of the genus
Schistosoma. The schistosomes are dioecious digeneans whose life-cycle consists of
two alternating phases: a sexual phase that occurs within the human definitive host;
and an asexual phase which occurs within specific species of freshwater molluscs that
constitute the intermediate hosts (Figure 4) (Colley et al. 2014). The African spe-
cies of schistosomes, Schistosoma haematobium and S. mansoni, are transmitted by
pulmonate snails of the genus Bulinus and Biomphalaria (which are classified under

the class Gastropoda, sub-class Pulmonata and family Planorbidae) (Mahmoud 2001).

1.3.1 Sexual Phase

The adult worms, which measure between six and 26 millimetres in length, either inhabit
the perivesicle venous plexus or the mesenteric venules of the human host, depending on
the species (Mahmoud 2001). Though their average lifespan generally ranges between
three to 10 years, the schistosomes may survive for up to 40 years in some cases (Colley
et al. 2014). The female worms are enclosed within the gynaecophoric canals of the males
where they typically produce hundreds of eggs on daily basis throughout life (Figure 4
E). The eggs, which measure between 60-400m each in length, are fertilised by the male
worms upon shedding (Colley et al. 2014, Mahmoud 2001).

Depending on the species, these eggs may either migrate to lumen of the bladder or
the intestine to be excreted in urine or faeces within 7-10 days of oviposition. During
this perivesicle or peri-intestinal migration, the eggs mature fully into their embryonated
forms. Though the shed eggs are intended to be excreted from the body of the host,
at least from the perspective of the worms, a fraction always tends to get trapped in
the body tissues during their migration to the exterior (Colley & Secor 2014). Accord-
ing to estimates by early studies, the egg retention rate is approximately one egg per
worm pair per day (Jordan & Webbe 1982). Subsequent studies went to suggest the egg
retention rate may be as high as 50% (Medley & Bundy 1996). These tissue-trapped
eggs, which die within 2-3 weeks, are responsible for inducing the inflammatory reac-

tions which ultimately cause the pathological effects of schistosomiasis (Mahmoud 2001).



schistosomes

Male

iy,
Female t 2

Figure 4: Life-cycle of the human schistosomes showing the two alternating phases
in the human definitive and the intermediate freshwater molluscan hosts (adapted
from Gryseels et al. 2006 with permission of the rights holder, Elsevier)

1.3.2 Asexual Phase

The excreted schistosome eggs may remain viable for seven days (Gryseels et al. 2006).
Upon contact with freshwater, the eggs hatch under suitable conditions, such as a tem-
perature range of >10 - 30° Celsius and light intensity, to release the free-living ciliated
miracidia measuring 160um by 65um in size (Figure 4B). The miracidia then go through
what some authors have termed the “scanning phase” where they randomly swim about
until they locate and infect a suitable intermediate snail host, guided by stimuli. The
location of the snail hosts is, however, influenced by conditions of the water body includ-
ing the turbulence, velocity of flow and temperature. The miracidia generally remain

infective in the freshwater body for 8 - 12 hours (Mahmoud 2001, Jordan & Webbe 1982).



After infecting the snail hosts, the miracidia undergo two phases of asexual replication:
firstly, into the multicellular primary and subsequently, secondary sporocysts. In the
second phase, thousands of cercariae are produced from the secondary sporocysts and
shed into the freshwater body in a pattern that follows periodic peaks of output. This
pattern of cercarial shedding is mainly attributed to a species-specific innate rhythm of
the snail hosts. Both the miracidia and cercariae are non-feeding stages that rely on
glycogen energy reserves. Therefore, their infectivity is largely influenced by the period
it takes for their energy reserve to deplete. In all, the asexual phase of the life-cycle takes
between 4-6 weeks to complete (Mahmoud 2001, Colley et al. 2014, Jordan & Webbe

1982).

1.3.3 Exposure-Infection Disease Processes

Each miracidium infection in the intermediate snail host results in the production and
the subsequent shedding of thousands of same-sex cercariae. The cercariae are mainly
shed during daytime and tend to survive for 72 hours during which time they must
locate and penetrate the skin of the human host. Infection is, therefore, initiated when
the cercariae burrow into the epidermis of the exposed human host (Figure 4). After
transforming into young worms known as the schistosomula, they migrate in the systemic
venous circulation of the human host to the hepatic sinusoids via the lungs and mature

into adult schistosomes (Gryseels et al. 2006, Mahmoud 2001).

If the human host were assumed to have an equally likely chance of being infected by
both male and female cercariae, then any constantly exposed host would ideally end up
with worms of both sexes. These adult male and female worms are generally thought
to undergo monogamous pairing before each worm pair copulates and migrate to their
final destination, the perivesicle venous plexus (in the case of S. haematobium infection)
or the mesenteric venules (in the case S. mansoni infection). On reaching their final
destination, it is also generally assumed that each mated worm pair would undergo
oviposition with the female laying eggs continuously throughout life. The development
of the cercariae to the egg-producing adult stage takes a period of 5 - 7 weeks (Colley
et al. 2014, Mahmoud 2001).



1.3.3.1 Egg-Patency Versus Host-Antibody Patency

A T-helper 1 (Tgl) immune profile, which has a protective effect, is initially induced
in response to the antigens from the maturing worms in the portal systems. Hence, the
pre-patent period, i.e. 3 - 5 weeks after the initiation of infection, is mainly charac-
terised by an elevated production of Tyl - associated cytokines, including interleukins
~v and 12 as well as tumor-necrosis factor-a (TNF-«). While the host immune system
tends to tolerate the live adult worms without producing any inflammatory response,
their death is thought to provoke the production of immunogens. These immunogens
are associated with protective immune responses directed at the antigens of the mi-

grating schistosomula (Mahmoud 2001, Pearce & MacDonald 2002, Colley et al. 2014).
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Figure 5: Host immune responses associated with schistosome infection (adapted
from Pearce & MacDonald 2002 with permission of the rights holder, Nature Pub-
lishing Group).

At the onset of egg deposition, which occurs within 5-6 weeks after the initiation of
infection, a T2 immune profile is triggered by specific egg antigens. The emergence of
the Ty2 profile together with its associated cytokines (interleukins 4 and 10; and also
elevated TNF-a), modulates the existing Tyl response from the pre-patent phase of
infection (Figure 5). This step is deemed necessary for the granulomatous response to

the schistosome eggs (Mahmoud 2001, Colley & Secor 2014).



1.3.3.1.1 Granulomatous Response

Matured miracidia-containing schistosome eggs are known to secrete antigenic histo-
lytic substances and other proteases through the micropores that perforate their shells
(Mahmoud 2001). These proteases, which facilitate the migration of the eggs by lys-
ing the surrounding tissues, are also thought to have a potentially toxic effect on the
host tissues. Therefore, when trapped in the body tissues, the secretions from the
eggs may cause necrosis. As a defence mechanism against the effect of the egg an-
tigens, the host forms granulomas around the eggs to sequester the secretions (Fig-
ure 6) (Colley & Secor 2014, Pearce & MacDonald 2002). This granuloma reaction is
thought to be most intense during the first 8-10 weeks but diminishes as the Ty2 re-
sponse becomes modulated over time. Therefore, during advanced stages of infection,

the tissue-trapped eggs get destroyed at a faster rate due to their smaller granulomas.
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Figure 6: A schematic diagram of a granuloma around a tissue-trapped ovum (ad-
apted from Pearce & MacDonald 2002).

Upon the death of the eggs, the granulomas resolve into deposits of fibrotic plaques
which build-up progressively over time and ultimately become responsible for inducing
the pathological effects of schistosomiasis. Hence, common pathologies such as increased
portal blood pressure, ascites and portal-systemic venous shunts that occur during S.

mansoni infection are the results of the accumulation of fibrotic plaques in the body. S.



haematobium infection may also result in the development of bladder cancer (Pearce &

MacDonald 2002).

It has been suggested that in high transmission areas where heavy intensity infections
prevail, the accumulation of eggs in the body tissues may surpass the rate of their
destruction by the granulomas. In such instances, the granulomas tend to accumulate
over time and become calcified in the process. Consequently, both previous and current
infections may become responsible for the pathological effects of schistosomiasis at any

given point in time (Medley & Bundy 1996).

1.4 Snail Hosts Species in Ghana

Ghana is endemic for two forms of human schistosomiasis caused by Schistosoma haemato-
bium and S. mansoni. Each of these schistosome species is transmitted by its own specific
range of freshwater molluscs. Therefore, the distribution of these schistosomes across
the country is influenced by the habitat range of their respective intermediate molluscan
hosts (Colley et al. 2014). Two species of intermediate hosts, Bulinus truncatus (rohlfsi)
and B. globosus, are responsible for transmitting S. haematobium in the country. These
species are regarded as the primary and secondary hosts of S. haematobium, respectively.
Studies have shown that the strain of S. haematobium transmitted naturally by either
molluscan host tends to exhibit low infectivity for the other host species (Figure 7). The
intermediate host of S. mansoni, on the other hand, is Biomphalaria pfeifferi (Brown

2002).

1.4.1 Conditions of the Aquatic Environment

The intermediate molluscan hosts of the schistosomes generally tend to thrive in the
shallow margins of low-velocity freshwater bodies including natural streams, ponds and
impounded waters (Mahmoud 2001). The suitability of these freshwater habitats is,
however, determined by a set of specific conditions. Prominent among these are: tem-

perature, salinity, pH and ecological changes resulting from water source modification.



Figure 7: The intermediate molluscan hosts of the African schistosomes in Ghana:
Bulinus truncatus (A), Biomphalaria pfeifferi (B), Bulinus globosus (C) (adapted
from Mahmoud 2001).

1.4.1.1 Temperature

Studies have shown that the survival and development of the intermediate molluscan
hosts within their freshwater habitats are favoured by a temperature range of 25 +
2° Celsius. This optimal temperature ensures their breeding, egg incubation, growth
and the completion of their annual cycles (Mahmoud 2001, Brown 2002). However,
the occurrence of these molluscs in temperatures below the optimum is also possible.
Indeed studies in endemic areas have shown that the intermediate molluscs may also
thrive in higher altitudes where the mean temperatures are often too low to favour
the development of the schistosome parasites. Therefore, snails that occur in such
lower temperatures do not transmit any schistosome infections. Temperatures above 30°

Celsius are, however, known to cause thermal death in these molluscs (Brooker 2007).

1.4.1.2 Salinity

Experimental studies have indicated that varying levels of salinity may also influence the
growth and fecundity of the intermediate molluscan hosts of the schistosomes. Studies

on Biomphalaria pfeifferi found conductivities of 350 - 500 micromhos to be optimum

10



for their survival, fecundity and growth (Brown 2002). Therefore, this species rarely
occurs in estuarine conditions where salinity levels may be above their tolerance range
(Mahmoud 2001). However, Bulinus spp tends to tolerate higher conductivities than
Biomphalaria pfeifferi though salinity levels of up to 2000 micromhos, which charac-
terises estuarine conditions, may also prove deleterious for their survival (Brown 2002,
Mahmoud 2001). In Ghana, the transmission of S. haematobium by Bulinus rohlfsi is
known to occur in the Ke Lagoon, thereby suggesting the suitability of the salinity levels

of that lagoon for the survival of Bulinus rohlfsi (Brown 2002).

1.4.1.3 pH

Acidic conditions have proved uncongenial for the intermediate molluscan hosts through
their tendency to induce the snails mucus to coagulate. Such conditions are also known
to have a damaging effect the snails’ shells. Therefore, the favourable habitats of the mol-

luscan hosts are generally restricted to alkaline conditions (Brown 2002).

1.4.1.4 'Water Resource Development

The construction of the Akosombo Dam over River Volta in 1964 resulted in the creation
of the Volta Lake, which is the largest man-made lake in the world as judged by its surface
area. The impact of this impoundment, including the change in velocity of the water
as well as the seasonal fluctuations in the water level proved favourable for the survival
and distribution of the population of Bulinus truncatus rohlfsi that already occupied
the Volta basin. Therefore, the explosive increase in the prevalence of S. haematobium
that occurred in the shoreline communities of the new Lake was primarily attributable
to an increase in the population density of Bulinus truncatus rohlfsi, which serves as an

intermediate host for S. haematobium (Mahmoud 2001, Hunter & Organization 1993).

In the early stages of water impoundments, the aquatic ecosystem is usually modified by
the establishment of populations of submerged aquatic flora, including Ceratophyllum
spp, Pistia and Salvinia which serve as suitable habitats for the intermediate hosts of
the schistosomes. In the Volta Lake, studies have shown that the success of Bulinus

truncatus rohlfsi is primarily attributable to populations of Ceratophyllum spp which
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provide habitats and protection for the snails and their eggs. Moreover, other sub-
merged vegetation such as Spirodela play an essential role in the distribution of the
snails whilst Polygonum, Alternanthera and Jussiaea which characterise the Lake’s mar-
gin and survive flooding ensure the establishment of these snails (Hunter & Organization
1993, Brown 2002). Studies have also shown that the annual fluctuations in the level
of the Volta Lake result in the colonisation of exposed slopes by new vegetation which
subsequently add on to the snails’ biotopes. Moreover, the stability of the water level
during the annual draw-down of the Lake in November - February provides conditions

suitable for the expansion of the population of Bulinus truncatus (rohlfsi) (Brown 2002).

1.5 Diagnostic Assessments of Schistosomiasis

There is as yet no gold standard technique for diagnosing human schistosomiasis. The
available detection techniques include direct parasitological detection, indirect assess-
ment of pathological and clinical markers of the disease as well as immuno-diagnostic

techniques (Table 1).

1.5.1 Parasitological Detection

The direct detection of viable schistosome eggs in the excreta of the human host, using
parasitological techniques, has been the diagnostic standard for active schistosomiasis
(Colley et al. 2014). These techniques involve the use of urine sedimentation or filtration
methods for the detection of S. haematobium eggs; and the Kato-Katz technique for S.
mansoni eggs (Mahmoud 2001). Due the distinctive shape and size of the eggs of the dif-
ferent species of schistosomes, this method of detection is 100 percent specific (Stothard
2009). The operational cost associated with this method is also low and it is suitable
for use under field conditions where the laboratorial structure is often improvised (Ra-
bello 1997). Therefore, the method has mainly proved useful for epidemiological surveys
and the crude mapping of infections for field-based schistosomiasis control programmes

(Colley et al. 2014, Cavalcanti et al. 2013).

Despite its efficacy and cost-effectiveness, however, the sensitivity of parasitological de-
tection is often confounded by specific aspects of the biology of the schistosomes, in-

cluding the sporadic egg excretion or reversion of infection that mainly characterises
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Table 1:

Detection methods for human schistosomiasis, with emphasis on S.

haematobium and S. mansoni infections (adapted from Feldmeier & Poggensee 1993
with permission of the rights holder, Elsevier).

Cuategory Method Detection of Applhcable for infection with
S haem. S mans. 5 jap* 8. inl.

Dhrect; exammnation of epgs + + + +
parasitological uring, stool,

rectal mucosa
Indirect; locking/asking gross haematuria +
assessment for symptoms and bloody diarrhea + (+} +
of specific signs microhaematuria, ! (+)
pathology proteinuria, + (+)
through leukocyturia, |
clinical, occult blood in
biochemical and staol + {+] +
immunclogical
disease looking for organ sonographical
markers involvement, alterations;” + + + (=)

assessment of altered liver

altered immune haemodynamics and

functions collagen synthesis, + (+) ()

altered cell-mediated
immunity + - {—)

Indirect; serology specific antibodies + + t +
direct; schistosome-derived
immunological antigens + + + +

in vivo immediale previous

and delayed-tvpe sensitization + + 4 (—)

hypersensitivity
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low intensity infections (Stothard 2009, Jordan & Webbe 1982). Hence, there tend to
be a direct proportionality between the sensitivity of parasitological detection and the
intensity of infection, thereby rendering it unsuitable for use in low endemicity settings
(Cavalcanti et al. 2013). The sample size and the level of experience of the technician

performing the examination may also affect the sensitivity of this method of detection

(Mahmoud 2001).

Moreover, the schistosome egg excretion rate in the infected host generally exhibits di-
urnal well as day-to-day variation in output (Mahmoud 2001, Jordan & Webbe 1982).
Therefore, the accuracy of this method has relied heavily on the examination of mul-
tiple samples per individual, which is often logistically infeasible especially for stool
samples. Parasitological detection methods may also prove unsuitable for diagnosing

atypical forms of the disease such as neuro-schistosomiasis (Cavalcanti et al. 2013).

1.5.2 Indirect Clinical Markers

Visible and cryptic blood in urine, i.e. macro and micro-haematuria, which normally
characterise egg excretion during the early stages of S. haematobium infection are com-
monly used as indirect markers for the disease. Haematuria occurs as a result of the
damage caused by schistosome eggs as they traverse the bladder wall during S. haemato-
bium infection (Mahmoud 2001). Studies have shown that about 41 - 100 percent of the
population of constantly-exposed infected children in pre-intervention areas normally test
positive for micro-haematuria whilst 0-97 percent often show signs of gross haematuria
(Gryseels et al. 2006). Therefore, gross haematuria has been utilised in school-based
questionnaires for the rapid assessment of S. haematobium infection in high risk areas
(Lengeler et al. 2002). While faecal occult blood tests may also serve as markers of
S. mansoni infection, their sensitivity is hampered by the occlusion of blood (resulting

from the perforation of the bowel by schistosome eggs) (Stothard 2009).

1.5.3 Immuno-Diagnostic Techniques

In bid to overcome the limitations associated with direct parasitological detection, immuno-

diagnostic techniques have mainly focused on the detection of the parasites’ antigenic
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components in serum and urine samples. This approach consequently led to the devel-
opment of the genus cross-specific mono-clonal antibody-based enzyme-linked immun-
osorbent assays (ELISA) which measured the levels of schistosome gut-derived circulating
antigens in serum. Later on, the technique was extended to the use of urine samples.
However, on its evaluation, the technique was found to be biased towards the detec-
tion of S. mansoni infection while having a rather poor sensitivity for S. haematobium

(Stothard 2009, Corstjens et al. 2008).

Subsequent diagnostic techniques in this area, therefore, focused more on the detection
on S. mansoni infection. Thus far, the point-of-care (POC) lateral flow cassette assay is
the most important of such techniques. The POC assay detects S. mansoni infection by
measuring schistosome circulating cathodic antigens in urine samples. The evaluation of
this technique in five sub-Saharan African countries, by the Schistosomiasis Consortium
for Operational Research and Evaluation (SCORE), has shown POC assays to be more
sensitive, specific, rapid and less invasion than Kato-Katz (Colley et al. 2013). Moreover,
while POC assays have a similar operational cost to Kato-Katz, they estimate the in-
tensity of infection without being limited to the collected sample (Colley et al. 2013,

Bergquist 2013).

1.5.4 Molecular Techniques

DNA-based detection methods, involving the use of multiplex real-time polymerase chain
reaction (PCR), have also been developed. These techniques work by detecting schisto-
some DNA in faecal, urine and blood samples. However, despite their sensitivity, these
techniques are also liable to sampling limitations when used on faecal samples (Colley

et al. 2013, 2014).

1.6 Field-Collected Data

The data on which this thesis is based were specifically collected for two multi-centre
immunological projects, the Innate Immune Responses & Immuno-Regulation in Schis-
tosomiasis (SCHISTOINIR) and the Global View of Food Allergy, which had Ghana as

one of the participating centres (Schistoinir 2012, GLOFAL 2006). The immunological

15



aspects of these projects were preceded by baseline cross-sectional parasitological and
questionnaire surveys in the study sites. The studies presented in this thesis were, there-
fore, designed along the baseline data for the original projects that were made available
for the thesis. Therefore, the present thesis is first of all limited by being based on data
that were specifically collected for other purposes and hence did not necessarily fit the
statistical and scientific concepts that were being explored. Moreover, the baseline sur-
veys employed parasitological detection as an initial means of assessing the prevalence of
schistosome infections in the targeted sites. Hence, inferences from this thesis may also
be limited by the low sensitivity of the parasitological detection methods, especially for

the low transmission post-intervention sites.

1.7 Organisation of Thesis

The main body of this thesis is organised into three parts:

Part I: Interventions for schistosomiasis have mainly focused on morbidity control
through the age-targeted chemotherapy of high risk groups However, transmission con-
trol and the proper targeting of the susceptible parasite refugia within different en-
demic settings can only be attained when interventions are directed at entire population
of infected individuals. This study, therefore, investigates how interactions between
the macro and micro-level determinants of infectivity could be utilised in identifying

groups of individuals with increased likelihoods of infection at the community-level.

Part I1: The control of schistosomiasis relies primarily on mass chemotherapy with prazi-
quantel. However, these chemotherapy interventions may also influence the epidemiology
schistosomiasis in ways that ultimately increase the risk of resurgence. This study invest-
igates the transmission patterns of persisting schistosome infections in low endemicity

post-intervention areas, as a function of the socio-economic standards of households.

Part III: Interactions between the social and environmental determinants of schistoso-
miasis may occur in a dynamic state of change. This study investigates how such dynamic
changes may ultimately influence transmission control in typical endemic settings where

exposure to the sources of infection is virtually inevitable.
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Part 1
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Spatial variation in the risk of Schistosoma haematobium
and S. mansont infections in rural endemic settings in

southern Ghana
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Abstract

Background The global control strategy for schistosomiasis relies on district-level
data on school-aged children (6-15 years) in establishing modalities for the imple-
mentation of chemotherapy. However, the transmission of schistosomiasis is influ-
enced by setting-specific factors which may in turn determine the degree of hetero-
geneity in the distribution of infected cases within any given endemic setting. There-
fore, the same implementation strategy may not adequately control transmissions
in all settings. However, the coverage and effectiveness of intervention programmes
could be improved by the direct targeting of interventions at areas with increased
likelihoods of infections within different settings. The present study, therefore, in-
vestigates some of the setting-specific factors that influence the local-level variation
in the risk of Schistosoma infections as well as the heterogeneities in the transmission

of infections within different endemic settings.

Materials and Methods Using point-referenced data from community-level cross-
sectional surveys in three rural shoreline communities of the Volta Lake in Ghana,
we examined the role of a series of setting-specific factors on the variation in the risk
of schistosome infections. Our primary outcomes were the prevalence of Schistosoma
haematobium and S. mansoni infection, detected by microscopy, in participants aged
between five and 60 years. The probabilities of our study outcomes were modelled
as functions of the measured covariates for each of these sites. As part of the
models’ validation, we conducted an assessment for residual spatial effects which
would point to the effect of unobserved factors influencing the varying likelihoods in
risk. A formal Monte Carlo test was used in assessing if any observed spatial trend

may have occurred by chance.

Results Though the risk of our study outcomes were influenced by different factors
within each of the studied communities, there were no obvious heterogeneities in
the transmission of infections, as judged by a formal test for spatial trend in the
residuals. The effects of the setting-specific micro-level determinants of infectivity,

therefore, seemed negligible.

Conclusions The absence of significant residual spatial variation ruled out any
significant heterogeneities in the distribution of infected cases across the studied
shoreline communities. Our findings may be influence by the fact that though the
micro-level determinants of infectivity may have acted at the group level, these

groups of individuals may have necessarily lived in close proximities to each other.
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1 Introduction

Schistosomiasis, a chronic parasitic infection caused by trematodes belonging to the
genus Schistosoma, is regarded as the most important water-based disease globally
(Steinmann et al. 2006, Brown 2011). It is mainly endemic in the rural parts of some
tropical and sub-tropical regions of the world, but most of its current burden is con-
centrated in sub-Saharan Africa where active transmissions still occur in 46 countries
(Steinmann et al. 2006). Though insidious in nature, chronic Schistosoma infections
may ultimately result in associated morbidities, such as bladder and liver cancer, as well
as developmental impairment pathologies that impact negatively on social and economic
development in endemic areas (Lustigman et al. 2012, WHO 2005, Steinmann et al. 2006,
Engels et al. 2002).

It is estimated that 280,000 deaths are attributable to schistosomiasis annually in sub-
Saharan Africa (Fenwick et al. 2009). Moreover, schistosomiasis has been found to
increase susceptibility to human immunodeficiency virus infection in women (Lustigman
et al. 2012, WHO 2009). After malaria, schistosomiasis inflicts the highest disease burden
in sub-Saharan Africa. Yet, it remains one of the neglected tropical diseases (Steinmann

et al. 2006, Fenwick et al. 2009).

The transmission of schistosomiasis is focal and relies primarily on repeated exposure
to lentic freshwater bodies that harbour the intermediate snail hosts of the schistosome
species. As for other endemic parts of the world, the transmission of schistosomiasis
in sub-Saharan Africa has been sustained over the years mainly by water resources
development projects, such as dams and irrigation systems, that favour the ecology
of the snail hosts (Steinmann et al. 2006). Moreover, as socio-economic development
is low in most rural parts of sub-Saharan Africa, basic infrastructure such as potable
water supply and improved sanitation, which are fundamental to the interruption of
schistosomiasis transmission, are still lacking (Fenwick et al. 2009). Therefore, exposure
to the sources of infection is almost unavoidable and the disease has continued to spread

to new geographical areas.
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Preventive chemotherapy, involving the large scale administration of praziquantel, is the
recommended strategy for schistosomiasis control (Fenwick et al. 2009). This strategy
is effective in reducing the intensity of infection (worm load) by 85-95% in most cases,
thereby resulting in morbidity control and reduced transmission rates in endemic areas
(Chitsulo et al. 2000, Gray et al. 2010). However, since praziquantel is neither able to
act on immature schistosomes nor prevent re-infection (Cioli & Pica-Mattoccia 2003),
repeated treatment is required at regular intervals. In most cases, the disease prevalence
in endemic settings is known to return to pre-intervention levels within 18-24 months of
discontinuing treatment (Gray et al. 2010). Despite this, however, preventive chemother-
apy has remained the only realistic approach for controlling schistosomiasis, especially
in resource-poor settings such as sub-Saharan Africa where the provision of potable
water and improved sanitation is still woefully inadequate (Fenwick et al. 2009, WHO

2013b).

In a bid to improve the effectiveness of chemotherapy interventions in endemic areas,
control programmes have primarily employed an age-targeted strategy of implementation
that focuses mainly on children. Therefore, the threshold prevalence levels of high (>
50%), moderate (10% — 49%) or low (< 10%) which are used in establishing modalities
for the implementation of chemotherapy are based on rapid assessment of infections in
subsets of school children at the district level within specific endemic settings (WHO
2006b). This strategy of implementation is in keeping with the World Health Assembly’s
Resolution 54.19 that recommended the regular treatment of at least 75% of school-
aged children in highly endemic schistosomiasis settings by the year 2010 (WHO 2006a,
Utzinger et al. 2009, WHO 2013b).

Therefore, large scale chemotherapy intervention programmes across sub-Saharan Africa,
including campaigns by the Schistosomiasis Control Initiative (SCI), have adopted this
strategy and made school-aged children (6-15 years) the primary focus of interven-
tion. Treatment is, however, extended to cover entire communities in areas where the
baseline threshold prevalence levels are found to be 50 percent or higher (Lammie et al.

2006).
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The effectiveness of these chemotherapy intervention programmes, therefore, depends
on their ability to achieve high coverage rates in populations that require treatment.
However, even though this implementation strategy is able to prioritize the allocation of
interventions by focusing mainly on the high risk groups, studies have shown limitations
in their effectiveness to attain full coverage. For instance, 50% of the target population
in endemic areas is estimated to be missed by intervention programmes that employ this

strategy of implementation (Utzinger et al. 2009).

Moreover, the World Health Assembly’s Resolution 54.19 of extending regular treatment
to 75% of school-aged children in endemic areas by the year 2010 was not realised. This,
coupled with the fact that the treated population in sub-Saharan Africa as of 2011 only
represented 9.8% of the population requiring treatment, goes to show that the scaling up
and proper targeting of chemotherapy interventions still remain major challenges (WHO
2013a). Despite these issues with coverage, however, studies in post-intervention areas
are also increasingly highlighting the fact that non-infected people tend to constitute
the majority of the population that receive chemotherapy during intervention campaigns

(Fenwick et al. 2009, Utzinger et al. 2009).

These limitations have, therefore, raised concerns about how the effectiveness of the
existing implementation strategy might be improved in order to extend coverage to pop-
ulations that actually require treatment. For example, mass treatment regimes in some
of the countries that were initially targeted for intervention by the Schistosomiasis Con-
trol Initiative, such as Burkina Faso and Niger, have not resulted in reduced prevalence
levels (Gray et al. 2010). This, therefore, suggests chemotherapy interventions that rely
on the current implementation strategy may not be having any significant impact on

transmission rates in certain endemic settings.

Indeed, the use of school-aged children as epidemiological indicators of the disease preval-
ence has been debated in some circles. Basing their argument on field surveys involving
preschool-aged children in Ghana (Bosompem et al. 2004) and Uganda (Odogwu et al.
2006), Stothard and Gabrielli (Stothard & Gabrielli 2007) have pointed out that since
preschool-aged children (1-5 years) also tend to harbour high infection rates, modalities

that are established using school-aged children may end up under-estimating the actual
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prevalence at the community level. However, while infection in preschool-aged children
is recognised, they are still excluded from preventive chemotherapy interventions mainly
as result of challenges related to the licensing limitations of praziquantel (Stothard et al.

2013).

Further evidence in support of the inadequacy of the school-based approach of es-
tablishing modalities is provided by studies in Egypt that found infection rates to
be higher in non-enrolled school-aged children as compared to those who were en-
rolled in schools (Husein et al. 1996, Talaat & Evans 2000). Globally, sub-Saharan
Africa accounts for half of all non-enrolled school-aged children and as of 2010 had
a school drop-out rate of 42%, which is also the highest in the world. This is com-
pounded further by the fact that 32% of enrolled children in that region are above
the expected enrolment age of 6 years at the beginning of their compulsory education
(UNESCO 2012). This, therefore, emphasises the need for control programmes to look
beyond the school-based approach, especially in settings where interventions are aimed

towards morbidity control as well as the interruption of transmissions (WHO 2013b).

For instance, the impact of chemotherapy interventions is most realised when the ini-
tial administration of praziquantel is followed-up by at least two subsequent treatments.
In most cases, the prevalence of heavy-intensity infections is known to reduce to < 5%
when coverage of about 75% of the target population is sustained through repeated
treatment over a number of years. The strategy for administering these follow-up treat-
ments involves an annual and biennial re-administration in high and moderate risk areas,
respectively; and twice during the period of primary schooling in low-risk areas (WHO
2013b). However, the high school non-enrolment and drop-out rates in the region sug-
gest these benefits would remain unattainable until the focus of these interventions is

extended beyond schools to the community level.

The development an alternative implementation strategy that overcomes the aforemen-
tioned limitations has, however, proved elusive. Though the adoption of a blanket mass
chemotherapy approach may provide a solution, it has not been considered an option
for the following reasons. Praziquantel still remains the most expensive anthelmintic

drug, despite the expiration of its patency. Hence, its procurement in endemic countries
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has only been made possible through external funding by donor agencies (WHO 2010).
Therefore, the judicious use of available drugs would ensure the sustenance of ongoing

chemotherapy interventions through follow-up treatments.

Schistosomiasis is, however, characterised by a unique epidemiological feature where the
transmission of infections tend to cluster, rather than occur at random within endemic
settings. This feature, which is often referred to as the focalisation of risk, may vary
at different spatial scales (Brooker 2007). Moreover, different factors are known to in-
fluence this focalisation of risk at the different spatial scales (Brooker 2007). At the
local level, setting-specific micro-level factors that determine human exposure patterns
to the sources of infection may influence the degree and patterns of aggregation of in-
fected cases (Bruun & Aagaard-Hansen 2008). Therefore, using these setting-specific
heterogeneities in transmissions as the focus of intervention could provide an option to
improving the effectiveness of chemotherapy interventions and overcoming some of the

current challenges with coverage.

The present study, therefore, investigates the setting-specific variations in the transmis-
sion of schistosome infections and the micro-level factors that influence these heterogen-
eities, using data from three endemic shoreline communities of the Volta Lake in Ghana.
Our primary objectives are: to model the risk of Schistosoma haematobium and S. man-
soni infections in each of our study communities; and to assess the residual spatial effects
due to micro-level factors specific to each of the study communities. Therefore, any ob-
served residual spatial variation within any of these communities would signify heterogen-

eities in risk and potential targets for the administration of chemotherapy interventions.
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2 Materials and Methods

This study is, therefore, based on the following hypotheses: that the transmission of
schistosome infections within endemic settings tends to assume heterogeneous patterns,
rather than occur at random. The degree of this heterogeneity also tends to vary within
different endemic settings in response to specific micro-level factors that govern human
exposure patterns. Therefore, these heterogeneous patterns of transmissions could serve
as effective targets for the implementation of chemotherapy interventions within different

endemic settings.

2.1 Study Sites

To investigate these hypotheses, we used pre-collected point-referenced data resulting
from community-level cross-sectional surveys on the physically active and permanent
residents of three endemic shoreline communities of the Volta Lake in Ghana (Fig-
ure 8). Since the original sampling strategy focused on inhabitants in the 5 - 60 years
age range, our analysis was also restricted to that age range. Ghana is considered
one of the most highly endemic settings for schistosomiasis in sub-Saharan Africa and
the vast majority of these infections is concentrated in the shoreline communities of
the Volta Lake which covers a total area of 3,275 square miles, stretching across a
shoreline of 3,106 miles (WHO 2013b, Steinmann et al. 2006, WHO 1987). Though
these shoreline communities are predominantly rural, their levels of development also
tend to vary. Therefore, to allow an effective investigation of our study hypotheses,
our selected data from the pre-existing database were chosen to reflect communities
with different levels of development and chemotherapy intervention histories. In the

next two subsections, we present a description of our study communities at baseline.

2.1.1 Alabonu

Alabonu was still a pre-intervention site for schistosomiasis as of the time of the data col-
lection. However, most of the school-aged children in the community had received a single

500mg dose of mebendazole as part of a national school-based de-worming programme for
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the soil-transmitted helminth (STH) infections. The de-worming programme took place
two years prior to our data collection. The community, which had a total population of
about 800 people, lacked potable water supply, improved sanitation facilities and good
access roads. Therefore, exposure patterns were virtually constant among the physically-

active inhabitants. Moreover, the lake served both domestic and commercial purposes.

 Longitude ’ community
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Figure 8: Map of the study sites showing the locations of the three communities
relative to the Akosombo Dam and the Volta Lake (Main). Inset: Map of Ghana
showing the locations of the study sites (circled). R Packages used in map prepara-
tion: ggmap (Kahle & Wickham 2013).

2.1.2 Torgorme and Klamadaboe

The two other communities, Torgorme and Klamadaboe, were contiguous. Torgorme
was, however, slightly more developed than our other study sites. Apart from having
an access road that granted the inhabitants an alternative means of transportation,

Torgorme also had a communal tap, a health centre and public sanitation facilities.

Moreover, unlike our other study sites which were still pre-intervention areas for schis-

tosomiasis, Torgorme was in receipt of sporadic chemotherapy interventions for schisto-
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somiasis as part of the Volta River Authority’s outreach programmes for selected pilot
communities (VRA 2012). The last of such treatments was administered about three
years prior to our data collection. Moreover, school-aged children in both Torgorme and
Klamadaboe had received treatment for the soil-transmitted helminth infections during
a national school-based de-worming programme which occurred two years prior to our

data collection.

2.2 Ethical Considerations

The study was approved by the Institutional Review Board of the Noguchi Memorial
Institute for Medical Research in Accra, Ghana. Prior to recruiting participants, the
chiefs and elders of the chosen communities were asked for approval. Informed consent
was obtained from the inhabitants before recruitment into the study. Children were
recruited after obtaining their assent and informed consent from their parents or guard-
ians. All infected participants were treated with praziquantel at the end of the study,

using treatment guidelines by the World Health Organisation (Montresor et al. 2005).

2.3 Measured Exposures

The measured exposure variables that were considered in this study are presented in
Table 2 below. Information on these variables were collected during a questionnaire
survey that was conducted at baseline in the study communities. A sample of the

questionnaire is attached as Appendix A.

2.4 Study Outcomes

Excreted egg output in urine and stool samples collected during a parasitological survey
was used as proxy for schistosome infections. Our study outcomes, S. haematobium
and S. mansoni infections, were therefore defined as: 1) the presence of one or more S.
haematobium ova in 10 ml of filtered urine samples; or 2) the presence of S. mansoni
eggs in one gram of stool sample processed by the Kato-Katz technique (WHO 1985).

Both infections were detected by microscopy.
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2.5 Exploratory Analysis

2.5.1 Ciriteria for Inclusion in the Analysis

Participants were considered for inclusion in the analysis if they had submitted samples

for at least one of our study outcomes as well as exposure data (Table 3).

Table 3: Total number of participants who were considered for inclusion in the
analysis. The inclusion criteria was based on participation in at least one of the
parasitology surveys as well as the questionnaire survey.

Total Number of Participants (%)

Community Both Urine and Stool Samples Urine Samples Alone Stool Samples Alone Total
Alabonu 512 (59.33) 14 (23.33) 7 (11.48) 533
Klamadaboe 122 (14.14) 5 (8.33) 8 (13.11) 135
Torgorme 229 (26.54) 41 (68.33) 46 (75.40) 316
Total 863 60 61 984

2.5.2 Assessing Non-Linearity in Age

Based on a priori knowledge, we expected non-linear relationships between age and
our study outcomes, the prevalence of S. haematobium and S. mansoni infections (Y5).
Studies in different endemic settings have consistently reported peak prevalence rates
in children aged 10-14 years whilst adults usually tend to show a decline in prevalence
rates. The declining rates in adults is, however, less pronounced for S. mansoni infection
(Jordan & Webbe 1982). We, therefore, employed the use of non-parametric smoothers,
equation 1, in assessing these relationships (Wood 2006). Reasonable approximations
about the forms of dependence on age in our formal models were then based on the

estimated smoothers.

log< i ) = £ (X))

1—7'('1'

(1)
}/; ~ BernOllHi(L 7TZ)

where 7; denotes the probability that the observed outcome in the i" participant was
positive and 1 — m; denotes otherwise; X; represents the continuous-valued covariate,

age, whilst f(X;) is the smoothing function for age in the Generalised Additive Model.
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2.6 Confirmatory Analysis

To reiterate our study assumptions, we are investigating the hypothesis that the trans-
mission of schistosome infections may exhibit setting-specific variations. Therefore, given
our outcome data on the presence or absence of Schistosoma haematobium and S. man-
soni infections in our study population, we proceeded to investigate the factors that
influenced the risk of infection with either outcome separately for each of our study
sites. Following our discussions in sections 2.3 and 2.5.2 above, the measured expos-
ures that were considered in this study comprised of categorical covariates as well as
the continuous-valued covariate, age, for which every participant had a unique value.
Therefore, to determine which of these exposures increased the probability of infec-

tion with either outcome in any given participant, we formulated our model as follows.

2.6.1 Model Formulation

The effect of the factors that influenced the observed outcome in the i participant was
modelled by assuming there is as an unknown probability, 7;, of acquiring an infection.
Therefore, higher values of this probability, m;, would signify higher chances of being
infected and vice versa (Collett 2003). Moreover, if the infection status of the it" par-
ticipant were denoted by a random variable, ¥; € {0,1}, then P(Y; = 1) = m; would
signify the probability that an infection is observed whilst P(Y; = 0) = 1 — 7; would
denote otherwise. Therefore, Y; follows the Bernoulli probability distribution which is
given by equation 2.

P(Y; = yi) = ' (1 —m)' 7" (2)

where
Y; € {0, 1}

Following the Bernoulli convention, the expected mean, E(Y;), and variance of Y; are
given by equation 3. The systematic component of the model, which is specified as a

function of the measured exposures, is given by equation 4.
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n; = B1 + B2 X (4)

where eta, 1, is the predictor function, 51 and s are the intercept and vector of unknown
regression parameters, respectively whilst X; denotes the vector of measured exposures

for the i*" participant.

To define the relationship between 7w and 7, a function that restricts the values of 7
between 0 and 1 is required. Of the available functions that serve the purpose, the
logit link function is commonly used in linking 7 and 1 (Zuur et al. 2013). Hence, the
relationship between 7 and 7 was defined by equation 5 which limits the fitted values of

7w within a 0-1 range.

logit(m;) = 1 + B2 X (5)
ePrt+B2X;
i = 1 + efrt+B2X; (6)
0
log (1 > =0+ (X (7)
—

2.6.2 Estimation of the Unknown Regression Parameters

With our models specified up to the point of the unknown regression parameters, j3,
we next proceeded to estimate these parameters. For generalised linear models, the
estimation of the unknown regression parameters is effected with the maximum likeli-
hood method. Using the data and the chosen model, the maximum likelihood method
estimates values of the regression parameters that make the data most likely (Crawley
2014). Therefore, the process of parameter estimation involves the specification a joint
likelihood criterion for the data which is then maximised as a function of the regression

parameters (Zuur et al. 2013).

The estimation process begins with the formulation of the likelihood function, based on
the probability distribution function. Moreover, in order to simplify the maximisation
process, the logarithm of the likelihood function is employed in making the likelihood

criterion additive. For the Bernoulli probability distribution, equation 8, the likelihood
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and log likelihood functions are given by equations 9 - 10.

Fyis Bry - Br) = mf (1= )t =% (8)
L=T1, fsbrp) =[] a0 —m)' 9)
log(L) = 3" log (x(1 —m) ) (10)

N
= Zi:l y; X log(m;) + (1 —y;) X log(1 — ;)

The estimation of values of the regression parameters that maximise the log-likelihood
can be effected with either frequentist or Bayesian estimation techniques. The chosen
technique optimises the log-likelihood by obtaining the first order derivatives which are
then set to zero. A suitable optimisation routine is then employed in solving the resulting
equations in order to estimate the regression parameters (Zuur et al. 2013). We fitted a
standard binary logistic regression model which estimates the regression parameters by

the frequentist technique.

2.6.2.1 Model Selection

Simple logistic regression analyses were initially performed to assess the worth of each
measured covariate. These covariates were then entered into the model in the or-
der of their contribution to the overall deviance, as judged by a deviance-based test.
The relative effects of the terms in the multiple logistic regression model were also as-
sessed by a deviance-based test (Hilbe 2009). Therefore, terms that were significant
on entry into the model but whose effects became non-significant after adjusting for
the effects of other terms were considered for exclusion. The exclusions of any such
terms were, however, effected only when their omissions did not significantly increase
the overall deviance of the model. The resulting model, after the backwards selec-

tion of terms, became our main effects model for the risk of the schistosome infections.

Using selected terms in the main effects model, potential two-way interactions were
investigated. The effects of these interaction terms were assessed by computing the

deferences in deviance between the nested model, i.e. the main effects model, and
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each of the full models containing the interaction terms, in addition to the terms in
the main effects model. Statistically non-significant interaction terms were dropped if
their exclusions did not significantly increase the overall deviance of the model. The

resulting model became our provisional model for the risk of schistosome infections.

2.6.2.2 Goodness-of-Fit Check
2.6.2.2.1 Assessing Over-dispersion

Following recommendations by Zuur et al. 2013 that over-dispersion in Bernoulli GLM
be defined by the Pearson dispersion statistic, equation 11 was used in assessing our
provisional models for extra-dispersion. Our cut-off limit for over-dispersion was set at

1 (Zuur et al. 2013).
e A 11
N (11)
where y; is the observed value of the outcome in the i*" participant; m; is the prob-
ability that infection was observed in the i** participant; N denotes the number of

observations in the model and k is the number of parameters in the model, including the

intercept.

2.6.3 Model Validation
2.6.3.1 Assessing the Homoscedasticity Assumption

In assessing our provisional model for non-constance error variance, the Pearson resid-
uals, equation 12, were sorted into groups of 10 based on the order of their corresponding
sorted fitted values (Zuur et al. 2011). The mean of the Pearson residuals in each of
these groups was then computed and plotted against the fitted values to assess ho-
moscedasticity. This approach of assessing the homoscedasticity assumption in binary
logistic regression models, however, tends to work better for large data sets (Zuur et al.
2011).

€ = Y- (12)

7 (1 — 1)

where Y; is the observed response for the ith participant, 7; is the fitted value correspond-

ing to Y; and /7; (1 — ;) is an estimate of the standard deviation of the raw residuals.
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2.6.3.2 Assessing the Assumption of Independence

In line with our study hypothesis, we expect the transmission of schistosome infections to
assume heterogeneous, rather than random patterns within each of our study communit-
ies. Such non-random patterns are, however, often the results of complex interactions
between the measured covariates and specific micro-level factors that act in conjunc-
tion with the common risk factors. Therefore, in assessing the effect of these micro-level
factors on the validity of our models, certain assumptions were made. These assumptions

are discussed in the next two sections.

2.6.3.2.1 Assumptions Regarding the Effects of the Micro-Level Factors

We began by assuming that the micro-level factors were unobserved latent factors specific
to each of our study sites. These factors were also thought to have acted in conjunction
with the measured covariates to influence exposure patterns in the study communities.
Moreover, in order for the collective effects of these micro-level factors to be evident,
we further assumed that they were mostly activities that may have occurred in a socio-
temporal context among groups of individuals, rather than as discrete activities that

were performed at the individual-levels.

For instance, the infective stages of the schistosome parasites, the cercariae, are known
to exhibit diurnal rhythms where their peak densities in the freshwater habitats occur
between noon and 15:00 GMT (Farooq & Mallah 1966). Therefore, human exposure
activities that occur within this peak period are bound to be associated with higher
risk of infectivity. Moreover, since the water bodies that serve as sources of trans-
mission tend to be major sources of livelihood in endemic settings, human exposure

patterns may also be linked to the major economic activities specific in these settings.

Therefore, if similar levels of infectivity were assumed across the different points of
exposures, then the time of exposure may potentially contribute to the varying risk
of infection in the human host population. Hence, we could logically assume that
for any given endemic setting, groups of inhabitants involved in the same occupa-

tional activities may experience similar risk due to similarities in the time of exposure.
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2.6.3.2.2 Assumptions Regarding the Residuals

The residuals of our provisional model represented the variation in the risk of schis-
tosome infections that was not accounted for by the measured covariates (Arlinghaus
1996). Hence, it follows that these residuals represented the effect of the micro-level
factors as well as the random noise in the data. Any apparent patterns in these re-
siduals may, therefore, signify the clustering of risk due to the effects of micro-level
factors acting in specific parts in any of our study sites. We, therefore, proceeded to
investigate heterogeneities in the patterns of schistosome transmissions by conducting

an assessment for spatial autocorrelation in the standardised point-referenced residuals.

2.6.3.2.3 Principle of Spatial Autocorrelation

The principle of spatial autocorrelation is based on Tobler’s first law of geography which
states that “everything is related to everything else, but near things are more related
than far things” (Waller & Gotway 2004). This principle, therefore, captures the distance
decay concept in spatial statistics where nearby objects are thought to share more similar
attributes, and hence could no longer be considered as being independent of each other

(Arlinghaus 1996).

In the context of this study, the clustering of risk would be expected to be evident in
the point-referenced residuals if the inhabitants of any of our study communities, who
also happened to live in close proximities to each other, were exposed to similar micro-
level factors. Therefore, using the standardised Pearson residuals, which represented the
variation in the risk of infections that was unaccounted for by our provisional model,
we preceded to conduct an assessment for spatial autocorrelation. In the next section,
we focus on the classical geostatistical convention for effecting the decomposition of our

provisional model into covariate information and residuals.

2.6.3.2.4 Classical Geostatistical Concepts

Following classical geostatistical convention, residuals (z;) from the various sampled loca-

tions, s, within our study communities could be regarded as samples of a single realisation
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of an underlying random and spatially continuous process, Z. These observed realisa-
tions are therefore used in drawing statistical inferences about the random function, Z.
The spatial distribution of Z is specified by the mean, p and covariance or variogram

i.e. the first two moments (equation 13) (Gelfand et al. 2010, Waller & Gotway 2004).

ElZ(s)] = p (13)

Cov (Z(sj), Z(sk)) =C(sj —sg)

where C'(.), the covariance function, measures the spatial autocorrelation between sampled
locations s; and sj. Under the assumption of second-order stationarity for the random
function, Z, u is independent of location and the covariance only depends on the separ-

ation distance between s; and si(Waller & Gotway 2004).

2.6.3.2.5 Variogram Analysis

The variogram, defined by equation 14, is the geostatistical tool for measuring the spatial
dependence between the residuals, z;, at sampled locations s; and s; + h. The choice
of appropriate lags, h, is conventionally based on the mean distance between pairs of
sampled locations (Figure 9) (Myers 1997). The dependence in the spatial process is
evidenced by small spatial lags, h, between sampled locations due to the similarity in
the values of residuals, z; (Figure 10) (Zuur et al. 2007). In computing the empir-
ical variogram, specific functions in the R geoR package by Jr & Diggle 2012 were em-

ployed. The variogram was computed for 13 spatial lags with a lag tolerance of + 22.5°.

1 p(h)
v(h) = 3p(h) > {zilsy) — zi(s)} (14)
a=1

where p(h) denotes the numbers of pairs of Pearson residuals that are separated by h, the
spatial lag, h, is the distance separating any given set of pairs of residuals while z; and

z; are the residuals for the ith and jth participants at locations s; and sy, respectively.
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Figure 9: A schematic representation of the lag distances, d; - d3, and residuals
that occur within each lag (adapted from Myers 1997 with permission of the rights
holder, John Wiley and Sons).

Sill

P I () Y Spatial Lag

Figure 10: An example of a typical variogram (adapted from Waller & Gotway 2004
with permission of the rights holder, John Wiley and Sons). The variance of the
spatial process, Y, is given by the sum of the measurement error variance, 72, and
the signal variance, 02 whilst ¢ denotes the range within which residuals are spatial
correlated.
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2.6.3.2.6 Directional Dependence

As discussed in section 2.1 above, the pre-intervention sites also lacked any of the
operational components of transmission control. Hence the patterns of schistosome
transmission in those communities could be attributed primarily to the distribution
and abundance of the intermediate aquatic molluscan hosts (Brooker 2007). There-
fore, if the degree of infectivity were assumed to be constant across all the points of
exposure, i.e. the water contact sites, then we could also ideally speculate that the
strength of the spatial correlation would be the same in all directions assuming trans-
missions were autochthonous. Hence, the omni-directional empirical variogram could

ideally be regarded as the mean variogram for all spatial directions in such instances.

However, if the degree of infectivity did vary across the different points of exposure,
due to site-specific factors that influenced the ecology of the intermediate snail host
species, then we could adopt the logic by Vounatsou et al. 2009 in arguing that the
spatial dependence would be stronger in the direction of the higher transmission points.
This logic would, however, only hold if the different points of exposure were constantly
accessed by the same group of individuals and there was limited interaction in expos-

ure patterns across the different sites (this is investigated in Part IIT of this thesis).

Though the latter argument seems more plausible, it also suggests a potential viola-
tion of the isotropy assumption which renders the omni-directional empirical variogram
inadequate. We, therefore, computed directional variograms to verify the isotropy as-

sumption and correct for anisotropy where necessary.

2.6.3.2.7 Statistical Significance of the Spatial Dependency

The position of the isotropic empirical variogram within an envelope of random permuta-
tions, computed by the random allocation of the residuals to different sampled locations
within the study region, was initially used in assessing if any observed spatial trend in
the residuals may have occurred by chance (Diggle & Ribeiro 2007). A formal test for
trend by Eagle & Diggle 2012, which is based on a null hypothesis of the absence of

spatial autocorrelation, was then employed in computing the test statistic and p-value.
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Therefore, a statistically significant spatial autocorrelation was interpreted as signifying
residual spatial variation due to the effect of the unobserved micro-level factors. Since
this had the effect of overestimating the models’ precision, the next step in the analysis
was to describe the spatial dependency with the appropriate correlation structure and
incorporate the correlation into the model. We, however, defer any discussion on the

model adaptation to Part II of this thesis.

2.6.4 Alternative Approach

Instead of modelling our binary outcome variable as a Bernoulli distribution, we could
alternatively have modelled Y; as a binomial distribution (equation 15). The spatio-
temporal distribution of the probability of schistosome infections could then have been es-
timated by employing an approach that utilises the variogram in the model such as indic-

ator kriging or a spatial generalised linear model (Cressie 1993, Diggle & Ribeiro 2007).

Y;; ~ B (ni,m) (15)

where Y; is the number of infected participants per household and n; is the number
of sampled participants per household, assuming the probability of testing positive for

schistosome infection, m;, is the same for all n;.
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3 Results

Building on our study hypothesis that the transmission of schistosome infections would
assume heterogeneous patterns in response to setting-specific micro-level factors, this
section examines some of the micro-level factors specific to each of our study sites and

presents results of the formal analysis.

3.1 Alabonu

3.1.1 Baseline Characteristics of Study Population

One hundred and sixty-seven people, constituting 32% of the study population, were
infected with S. haematobium, 60 (12%) with S. mansoni and 24 (5%) with both S.
haematobium and S. mansoni. Although school-aged children accounted for most of the
S. haematobium infections in the community, S. mansoni infection was equally distrib-
uted among the school-aged population and adults. However, all the observed infections

in the pre-school-aged children were S. haematobium infections (Table 4).

The community was a pre-intervention site for schistosomiasis. Therefore, any treated
schistosomiasis cases in the community were people who had sought treatment on their
own. However, 48% of the participants had received or sought treatment for the soil-
transmitted helminth infections, and children in the school-aged population constituted

165 (30%) of this treated group (Table 4).

3.1.1.1 Micro-Level Determinants of Infectivity

3.1.1.1.1 Socio-Temporal Context of Exposure Patterns

The infective aquatic larval stages of the schistosome parasites are known to exhibit
diurnal rhythms in response to fluctuations in daily temperature, light intensity and
velocity of their aquatic habitats. Consequently, the highest density of the infective
larval stages, the cercariae, tends to occur in the water between 12:00 - 15:00 GMT

(Figure 11) (Farooq & Mallah 1966).
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Figure 11: Diurnal variation in the relative density of cercariae discharged by the
intermediate snail host of S. haematobium (adapted from Chandiwana et al. 1991
with permission of the rights holder, Cambridge University Press.)

Therefore, every exposure event may not automatically lead to an infection (Bruun &
Aagaard-Hansen 2008). But rather, the time and degree of exposure may play more
significant roles in determining infectivity. Since our provisional models were not adjus-
ted for the time of exposure, there may be residual spatial effects due to interactions
between the measured covariates and some of these micro-level factors that influenced

infectivity in the community.

For instance, the main economic activities in the community were subsistence farm-
ing and fishing. Most of the young adult males also worked on a rice plantation, the
Kpong Irrigation Project, that was situated across the Lake. During our field surveys
in the community, certain patterns in the time of exposure were observed for different
groups of individuals. The next section, therefore, examines some of these variation

in water contact patterns from a more epidemiological and socio-economic perspective.

3.1.1.1.2 “Who Goes Where At What Time?”

The question of “who goes where at what time” as posed by (Bruun & Aagaard-Hansen
2008) could best be answered by regarding water contact patterns as processes that

occur within the broader context of a series of setting-specific socio-economic activities.
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Bearing in mind that there were no realistic alternatives to relying on the Lake for
domestic and economic purposes, the rest of this section would focus on the socio-

temporal patterns of exposure in the community.

Figure 12: Left: Children taking their bath in the Lake before school. Right:
People getting off the canoe in the late afternoon. A woman is seen returning from
the cassava mill (circled).

3.1.1.1.3 Common Activities that Influenced Time of Exposure

A normal week day in the community began with the farmers, both males and females,
leaving for their farms around 05:00 GMT. The rice plantation farmers took their bath
in the Lake around 05:30 GMT and boarded the canoe around 06:30 GMT to leave for
work. Around the same time, school children in the community took their bath in Lake
before leaving for school (Figure 12). While some of these children were enrolled in the
local school, others attended schools in communities across the Lake and had to travel

in canoes.

The farmers mainly returned from their farms between 09:30 - 10:00 GMT. While the
male farmers normally took their bath almost immediately after getting back home, the
female farmers only went to the Lake at that time to collect water. The collected water
was then taken home and used in washing some of their farm produce, such as peeled

cassava; and for washing clothes (Figure 13).

The rice plantain workers and the students returned to the community around 13:30 and
14:00 - 15:00 GMT, respectively. The late afternoons were usually marked by children

swimming in the Lake and women travelling across the Lake to mill their cassava, Mani-
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Figure 13: Left: Female farmers peeling cassava, while listening our field personnel,
around 11:00 GMT. Right: Children returning from school around 14:30 GMT.

hot esculenta, which served as the main ingredient of the staple diet, akple. The most
notable event linking all these activities is that they all involved some amount of wading

in the littoral zone of the Lake at different time points.

Significant departures from these normal routines in the time of exposure occurred dur-
ing school holidays when the Lake mainly served as a source of recreation for children
in the community; and during the rainy season where all activities that involved con-
tact with the Lake were considerably reduced due to the increased risk of drowning.

During this period, the inhabitants relied on the rain water for domestic purposes.

3.1.2 S. haematobium
3.1.3 Exploratory Analysis
3.1.3.1 Assessing Non-Linearity in Age

An initial assessment of the relationship between age and the prevalence of S. haemato-
bium infection suggested that infections were more common among the younger parti-
cipants (< 23 years) whilst the older participants mainly constituted the non-infected
population in the community (Figure 14). However, even though Figure 14 suggested a
non-linear effect in age, the exact nature of the relationship was not discernible due to
the discrete nature of the outcome. Therefore, in line with our discussion in section 2.5.2,
we employed the use of non-parametric smoothers by Wood 2006 in estimating a curve

that reasonably captured the non-linearity of age on the predictor scale (Figure 15).
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Figure 14: Scatterplot of infection status, as judged by the presence of S. haemato-
bium eggs in urine samples, versus age of study participants in Alabonu. The graph
mainly suggests S. haematobium infections were common in participants aged < 23
whilst the older-aged participants mainly constituted the non-infected population.
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Figure 15: Estimated non-parametric smoother (solid line) showing a non-linear
trend in age for the probability of S. haematobium infection in Alabonu. The outer
dashed lines represent the 95% confidence limits whilst the value, 4.09, in the y-axis
label represents the optimum amount of smoothing as determined by the cross-
validation process.
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3.1.3.1.1 Estimated Non-Parametric Smoother for Age

In line with our earlier observation in section 3.1.3.1, the smoothing function for age,
equation 1, estimated a non-linear effect with 4.09 effective degrees of freedom, as op-
posed to the 1 degree of freedom that would have been produced if the effect were linear
(Figure 16 and Table 5). The smoother was significant at the 5% level (p<0.001) and
accounted for 14 percent of the variation in S. haematobium infection. Judging by the
shape of the smoother, children aged around 12 years had the highest odds, 0.5, of being
infected. Thereafter, a steady decline in the odds of infection occurred until 40 years.
The wide confidence intervals above 30 years correspond with the limited number of

infections in the older population (Figure 16).

1.0

0.6 0.8
\

0.4

Probability of S. haematobium Infection
0.2

0.0

Age

Figure 16: Estimated non-parametric smoother (solid line) for age, equation 1,
plotted on the response scale. The grey dots represent the observed prevalence of
S. haematobium infection in Alabonu.

3.1.3.1.2 Modelling the Effect of Age

If the cross-validation process that estimates the optimum amount of smoothing had
produced 1 effective degree of freedom, we could have proceeded to fit age as a lin-
ear term in our model (equation 15) without risking any misspecification problems.
However, since the evidence we have so far established points to a non-linear effect in
age, we were confronted with the task of either fitting a semi-parametric model (equa-
tion 16) or programming our own spline that could be incorporated directly into the

already specified generalised linear model (equation 15). We settled for the latter option.
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-

o (12) =m0+ FlAw) 4 aX (16)
1

where equation 16 is a generalised additive model in which 7;, 51, B2 and X; have

the same meanings as for equation 15 and f (Age;) is the smoothing function for age.

3.1.3.1.3 Principle Behind the Smoothing Spline

Conventionally, the smoothing spline is obtained by dividing the X-gradient into a given
number of segments and fitting a model to each of the segments. The fitted values
per segment are then joined together to form the smoother (Wood 2006, Zuur 2012).
Therefore, if we were to revisit equation 1 where the smoothing function for age is
given by f(X;), then f(X;) could be regarded as consisting of basic units, b; (X;), such
that:
P
F(Xi) =) By x b (X)) (17)
j=1

where p is the total number of segments that make up f(X;) and 3; is the regression

coefficient obtained by fitting the j** segment in the model.

3.1.3.1.4 Manual Programming of the Smoothing Spline

Therefore, to programme our own smoothing spline, we first needed to determine the
number of segments, p, that made up f(X;). Judging by the shape of the estimated
smoother, section 3.1.3.1.1, changes in the effect of age were observed at 12 and 40 years
(Figure 15). Hence, those ages could ideally serve as our break-points on the X-gradient.
Therefore, by regarding f(X;) as a stick that could broken into p number of segments, the
broken stick model approach by White et al. 2014 was adopted in defining the segments,
J, of f(X;) as equation 18. These segments were then fitted individually in our formal
model (equation 15).
0, if age<12
age, if age <12
agel = age2 =112, if age>12 and <40 (18)

12, if age > 12
28, if age > 40
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3.1.4 Confirmatory Analysis
3.1.4.1 Modelling the Risk of S. haematobium Infection
3.1.4.1.1 Model Selection

The individual effects of all the measured exposures were significantly associated with
the risk of S. haematobium infections in the community (Table 7). The relative effects of
these covariates in the multiple logistic regression model are presented in Table 8. The
effects of age2 (OR: 0.89, 95% CI: 0.85, 0.92), water contact site: Tutukope (OR: 2.35,
95% CI: 1.09, 5.43) and Akpeakpe (OR: 4.75, 95% CI: (2.33, 10.54)); and individual
history of schistosomiasis treatment (OR: 0.28, 95% CI: 0.06, 0.93) were significantly

associated with the risk of S. haematobium infection in the community.

Using the deviance-based test as the basis for their exclusions, the following non-significant
terms were dropped from the model: sex, frequency of water contact, history of soil-
transmitted helminths treatment and agel (Table 8). Our main effects model for S.
haematobium infection was, therefore, adjusted for age2, water contact site and history

of schistosomiasis treatment.

None of the two-way interactions between the terms in the main effects were statistically
significant (Table 6). The deviance-based test further justified the exclusions of these

terms from the model. The provisional model was, therefore, given by Table 9.

Table 6: Deviance analysis for interaction between terms in the main effects model
for S. haematobium Infection in Alabonu. The difference between the null and
residual deviances, Dy - Dy, represents the contribution of each interaction term to
the overall deviance of the model.

Deviance Analysis

Interaction Terms df Do -D; Residual Deviance Residual df p-value
Main Effects Model (Null Model) 538.46 518

age2 : water contact point 2 1.367 537.09 516 0.505
age2 : schistosomiasis treatment 1 0.981 537.48 517 0.322
water contact point:  schistosomiasis treatment 2 2.622 535.83 516 0.270
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Table 9: Provisional model for S. haematobium infections in Alabonu.

Model Terms OR (95% CI) SE p-value
Age

age2 0.89 (0.85, 0.91) 0.017 0.000
Water contact point

Others 1

Tutukope 2.27 (1.06, 5.24) 0.403 0.041
Akpeakpe 4.69 (2.31, 10.35) 0.379 0.000
Treatment for schistosomiasis

Never 1

Ever 0.29 (0.07, 0.97) 0.668 0.067

3.1.4.2 Goodness-of-Fit Check

The dispersion statistic, computed as the ratio of the residual deviance of our provisional
model, D; = 539.60, to its residual degrees of freedom, df; = 519, was 1.04. Since 1.04
is approximately equal to our limit for over-dispersion as discussed in section 2.6.2.2.1,

we concluded that the model was not over-dispersed.

3.1.4.3 Model Validation

3.1.4.3.1 Assessing the Homoscedasticity Assumption

The spread of the residuals across the range of their fitted values suggests no obvious

violation of the homoscedasticity assumption (Figure 17).

0.6 0.8
| |

0.4

Residuals
0.2

-0.2 0.0
|

-0.4
|

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fitted values

Figure 17: Grouped Pearson residuals, as described in section 2.6.3.1, versus fitted
values of the provisional model for S. haematobium infection in Alabonu.
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3.1.4.3.2 Assessing the Assumption of Independence

A point map of the spatially-referenced residuals, Figure 19, was initially examined for
apparent clusters of identical residuals that may potentially violate the assumption of
independence. In the context of this study, any such clustering of risk may be indicative
of co-variation between the residuals and the un-measured micro-level factors under

consideration.

The map, Figure 19, seems to suggest clusterings signifying areas with increased or
decreased likelihoods of risk in specific parts of the study community (circled parts of
Figure 19). These spatial trends correspond to areas where our provisional model over
or under-estimated the risk of infection (Figure 20). However, our interpretation of any
such latent trends in the residuals may also have been biased by the cluttering of points
resulting from having multiple observations from the same sampled locations. Therefore,
some of the points end up being drawn directly over others. As a way if fixing this bias
associated with the interpretation of Figure 19, an empirical variogram was employed in

quantifying the spatial dependency in the residuals.

3.1.4.3.3 Variogram Analysis

The shape of the omni-directional empirical variogram, Figure 18, mainly shows a flat
trend with no sill up to a spatial lag of 0.005° after which it begins to decrease. Hence,

it would seem at this stage there is no spatial dependency in the process.

0.8 1.0
1

Variogram
0.6
o

0.2

0.0
|

T T T T
0.000 0.005 0.010 0.015

Spatial Lag (in degrees)

Figure 18: Omni-directional empirical variogram for the Pearson residuals of the
provisional model for S. haematobium infection in Alabonu.
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Figure 19: Spatially-referenced residuals of the provisional model for S. haemato-
bium infection in Alabonu. The radii of the points are proportional to the absolute
values of the Pearson residuals. The red and black points represent the negative
and positive residuals, respectively.
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Figure 20: Distribution of S. haematobium infection in Alabonu. Each point corres-
ponds to a sampled location i.e location of the household of the sampled participant.
The red and black points represent infected and non-infected cases, respectively.
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Figure 21: Directional empirical variograms for the 0° , 45°, 90° and 135° spatial
directions (with a tolerance angle of + 22.5° around each of these directions).

Variogram

0.000 0.005 0.010 0.015

Spatial Lag
Figure 22: Empirical variogram of the Pearson residuals of the provisional model
for S. haematobium infections in Alabonu (dotted red line) and the 95% confidence

envelope (outer dashed lines). The variogram suggests no evidence of significant
spatial autocorrelation in the residuals.
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However, we are investigating the hypothesis that the patterns of transmission are hetero-
geneous in space. Since such heterogeneities may be influenced by the time of exposure as
well as the exact point where the different groups of inhabitants frequently experienced
their exposures, it was reasonable to assume that any observed spatial trend might also

vary with direction. We, therefore, proceeded to verify the isotropy assumption.

The shapes of the computed directional variograms, Figure 21, are mostly flat till a
range of around 0.008°, thereby suggesting the absence of any spatial dependence in
these directions. The 0°, and to some extent the 135° directions, however, begin to rise
and assume different sills after the range 0.008° which may point to different amount of

variation in those directions.

However, since none of these directional variograms assumed any of the general shapes
that depict the presence of spatial dependency, we chose to use the omni-directional
variogram for the rest of the analysis. Both the envelope of random permutations,
Figure 22, and our formal tests for trend did not detect any statistically significant

spatial dependence, p=0.492.

3.1.4.3.4 Final model for S. haematobium Infection

Based on these results, we ruled out the relevance of the effects of any unobserved micro-
level factors on the community-level variation in the risk of S. haematobium infection,
and hence the absence of any significant heterogeneities in the likelihood of infection.
Our final model indicates S. haematobium infection was explained by age2, the point of

frequent exposure and history of schistosomiasis treatment (equation 19).

logit(m) = 029 + 089 (age2) +
227 (Tutukope) + 469 (Akpeakpe) + (19)

0.29 (treatment)
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3.1.5 S. mansoni Infections

Empirical evidence suggests that infection with any one of the human schistosome spe-
cies may not necessarily provide any form of immunity against the other schistosomes
(Mott et al. 1990). Therefore, even though similar factors may influence the systematic
variation in the risk of S. haematobium and S. mansoni infections, different factors may
underlie their transmission dynamics at the micro-level. Hence, we next investigate the
factors that influenced the community-level variation in the risk of S. mansoni infection

in Alabonu.

3.1.6 Exploratory Analysis

3.1.6.1 Assessing Non-Linearity in Age

A scatterplot of the relationship between age and the prevalence of S. mansoni infection,
Figure 23(a), indicated that though infections were observed across the entire age range
for the study, participants aged < 30 harboured most of these infections. To discern
the exact nature of this relationship on the predictor scale, the gam function in the R
mgcv package by Wood 2006 was employed in estimating a non-parametric smoother

that adequately captured the effect in age (Table 10).

1.0

0.4 0.6
Il
s(age,1)
0.0 0.5

Presence/Absence of S. mansoni Eggs

0.0

! IIIII!IIIIIIIII!IIIIIIIII; IIIIIIII! Il IIIII! IIIIIIII‘!
10 20 30 40 50 60 10 20 30 40 50 60

-0.5

Age Age

(a) Scatterplot (b) Smoother

Figure 23: (a) Scatterplot of the prevalence of S. mansoni infection in Alabonu
versus age of the study participants. (b) Estimated non-parametric smoother for
the effect of age on the predictor scale (solid line) and the 95% confidence limits
(outer dashed lines). The intersection of the three lines is the result of a constraint
in the Generalised Additive Models’ algorithm that centres smoothers around 0
(Zuur 2012).
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The smoother, Figure 23(b), estimated a linear effect with 1 effective degree free-

dom (Table 10). This effect was, however, non-significant at the 5% level (p=0.484).

3.1.7 Confirmatory Analysis

3.1.7.1 Modelling the Risk of S. mansoni Infection

3.1.7.1.1 Model Selection

The individual effects of water contact site, history of schistosomiasis treatment, fre-
quency of water contact and treatment for soil-transmitted helminths in the past year
were significantly associated with the risk of S. mansoni infection in the simple logistic

regression analysis (Table 11).

The relative effects of these covariates in the multiple logistic regression model are presen-
ted in Table 12. Using the deviance-based test, STH treatment was dropped and the

resulting model became our main effects model (Table 13).

Table 11: Simple logistic regression models for the risk of S. manson: infections in
Alabonu

Simple Regression Models Deviance Analysis

Terms OR (95% CI) SE p-value Dy - D; df p-value

Water contact point

Others
Tutukope
Akpeakpe

Treatment for schistosomiasis
Never
Ever

Frequency of water contact
Daily
1-3 times per week

Sex
Females
Males

STH treatment in the past year
No
Yes

STH treatment
Never
Ever

Schistosomiasis treatment in the past year
No
Yes

1
4.33 (1.47, 18.55)
2.44 (0.83, 10.41)

1
0 (NA, 8.12 x 10'2)
1

0.26 (0.04, 0.86)

1
0.91 (0.51, 1.58)

1
0.60 (0.33, 1.06)

1
0.68 (0.39, 1.16)

1
0 (NA, 7.09 x 1018)

0.625
0.623

824.921

0.733

0.287

0.297

0.280

594.164

0.985

0.064

0.734

0.088

0.161

0.982

8.890

5.810

5.090

0.120

3.050

2.000

1.490

0.012

0.016

0.024

0.729

0.000

0.157

0.222
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Table 12: Multiple logistic regression model for S. mansoni infections in Alabonu.

Multiple Regression Model

Model Terms OR (95% CI) SE p-value

Water contact point

Others 1

Tutukope 4.61 (1.55, 19.8) 0.628 0.015
Akpeakpe 2.47 ( 0.83, 10.1) 0.626 0.149
Treatment for schistosomiasis

Never 1

Ever 0 (NA, 9.65 x 10'%)  797.837 0.985
Frequency of water contact

Daily 1

1-3 times per week 0.24 (0.04, 0.82) 0.743 0.055
STH treatment in the past year

No 1

Yes 0.63 (0.34, 11.2) 0.303 0.126

Table 13: Deviance analysis for terms in the multiple regression model for S. man-
soni infections in Alabonu. The second column gives the difference between the null
(Do) and residual (D;) deviances as each term is added sequentially to the model.

Deviance Analysis

Model Terms df Dgp - D; Residual Deviance Residual df p-value

Null Model 371.190 516

Water contact point

Others

Tutukope 2 8.581 362.610 514 0.014
Akpeakpe

Treatment for schistosomiasis
Never
Ever 1 6.646 355.970 513 0.010

Frequency of water contact
Daily
1-3 times per week 1 4.834 351.130 512 0.028

STH treatment in the past year
No
Yes 1 2.433 348.700 511 0.119

61



The effects of interactions between the terms in the main effects model are presented in
Table 14. None of these terms were, however, statistically significant and the deviance-
based test further indicated these terms could be omitted from the model without causing
any significant increase in the overall deviance. Therefore, the main effects model became

our provisional model for the risk of S. mansoni infection.

Table 14: Deviance analysis for interaction terms in the main effects model for S.
mansont infections in Alabonu.

Deviance Analysis

Model Terms df Do -D; Residual Deviance Residual df p-value
Main Effects Model 351.130 512.000

Water contact point : Schistosomiasis treatment 2 0.000 351.130 510.000 1.000
Water contact point : Frequency of water contact 2 4.679 346.460 510.000 0.096
Schistosomiasis treatment : Frequency of water contact 1 0.000 351.130 511.000 1.000

3.1.7.2 Goodness-of-Fit Check

The dispersion statistic, 0.68, fell within our acceptable cut-off limit, as discussed in

section 2.6.2.2.1. We, therefore, ruled out over-dispersion.

3.1.7.3 Model Validation
3.1.7.3.1 Assessment of Homoscedasticity

Figure 24 suggests no obvious violation of the homoscedasticity assumption. Therefore, it

would seem at this point that the model may not require any further improvement.
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Figure 24: Grouped Pearson residuals versus fitted values of the provisional model
for S. mansont infections in Alabonu.
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3.1.7.3.2 Assessing the Assumption of Independence

A cursory inspection of Figure 26 mainly seems to suggest the absence of any clear se-
gregation of negative or positive residuals. However, a comparison with the raw response
data, Figure 27, also seems to suggest our provisional model may have under-estimated
the risk of S. mansoni infection in the areas around the centre of the community. To get
a better assessment of any latent spatial patterns, an empirical variogram was computed

for the residuals (Figure 25).

3.1.7.3.3 Variogram Analysis

The shape of the omni-directional empirical variogram, Figure 25, seems relatively flat
with not sill, thereby pointing to the absence of spatial dependence. However, the
omni-directional variogram assumes isotropy. We, therefore, proceeded to verify this

assumption by computing anisotropic variograms.
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Figure 25: Omni-directional empirical variogram for the Pearson residuals of the
provisional model for S. mansoni infection in Alabonu.

The anisotropic variograms, Figure 28, for the four directions appear the same, thereby
ruling out any obvious violation of the isotropy assumption. Hence, the omni-directional
variogram was used in the rest of the assessment. In line with our earlier observations,

Figure 29 confirms the absence of spatial autocorrelation. Moreover, our formal test for

trend indicated a non-significant effect (p=0.759).
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Figure 26: Spatially-referenced residuals of the provisional model for S. manson:
infection in Alabonu. The radii of the circles are proportional to the absolute values
of the Pearson residuals. The red and black circles represent the negative and
positive residuals, respectively.
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Figure 27: Distribution of S. mansont infection in Alabonu. Each point corresponds
to a sampled location i.e location of the household of the sampled participant. The
red and black points represent the infected and non-infected cases, respectively.
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Figure 28: Directional empirical variograms for the 0° , 45°, 90° and 135° spatial
directions (computed with a tolerance angle of + 22.5°).
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Figure 29: Empirical variogram (dotted red line) for the Pearson residuals of the
provisional model for S. mansoni infection in Alabonu and the envelope of random
permutations.

3.1.7.3.4 Final Model for S. mansont infection

The results, therefore, suggest the community-level variation in the risk of S. mansoni
infection was adequately explained by the water contact sites’ frequented by the inhab-
itants as well as their history of schistosomiasis treatment and frequency of exposure

(equation 20).
logit(m;) = 005 + 4.63 (Tutukope) +

2.37 (Akpeakpe) + 0.00 (treatment) + (20)

0.26 (Frequency of water contact)
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3.2 Klamadaboe

This community was within a 1 mile distance from Torgorme, the most developed of
the three communities under consideration in this study. There was also a footpath
linking the two communities (Figure 30), hence the inhabitants of Klamadaboe had the
choice of walking over the 1 mile distance to collect treated water from the communal
tap in Torgorme. But what factors would influence people’s decision to choose tap water
over the Lake for domestic purposes? Or would anyone walk over that distance just to
collect a bucketful of water when the Lake was practically in their backyards? Our study
questionnaire for this community was, therefore, designed to collect exposure data in the

context of the inhabitants’ level of schistosomiasis awareness (Appendix A).

'

Figure 30: Left: A section of Klamadaboe. Right: The footpath that linked Kla-
madaboe to the neighbouring community, Torgorme.

The footpath also provided an alternative means of transportation by motorbike taxis.
The community, however, lacked public conveniences and a school, hence children from
this community either attended school in Torgorme or in communities across the Lake.
Therefore, even though Klamadaboe had no history mass chemotherapy intervention, we
made a reasonable assumption at the beginning of the study that the children from this
community who attended school in neighbouring Torgorme or other places were more
likely to have received anthelmintic treatment at some point in time during any of the

school-based mass chemotherapy intervention programmes.
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3.2.1 Baseline Characteristics of Study Population

Ten (7.87%) of the study population were infected with S. haematobium whilst S. man-
soni infections occurred in 23 (17.69%). Co-infection with both schistosome species was
recorded in 3 (2.34%) of the study participants. The S. haematobium infections occurred
in 2(4.28%) preschool-aged children, 4 (11%) school-aged and 4 (6%) adults.

The S. mansoni infections were, however, observed in 17 (29.82%) of adults, 5(14.28
%) school-aged children and 1 (6.66 %) preschool-aged child. None of the children in
the preschool-aged category was co-infected with S. haematobium and S. mansoni. The
prevalence of light and intensity heavy S. haematobium infections in the community were
8 (6%) and 2 (1.5% ), respectively. The heavily infected participants occurred in both
the school-aged and adult categories. All the S. mansoni infections were, however, light

intensity infections.

3.2.1.1 Individual-Level Treatment History

Despite our initial assumption that most children in this community may have received
treatment, the questionnaire survey revealed that most of them had never indeed been
treated and that only 1.75% of the school-aged children in the community had ever
received treatment from school (Table 15). The treatment history was also equally low

among adults in the community.

3.2.1.2 General Awareness of Schistosomiasis

The level of schistosomiasis awareness was generally low across all age groups in the
community (Table 16). However, school-aged children had the lowest level of awareness.
For instance, all girls in the school-aged group were not aware of the most common
symptoms of acute schistosomiasis such as haematuria, dysuria and bloody diarrhoea.
The highest proportion of inhabitants who had experienced any of the common symptoms

of schistosomiasis were boys in the school-aged category.
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3.2.1.3 Water Contact Activities

Almost all the inhabitants were exposed to the Lake on daily basis (Table 17). Of
the activities that involved contact with Lake, water collection, washing, swimming and
canoe boarding were the most common whilst sand gathering from the bottom of the Lake

as well as fishing and wading through parts of the Lake were the less common activities.

Moreover, whilst swimming was more common among school-aged children in the com-
munity, contact activities among adult females mainly involved water collection and

washing (Table 17).

3.2.2 Micro-Level Determinants of Infectivity

As a pre-intervention site where human exposure patterns were virtually constant, it was
only logical to assume human infection levels. However, the levels of infectivity associated
with different exposure events may also be influenced by the type of exposure activities as
well as the duration of exposure. Exposure activities including swimming and washing
often tend to involve long contact with the Lake, and hence may be associated with
higher risk of infection. Moreover, the manner in which such activities were performed
may also have varied across the community. The rest of this section, therefore, examines
some of the potential micro-level factors that may have interacted with the measured

covariates to influence risk in the community.

Empirical evidence suggests the chemicals in soap could have adverse effects the aquatic
larval stages of the schistosome parasites (Okwuosa & Osuala 1993). Therefore, depend-
ing on the manner in which activities that involved the use of soap were carried out,
washing and bathing may may be associated with lower levels of risk. For instance, if
the inhabitants were in the habit of standing in the shallow margins of the Lake while
they washed, then the potential effect of the lather on the schistosome larvae could have
indeed rendered washing a low risk activity. However, if washing was carried out on the
shore instead, then the toxic effect of soap on the schistosome larvae would have been

negligible.
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Moreover, some households in the community had “bathing huts” (Figure 31), thereby
implying that not everyone bathed inside the Lake or the shore. Therefore, the factors
that influenced the use of these “bathing huts” rather than the Lake may have had
important implications on the variation in risk. For instance, did the age and sex of the
members of any given household in the community determine the choice of where they

bathed?

Figure 31: A hut, used as a bathing area (circled), in Klamadaboe. Adults in
households that had these bathing huts were assumed to use them instead of bathing
directly inside the littoral zone of the Lake.

3.2.3 Exploratory Analysis
3.2.3.1 Assessing Non-Linearity in Age
3.2.3.1.1 S. haematobium Infection

Figure 32(a) indicates almost all the observed S. haematobium infections in the com-
munity occurred among participants aged < 30 years whilst the older participants virtu-
ally harboured no infections. In line with this observation, the non-parametric smoother,
Figure 32(b), estimated a decreasing effect with age. However, this estimated linear effect

was not significant at the 5% level, p=0.406 (Table 18).

72



1.0

0.6
Il
s(age,1)

0.4

0.2
2

Presence/Absence of S. haematobium Eggs

0.0

I
.
.
.
°
.
.
°
°
°
.
.
.

~
IIIII;IIIIIII;IIIIIIII;IIIIII;IIIII;IIII ;

10 20 30 40 50 60 10 20 30 40 50 60
Age Age

(a) Scatterplot (b) Smoother

Figure 32: (a) Scatterplot of the prevalence of S. haematobium infection in Klamad-
aboe versus age of the study participants. (b) Estimated non-parametric smoother
for the effect of age on the predictor scale (solid line) and the corresponding 95%
confidence limits (outer dashed lines).

3.2.3.1.2 S. mansont Infection

An initial assessment of the relationship between age and the prevalence of S. mansoni
infection suggested that though infections were common among participants aged < 30
years, most of these infections were mainly concentrated among those in the 20 - 30
years age range (Figure 33). The non-parametric smoother consequently estimated a

non-linear effect in age, Figure 34(a), with 2.019 effective degrees of freedom as the
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Figure 33: Scatterplot of the prevalence of S. mansont infection in Klamadaboe
versus age of the study participants.
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optimum amount of smoothing (Table 18). The highest odds of infection was estim-
ated as 0.24 and this occurred around the age of 25 (Figure 34(b)). However, the
p-value for the smoother, p=0.172, indicates the effect was non-significant at the 5%

level (Table 18).
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Figure 34: (a) Estimated non-parametric smoother for the effect of age on the pre-
dictor scale (solid line) and the corresponding 95% confidence limits (outer dashed
lines). (b) Estimated non-parametric smoother (solid line) for age, plotted on the
scale of the raw data. The grey dots represent the observed prevalence of S. man-
soni infection in Klamadaboe.

3.2.4 Confirmatory Analysis

3.2.4.1 Modelling the Risk of S. haematobium Infection

3.2.4.2 Model Selection

The simple logistic regression models for S. haematobium infection are presented in
Appendix B. None of the measured covariates, however, contributed significantly to

explaining the risk of S. haematobium infection in the community.

3.2.5 Modelling the Risk of S. mansoni Infection

3.2.5.1 Model Selection

The effects of the measured covariates in the simple logistic regression models are presen-
ted in Table 19. Local awareness of schistosomiasis and history of praziquantel treat-

ment were found to be significantly associated with the risk of S. mansoni infection.
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Table 19: Simple regression models for the risk of S. mansoni infections in Klamad-
aboe

Simple Regression Models Deviance Analysis
Model Terms No. of Participants OR (95% CI) SE p-value Do-D; df p-value
Schistosomiasis Awareness
Yes, very well 16 1
Yes, but not very well 51 1.49 0.723 0.584 7.843 2 0.020
No a7 0.27 0.879 0.139
History of Praziquantel Treatment
Once 19 1
Twice or more 4 0.43 (0.02, 4.23) 1.260 0.501 7.492 2 0.024
Never 87 0.19 (0.06, 0.62) 0.599 0.005
Source of Water for Domestic Use
Tap 2 1
Lake 107 3.28 x 10 (0, NA)  2.40 x 10° 0.995 0.752 2 0.687
Both tap and Lake 1 1 (0, 4.21 x 10%1)  3.39 x 106 1.000
Sex
Females 69 1
Males 66 1.15 (0.47, 2.88) 0.460 0.756 0.100 1 0.752
Last Praziquantel Treatment
Up to a year ago 4
Over 2 years ago 19 1.40 (0.11, 33.66) 1.320 0.799 0.066 1 0.797
Frequency of Contact with the Lake
1-3 times per week 7 1
1 per month 0
Daily 107 1.05 (0.16, 20.69) 1.126 0.968 0.000 1 1.000
Activities that involved contact with the Lake:
Swimming
No 49 1
Yes 65 0.48 (0.17, 1.29) 0.512 0.147 2.137 1 0.144
Sand Winning
No 98 1
Yes 16 1.94 0.648 0.307 0.970 1 0.325
Water Collection
No 24 1
Yes 90 0.69 (0.23, 2.36) 0.5837 0.526 0.390 1 0.532
Fording
No 110 1
Yes 4 1.63 (0.08, 13.57) 1.183 0.680 0.160 1 0.689
Canoe Boarding
No 70
Yes 44 1.22 (0.43, 3.31) 0.513 0.699 0.150 1 0.699
Fishing
No 100 1
Yes 14 0.77 (0.11, 3.19) 0.809 0.752 0.100 1 0.752
Washing
No 63 1
Yes 51 1.10 (0.4, 2.97) 0.505 0.854 0.030 1 0.862
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The relative effects of of schistosomiasis awareness and praziquantel treatment history
are presented in (Table 20). The retention or omission of any of these terms from the
model was justified by the deviance-based test, Table 21. Schistosomiasis awareness
ended up becoming the only term in our provisional model for S. mansoni infections in

Klamadaboe.

Table 20: Multiple regression model for S. mansoni infections in Klamadaboe

Terms OR (95% CI) SE p-value

Schistosomiasis Awareness

Yes, very well 1

Yes, but not very well 1.55 (0.38, 8.07) 0.756 0.561
No 0.40 (0.06, 2.73) 0.939 0.330
History of Praziquantel Treatment

Once 1

Twice or more 0.40 (0.02, 3.96) 1.266 0.464
Never 0.28 (0.08, 0.99) 0.634 0.047

Table 21: Deviance Test for terms in the multiple regression model for S. manson:
infections in Klamadaboe. The second column represents the difference between the
null (Dy) and residual (D;) deviance as terms are added sequentially, starting from
first to last

Deviance Analysis

Terms df Dgp-D; Residual Deviance Residual df p-value

Schistosomiasis Awareness

Yes, very well

Yes, but not very well 2 7.67 92.025 103 0.022
No

History of Praziquantel Treatment

Once

Twice or more 2 3.90 88.127 101 0.142
Never

3.2.5.2 Goodness-of-Fit Check

The value of the Pearson dispersion statistic, 0.87, occurred within our acceptable range.
This was, therefore, used as the basis for ruling out over-dispersion in the provisional

model.
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3.2.5.3 Model Validation

3.2.5.3.1 Assessing the Homoscedasticity Assumption

The interpretation of any trend in the spread of the grouped Pearson residuals across
the range of the fitted values in Figure 35 is rendered difficult by the small sample size of
135. However, there does not seem to be any obvious violation of the homoscedasticity

assumption either.

0.6

0.2 0.4
|

Residuals

-0.2
|

T T T T
0.10 0.15 0.20 0.25

Fitted values

Figure 35: Grouped Pearson residuals versus fitted values of the provisional model
for S. mansoni infections in Klamadaboe. The small sample size makes the inter-
pretation of any trend in the spread of the residuals difficult.

3.2.5.3.2 Assessing the Assumption of Independence

A visual assessment of Figure 36 mainly suggests the absence of any apparent clusters of
identical residuals, except for a small area where the likelihood of infection was increased
(the circled area in Figure 36). This area, with an increased likelihood of risk, corresponds
to the part of the community where our provisional model over-estimated the risk of S.

mansoni infection (Figure 37).

However, our interpretation of any latent spatial trend in Figure 36 may be subjective.
In the next section, we employ the variogram as a more objective tool in assessing spatial

dependence, or lack of it, in the point-referenced residuals.
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Figure 36: Spatially-referenced residuals of the provisional model for S. mansoni
infection in Klamadaboe. The radii of the circles are proportional to the absolute
values of the Pearson residuals. The red and black circles represent the negative
and positive residuals, respectively.
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Figure 37: Distribution of §. mansont infection in Klamadaboe. Each point corres-
ponds to a sampled location i.e location of the household of the sampled participant.
The red and black points represent infected and non-infected cases, respectively.
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Figure 39: Directional empirical variograms for lags in the 0°, 45°, 90° and 135°
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spatial directions, computed with a tolerance angle of + 22.5°.
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3.2.5.3.3 Variogram Analysis

The omni-directional empirical variogram, Figure 38, suggests an increasing spatial trend
till a range of 0.013°, which may point to the presence of spatial dependence. Our
assessment for directional dependence, however, indicated that the isotropy assumption
may be reasonable in this particular case (Figure 39). Therefore, the omni-directional
variogram was regarded as the mean variogram for all spatial directions and used in the
rest of the assessment. As judged by the envelope of random permutations (Figure 40)
and the formal test for trend, p = 0.248, there was no statistically significant spatial

dependence in the residuals.

Variogram

o —o
o —

\ \ \ \ \ \ \
0.000 0.002 0.004 0.006 0.008 0.010 0.012

Spatial Lag

Figure 40: The omni-directional empirical variogram of the Pearson residuals of the
provisional model for S. mansoni infection in Klamadaboe (dotted red line) and the
envelope of random permutations (outer dashed lines).

3.2.5.4 Final Model for S. manson: Infections

Therefore, having ruled out the relevance of the unmeasured micro-level factors, equa-

tion 21 became our final model for S. mansoni infection.

(21)

logit(m;) = 025 + 1.49 (awareness,otyerywell)

+ 0.27 (awarenessy,)
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3.3 Torgorme

This was the most developed of the three communities under consideration in this study.
It had a health centre, an access road, public sanitation facilities and a communal tap
(Figure 41). Moreover, the community was in receipt of sporadic chemotherapy in-
terventions by the Volta River Authority. We, therefore, regarded Torgorme at the
time of recruitment as a post-intervention site with residual transmissions. Given the
access road and the communal tap, inhabitants of this community had the choice of

using alternative means of transportation, other than canoes, as well as treated water.

& Legend

# Households
=

Communal Tap
3

Water Contact Points

{ Sanitation Facilities

tm

Health Centre

Figure 41: Map of Torgorme showing its proximity to the Akosombo Dam; and the
distribution of water contact sites and social amenities in the community.

The communal ownership of the tap also meant that inhabitants had unrestricted ac-
cess, thereby ruling out any differential access to treated water as a possible source of
variation in risk at the community level. However, the supply of potable water was
also interrupted on weekly basis, hence the presence of the tap did not completely rule
out the Lake as a source of water for domestic use, even among those inhabitants who

may have preferred treated water over the Lake. The questionnaire for this community
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was, therefore, designed mainly to collect exposure data in the context of the kind of
activities that took inhabitants into contact with the Lake. Moreover, we sought to de-
termine if the chemotherapy intervention programmes had been accompanied by health
education, which would have meant that the inhabitants would have had higher levels

of schistosomiasis awareness.

3.3.1 Baseline Characteristics of the Study Population

S. haematobium infections occurred in 10 (3.70%) of the study population whilst S.
mansoni infections were observed in 2 (0.72%). The S. mansoni and 7(2.59%) of the S.
haematobium infected cases were school-aged children. All the observed S. haematobium

and S. mansoni infections in the community were light intensity infections.

3.3.1.1 Individual-Level Treatment History

Even though we initially regarded Torgorme as a post-intervention site, the question-
naire survey indicated that 62.34% of the participants had never received treatment for
schistosomiasis (Table 22). Nineteen percent of our study participants had, however,
been treated on at least one occasion. Of the 124 people who reported experiencing
symptoms of acute schistosomiasis at some point in time, 56% of them did nothing to

treat the symptoms.

3.3.1.2 General Awareness of Schistosomiasis

The proportion of our study participants who reported being unaware of schistosomi-
asis included 56% of the school-aged population, 13% of the young adults, 23% of the
people between the ages of 31 and 40; and 22% of the above 40 age group (Table 23).
Symptoms of acute schistosomiasis were most common among boys in the school-aged

population.
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3.3.1.3 Water Contact Activities

The frequency of exposure to the Lake varied between daily, thrice weekly and monthly
among individuals of all age groups in the community (Table 24). The most common
reasons for going to the Lake were for water collection and canoe boarding while the
less common activities included sand winning from the bottom of the Lake, fishing and
fording through parts of the Lake on the way to the farm. Moreover, swimming was a

common activity among the school-aged children in the community.

3.3.2 Micro-Level Determinants of Infectivity

In this section, we examine some of the more obvious micro-level factors that may
have potentially acted in conjunction with the measured covariates to influence the
transmission dynamics of Schistosoma infections in Torgorme. The role of these micro-

level factors are examined under environmental, socio-economic and behavioural factors.

3.3.2.1 Environmental Factors

The lentic conditions of the Lake, that made it a suitable habitat for the intermedi-
ate snail host of the schistosome species, is one of the direct consequences of the im-
poundment of the Volta River in creating the Akosombo Dam. The spillways of the
Dam are, however, opened during the major rainy season, which occurs between June
and August, to release excess water. This action generally increases the current of the
Lake downstream. However, since Torgorme is situated immediately after Dam (Fig-

ure 42(a)), the current tends to be stronger due to the higher flow volume (Figure 42(b)).

Therefore, there could be considerable reductions in the population density of the snail
hosts during this period; as most of them are likely to be carried downstream with
the current. Moreover, the food supply of these snails is also known to be swept away
by such strong current (Cowper 1971). These variations in snail population density
may, therefore, have important implications on the overall transmission dynamics of
schistosome infections in the community. For instance, the Bulinus spp that serve
as intermediate snail hosts for S. haematobium are known to cope better and estab-

lish themselves in running water than the snail hosts for S. mansoni (Cowper 1971).
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(c) (d)

Figure 42: Figure 42(a): Spillways of the Akosombo Dam as seen from the shoreline
in Torgorme. Figure 42(b): The opened spillways (source: (Wikipedia 2014)). Fig-
ure 42(c): The low flow rate at a water contact site when the spillways are closed.
Figure 42(d): The increased current when the spillways are opened during the rain-
ing season.

3.3.2.2 Socio-Economic and Behavioural Factors

None of the households in the community relied solely on Lake water for domestic pur-
poses. Therefore, as far as the source of water in the home was concerned, households
in the community could be categorised into two: those that used tap water alone and
those that used water from both the Lake and the communal tap. Seventy-one per-
cent of the households in the community occurred in the former group. Bearing in
mind that there were regular interruptions in the flow of tap water, the micro-level
factors that determined why households fell in any of these categories could have had

important implications on the transmission dynamics of infections in the community.
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Figure 43: Earthenware pots that were used for water storage in some households
in Torgorme.

For instance, many households in the community used earthenware pots for water stor-
age (Figure 43). However, these pots were usually not big enough to hold the quant-
ity of water that would sustain any household for more than a few days. Therefore,
access to larger water storage containers, such as barrels, could have been a possible
reason why some households managed to use tap water even during the periods when
flow was interrupted. Proximity of households to the Lake or tap could have also been
a contributory factor. People who lived further away from the tap and closer to the

Lake may have drunk from the tap but relied on the Lake for domestic purposes.

The time of day and manner in which water contact activities were carried out could also
have had implications on infectivity. The washing of clothes was normally performed in
the late mornings or early afternoons. But were the inhabitants in the habit of washing
their clothes directly in the littoral zone of the Lake as shown in Figure 447 If that was
indeed the case, then the toxicity of the soap may have had lethal effects on the infective
larval stages of the schistosomes. Moreover, were most women in the habit of taking
their pre-school aged children with them to Lake (Figure 44). If that was a common
practice in the community, then the contaminating habit of these children would play

an important role in the transmission cycle of Schistosoma infections.
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Figure 44: A woman (circled on the left) washing clothes at one of the water contact
points in Torgorme. Standing nearby is her pre-school aged son (circled on the right).

Even though the inhabitants had access to alternative means of transportation, canoe
transport was still relatively common (Table 24). Therefore, the micro-level factors that
determined the choice of canoes over taxis or motorbike taxis could help in understanding
the transmission dynamics in the community. Such micro-level factors may have included
the kind of goods that were being transported across the Lake as well as the canoe

charges, as compared to taxi fares.

3.3.3 Exploratory Analysis
3.3.3.1 Assessing Non-Linearity in Age
3.3.3.2 S. haematobium Infection

An assessment of the relationship between age and the prevalence of S. haematobium
infection indicated that all the observed infections occurred in participants aged < 25
years (Figure 45(a)). The non-parametric smoother, which was employed in discerning
the nature of the age-prevalence relationship, estimated a non-linear effect with 2.172
effective degrees of freedom (Figure 45(b)). In effect, the smoothing curve suggested an
almost constant trend till the age of 25, followed by a steady decline across the remaining
age range. The wide confidence intervals for the > 40 years trend conformed with the

non-detection of infections in that age group. The overall estimated effect of age was
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non-significant at the 5% level, p=0.479 (Table 25).

1.0

0.6
I

0.4
s(age,2.17)

0.2

Presence/Absence of S. haematobium Eggs

o N
o b IIIII!IIIIIIIII!IIIIIIIII!IIIIIIII!IIIIIIII!IIIIIIII!
10 20 30 40 50 60 10 20 30 40 50 60

Age Age

(a) Scatterplot (b) Smoother

Figure 45: (a) Scatterplot of the prevalence of S. haematobium infection in Torgorme
versus age of the study participants. (b) Estimated non-parametric smoother for the
effect of age on the predictor scale (solid line) and the corresponding 95% confidence
limits (outer dashed lines).

3.3.3.3 S. mansoni Infection

Figure 46(a) indicates the two observed S. mansoni infections occurred in children.
Consequently, the smoother estimated a non-significant linear effect with a decreasing

trend across the age range for the sampled population (Figure 46(b) and Table 25).
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Figure 46: (a) Scatterplot of the prevalence of S. mansoni infection in Torgorme
versus age of the study participants. (b) Estimated non-parametric smoother for the
effect of age on the predictor scale (solid line) and the corresponding 95% confidence
limits (outer dashed lines).
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3.3.4 Confirmatory Analysis

Due to the very low prevalence of S. mansoni infections in the community, we chose to

focus the formal analysis on S. haematobium infection.

3.3.4.1 Modelling the Risk of S. haematobium Infection

3.3.4.2 Model Selection

The effects of the measured covariates in the simple logistic regression models for S.
haematobium infection are presented in Table 26. With the exception of agel, which
was marginally significantly associated with S. haematobium infection, none of the other

covariates had a significant effect.

Table 26: Simple regression models for S. haematobium infections in Torgorme. D,
- D; represents the difference between the null and residual deviance.

Simple Regression Models Deviance Analysis
Model Terms No. of Participants OR (95% CI) SE p-value Dy - D df  p-value
Age
agel 0.93 (0.85, 1.00) 0.038 0.071 1
age2 0.00 (NA, 9.94 x 1043) 1424 0.992 1
History of Praziquantel Treatment
Once 60 1
Twice or more 7 1.00 (0, Inf)  7.15 x 10° 1.000 4.229 2 0.121
Never 197 3.72 x 10° (0, NA)  2.48 x 10 0.994
Frequency of Contact with the Lake
1-3 times per week 110 1
1 per month 88 0.32 (0.02, 2.22) 1.129 0.314 1.248 2 0.536
Daily 66 0.80 (0.11, 4.23) 0.882 0.798
Source of Water for Domestic Use
Tap 188 1
Lake 0
Both tap and Lake 76 0.43 (0.02, 2.60) 1.090 0.441 0.713 1 0.398
Schistosomiasis Awareness
Yes, very well 49 1
Yes, but not very well 93 0.93 (0.09, 20.33) 1.240 0.952 0.467 2 0.792
No 123 61 (0.23, 31.99) 1.134 0.675
Sex
Females 205 1
Males 111 0.81 (0.17, 2.99) 0.702 0.763 0.093 1 0.760
Last Praziquantel Treatment
Up to a year ago 28
Over 2 years ago 39 - 9.56 x 10° 1.000 -3.36 x 1010 1 1.000
Activities that involved contact with Lake:

Sand Winning

No 247 1

Yes 18 0 (NA, 4.18 x 105°)  1.630 x 10° 0.993 1.04 1 0.308
Fishing

No 248 1

Yes 17 0 (NA, 6.80 x 102)  1.684 x 10°% 0.993 0.972 1 0.324
Washing

No 186 1

Yes 79 1.75 (0.34, 8.15) 0.778 0.472 0.499 1 0.480
Fording

No 259 1

Yes 6 0.00 (NA, 1.34 x 1059)  1.615 x 103 0.993 0.381 1 0.537
Water Collection

No 61 1

Yes 204 1.72 (0.28, 32.88) 1.092 0.620 0.277 1 0.599
Swimming

No 172 1

Yes 93 1.45 (0.28, 6.74) 0.777 0.632 0.223 1 0.637
Canoe Boarding

No 162 1

Yes 103 1.10 (0.21, 5.12) 0.776 0.899 0.016 1 0.899

In line on our discussion in section 3.1.3.1.4, 35 years was chosen as the break-point for the manual programming of Figure 45(b).
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3.3.4.3 Goodness-of-Fit Check

The value, 0.30, for the dispersion statistic of the provisional model fitted within our
cut-off limit as specified in section 2.6.2.2.1. Based on this, we concluded the model was

not over-dispersion.

3.3.4.4 Model Validation

3.3.4.4.1 Assessing the Homoscedasticity Assumption

The spread of residuals across the range of the fitted values in Figure 47 is consistent

with our binary outcome data.

0.6

0.4

0.2

Residuals

T T T T T T T
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Fitted values

Figure 47: Grouped Pearson residuals versus fitted values of the provisional model
for S. haematobium infections in Torgorme.

3.3.4.4.2 Assessing the Assumption of Independence

The point map for the residuals, Figure 48, shows some clusterings of positive resid-
uals which correspond to the areas where our provisional model seemed to have under-
estimated the risk of S. haematobium infection (Figure 49). However, the model mainly
over-estimated the risk of S. haematobium infection across the community (Figure 49).
To form a better judgement of any present latent spatial trend, we employed the use of

the variogram in quantifying the spatial dependence.
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Figure 48: Spatially-referenced residuals of the provisional model for S. haemato-
bium infection in Torgorme. The radii of the points are proportional to the absolute
values of the Pearson residuals. The red and black points represent the negative
and positive residuals, respectively.
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Figure 49: Distribution of S. haematobium infection in Alabonu. Each point corres-
ponds to a sampled location i.e location of the household of the sampled participant.
The red and black points represent infected and non-infected cases, respectively.
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Figure 50: Omni-directional empirical variogram for the Pearson residuals of the
provisional model for S. haematobium infection in Torgorme.
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Figure 51: Directional empirical variograms for the 0° , 45°, 90° and 135° spatial
directions (with a tolerance angle of + 22.5° around each of these directions).
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3.3.4.4.3 Variogram Analysis

The shape of the omni-directional empirical variogram, Figure 50, is consistent with
an unbounded variogram. This, therefore, seems to suggest that while the spatial pro-
cess might be intrinsic, there may not be any spatial correlation (Webster & Oliver

2001).

Judging by the slopes of the anisotropic variograms, the isotropy assumption seemed
reasonable. Therefore, the omni-directional variogram was regarded as a mean variogram
for all spatial directions and used in the rest of the analysis. Both the envelope of
random permutations, Figure 52, and our formal test for trend indicated the absence of

any significant spatial autocorrelation (p =0.486).
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Figure 52: Empirical variogram for the Pearson residuals of the provisional model
for S. haematobium infections in Torgorme.

3.3.4.5 Final Model for S. haematobium Infection

Based on these results, we ruled out the presence of any statistically significant hetero-
geneities in the distribution of risk across the community. Therefore, equation 22 became

our final model for S. haematobium infection.

logit(m;) = 011 + 093 (agel) (22)
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4 Discussion

The transmission dynamics of the schistosome species and the variation in risk at the
local level are known to be influenced by complex interactions between macro-level
factors such as local environmental conditions and a series of micro-level factors res-
ulting mainly from the geographical relation between the inhabitants of such endemic
settings and the water bodies that harbour the intermediate snail hosts of the schisto-
some species. Since the micro-level factors that influence human exposure patterns may
differ for different endemic settings, the patterns of schistosome transmission also tend

to vary accordingly.

One of the proposed explanations for why these micro-level factors may influence expos-
ure patterns, and hence variations in the pattern of transmission at the local level, is the
fact that the population density of the infective stages of the schistosome parasites, the
cercariae, tends to exhibit diurnal rhythms in their freshwater habitats. Studies have
shown that peak densities of these parasites may occur between noon and 15:00 GMT
(Farooq & Mallah 1966). Therefore, even though human exposure patterns in endemic
settings may occur at random, the likelihood of acquiring infections may automatically
increase for exposure events that occur within the period of maximum cercarial density

in the water.

Therefore, the overall transmission potential of infection within any given endemic set-
ting may also be influenced by the time and manner in which exposure activities are
performed. Hence, it follows that within settings where economic activities dictate the
patterns of transmission, different occupational activities may be associated with differ-

ent risk of infection.

The present study has investigated the setting-specific variations in the patterns of schis-
tosome transmission in different endemic shoreline communities of the Volta Lake. The
different levels of development of the studied communities as well as their treatment
histories enabled us to investigate these variations in risk in scenarios where the factors
that influenced exposure patterns could be examined from the perspective of inhabit-

ants who had no realistic alternatives to being exposed to the Lake on daily basis, as
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opposed to those who may have had other options but still needed the Lake for economic

activities.

The presence of significant residual spatial effects would have pointed to the focalisa-
tion of risk or spatial autocorrelation and consequently, significant heterogeneities in the
patterns of transmission. The implication of such varying likelihood of risk would, there-
fore, have meant that the selective targeting of chemotherapy interventions at clusters
of high risk individuals would present a much more effective approach of controlling

transmissions.

However, there was no evidence of significant heterogeneities in the distribution of risk for
either S. haematobium or S. mansoni infections. Possible reasons for these results may
include the fact that even though the micro-level factors may have acted in conjunction
with the measured covariates, their effects occurred in groups of individuals who did not
necessarily live in close proximities to each other. For instance, the farmers and children
who experienced exposures within the time of maximum cercarial load lived in different
parts of the community. Therefore, our assessment for residual spatial effects, which is

based on spatial autocorrelation, may fail when identical risk are not clustered.

The fact that the highest prevalence of S. haematobium infections were observed among
the school-aged population could be interpreted as lending credence to the current global
control strategy, that uses this population in establishing modalities for chemotherapy
interventions. However, judging by the fact that we used community-level data, that
included both school enrolled and non-enrolled children, we interpret this particular
finding with a bit of caution. Our interpretation would have been a lot easier if enough
information had been collected in the field to enable us to distinguish between enrolled
and non-enrolled children in the studied communities. Empirical evidence from different
endemic settings has consistently shown that non-enrolled children tend to harbour more
infections due to the longer amount of time they spend in the infested water bodies

(Husein et al. 1996, Talaat & Evans 2000).

We also interpret these findings in the context of possible limitations with regard to
the diagnostic technique that was used in detecting infection status. Though urine

and stool microscopy are widely used as indirect morbidity markers in Schistosoma-
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endemic settings, single examinations of samples may not yield accurate estimates of
infection status, especially in post-intervention settings (Rabello 1997, Richter 2003,
WHO 2005).

Therefore, we cannot rule out the possibility of having recorded some false negatives
especially in the post-intervention site, Torgorme; in which case the community-level
prevalence may have been under-estimated. Moreover, some of the more severe patho-
logies associated with S. mansoni infections are known to influence egg excretion rates.
For instance, infected cases with pipe stem fibrosis may excrete very little or no schisto-
some eggs at all despite harbouring high schistosome burdens. Therefore, the chances of
misdiagnosis by microscopy is invariably increased by such factors (de Vlas & Gryseels

1992).

Despite these limitations, however, detection of infections by microscopy has a high level
of specificity and is also convenient in field settings for detecting Schistosoma infections
(Richter 2003, WHO 2005). Moreover, the fact that our samples for S. haematobium
detection were collected at times of the day when egg excretion is known to be max-
imum among infected human hosts could be a strength of this study (Doehring et al.

1985).
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4.1 Conclusions and Recommendations

The factors that influence the distribution of Schistosoma infections in endemic areas are
known to vary with the geographical scale of assessment (Brooker 2007). Therefore, while
climatic and environmental factors such as proximity to freshwater bodies may influence
the risk of infections at large geographical scales (Peng et al. 2010); a series of behavioural
and social factors may act in conjunction with ecological factors to influence the local

level variation in risk (Woolhouse et al. 1998, Bruun & Aagaard-Hansen 2008).

Moreover, the focalisation of risk which tends to characterise the distribution of infected
cases is influenced by local micro-level factors. Therefore, the exact extent of the spa-
tial correlation between events may vary for different endemic settings (Brooker 2007).
Detection of the exact extent of these heterogeneities in transmission within different
endemic settings could, therefore, be utilised in the effective targeting of chemotherapy

interventions.

We have, therefore, investigated heterogeneities in the distribution of risk across different
endemic shoreline settings with different levels of development. However, our findings
suggest the absence of any significant clustering of risk in the studied communities.
Assumptions that went into our models included the fact that micro-level factors specific
to each of the studied communities interacted with the measured covariates to influence
the transmission of infections. We further assumed that exposure activities involving the
micro-level factors occurred at the group level, rather than as discrete activities among

individual inhabitants.

While our findings seem to suggest the absence of any statistically significant varying
likelihood of risk in the studied communities, we can only interpret these findings in the
context of the strength of the covariate effects as well as the amount of variability in
the data. Though the micro-level factors that were considered in this study may have
acted at the group level, these groups may not have necessarily lived in close proximity
to each other. Moreover, regardless of the convergence of the fitting algorithm of the
model, the decomposition into large-scale and small-scale variations may not always be

reliable (Waller & Gotway 2004). The prevailing question, therefore, is how weak the
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effect of the unobserved micro-level factors really were? Moreover, does the absence
of any statistically significant spatial autocorrelation really signify that the effect of
these setting-specific micro-level factors were not scientifically relevant in explaining the

variation in the risk of Schistosoma infections in the studied communities?

Though the assessment of the varying likelihood of risk at the local level may provide
a means of optimising the effectiveness of chemotherapy implementation in endemic
areas, such assessments also tend to be tedious and overly expensive. Indeed, one of
the main reasons why the current control strategy uses the district level as its unit of

implementation is due to practicality.

Therefore, while our proposed approach may improve the effectiveness of implement-
ation, it would also in effect take control programmes back to square one where the
pre-treatment screening of entire populations would have to be somehow circumvented.
However, the development of local level model-based risk maps that predict the varying
extends of the spatial correlation between events across different endemic settings could

provide a solution to avoiding the screening of entire populations.

The main challenge in developing any such risk maps would, therefore, centre around
the ability to use selected variables that would transcend the setting-specific micro-level
determinants of infectivity. Moreover, since most of the micro-level factors that influence
exposure patterns are only best studied qualitatively, the predictive ability of any local
level risk maps could be improved if geostatistical methodologies could be extended to

the analysis of qualitative data.
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soil-transmitted helminth infections in low endemicity

areas in the Greater Accra Region of Ghana
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Abstract

The chemotherapy implementation strategy for targeting and treating the remaining
reservoirs of schistosome transmissions in post-intervention areas has so far proved
ineffective. Reasons for this may include the fact that transmissions are spatially
heterogeneous; thereby increasing the transmission potential and the risk of resur-
gence. Hence, more robust strategies are required for the effective targeting and
control of infections in these areas. The present paper investigates the role of se-
lected socio-economic factors in predicting the transmission patterns of persisting
schistosome and soil-transmitted helminth infections in some low endemicity areas

in the Greater Accra Region of Ghana.
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1 Introduction

The World Health Organisation recommends a dual control strategy for schistosomiasis
in endemic settings. The initial phase of this strategy involves morbidity control in high
transmission areas through the mass administration of chemotherapy whilst the final
phase mainly focuses on the consolidation of control measures for the ensuing low trans-
mission rates (Figure 53) (Utzinger et al. 2003, WHO 2002). Intervention programmes
have, therefore, relied heavily on model-based risk maps to define the boundaries of high
transmission areas in order to guide the initial allocation of intervention resources at
large geographical scales (Brooker et al. 2009, 2002). Once these transmission limits are
established, rapid assessments of infections are conducted at the district levels and used
in establishing modalities for the implementation of chemotherapy (Brooker et al. 2002,
WHO 2013b).

low endemic level
objective: elimination

regular

/ Morbidity control N2gular

in health services to school age
children

0
high risk
groups

+ surveillance/

Elimination

[]
|
high burden areas. !
objective: morbidity control H

]

Figure 53: Stages involved in the control of schistosomiasis in high and low endem-
icity areas (adapted from Engels et al. 2002 with permission of the rights holder,
Elsevier.)

The transition from morbidity control to the consolidation phase of control programmes
begins when the prevalence of schistosome infections in post-intervention areas falls
below 10%. While the administration of chemotherapy continues in these low endemicity
areas, the frequency and scope of administration is considerably decreased. For instance,
school-aged children are scheduled to receive only two treatments during the entire period
of their primary school education. Moreover, provisions for treating symptomatic cases
in the general population in these areas are restricted to health care centres (Clements

et al. 2006, WHO 2013a, Lustigman et al. 2012).
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Therefore, this strategy of targeting the remaining reservoirs of transmissions only res-
ults in the treatment of about 33% of school-aged children in post-intervention areas.
Moreover, most of the infected cases in these low endemicity areas tend to harbour light-
intensity infections which are often characterised by subtle morbidities with non-specific
symptoms (Lustigman et al. 2012). There is, therefore, the tendency for potentially
infected individuals to overlook these non-discernible symptoms and consequently fail to
seek treatment. Additionally, the poor resource allocation in endemic settings, coupled
with the slow pace of socio-economic development, has presented inherent difficulties for
control programmes to integrate the operational components of transmission control such
as improved sanitation and potable water (Gazzinelli et al. 2012, WHO 2013b). There-
fore, the strategies in place for sustaining the low transmission rates in post-intervention

areas may be inadequate in preventing the resurgence of infections.

Indeed, studies in many post-intervention areas have highlighted the high risk of resur-
gence as control programmes transition from morbidity control to their consolidation
phases. Empirical evidence from chemotherapy campaigns in highly endemic countries
such as Egypt, Brazil, China and Mali have lent credence to this fact (WHO 2005, Cle-
ments et al. 2009). Moreover, the fact that sub-Saharan Africa still harbours about 80%
of the global burden of schistosomiasis is in itself proof that the chemotherapy interven-
tion campaigns that took place across the continent in the late 1980’s and 1990’s were

not very successful in sustaining the low transmission rates either (Lammie et al. 2006,

WHO 2002).

Therefore, more robust strategies for tackling the remaining reservoirs of transmissions
in post-intervention areas would be required if the ongoing chemotherapy intervention
campaigns in sub-Saharan African were to achieve their targets of reducing transmission
rates below the critical break point. However, while the need for adjusting the current
strategy to suit the changing epidemiological conditions in post-intervention areas is
well-recognised and emphasised by the World Health Organisation (WHO 2013b), the
strategies in place for identifying these reservoirs of transmission have proved less effect-
ive. This is mainly due to the fact that the transmission of schistosomiasis is spatially
heterogeneous. Moreover, the degree of this heterogeneity tends to vary within differ-

ent endemic settings in response to specific micro-level factors (Brooker 2007, Bruun &
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Aagaard-Hansen 2008). Therefore, these clusters of transmissions end up assuming an
even more sparse distribution when endemic areas are subjected to chemotherapeutic
pressure during intervention campaigns (Basanez et al. 2012). These sparse clusters of
transmissions, which tend to increase the transmission potential of infections, therefore
present additional challenges to control due to the increased risk of resurgence (Wool-

house et al. 1998).

The life cycle of the schistosome species is, however, such that they undergo the asexual
phase of their reproduction in the environment, rather than within the human definitive
host (Figure 54) (Gryseels et al. 2006). Therefore, every schistosome parasite in an
infected human host is attributable to an infective event that involves direct contact
with the infective free-living larval stages of the parasite in their freshwater habitats.
It, therefore, follows that the level of persistence of schistosome infections within any
post-intervention setting could be a direct function of the availability and level of access
to basic infrastructure such as potable water and improved sanitation. Hence, the exact
extent of the spatial heterogeneity in the distribution of the remaining reservoirs of
transmission within any specific post-intervention setting could be directly linked to
the socio-economic inequalities across households that determine access to improved

sanitation and potable water.

Therefore, the primary objective of the present study are: to investigate the persistence
of schistosome infections in selected post-intervention areas in Ghana as a function of the
socio-economic standards of households; and to use the resulting model in the prediction
of the remaining reservoirs of transmission in the study districts as well as the surround-
ing areas. Moreover, intervention programmes usually adopt an integrated strategy
whereby multiple tropical infectious diseases that occur at the same geographical unit
are targeted concurrently during the implementation of chemotherapy. Therefore, inter-
ventions for schistosomiasis and the soil-transmitted helminth infections (STH), which
tend to be co-endemic and share the same susceptible human host population (Figure
55), are implemented concurrently (Brooker et al. 2009). We, therefore, extend our study

objectives to cover the soil-transmitted helminth infections.
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2 Materials and Methods

This study is, therefore, based on the hypothesis that the persistence of schistosome
infections in post-intervention areas is principally governed by the socio-economic con-
ditions of households that determine access to improved sanitation and potable water.
Moreover, the soil-transmitted helminth infections tend to persist under conditions of
poverty and inadequate hygiene practices that result in the environmental contamination
and exposure to the infective stages of the parasites. We are, therefore, arguing that
the transmission of the schistosomes and soil-transmitted helminth infections would fol-
low similar patterns within any given endemic setting in response to the socio-economic

standards of households.

2.1 Data Source

To test our study hypotheses, we made use of a pre-collected cross-sectional survey data
from three selected districts of the Greater Accra Region of Ghana (GLOFAL 2006). Our
choice of the dataset was influenced by two main factors. Firstly, the study population
for the original project for which the data were collected comprised of children aged
4-17 years. This age-group constitutes the most susceptible human host population for
both schistosomes and soil-transmitted helminth infections, and hence a suitable choice
for this study. Indeed, children in this age-group have been the target for large scale
chemotherapy interventions by organisations such as the Partners for Parasite Control
and the Integrated Control of Schistosomiasis in sub-Saharan Africa. Secondly, the
data were collected from areas which are known to have low schistosome transmission

rates.

2.2 Study Sites

Our study sites, the Dangme East (DE), Accra Metropolitan Area (AM) and the Ga
East (GE) districts of the Greater Accra Region (Figure 56), were respectively rural,
urban and peri-urban areas with low schistosome transmission rates. The rural sites

had received multiple school-based chemotherapy interventions for schistosomiasis and
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the soil-transmitted helminth infections in the past. The last of such interventions was
administered about three years prior to the data collection. However, the urban and
peri-urban sites had only received school-based chemotherapy interventions for the soil-
transmitted helminths infections. The next two sections present detailed descriptions of

these sites.
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Figure 56: Main: Map of the Greater Accra Region showing the locations of the
recruited schools (i.e. the red triangles). Inset: Map of Ghana showing the location
of our study region (circled). Source of shapefiles: Map Library 2014. R Packages
used in map preparation: ggmap (Kahle & Wickham 2013).

2.2.1 The Urban and Peri-Urban Sites

As the capital city of Ghana, Accra is on the receiving end of the majority of the
migration within the country. With its annual growth rate of 3.1%, it is estimated to
be home to about 16% of Ghana’s population. Therefore, the total population of Accra,
at the time of the 2010 population census, was around 1.8 million (CRED 2013, GSS
2012). The resulting pressure imposed by this influx of people on social amenities and
land use has respectively led to the rationing of potable water throughout the city and

the development of illegal structures, including slums, in waterways.
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The most affected river, as far as building in waterways is concerned, is the Odaw River
which drains most of the central parts of Accra (Figure 57). The development of slums
on the course of this river, together with its pollution with sewage and solid waste from
these slums, affects the drainage of the river. Therefore, flooding of the catchment areas

of this river is common during the rainy season (CRED 2013). The diverse ecological

niches of the intermediate snail hosts of the schistosome species are, however, known to

include stagnant waters with high levels of organic pollution (Mott et al. 1990, Cowper

1971), thereby making the Odaw River a potential habitat for these snails.
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Figure 57: A section of the urban site showing the Odaw River and the locations
of the homes of some of our study participants (i.e. the red dots). This River also

flows through parts of the peri-urban site.

Therefore, as far as the transmission of schistosome infections is concerned, the following
scenarios may apply to the urban and peri-urban sites in this study: infected migrants
from rural areas may move into areas in close proximity to the Odaw River, which
harbours the snail vectors, and initiate new transmission foci; infected migrants may

move into other parts of the city where these snail vectors are non-existent; the flooding

118



of the Odaw River during the rainy season may increase the transmission potential by
extending the geographical limits of infections within these areas; and lastly, non-infected
children from these urban and peri-urban areas may spend their school holidays in other

endemic parts of the country and return with acute infections.

However, aside from the pollution by human excreta, industrial wastes were also dis-
charged into the river in its lower catchment areas. Unlike the organic wastes, however,
these industrial discharge are known to have a deleterious effect on the intermediate snail
hosts species (Cowper 1971). Therefore, the effect of these industrial wastes, together
with the salinity of the lagoon around the mouth of the river, may ultimately impact

negatively on transmission (Mahmoud 2001).
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Figure 58: The locations of our five rural sites relative to the Songor Lagoon in the
Dangme East District. The red triangles indicate the locations of the homes of the

children in the surveyed schools.

2.2.2 The Rural Sites

Economic activities in our rural sites mainly revolved around the Songor Lagoon (Fig-

ure 58). While extended exposure to high salinity levels are generally thought to be
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detrimental to the snail hosts, there are also reported accounts of the transmission of
S. haematobium occurring in certain lagoons in West Africa (Mahmoud 2001, Cowper
1971). This therefore implies Bulinus spp may tolerate some levels of salinity. On the
other hand, Biomphalaria spp rarely occurs in brackish water conditions (Mahmoud
2001). Hence, depending on its salinity levels, the Songor Lagoon may or may not have

been a source of S. haematobium transmission.

However, economic activities associated with the Lagoon such as salt extraction, the
harvesting of tilapia and vegetable farming may have had a direct influence on the
socio-economic standards of families in these communities (Wikipedia 2014b). Given
that these communities lacked social amenities such as potable water supply, the use of
alternative water sources could not have really reflected the socio-economic standards of

the different households.

2.3 Recruitment Strategy

In this section, we examine the recruitment strategy employed by the original study
for which the data were collected. This is to enable us to assess how the recruitment
strategy may influence our data analysis strategy as well as the interpretation of our

findings.

Prior to recruiting the schools for the main GLOFAL project, pilot surveys were con-
ducted in selected parts of the Greater Accra Region. The following sections outline the

details of the pilot surveys and the recruitment criteria.

2.3.1 Rural Site

Schools in the rural parts of the Dangme East District with post-intervention histories
were targeted for the pilot survey. The recruited schools were chosen using the criteria

as outlined in Table 27.
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Table 27: Criteria for recruiting schools in the rural sites

Number of schools targeted: 13 schools

School selection criterion: History of school-based chemotherapy intervention
in the 3 years prior to the study.

Sampling strategy: Systematic sampling of every other child in the third-year
class.
Assessment of infections: Urine samples from the selected children were analysed

by standard parasitology techniques for the eggs of
S. haematobium.

Recruitment criterion for schools: S. haematobium infection prevalence of < 10%

2.3.2 Urban and Peri-Urban Sites

There were time limits between the field collection and laboratory analysis for some of
the samples that were collected during the original project. Therefore, the selection of
schools in the urban and peri-urban areas was mainly based on their proximity in time
i.e. the ease with which samples could be transported to the Noguchi Memorial Institute
for Medical Research, where the laboratory analysis of the samples occurred. We do not,

however, regard this proximity in time as a potential source of selection bias.

Recorded infection levels during a previous study (Hogewoning et al. 2010) in the peri-
urban area as well as the willingness of the schools to participate served as additional
criteria for recruitment. The number of recruited schools in each of the study sites are

presented in Table 28 below.

2.3.3 Sample Population

All enrolled children in primary and junior secondary in the recruited schools were ini-
tially considered for inclusion in the main GLOFAL study. This inclusion criterion was,
however, modified to an age range of 4-17 years when children in the rural site were
found to be significantly older. The selection criteria were restricted to written informed
consents from the parents or guardians. Moreover, the school recruitment process in
the urban site was largely influenced by aspects of the allergy component of the main
GLOFAL project that involved the collection of blood samples from the participants.

Table 28 presents the number of recruited children.
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Table 28: Recruited schools in the various study sites and the overall response rate.
The “Enrolment” column only refers to the number of enrolled children who fell
within the age range for the study.

School / Site School Status Enrolment Number Recruited Response Rate (%)
Rural

Koluedor State School 300 173

Toflokpo State School 380 136

Agbedrafor State School 200 160

Anyamam State School 300 291

Goi State School 200 122
Total 1380 882 63.91
Peri - Urban

Pantang State School 352 168

Emmanuel Presbyterian School State School 650 250

Nii Okine Basic School State School 300 130
Total 1302 548 42.09
Urban

Greenhill International School Private School 900 287

Mona Lisa School Private School 180 43

De Youngster’s International Private School 740 203

Morning Star International School Private School 800 47
Total 2620 580 22.14

2.4 FEthical Considerations

The original study was reviewed and approved by the Institutional Review Board of the
Noguchi Memorial Institute for Medical Research in Accra, Ghana. Signed informed
consents by parents or guardians were used as the main criterion for including children
in the study. Formal approvals for recruiting state schools in the rural and peri-urban
areas were granted by the Directors of Education for the Dangme East and Ga East

Districts of the Greater Accra Region.

2.5 Measured Exposures

Going back to our study hypothesis, we are arguing that the persistence of schistosome
infections in post-intervention areas may be a direct function of the socio-economic
standards of households which subsequently determine access to improved sanitation
and potable water. Therefore, in a bid to capture some of the factors that reflect the
socio-economic inequalities across households in our study sites, we considered three
main categories of exposure variables: individual-level covariates; some of the commonly
used indicators of the socio-economic standards of households in low income countries

(Huang & Manderson 1992, Rutstein & Johnson 2004); and health-seeking behaviours
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at the household level (Table 29). Our questionnaire on migratory patterns did not
capture this information as well as we had hoped. Therefore, information on migration

was excluded from the analysis.

Table 29: Main categories of measured exposures (collected at baseline in an
interviewer-administered questionnaire* survey that targeted parents/ guardians
of the recruited children).

Individual-Level Covariates Indices of Socio-Economic Standards Periodic Deworming
Age Source of water Period since last anthelmintic treatment
Sex Type of sanitation

Type of house

Building material

Source of fuel for cooking
Electricity supply in the home
Means of transportation to school

Educational level of family provider

* A sample of the questionnaire is attached as Appendix C

But how well can these factors be used in assessing the socio-economic standards of
households in our study sites? In the next section, we examine some of the indices that
have been developed specifically for assessing the socio-economic standards of households
in developing countries. We will then determine which of these indices would best fit

into the context of this study.

2.5.1 Indices of Socio-Economic Standards in Low Income Countries

Three main indices, namely income levels, consumption expenditure and wealth are
widely used in assessing the socio-economic standards of households. However, the in-
herent difficulties associated with the accurate measurement of income levels and the
consumption expenditure of households in low income countries has made wealth the

preferred index of assessment (Rutstein & Johnson 2004).

Therefore, the relative wealth of households is commonly assessed with variables that
are generally regarded as indicators of their permanent economic conditions. These

indicator variables, which may include assets ownership (radio, television, refrigerator,
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type of vehicle, etc.), housing characteristics (type of roofing, wall material, et cetera.)
and access to utility services are assumed to be correlated with the relative positions of

households on an underlying wealth scale (Figure 59).

Since the wealth index is purely asset based, other commonly used measures of socio-
economic standards such as occupation and educational level are excluded from the
assessment. Concerns have, however, been raised in some circles, about the ability of
this wealth index to effectively capture the economic standards of both rural and urban
households. It has been argued that most of the indicator variables in this wealth index
may be biased against rural households where asset ownership may be influenced by the

availability of public utility services (Rutstein 2008).

Surface water source Fridge

Motorcycle

Proportion of households

T ——

Increasing wealth _

Figure 59: The assumed distribution of household asset ownership with increasing
wealth in low income countries (Adapted from (Rutstein & Johnson 2004)). The rel-
ative position of households on this wealth scale determines their access to improved
services.

Moreover, the inclusion of utility services in the wealth index is based on the assumption
that wealthy families tend to acquire properties in areas where such services are provided
(Rutstein & Johnson 2004). However, this assumption may not always hold for many
households in the peri-urban areas of developing countries where families acquire land
and develop their own properties. In such cases, the availability of land, rather than the

provision of public utility services in the area, is usually used as basis for the selection

of potential dwellings by families.
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Therefore, the provision of improved services such as potable water and sanitation fa-
cilities may not always correlate with the position of households on the wealth index.
Regardless of these issues, however, most of the indicator variables for wealth could dir-
ectly be linked to the health outcomes of households in endemic areas, thereby making

it a suitable index for health research studies such as ours.

2.5.2 Household Asset-Based Indices

For this method, the first principal components of the indicator variables for wealth are
most often used as the underlying wealth scale and the relative position of any household
on this scale is determined by computing the weights of the principal components (PCA)

(Rutstein & Johnson 2004).

Apart from the PCA, other methods of establishing the economic status of households
have included the inverse proportion approach which assigns the highest weight to the
least owned asset. The main assumption behind this method is that the most expens-
ive assets can only be acquired by wealthier households and hence would generally be
uncommon in many other households. Finally, there is the hierarchical ordered probit
strategy which assigns weights to indicator variables on the basis of their position on an

assumed unmeasured underlying wealth scale (Rutstein & Johnson 2004).

2.5.3 The Chosen Index for this Study

Rather than building a household asset index, we chose to enter all the measured expos-
ures, Tables 30 and 32, into our statistical models and regard the regression parameter
estimates for these variables as their weight. This “parameter-based approach” is also
generally regarded as a plausible alternative method of constructing the wealth indices

for households (Filmer & Pritchett 2001).

We, however, note that although this adopted strategy may have enabled us to determ-
ine the weights of the measured indicator variables for socio-economic standards, these
variables may also exerted their own effects on our study outcomes. Hence, the estimated

weights could not easily be interpreted as the relative wealth of households in this study.

125



“("p'u YH[) SOIPNIS OIURION PUR DIQRIY Ul SUOSSI| SOAIS JBY) WOJSAS [RUOIJBONPD TR[ST uyp

“(DFTOC RIPRdIMIAL) SOSNQIUIL 1038OS-GT SOA[OAUL jBYY BURYL) Ul Uoljejiodsuel) Jo opouwl 1Xe)} 91eYS Yy :O0I30L],,

"}9S0[D I9jeM DMy

“euryy) ur £31[100] uorjelIues jo odL} v ‘o1 31 poscidwW[-pajR[IjUSA Isewny (1AM

«Aysoatun,, ‘ Oruydeghiod,,

(2801102 3urureasy, ‘, [OOYDS [RUOIIBDIOA,,
«[PAS[-V,, riﬁ®>®~|O: ﬁ:\n.ﬁmﬂvﬁouwm Io1usg,,
«&1epuodss torunf, ¢ jooyss o[pprur, ‘ Arewiid,

3
«pliuRIReUr, (UOIIBONPDd [BUIIO) ON],

‘
JIXEY, ¢ I'D 93eALd,
‘ ‘
(ONrqIojow,, ¢, 013013, ‘SN,
<
(P12401q,, ‘ S[BM,

srwﬂﬂ.HVH\x
nhwmﬁdhz

(A3101130979,, < DTy

.
«POOM,, ¢ POOMBIL,,
Iogwmo.wai F"Lmoo.ﬁﬁgo:

13 13 13
(399Ts WnIUTWN(R, ¢ puoyy wied, ‘poom, ¢ PN,
3
nAVAUM.HQ: :ﬁQQEQOi

(osnoy Aqiuey,, ‘¢ osnoy punodwop),,
«Sieqrenb,, ¢ jey, ‘esnoy payoejop-rwag,,

3 3 3
SSO13,, ¢,2INJONIIS USPOOM POYDRISP,, ¢ OSNOY UOISSIUI,, ‘ OSNOY PaydeIa(,,

10y 8np apisur, ‘yoeaq,, ‘Uysnq o3, ‘dFUrI 2914,
3 3 3
«yod roqureyd,, ‘2utire] onqnd, ‘ qom o1qnd, ‘ odIAM»
QM punoduwoo,, ¢, om I00pIno, ‘¢ OUlIje] I00PINoO,, ‘ ourire[ 31d,,
(OM 99eATI],,

12YSTH

RElo iRk}

A1epuodog

orsRg

UO0I1edNPd [RULIO] ON
Japiaoad A[iurej jo [9A9] [RUOIjROINPH

91BATIJ
sng
ATeM
[ooyD2s 03 uorjejrodsued) Jo sUBDIA

SOx
ON
awoy ayg ur Ajddns K310113091H

(HdT) sed wnejoijod poyenbirg
poomaurr g
[eosaey)

[enjy SuIx00d jo 9d2inog

PRIN
Juswe))
[erreyewr Suipring

osnoy punoduwo))
peyoelep-twieg
peyorlag

osnoy jo adATg,

uorjejiues uadQ

suLIyel olqnd

ourije] punoduo))

19SO0[D I99eMm 91BATIJ
(1€ @1qel, @9s) uorjejrues jo adAT,

«1oalL, ‘ puod, ‘ ure(, ooryIng
«[[oM WOy ISYeM,, PM
Jojem jaydes, ‘ Jojem [eIdUIW Pa[}10d,, ¢ SMONI) IaUR) WOIJ IOJCAA,, IoyUue],
«19yem urel, ‘odidg, der,
(1€ °@19e], @9s) J2j3EM JO 90aNO0Og
sosuodsay] aareuuoijsang) jo 3siy a[qelaIeA JO S[OAdT J030eq a[qelrIeA

POALISp aJoMm sa[qerrea A1ojeue[dxa [ed110893ed Urew 91} JO S[AAS] J0}de] 9y} MO :0¢ °9[qelL

126



(9002 AHDINN) 1otem ures pue
s3urads pajosjoid ‘sjoysioq ‘1ojem padig

A[rure] swres oYy Jo
sIoquow AQ Posn ULYM :9)RALIJ ‘T

(9002 AADIN/) SYonIy Iexue) WOI}
Iojem pue I9jem Pa[1joq ‘Idjem 90eJINg

punodwod swres oY) uo SUIAI] SoI[Iue]
juarayip Aq paieys uaym :punodwo)) ‘g

‘uorjejrues uodo 09 SurlIosoy °g

11s1a 1od pred aq 09 pey se3ieyd poxy
aIaym ‘sarqI[Ioe] uorjejrues orqnd Jo as) ‘T

(9002 AADINN) opraoad Koyy 103em Supfulap jo Ayrenb oYy jo siseq

o1} uo pasordwrun I0 paAoIdWIl Se Pajel SI SODINOS IdJBAA

(9002 AFADINN) «SI9SN JO POOYINOQUSIOU 89U} UL PULR SWOY Je Y30q
juswuoIrAuD Mﬂ:\/: Mjyjlresy pue ueo[d ® wawhﬁmEG o) aures

a9 e oliym ‘Aulip pue Adearid opraoid jeyy [esodsip o8e[ns
pu®e ®19I0X0 I0J SODIAISS PUR SOI}I[IOR] JUSIUSAUOD PUR ‘OIULIIAY
‘oJes 01 §s900® 9[qrRUIR]SNS JULINDSS 10] U0oI1do 150D0-1S9MO] 9 T,

I93eA)\ JO 92In0g

uotyejrueg

paaoaduuy

peaocadwriun

suoljeJapisuo)

uonyruged

s[qerrep

*0€ 9[qe], Ul I9jem JO 92IN0S pue A}I[Ide] uoljejrues JI0j Sor10893ed uasoyod oy} Suisn J10j siseq :T¢ 9[qeL

127



Table 32: Types of over-the-counter anthelmintics used by our study participants.

Name of Anthelminthic List of Questionnaire Responses

Albendazole / Mebendazole Albendazol suspension, Albendazole, Albendazole and ivermectin, Menthozole syrup,
Zeben Albendazol, Mebendazole, Mebendazole 500mg, Mebendazole 500g tablets

‘Wormplex Wormplex 400 syrup, wormplex 400, Wormplex 200, Wormplex 400 suspension

Vermox/Zentel Vermox, Vermox syrup, Vermox and wormplex, Vermox or Zentel,
Vermox or wormplex, Zentel

Other Ketrax, Levamisole hydrochloride syrup, Levamisole hydrochloride tablet, Tanzel
Milk of magnesia, Tanzon, Herb, Herbal drugs, Mission syrup, Albin, Letamox

2.6 Study Outcomes

A positive infection was regarded as the presence of one or more S. haematobium, S.
mansont or STH eggs on the urine or stool slides using the methods described in Table 34.
The outcome variables that were considered in this study are presented in Table 33.
Schistosoma haematobium and S. mansoni infections were considered separately for the
following reasons. The two infections tend to exhibit geographical variations in their
distribution with S. mansoni being the least occurring of the two in Ghana (WHO

1987).

Table 33: The three main study outcomes that were initially considered in this
study.

Outcome Variables Definition

S. haematobium mono-infections Infection with only S. haematobium

S. mansoni mono-infections Infection with only S. mansoni

STH infections Infection with any of the soil-transmitted helminths.

Moreover, it has been suggested that the efficacy of praziquantel may differ for the
two schistosome infections (WHO 2013b). However, setting-specific variations have also
been reported in the susceptibility of these infections to praziquantel. For instance,
higher cure rates have been reported for S. mansoni infections in Cameroon whilst S.
haematobium seems to be the more susceptible species to chemotherapy interventions in

Niger (Tchuem Tchuente et al. 2013).
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2.7 Exploratory Analysis
2.7.1 Criteria for Inclusion in the Analysis

Participants were considered for inclusion in the analysis if they had submitted at least
one parasitological sample and taken part in the questionnaire survey. Since this analysis
approach included all participants who had submitted either urine or stool samples, we
resorted to fitting different models for the various outcomes, Table 33, as a way of
accounting for the different sample sizes. A total of 1339 participants were considered

in the analysis (Table 35).

Table 35: Number of parasitology samples collected during the school-based cross-
sectional surveys in the three study sites.

Number of Participants (%)

Study Site ‘With both Urine and Stool Samples ‘With Urine Samples Alone ‘With Stool Samples Alone Total
Rural 481 (41.04) 69 (53.08) 29 (78.38) 579
Peri-Urban 476 (40.61) 50 (38.46) 6 (16.21) 532
Urban 215 (18.34) 11 (8.46) 2 (5.41) 228
Total 1172 130 37 1339

2.7.2 Assessing Non-Linearity in Age

Non-parametric smoothers, equation 1, were employed in assessing the relationship
between age and our study outcomes (Wood 2006). These estimated effects therefore
formed the basis for the approximations on the forms of dependence on age in our formal

models.

log <1 fip) = f(X4) 0

Y; ~ Bernoulli(1, p;)

where p; represents the probability that the observed outcome in the i* child was positive
whilst 1 — p; denotes otherwise; X; is the continuous-valued covariate, age; and f(X;) is

the smoothing function for age in the Generalised Additive Model.
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2.8 Confirmatory Analysis

2.8.1 Effect of Group Level Homogeneity

Judging by the fact that our study participants were recruited from schools, it seemed
logical to examine the effects of exposures specific to these schools. This is because the
home and school environments may present different exposures, hence risk behaviours
may vary considerably at the school and household levels. In the following sections, we
examine some of these school and household-specific exposures and their potential effect

on our data analysis strategy.

2.8.1.1 Exposures Within Schools

Though health education is included in the curricula for schools, only a few schools are
able to complement this health education with the necessary operational components of
transmission control such as clean water supply, improved or well-maintained sanitation
facilities and soap for hand washing. Hence, the level of environmental contamination
and exposure to the infective stages of parasitic helminths may vary considerably for
children in urban private schools and those in rural state-funded schools where access
to improved sanitation and clean water may be woefully inadequate. Moreover, the
perennial interruption in the supply of potable water means that the exposure levels in

schools may vary depending on the availability of water storage facilities (Figure 60).

2.8.1.2 Exposures Within Households

At the household level, risk behaviours could be influenced by socio-economic conditions,
and consequently the type of facilities available to household members. For instance,
as part of their domestic chores, children in rural settings are normally required to
collect water for the household. The risk of Schistosoma infection for these children

may, therefore, increase when water has to be collected from surface water sources.

Moreover, a household’s level of health awareness may be the direct influence of their
ownership of assets such as radios and televisions that enable them to listen to health

education programmes (Kloos 1995). Therefore, health-seeking habits such as regu-
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lar treatment with over-the-counter anthelmintics may largely depend on knowledge
and education as well as the relative position of households on the wealth index (Fig-

ure 59).

2.8.1.3 Considering Schools and Households as Random Effect Terms

Since spatial proximity is well known to influence group homogeneity (Kreft & de Leeuw
1998), the effects of the similar exposures within schools and households as well as the
implications of these dependency could not be overlooked. The fundamental assumption
of independence of observations in classical statistical models is violated by group-level
homogeneity (Kreft & de Leeuw 1998). Hence as a way of adjusting for this dependency,

we considered the option of treating households and schools as random effect terms.

() (d)

Figure 60: Sanitation facility (a) and water storage containers (b — d) in Ghanaian
state schools.
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2.8.1.4 Do Schools and Households Qualify as Random Effects Terms?

Even though schools and households could logically be regarded as random effect terms
(Crawley 2002), we still needed to establish if that was indeed the case for this study.
Therefore, as an initial assessment to justify the specification of schools and households
as random effect terms in the models, two factors were taken into consideration. Firstly,
the recruited schools had to be representative of all schools that fitted into the recruit-
ment criteria in order to qualify as random effect terms; and secondly, the clustering of
participants within households needed to be sufficiently high in order for the effect of

the group-level homogeneity to be significant.

However, school was ruled out as a random effect term due to the non-random school
recruitment process, section 2.3. An assessment of the number of participants per house-
hold indicated that 184 houses had multiple participants ranging from 2-4 children per
household (Table 36). But are these numbers sufficiently high to induce dependency in
the data? To answer this questions, we performed a variance components analysis which

is discussed in the next section.

Table 36: Distribution of the study participants by households in the three sites. In
all, 184 households had multiple participants ranging from 2-4.

Number of Houses

Participants Per House Urban (%) Peri-Urban (%) Rural (%) Total
1 181 (89.16) 370 (83.90) 374 (80.43) 925
2 19 (9.36) 53 (12.02) 72 (15.48) 144
3 3 (1.48) 16 (3.63) 15 (3.23) 34
4 0 (0.00) 2 (0.45) 4 (0.86) 6
Total 203 441 465 1109

2.8.1.5 Variance Components Analysis

The contribution of the random variation due to clustering within households on the
overall variance in the risk of our study outcomes was assessed as follows. Two models,

a random intercept model that took the random variation into account and a fixed
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effects model that completely disregarded the effect of the random variation, were fitted.
A generalised likelihood ratio test was then used in assessing the comparative fit of the
two models. Hence, the results of this test served as the basis for selecting the optimal

models for our study outcomes. The full details of these analyses are outlined below.

2.8.1.5.1 Mixed Effects Model

This model took the random variation due to clustering within households into account.
The model was, therefore, formulated as follows: the effect of factors that influenced
the observed outcome in any given participant, say the j* child living in the i*" house-
hold, was modelled by assuming there is as an unknown probability, p;;, of acquiring
an infection. Therefore, higher values of p;; would signify higher chances of being in-
fected and vice versa. Moreover, if the infection status of the j** child were denoted
by a random variable, Y;; € {0,1}, then P(Y;; = 1) = p;; would be the probabil-
ity that an infection is observed whilst P(Y;; = 0) = 1 — p;; would denote otherwise.

Hence, Y;; follows the Bernoulli probability distribution (equation 2) (Collett 2003).

P(Yij = yij) = p¥i (1 — p)' (2)
y=0,1

Following the Bernoulli convention, the expected mean and variance of Y;; are respect-

ively given by:
E(Yij) = pij and var(Yi;) = pij(1 — pij)

To account for the random variation, U;, the predictor function, 7;;, was specified as
a function of both the measured covariates and U; (equation 3). In the final step of
the model formulation, the logit link function was employed in defining the relationship

between pij and 7;; (equation 4).
nij = BXij+ Ui (3)

where Ui ~ N(0,0%)
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eBXij+ Ui
pij = 14+ efXist U (4)

Dij
log () = Xy + U 5

where (3 is the vector of unknown regression parameters, X;; is the vector of measured

covariates and Uj; is the random variation within households.

The model was executed with the glmer function, as implemented with the R 1lme4

package (Bates et al. 2012).

2.8.1.5.2 Fixed Effects Model

For this model, we assumed a negligible effect for the random variation, U;. Since the

2 would be small under such circumstances, all

variance of the random variation, o
households would end up having similar logistic curves (Zuur et al. 2011). Therefore,
equation 5 would naturally break down into a classical fixed effects model, equation 6.
Hence for this model, the unknown regression parameters were estimated by fitting a
binary logistic regression model to the data.

log (1?;]) = BXy

Y;; ~ Bernoulli(1, p;;)

2.8.1.5.3 Assessing the Comparative Fit of Models 5 and 6

The effect of the random variation within households, U;, on the maximum likelihood
of the model formed the basis for the comparison of the two non-nested models above
i.e. equations 5 and 6. Hence, a generalised likelihood ratio test that had a null and

alternative hypotheses given by equation 7 was used in assessing the effect of the U;.

Hy : Xijﬂ and Hp Xij,B + U; (7)

2 x log(La/Ly) = 2[log(Lz) — log(Ly)] (8)

Therefore, given the log-likelihoods (L1 and Lg) and number of parameters (k1 and k2)
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in the two fitted models (equations 5 and 6); the change in deviance (equation 8) given
that the null hypothesis is true would have a Chi-square (x?) distribution with ky - ks
degrees of freedom (Pinheiro & Bates 2000, Leyland & Goldstein 2001).

A statistically significant p-value, on xier distribution, was therefore interpreted as
meaning U; gave a significant improvement in the maximum likelihood of the model,
in which case the mixed effects model would be the preferred choice. Though this
method of assessing the significance of the random variation only holds for large samples
(Pinheiro & Bates 2000), it is generally regarded as being too conservative. This problem

is, however, resolved by multiplying the nominal p-value by 0.05 (Self & Liang 1987).

2.8.1.6 Modelling the Risk of S. haematobium and the STH Infections

The results of the generalised likelihood ratio test, as described in section 2.8.1.5 above,
provided compelling evidence (p < 0.001) in favour of the alternative hypothesis for
S. haematobium mono-infections, Hy : Xj;8 + U;. Therefore, the mixed effects model
was deemed suitable for the S. haematobium mono-infections. In the case of the STH
infections, however, there was no compelling evidence (p = 0.43) for rejecting the
null hypothesis, Hy : Xj;8. Hence, the classical fixed effects model was considered
optimal for modelling the risk of the STH infections. The following sections, there-
fore, outline the stages of our formal regression analyses. We, however, defer the dis-

cussion on our model for S. haematobium mono-infections till later in section 3.2.3.

2.8.1.6.1 Model Selection

Simple logistic regression analyses were initially performed to assess the worth of each
measured covariate. These covariates were then entered into the model in the or-
der of their contribution to the overall deviance, as judged by a deviance-based test.
The relative effects of the terms in the multiple logistic regression model were also
assessed by a deviance-based test (Hilbe 2009). Therefore, terms that were signific-
ant on entry into the model but whose effects became non-significant after adjusting
for the effects of other terms were considered for exclusion. The exclusions of any

such terms were, however, effected only when their omissions did not significantly in-
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crease the overall deviance of the model. The resulting model, after the backwards

selection of terms, became our main effects model for the risk of the STH infections.

The terms in the main effects model were used in investigating the effect of two-way
interactions. The effects of these interaction terms were assessed by computing the
deferences in deviance between the nested model, i.e. the main effects model, and each
of the full models containing the interaction terms, in addition to the terms in the main
effects model. Non-significance interaction terms were dropped if their exclusions did
not significantly increase the overall deviance of the model. The resulting model became

our provisional model for the risk of the STH infections.

2.8.2 Goodness-of-Fit Check

2.8.2.1 Assessment of Over-dispersion

Following recommendations by Zuur et al. 2013 that over-dispersion in Bernoulli GLM
be defined by the Pearson dispersion statistic, equation 9 was used in assessing our
provisional models for extra-dispersion. Our cut-off limit for over-dispersion was set at
1 (Zuur et al. 2013).

> (yi — pi)
N % 9)

where y; is the observed value of the outcome in the i** child; p; is the probability
that infection was observed in the " child; N denotes the number of observations in

the model and k is the number of parameters in the model, including the intercept.

2.8.3 Model Validation
2.8.3.1 Assessing the Homoscedasticity Assumption

In assessing our provisional models for non-constance error variance, the Pearson resid-
uals, equation 10, were first sorted into groups of 10 based on the order of their sorted
fitted values. The mean of the Pearson residuals in each group was then computed and

plotted against the fitted values.
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Y, A,
€ = et (10)
pi (1 —pi)
where Y; is the observed response for the ith participant, p; is the fitted value cor-

responding to Y; and /p; (1 — p;) is an estimate of the standard deviation of the raw

residuals.

2.8.3.2 Assessing the Assumption of Independence

Building on our study assumptions, we expect the transmission of schistosome and the
soil-transmitted helminth infections in our low endemicity sites to be influenced by the
socio-economic inequalities across households. It is, therefore, logical to expect these in-
fections to occur in patches, provided households with similar socio-economic standards
were situated in close proximities to each other. Therefore, the residuals, which repres-
ent the variation in the outcomes that are attributable to unmeasured factors and the
random noise in the data (Arlinghaus 1996), would also be expected to exhibit spatial
heterogeneity. In the following sections, we employ classical geostatistical concepts in
investigating and describing the spatial dependence due to the heterogeneous patterns
of transmission and in predicting transmissions at unsampled locations in the study

region.

2.8.4 Classical Geostatistical Concepts

We, therefore, proceeded to predict the reservoirs of schistosome and STH transmissions
across the three post-intervention districts under consideration (Figure 56), using in-
formation from the sampled locations, s. Following classical geostatistical convention,
we began by regarding the spatially-referenced residuals of our provisional models as
single realisations, z(s;), of an underlying spatially continuous random process, Z(s;),

that is specified by equation 11 (Zuur et al. 2007, Waller & Gotway 2004).

E[Z(s)] = (1)

Cov (Z(sj), Z(sk)) =C(sj —s)
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where C(.), the covariance function, measures the spatial autocorrelation between sampled
locations s; and s;. If the difference between sampled locations were assumed to be
second-order stationary, then the mean, pu, is independent of location and the covari-
ance/variogram only depends on the separation distance between s; and s; (Waller &

Gotway 2004).

2.8.4.1 Structural Analysis

The spatial autocorrelation between sampled locations in the study region was quantified
by computing empirical variogram for the Pearson residuals of the provisional models
(equation 12). Details of the computation of the variogram has been discussed in section

2.6.3.2.5 in Part I of this thesis.

p(h)
7(h) = 2;}1) 3 {ails) — z(on)) (12)

where p(h) denotes the numbers of pairs of Pearson residuals separated by h, whilst
spatial lag, h, is the separation distance between any given set of pairs of residuals;
and z; and z; are the residuals for the ¢th and jth participants at locations s; and sy,

respectively.

2.8.4.2 Estimating the Covariance Parameters

The computed empirical variogram in section 2.8.4.1 is, however, based on lag distances
between the sampled locations. Therefore, to extend these computations to the entire
study region, including the non-sampled areas, a theoretical variogram model was fitted
to the empirical variogram. The fitted theoretical variogram model was then used in

estimating initial values of the parameters of the covariance function.

In finding the appropriate theoretical variogram model, covariance functions from the
Matern family, equation 13, were fitted onto the empirical variogram. Different values
of the shape parameter, k, were sequentially employed in fitting the covariance function
until the shape of the isotropic empirical variogram was adequately captured (Figure 61).

The elements of the covariance structure, Figure 62, were estimated by weighted least
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squares using specific functions in the R geoR package (Ribeiro Jr & Diggle 2001, Diggle
& Ribeiro 2007).

p(u) = {27 0(k) } " (u/9)" Kou(u/9) (13)

where K, (.) represents a modified Bessel function of order x; the order, x, determines

the smoothness of the underlying spatial process; ¢ is a scale parameter.
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Figure 61: The degree of smoothness in the underlying spatial process associated
with different values of the shape parameter, x, in the Matern family of correlation
functions (adapted from Diggle & Ribeiro 2007).
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[ E— (D —_— Spatial lag

Figure 62: An example of a typical isotropic variogram showing the elements of the
covariance structure, ¢, 02 and 72. The range, ¢, quantifies the zone within which
attributes are spatially correlated, the variance of the spatial process, Y (s), is the
sum of the measurement error variance, 72, and signal variance, o2. This figure was
adapted from Waller & Gotway 2004 with permission of the rights holder, John
Wiley and Sons.

140



2.8.4.2.1 Parameter Re-Estimation and Spatial Prediction

The parameters of our provisional model, together with the estimated parameters of
the covariance structure in section 2.8.4.2, were incorporated into a spatial model (equa-
tion 14). The regression parameters were re-estimated in the spatial model by an iterative
scheme involving the re-estimation of the covariance function for the residuals of each
fitted model for 10,000 iterations till the convergence of the correlation parameters. The
model, equation 14, was executed in R using specific functions as implemented with the

R PrevMap package by Giorgi & Diggle 2014.

log ( Pi ) = dB+S@)+Z (14)
1—pi

where d’ denotes the vector of covariates from the provisional model; 3 is the vector

of regression coefficients; S(x) is a Gaussian process that is described by the covariance

parameters; and Z is a mutually independent zero-mean Gaussian variable with variance,

72 (Giorgi & Diggle 2014).

The parameter estimation was effected by running a single chain sampler for 10000 it-
erations. After allowing a suitable burn-in of 2000 iterations, every 8th iteration was
stored. The stored values were used in approximating the likelihood integral. To effect
the spatial predictions, the prediction locations were first specified by 0.01 x 0.01 degrees
grid. The parameters from binomial spatial model, equation 14, were used in generat-
ing the risk maps after summarising the predictive distribution of the spatial grids by

their means, standard deviations and probability distribution (Giorgi & Diggle 2014).
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3 Results

3.1 Baseline Characteristics

3.1.1 Prevalence of Our Study Outcomes

All the recorded infections in this study occurred in the peri-urban and rural sites
(Table 37). Schistosome infections were also observed among both the peri-urban and
rural participants. However, S. mansoni was the least occurring of the two schistosome
infections. Moreover, of the soil-transmitted helminths infections, only hookworm and
whipworms were observed among the peri-urban participants. Based on these results,
Table 37, we chose to revise our study outcomes from 3 to 2. Therefore, the analysis
in the rest of this section would focus on S. haematobium mono-infections and the soil-

transmitted helminth infections.

Table 37: Recorded infections among participants in the three study sites. The total
number of participants in the urban, peri-urban and rural sites were 228, 532 and
579, respectively.

Helminth Infections Number of Infected Participants

Urban (%) Peri-Urban (%) Rural (%) Total

Schistosoma spp
S. haematobium 0 (0.00) 15 (2.82) 30 (5.18) 45

S. mansoni 0 (0.00) 3 (0.56) 2 (0.35) 5

Soil-Transmitted Helminths (STH)

Hookworms 0 (0.00) 9 (1.69) 78 (13.47) 87
Roundworms 0 (0.00) 0 (0.00) 52 (8.98) 52
Whipworms 0 (0.00) 2 (0.38) 22 (3.80) 24
Any of the STH infections 0 (0.00) 11 (2.07) 138 (23.83) 149

3.1.2 Socio-Economic Standards of Households

3.1.2.1 Source of Water and Sanitation Facility

Tap water was the major source of water supply for the urban and peri-urban participants

while the rural participants relied mainly on surface water sources (Table 38). Water
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from tanker trucks was, however, the second most widely used source of water in all the
three sites. Even though the vast majority of the urban and peri-urban participants had
access to private flush toilets and compound latrines, most participants (77%) in the
rural site practised open sanitation. Moreover, there were some few people (4%) in the

peri-urban site who also resorted to open sanitation.

3.1.2.2 Type of House, Electricity and Transportation

Compound houses constituted the most common dwellings in all three sites and the main
building material for most houses was cement. While most participants came from homes
that had a supply of electricity, there were some houses in all the three sites that had no
electricity supply (Table 38). Almost all of our rural participants and about a half of all
the participants in the urban and peri-urban sites were mainly in the habit of walking to

school.

3.1.2.3 Educational Levels of Family Providers

The educational levels of family providers in the urban site were almost equally distrib-
uted between basic, secondary, further and higher education. However, basic and higher
education were the most common among family providers in the peri-urban site while
those in the rural site were mainly with some level of basic education or without any

form of formal education (Table 38).

3.1.2.4 Health-Seeking Habits

Adherence to regular treatment routines with over-the-counter anthelmintics was mostly
common in the urban and peri-urban homes. Most of our urban (49%) and peri-urban
(40%) participants had been treated by their parents in the three months prior to our
questionnaire survey. Though there were some level of adherence in the rural site, most

parents (44%) were not in the habit of following any treatment routines (Table 38).
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Table 38: Indicators of socio-economic standards as well as risk and health-seeking
behaviours of our study population versus prevalence of infection.

Indicator Variables Number of Participants Prevalence of Infections

Urban (%) Peri-Urban (%) Rural (%) Total S. haematobium (%) STH Infections (%)

Source of Water Supply

Tap 202 (88.60) 320 (60.15) (0.52) 525 10 (1.90) 9 (1.71)
Tanker 16 (7.02) 138 (25.94) 213 (36 79) 367 13 (3.54) 62 (16.89)
Well 8 (3.51) 71 (13.35) 101 (17.44) 180 10 (5.56) 25 (13.89)
Surface Water 0 (0.00) 1(0.19) 262 (45.25) 263 12 (4.56) 53 (20.15)
Type of Sanitation Facility

Private Water Closet 115 (50.44) 222 (41.73) 7 (1.21) 344 3(0.87) 1 (0.29)
Compound Latrine 91 (3J 91) 225 (42.29) 29 (5.01) 345 11 (3.18) 1(3.19)
Public Latrine 9 (8.33) 59 (11.09) 96 (16.58) 174 5 (2.87) 21 (12.07)
Open Sanitation 0 (0.00) 22 (4.14) 445 (76.86) 467 26 (5.57) 114 (24.41)
Type of House

Detached 58 (25.44) 174 (32.71) 143 (24.70) 375 12 (3.20) 35 (9.33)
Semi-detached 41 (17.98) 127 (23.87) 86 (14.85) 254 7 (2.76) 26 (10.25)
Compound house 128 (56.14) 229 (43.05) 350 (60.45) 707 26 (3.68) 88 (12.45)
Main Building Material

Cement 226 (99.12) 491 (92.29) 404 (69.78) 1121 31 (2.77) 112 (9.99)
Mud 2 (0.88) 39 (7.33) 175 (30.22) 216 14 (6.48) 37 (17.13)
Source of Cooking Fuel

Charcoal 51 (22.37) 162 (30.45) 225 (38.86) 438 19 (4.34) 59 (13.47)
Firewood 0 (0.00) 40 (7.52) 343 (59.24) 383 23 (6.01) 85 (22.19)
Liquified petroleum gas 177 (77.63) 328 (61.65) 9 (1.55) 514 3 (0.58) 5 (0.97)
Electricity Supply in the Home

No 2 (0.88) 50 (9.40) 144 (24.87) 196 15 (7.65) 39 (19.90)
Yes 226 (99.12) 482 (90.60) 435 (75.13) 1143 30 (2.62) 110 (9.62)
Means of Transportation

Walk 114 (50.00) 269 (50.56) 577 (99.65) 960 41 (4.27) 147 (15.31)
Bus 51 (22.37) 129 (24.25) 1(0.17) 181 3 (1.66) 1(0.55)
Private car 63 (27.63) 132 (24.81) 1(0.17) 196 1(0.51) 1(0.51)
Family Provider’s Educational Level

No formal education 16 (7.02) 39 (7.33) 261 (45.08) 316 23 (7.28) 77 (24.37)
Basic 58 (25.44) 202 (37.97) 270 (46.63) 530 18 (3.40) 61 (11.51)
Secondary 63 (27.63) 99 (18.61) 20 (3.45) 182 3 (1.65) 5 (2.75)
Further 41 (17.98) 80 (15.04) 19 (3.28) 140 1(0.71) 3 (2.14)
Higher 50 (21.93) 111 (20.86) 5 (0.86) 166 0 (0.00) 2 (1.20)
Period Since Last Anthelminthic Treatment®

< 1 month 21 (9.21) 68 (12.78) 18 (3.11) 107 2 (1.87) 6 (5.61)
1-3 months 112 (49.12) 213 (40.04) 54 (9.33) 379 6 (1.58) 12 (3.17)
3-6 months 56 (24.56) 148 (27.82) 75 (12.95) 279 5 (1.79) 15 (5.38)
> 6 months 31 (Ls 60) 87 (16.35) 174 (30.05) 292 14 (4.79) 43 (14.73)
Never (1.32) 7 (1.32) 256 (44.21) 266 17 (6.39) 72 (27.07)
Name of Anthelmintic

Albendazole / Mebendazole 5(2.19) 72 (13.53) 61 (10.54) 138 5 (0.58) 9 (1.05)
Wormplex 113 (49.56) 253 (47.56) 489 (84.46) 855 36 (26.09) 129 (93.48)
Vermox / Zentel 91 (39.91) 157 (29.51) 6 (1.04) 254 3 (1.18) 4 (1.57)
Other® 16 (7.02) 36 (6.77) 14 (2.42) 66 1(1.52) 4 (6.06)

2 Refers to home-administered treatment with over-the-counter anthelmintics.

P The less commonly used medications such as herbal preparations and milk of magnesia.
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3.1.2.5 Types of Anthelmintics

Judging by the types of anthelmintics our respondents used for their regular treatment
routines (Table 38), health-seeking habits at the household level were not extended to
schistosomiasis treatment. The commonly used anthelmintics were mostly known to
be effective against the soil-transmitted helminths but not Schistosoma spp. However,
some of the respondents also reported the use of herbal medicines whose efficacy levels

are either undocumented or unknown.

3.1.3 Prevalence of Infection by Socio-Economic Standards of Households

The soil-transmitted helminth infections were mainly common among participants who
came from households that resided in compound houses and whose family providers
were either without any formal education or have had some level of basic education.
Such households mainly relied on surface water sources and practised open sanitation
(Table 38). Moreover, the STH infections tend to be more common among children
who came from households that rarely or never observed any treatment routines. In
households where treatment regimes were followed, those that administered wormplex

tend to have more infected children.

S. haematobium infections, on the other hand, were more common among participants
whose households mainly relied on water from wells and practised open sanitation
(Table 38). Moreover, these participants mostly resided in compound houses that were
built with mud and had no supply of electricity. Infections were also mostly observed
among participants who came from households that rarely followed any regular treatment

routines (Table 38).

3.1.4 Assessing Non-Linearity in Age

3.1.4.1 Soil-Transmitted Helminth Infections

An initial assessment of the relationship between age and the prevalence of STH infec-
tions indicates no infections were observed in children under the age of 6 (Figure 63(a)).

To help discern the nature of the trend across the age range of our study population, we
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employed the use of non-parametric smoothers by Wood 2006. The smoother for age-
STH relationship, Figure 63(b), estimated a significant (p<0.001) non-linear effect in age
with 8.362 effective degrees of freedom as the optimum amount of smoothing. However,

age only explained six percent of the total variation in STH infections (Table 39).

0
I

-5

-10

Presence/Absence of An STH Infection
s(age,8.36)

! 1 | 1 | 1 | 1 | |

Figure 63: Left: Scatterplot of the prevalence of STH infections in the three sites
versus age of the study participants. Right: Estimated non-parametric smoother
for the effect of age on the predictor scale (solid line) and the corresponding 95%
confidence limits (outer dashed lines).

3.1.4.2 S. haematobium Mono-Infection

Figure 64(a) indicates that all the observed S. haematobium mono-infections occurred
in children above 6 years of age. The smoother estimated a non-linear effect with 3.302
effective degrees of freedom (Table 39). However, this effect was non-significant at the

5% level.

s(age,3.3)

Presence/Absence of S. haematobium Eggs

Figure 64: Left: Scatterplot of the prevalence of S. haematobium mono-infections
in the three sites versus age of the study participants. Right: Estimated non-
parametric smoother for the effect of age on the predictor scale (solid line) and the
corresponding 95% confidence limits (outer dashed lines).
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3.1.4.2.1 Modelling the Effect of Age

In line with the discussion in section 3.1.2.1.2 in Part I of this thesis, the smoother, f (X;);
is made up of basic units as given by equation 15. Therefore, when the evidence presented
by the estimated non-parametric smoothers and their numerical outputs pointed to non-
linearity in the effect of age, the smoothers were regarded as sticks that could be broken
down into a given number of segments, p. Hence, by adopting White et al.’s broken
stick model approach, the length of each segment of the smoother, j, was defined by

equation 16.

iﬁ] X by ( (15)

where p is the total number of segments that make up f(X;) and f; is the regression

coefficient obtained by fitting the j** segment in the model.

0, if kb,1 > X;
Xp = X; —kp_1, if ko1 <X;<k (16)
ky,, if X; >k

where Xy, is a given segment of the smoother; ki,_; and kj, are break-points of the
smoother corresponding to points on the X-gradient such that k,_; < ky. So, for in-

stance, age is set to 0 when age is less than the first break-point, ky_1.
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3.2 Confirmatory Analysis

3.2.1 Modelling the Risk of the Soil-Transmitted Helminths Infections

3.2.1.1 Simple Logistic Regression Analyses

The results of the simple regression analyses for the STH infections are presented in
Table 40 below. With the exception of age and type of house; the effect of all the other
covariates were highly significant in predicting the risk of the soil-transmitted helminth

infections in school-aged children.

3.2.1.2 Multiple Logistic Regression Analysis

The deviance-based test for assessing the significance of the terms in the multiple regres-
sion model, Table 41, indicated period since last anthelmintic treatment, ageb, electricity
supply in the home, educational level of family provider and building material could be
excluded from the model without causing any statistically significant increase in the

overall deviance.

3.2.1.3 Investigating the Effects of Interaction Terms

Our assessment of interactions between terms in the main effects model yielded one

marginally significant effect, fuel:water (Table 42).

3.2.1.4 Provisional Model for the STH Infections

Table 43 presents our provisional model for the STH infections. The inclusion of the
fuel:water interaction term in the model caused fitting problems. We, therefore, carried

out the rest of the analysis without that term.
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Table 41: Deviance analysis for terms in the multiple regression model for the
soil-transmitted helminth infections. The p-values were obtained by the sequential
omission of the model terms, starting with the least significant.

Deviance Analysis

Model Terms daf Dg - D; Residual Deviance Residual df p-value

Type of Sanitation Facility

Private Water Closet

Compound Latrine 3 167.21 711.40 1173 0.000
Public Latrine

Open Sanitation

Source of Cooking Fuel

Charcoal

Firewood 2 14.48 696.93 1171 0.001
Liquified petroleum gas

Family Provider’s Educational Level

No formal education

Basic 4 7.99 688.94 1167 0.092
Secondary

Further

Higher

Source of Water Supply

Tap

Tanker 3 13.47 675.47 1164 0.004
Well

Surface Water

Period Since Last Anthelminthic Treatment

< 1 month

1-3 months 4 4.99 670.47 1160 0.288
3-6 months

> 6 months

Never

Means of Transportation

‘Walk

Bus 2 9.03 661.44 1158 0.011
Private car

Age (years)
ageb 1 0.78 660.67 1157 0.378

Electricity Supply in the Home
No
Yes 1 0.05 660.61 1156 0.820

Main Building Material
Cement
Mud 1 3.60 657.02 1155 0.058

Age (years)
age2 1 2.54 654.48 1154 0.111

Sex
Female
Male 1 2.29 652.19 1153 0.131
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Table 42: Deviance analysis for interaction terms in the main effects model for the
STH infections. Dy - D; represents the differences between the null and residual
deviances.

Deviance Analysis

Interaction Terms daf Dg - Dy Residual Deviance Residual df p-value

Type of Sanitation Facility

Sanitation : Source of Fuel 6 9.890 669.65 1178 0.129
Sanitation: Water 9 8.585 670.95 1175 0.476
Sanitation: Transport 5 4.801 674.74 1179 0.441
Source of Cooking Fuel

Source of Fuel : Water 5 10.90 668.64 1179 0.053
Source of Fuel : Transport 4 1.159 678.38 1180 0.885
Source of Water in the Home

Source of Water : Transport 5 2.550 676.99 1179 0.769

Table 43: Provisional model for the soil-transmitted helminth infections.

Provisional Model

Model Terms OR (95% CI) SE p-value

Type of Sanitation Facility

Private Water Closet 1

Compound Latrine 5.32 (0.94, 1.0 x102) 1.079 0.121
Public Latrine 11.68 (2.02, 2.24 x 102) 1.092 0.024
Open Sanitation 17.91 (3.20, 3.40 x10?) 1.082 0.008
Source of Cooking Fuel

Charcoal 1

Firewood 1.12 (0.74, 1.68) 0.208 0.600
Liquified petroleum gas 0.36 (0.10, 1.08) 0.599 0.092
Source of Water Supply

Tap 1

Tanker 3.96 (1.77, 9.79) 0.431 0.001
Well 2.44 (1.00, 6.44) 0.471 0.059
Surface Water 2.32 (1.00, 5.94) 0.450 0.062
Means of Transportation

‘Walk 1

Bus 0.00 (0.00, 0.00) 486.783 0.975
Private car 0.30 (0.02, 1.69) 1.079 0.261
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3.2.1.5 Goodness-Of-Fit Check

The value of the dispersion statistic, 0.57, fell without our acceptable cut-range as dis-
cussed in section 2.8.2.1. Based on this result, we concluded the model was not over-

dispersed.

3.2.2 Model Validation
3.2.2.1 Assessing the Homoscedasticity Assumption

The spread of the residuals across the range of the fitted values seems reasonably con-
stant. This, therefore, ruled out any obvious violation of the homoscedasticity assump-

tion (Figure 65). Hence, the provisional model was deemed acceptable.
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Figure 65: Grouped Pearson residuals versus fitted values of the provisional model
for the soil-transmitted helminths (STH) infections. The spread of residuals across
the range of the fitted values suggests homoscedasticity is a reasonable assumption.

3.2.2.2 Assessing the Assumption of Independence

Figure 66 mainly shows a segregation of negative and positive residuals in the urban and
peri-urban sites. A comparison with Figure 67 suggests our provisional model mainly
over-estimated the risk of infection in the urban and peri-urban sites. The rural sites,
however, did not seem to show any clear segregation of risk as judged by the point map,
Figure 66. In the next section, we employ the use of the variogram as a more objective

tool for quantifying the spatial dependence in the residuals.
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Figure 66: Spatially-referenced residuals of the provisional model for STH infections
in the three sites (urban/peri-urban and rural). The radii of the circles are propor-
tional to the absolute values of the Pearson residuals. The red and black circles
represent the negative and positive residuals, respectively.
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Figure 67: Distribution of STH infections in the three sites. Each point corresponds
to a sampled location i.e location of the household of the sampled child. The red
and black points represent infected and non-infected cases, respectively.
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3.2.2.2.1 Structural Analysis

The omni-directional empirical variogram suggests an increasing spatial trend with lag
distance (Figure 68 (A)). However, this variogram is based on the isotropy assumption
where the spatial correlation is thought to be identical in all directions within the study
region (Waller & Gotway 2004). Since isotropy may not be a reasonable assumption for
the outcome under consideration, we conducted an assessment for directional depend-
ence. But first, we examine some possible sources of violation of the isotropy assumption

in the context of this study.

3.2.2.2.2 Violation of the Isotropy Assumption

The basis for modelling both the STH and schistosome infections on the same set of
covariates is that the two diseases tend to be co-endemic; thereby suggesting that both
diseases may be favoured by similar conditions (Gazzinelli et al. 2012, Lustigman et al.
2012). Moreover, chemotherapy interventions for these infections are often implemen-
ted concurrently at the same geographical unit and among the same host population

(Brooker et al. 2009)

However, while schistosome infections may be unevenly distributed within any given
endemic setting, thereby suggesting a possible violation of the isotropy assumption
(Brooker 2007), the STH infections are not generally known to exhibit any such pat-
terns in space. However, the fact that the transmission of both diseases are favoured

by similar factors implies that they could share similar patterns in their distribution.

3.2.2.2.3 Assessing Directional Dependence

Directional empirical variograms were computed for four azimuths in our study region.
The horizontal bands for the 45 and 0 degrees angles in Figure 68 (B), suggest the absence
of any significant spatial dependency in those directions. For the 90 and 145 degrees
angles, however, the directional variograms seemed to have different ranges, which could

signify geometric anisotropy (Waller & Gotway 2004).
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The angle of maximum range and the range ratio, Figure 69, were estimated as 30.175
degrees and 1.20; respectively using specific functions in the R intamap package (Pebesma
et al. 2010). Therefore, the geographical coordinates were transformed to correct for
the anisotropy using the estimated anisotropy parameters (Ribeiro Jr & Diggle 2001).
The isotropic variogram, that was computed with the anisotropy-corrected coordinates,
was statistically significant, p=0.038, for spatial autocorrelation. Hence, the rest our

assessments will be based on this isotropic variogram.
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Figure 69: A schematic representation of geometric anisotropy. a,,,, denotes the
range of maximum continuity in direction ¢; and a,,;,is the range in the direction of
minimum continuity perpendicular to the angle of maximum range (adopted from
Waller & Gotway 2004 with permission of the rights holder, John Wiley and Sons.)

3.2.2.2.4 Estimating the Covariance Parameters

Figure 70 shows the fitted Mafern covariance function, equation 13, that was used in
modelling the spatial correlation structure. The parameters of the covariance structure,
given by the range of spatial correlation, the signal variance and the measurement error
variance, were estimated as ¢ = 1.78, 02 = 4415.24 and 72 = 0.55; respectively by

weighted least squares.

The shape of the fitted parametric model is, however, consistent with an unbounded
variogram. This may occur as result of increasing sources of variation with lag distance

and cannot be modelled with a finite sill and range (Thangarajan 2007, Webster & Oliver
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2001). Therefore, to adjust for the high variance in Figure 70, the range and sill of the

covariance function were set at 0.08° and 2.0, respectively.
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Figure 70: The isotropic variogram for the STH infections with the fitted covariance
function of the order x = 2.5. The covariance parameters were estimated as: ¢ = 1.78,
72 = 0.55, 02 = 4415.24. To adjust for the high variance, ¢ was set at 0.08°; as indicated
by the vertical dashed-line.

3.2.2.2.5 Geostatistical Model

Our final model is presented in Table 44. A comparison of our final and provisional
models for STH infection indicates that the provisional model (Table 43), which did not
take the spatial correlation into account, over-estimated the covariate effects due to lack

of independent information on the autocorrelated data.

3.2.2.2.6 Predicted Prevalence of the STH Infections

The predicted prevalence of STH infections, based on the covariates in our final model
(Table 44), mostly shows a low prevalence of STH infections across the region (Figure 71).
The standard errors for these prediction were highest for those areas with the slightly

higher predicted prevalence and vice versa (Figure 72).
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Figure 71: Predicted prevalence of Soil-Transmitted Helminth infections based on
the covariates in the geostatistical model (Table 44). The solid black dots represent
the locations of the households of the children who supplied data.
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Figure 72: Standard errors associated with the predicted prevalence of Soil-
Transmitted Helminth infections in Figure 71
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3.2.3 Modelling the Risk of Schistosoma haematobium Mono-Infections

3.2.3.1 Mixed Effects Model

Based on the results of the generalised likelihood ratio test in section 2.8.1.6, the risk
of S. haematobium mono-infections was initially investigated with a random intercept

model that had household as the grouping factor (Table 45).

Table 45: Mixed effects models for S. haematobium mono-infections.

Model Terms Fixed Effects Random Effects

Parameter Estimate SE p-value Variance No. Observations No. Groups

Family Provider’s Educational Level
No formal education

Basic 0.973 0.619 19.581 1298 1075
Secondary 2.176 0.539

Further 3.539 0.562

Higher -17.049 8017.835 0.998

Source of Cooking Fuel

Charcoal 1

Firewood -0.266 1.395 0.849 32.105 1298 1075
Liquified petroleum gas -2.502 3.194 0.434

Means of Transportation

‘Walk 1

Bus -0.988 2.171 0.649 20.002 1300 1078
Private car -1.977 3.536 0.576

Period Since Last Anthelminthic Treatment

< 1 month 1

1-3 months -1.055 3.607 0.770 38.334 1286 1068
3-6 months -0.760 3.491 0.828

> 6 months 0.186 3.302 0.955

Never 0.823 3.293 0.803

Type of Sanitation Facility

Private Water Closet 1

Compound Latrine 0.343 2.861 0.905 38.241 1293 1070
Public Latrine 0.455 3.089 0.883

Open Sanitation 1.219 2.658 0.646

Source of Water Supply

Tap 1

Tanker -0.113 1.766 0.949 37.951 1298 1076
‘Well 0.580 1.699 0.733

Surface Water 0.370 1.901 0.846

Age (years)

agel 0.487 0.798 0.542 37.857 1302 1078
age2 0.248 0.351 0.480 37.768 1302 1078
age3 0.016 0.088 0.857 25.354 1302 1078
Main Building Material

Cement 1

Mud 0.472 1.125 0.675 19.832 1300 1077
Electricity Supply in the Home

No 1

Yes -2.362 1.226 0.054 30.862 1302 1078
Type of House

Detached 1

Semi-detached 0.029 1.347 0.983 20.293 1299 1077
Compound house 0.011 1.124 0.992

Sex

Female 1

Male -0.601 0.912 0.510 37.812 1302 1078

The varying number of observations and group numbers reflect the constant exposure patterns within households.
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The results of these analyses, however, suggested that none of the measured covari-
ates were significantly associated with the risk of S. haematobium infections (Table 45).
However, the standard errors corresponding to the parameter estimates were also high,
thereby making the results difficult to interpret (Table 45). In the following sections,
we outline the steps that were taken to investigate the adequacy the mixed effects

model.

3.2.3.1.1 Random Intercept Model

Building on our earlier concepts in section 2.8.1.5, the random intercept model is given
by equation 17 where the model terms have the same meanings as before. The very
limited group-level information, as judged by the number of observations versus the group
numbers in Table 45, could however render the effect of the random variation negligible.
If that were indeed the case, then the random effects model would be expected to break
done into a classical fixed effects model. We, therefore, proceeded to investigate if a fixed
effects model would have provided an adequate fit as follows. Two fixed effects models
were fitted, one to the entire dataset and the other to a subset of the data containing

unique observations per household in this study.

Dij
log <>
1- Dij

ﬂXZ‘j + U (17)

3.2.3.1.2 Rationale for Fitting the Two Fixed Effects Models

If the effect of the group-level homogeneity was not negligible, then the single-level fixed
effects model that was fitted to the entire dataset should produce biased parameter
estimates and standard errors. However, if the effect of the group-level homogeneity
was indeed negligible, then the two models would ideally be expected to have similar
parameter estimates and standard errors. The results of these analyses are presented

below.

162



- - £28°0 1 S0°0 628°0 $0€°0 (¥6°T 62°0) L0'T SN
T ®ﬁ~wE®ﬁ~
xag
£79°0 gge'0 (s7°T ‘09°0) 8T'T asnoy punodwop
- - L€L°0 4 19°0 29L°0 £8%°0 (81°2 ‘2€'0) 98°0 paypejep-Twag
T @ULUAEOQ
asnol jo odA[T,
269°0 vzl 6g°e€e 91°0 069°0 LLEO (ov'z ‘pe'0) 9T'T 010°0 1 699 900°0 1€€°0 (297 ‘9T'1) 6V'C POIN
T a:wswo
[erIogeIA Suipling urey
9¥P 0 $65°0 (50T ‘02°0) ¥9°0 €€0°0 SEF°0 (809 109eA 9ORING
226°0 TLS0 (¥6'z ‘1€°0) L6°0 1100 9g¥°0 (¥6°2 M
628°0 YTl PLEEE 680 62L°0 £€5°0 (€T ‘62°0) €8°0 9%0°0 € 20'8 ta i} 9z¥'0 (¢ 1uR],
T T der,
Aiddng 1s3epA JO @d2anog
- - 0190 1 9z°0 S09°0 920°0 (90°T ‘96°0) TO'T gose
- - 96€°0 1 TL0 00%°0 8T1°0 (07°1 ‘88°0) OT'T zose
£0°0 0ge1 £9'v€€ 06’7 690°0 FLEO (L8'% ‘LO'T) 46T €00°0 T 09°'8 L20°0 L8€°0 (62°¢ ‘v2'1) 02T 1o8%
(sxeak) o8y
$02°0 1621 £5°6£€ 19'1 $12°0 65€°0 (ze'1 ‘2e'0) ¥9°0 100°0 1 901 000°0 L2€°0 (z9°0 ‘L1°0) 2€°0 Sox
1 1 ON
swol oyj3 ur Addng A310113091H
955°0 10T°T (21°€ ‘€0°0) 2&'0 T€0°0 STO'T (zg'0 ‘10°0) TT°0 180 99RATI]
G18°0 14441 P IVE 1%°0 006°0 089°0 (e1°€ ‘02°0) 26°0 200°0 4 zeTl 960°0 $09°0 (z0°1 ‘60°0) L€°0 sng
1 1 Sem
EO_ONu.nDﬁmm:ﬁhrH\ n—O SueaAl
691°0 G28°0 (0812 ‘7L°0) 1T°€ 980°0 L8270 (0v'€z ‘€0°'T) L9'€ 1080N
$02°0 118°0 (0z°61 ‘69°0) 08°C 16T°0 G9L°0 (6721 ‘FL°0) TL'T syjuouwr 9 <
£€65°0 698°0 (79°11 ‘z€'0) 65T £66°0 SP8°0 (00°L ‘12°0) 66°0 syqjuow 9-¢
015°0 $GCT gerIve 6z'€ 957°0 968°0 (L9°€1 ‘0¥°0) 68°1 £00°0 ¥ 08'GT 780 $28°0 (986 ‘61°0) 480 syjuowt g-1
T T qjuour T >
juawjeady, Um£u=_E—0-.—u=< jsery Qn:hmm porasg
0280 808°0 (6€°€ ‘€1°0) 09°0 200°0 ¥19°0 (0262 ‘17°2) 26'9 uoryeyiueg uadQ
26€°0 2680 (06T ‘60°0) 8%°0 880°0 LELO (82°L1 ‘¢8°0) 1¢°€ aurger] o1qng
198°0 81L°0 (g9’ “ 0£°0) €T'T 100°0 € 98'GT ¥70°0 999°0 (29T ‘9T°T) 9L°€ sutiyer] punodwop
T80 8GT1 PR FYE 0z'e 1 T 19501 19YBA\ OYRALL
A311100] uoljejiueg jo adAT,
S€0°0 T1L°0 (z8°0 ‘¢0°0) 2T°0 100°0 §29°0 (€70 ‘€0°0) €T°0 se8 wnejorjed peymbr
1€8°0 €LE°0 (82T ‘2¢'0) 80 000°0 4 16°LT €LT°0 61€°0 (29T 92°0) T¥'T poomairg
120°0 1921 $0'L¥E VL L 1 1 [eoorey)
eng w:_v—ooo Jo ®danog
S86°0 er6'e18  (gOTXPT'T 00°0) O ¥86°0 Lv2°688 (0T X 29°8 ‘00°0) 0 10YSTH
621°0 €80°'T (01°T ‘10°0) 6T°0 020°0 220°T (¥7°0 ‘10°0) 60°0 101N
L22°0 90L°0 (zg°1 60°0) €¥°0 210°0 129°0 (190 ‘60°0) 12°0 Arepuodsg
L8T°0 L5€°0 (12°1 ‘0€°0) 09°0 000°0 i TV'6T S10°0 £2€°0 (98°0 ‘¥2°0) 97°0 oseg
000°0 €921 8L'FSE P LT 1 1 Uo[}eONpS [BWIO) ON
[9AS7] [RUOIJEONPH S d9pIACId A[Twueq
enfea-d  jp [enpisey  9dueras( [enpisey A - °a enpea-d as (ID % 96) HO enea-d  3p 'ad - %a enpea-d as (ID % 96) HO

sisATeuy adoueIAD(Q

[opPOIA uoissaa3ay o[dIiy[nn

sisATeuy adoueIAD(Q

[9pPOJA uoissaalay ojduig

SwI9y, [OPOIA

‘ejep 9} 09 [9pOW UOISSaI3ad 219SIS0[ s1I9]jo paxy e Sulll Aq paure}qo siolld piepue)s pue siojourered uoissoidad pajewil)sy 9§ o[qel

163



- 888°0 1 200 188°0 ove'o (g0°2 ‘¥g°0) GO°T a[eIN
T oreway
xXag
666°0 6L€°0 (8T°2 ‘8%°0) 00°T asnoy punoduwoy)
- - SLY'0 4 61 20€°0 164°0 (29°1 ‘¢1°0) ¥$°0 peydelep-Tuag
T payoseleq
esnoy jo odAg,
9€€°0 €201 11°89% 26°0 LTE0 81¥°0 (96T ‘0€°0) 99°0 1100 1 sv'9 900°0 €LE°0 (8270 ‘81°0) 9€°0 Sox
1 1 ON
awol oyj3 ur Addng A310113091H
¥67°0 ¥201T £0°692 170 LLE°0 91770 (182 ‘75°0) 92T 110°0 1 €g'9 200°0 ¥9€°0 (8€°g ‘82'1) 69°C POIN
T 1 a:wswo
[ere3e N Surpiing ureiN
1 26°0 [44:40] 820°0 (80T ‘£6°0) €0°T gose
- - 1 T2'0 9€9°0 0€T'0 (8€'T ‘28°0) 90°T zose
G€0°0 Ge0T1 09°%LT vy L60°0 89€°0 (6%'% ‘10°T) ¥8'T 1 129 #70°0 16€°0 (z8% ‘eT'1) €02 198%
(sxeak) o8y
L87°0 (9€°¢ ‘21°0) £9°0 2L0°0 £67°0 (959 ‘26°0) €72 109RAN 90RFING
z€8°0 (e6°¢ ‘€€°0) PT'T 800°0 96%°0 (€201 ‘TP°'1) LL°€ PMm
10L°0 Szo1 08692 [a 298°0 (z6'z ‘82°0) 060 1S0°0 € 9L L £91°0 18%°0 (81°G 92°0) 96°T oyuel,
1 T der,
A1ddng 193eAA JO @2anog
1L£°0 £€8°0 (g8 ‘01°0) LV'0
8C¥'0 TL8°0 (80°¢ ‘60°0) 050 L00°0 §29°0 (1822 ‘18°'T) €€°¢ uoryejues uadQ
11L°0 8201 T6°0LT 8€'T L0L°0 zeLo (¥8°¢ ‘81°0) L0 L01°0 8€L°0 (0z°9T ‘6L°0) 62°€ ouLryer] oIqng
1 £10°0 € 10T 99T°0 289°0 (P8°TT ‘FL°0) LT suriyer] punodwon
T a@mo_o I99eA\ 9)BALI]
A3110€0] uoljejlueg jo odATg,
192°0 £98°0 (06'T '85°0) 19°C €€1°0 L9L°0 (1702 ‘98°0) 9T 100N
6£7°0 9€8°0 (ce'1 ‘pp°0) 16T L8€°0 §8L°0 (8G°€T ‘'€5°0) 90°C syjuowr 9 <
GL6°0 GS6°0 (9872 ‘91°0) L6°0 88G°0 2260 (99'% ‘01°0) 19°0 syjuouwt 9-¢
6L9°0 1€0T 62°TLT 1€°¢ 887°0 998°0 (€1 ‘8€°0) T8'T ¥10°0 12 egel 698°0 528°0 (€0'9 ‘02°0) L8°0 syjuouwr g-1
1 1 yyuow T >
jusuwajeady, diyjurwueyijuy jse] aoulg polisdg
a87°0 STI°T (2¢6'¢ ‘20°0) 97°0 160°0 810°T (790 ‘10°0) ¥1°0 10 ojeAttd
PEV0 9601 ¥0'6LT 29T 0€2T°0 990°T (zg'1 ‘10°0) 82°0 100°0 4 PI€T $50°0 8T0'T (99°0 ‘10°0) ¥T°0 sng
T I SeM
:OT«Nu&CQm:N&H JO sueaN
$60°0 8VL°0 (e1°T “90°0) 62°0 200°0 €€9°0 (¥P°0 ‘€0°0) 9T°0 se8 wnejorjed poymbr
€L0°0 8601 1L°08% 44 ¥0L°0 PI9°0 (¥6°T ‘8€°0) €80 000°0 4 89°61 1160 8GE°0 (48T ‘€9°0) L2 poomairg
T T 1~CUNQF—O
°eng MC_V—OOO Jo 8danog
986°0 Tvree8  (GOTX0¥ ‘00°0) 0 G86°0 222816 (€IPOTXTT'T ‘00°0) O 1YSIH
00Z°0 SOT'T (L¥'T ‘10°0) ¥2°0 £70°0 9€0°T (19°0 ‘10°0) 210 1OYIng
€120 TY8'0 (eg'T ‘50°0) ¢€°0 2200 §GL°0 (£9°0 ‘€0°0) 8T°0 Arepuodsg
000°0 0v01 £6°98C £9°0C £1%°0 $6€°0 (28T ‘€€°0) TL0O 000°0 14 8€°2C 180°0 84€°0 (80°T ‘92°0) ¥S°0 oseq
T T uorjednpe [eurioy oN
[2A9] [euoljedNpPH S J9plaOcadg %—mENVvH
enfea-d  jp [enpisey  9doueias( [enpisey A - anrea-d as 10 % s6) O snrea-d  3p la-la anrea-d as 1o % g6) O

sisAeuy @dueiasq 19POIA uoissaa3ay o[di}[nA sisAeuy @oueias( I°2POJN uoissaaday orduwig swagy, [PPOIAN

‘proyesnoy 1ad suorjeatasqo anbrun Sururejuod eyep
oY} JO 19sqns B 07} [9pOoUl UOISSaIIo1 I1)SIS0] S199]jo pox( & Sul)lf Aq paurelqo SIolid piepue)s pue siojourered UolssoiISal pajewl)sy :L§ 9[qel

164



Table 48: Deviance analysis for interaction terms in the two fixed effects models for
S. haematobium mono-infection.

Deviance Analysis

Interaction Terms df Dg-D; Residual Deviance Residual df p-value

Fixed effects model fitted to the entire data

Educational level : Source of Fuel 8 3.33 343.81 1279 0.912
Educational level : agel 4 1.02 346.12 1283 0.907
Fuel: agel 2 0.66 346.47 1285 0.717

Fixed effects model fitted to the subset of unique observations per household

Educational level : Source of Fuel 8 2.73 279.87 1054 0.950
Educational level : agel 4 0.74 281.86 1058 0.946
Fuel: agel 2 0.86 281.74 1060 0.652

Table 49: Estimated regression parameters and standard errors in the provisional
models obtained by fitting fixed effects logistic regression models to the entire data-
set; and to a subset of the data containing unique observations per household

Entire Dataset Subset of Unique Observations
Model Terms OR (95 % CI) SE p-value OR (95 % CI) SE p-value
Family Provider’s Educational Level
No formal education 1 1
Basic 0.62 (0.28, 1.07) 0.336 0.080 0.63 (0.30, 1.32) 0.372 0.219
Secondary 0.45 (0.09, 1.33) 0.664 0.180 0.32 (0.05, 1.27) 0.800 0.152
Further 0.20 (0.01, 1.00) 1.059 0.116 0.23 (0.01, 1.29) 1.076 0.172
Higher 0.00 (0.00, 5.56 x 10%) 805.209 0.984 0.00 (0.00, 6.06 x 10'1) 886.911 0.986
Source of Cooking Fuel
Charcoal 1 1
Firewood 1.00 (0.53, 1.97) 0.335 0.971 0.90 (0.43, 1.89) 0.376 0.773
Liquified petroleum gas 0.24 (0.05, 0.72) 0.647 0.024 0.28 (0.06, 0.88) 0.657 0.050
Age
agel 1.09 (1.12, 5.12) 0.374 0.052 1.87 (1.03, 4.55) 0.365 0.086

3.2.3.1.3 Goodness-of-Fit Check

Both models were under-dispersed with a dispersion statistic of 0.27. Table 50 presents
the models estimates from the re-fitted quasi-binomial models. Judging by these results,

the two fixed effects models were not materially different from each other.
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3.2.3.2 Model Validation

3.2.3.2.1 Assessing the Homoscedasticity Assumption

The spread of the residuals in Figure 73 seems acceptable for our binary logistic regression
models. Therefore, any obvious violation of the homoscedasticity assumption was ruled
out. For the rest of the analysis, we will be focusing on the fixed effects model that was

fitted to the entire dataset.
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Figure 73: Grouped Pearson residuals versus fitted values for the model that was
fitted to the entire dataset (top) and the model that was fitted to unique observations
per household (bottom).

3.2.3.2.2 Assessing the Assumption of Independence

Figure 74 suggests a segregation of negative and positive residuals in the urban and
peri-urban sites. Compared to Figure 75, our provisional model mainly over-estimated
the risk of S. haematobium infection in the urban and peri-urban sites. The rural sites,
however, did not show any clear clustering of risk, except for one community where the

likelihood of infection seemed to have been under-estimated by the provisional model.
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Figure 74: Spatially-referenced residuals of the provisional model for S. haemato-
bium mono-infections in the three sites. The radii of the circles are proportional
to the absolute values of the Pearson residuals. The red and black circles represent
the negative and positive residuals, respectively.
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Figure 75: Distribution of S. haematobium mono-infections in the three sites. Each
point corresponds to a sampled location i.e location of the household of the sampled
child. The red and black points represent infected and non-infected cases, respect-
ively.
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To help provide a better and more objective assessment of the spatial dependence, an

empirical variogram was computed.

3.2.3.2.3 Structural Analysis

The omni-directional empirical variogram, (Figure 76 (A)), indicates a weak spatial
trend where the nugget effect accounted for about 90 percent of the total variation in
the residuals. Our assessment of directional dependence suggests the isotropy assumption
seemed reasonable (Figure 76 (B)). Therefore, the omni-directional empirical variogram
was regarded as a mean variogram for all spatial directions and used in the rest of the
analysis. Both the envelope of random permutations, Figure 77, and our formal test for
trend by Eagle & Diggle 2012 confirmed the presence of a marginally significant spatial
trend (p=0.093).
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Figure 77: Empirical variogram of the Pearson residuals of the provisional model
for S. haematobium mono-infections, o o , and 95% confidence envelope. The shape
variogram suggests the presence of a marginal spatial trend.

3.2.3.2.4 Estimated Covariance Parameters and Final Model

The parameters of the covariance structure were estimated from the fitted parametric
model, Figure 78, as ¢ = 0.006, 02 = 0.078 and 72 = 0.729; by weighted least squares.
Table 51 presents a comparison of the final geostatistical and the provisional models.
Due to the marginal spatial correlation, the predicted point estimates of S. haematobium

infection, Figure 79, were similar to the observed infections.
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Figure 78: Empirical variogram for S. haematobium mono-infections with the fitted
Matern covariance function of the order x = 0.5. The estimated covariance paramet-
ers are: ¢ = 0.006, 02 = 0.078, 72 = 0.729.

Table 51: Regression parameters and standard errors

models for S. haematobium mono-infections.

of the final and provisional

Geostatistical Model

Provisional Model

Parameters Estimate SE p-value Estimate SE p-value
No formal education 1

Basic -0.557 0.346 0.107 -0.587 0.301 0.052
Secondary -0.883 0.675 0.191 -0.890 0.596 0.135
Further -1.681 1.063 0.114 -1.666 0.950 0.080
Higher -15.874 1310.051 0.990 -15.874 722.821 0.983
Charcoal 1

Firewood 0.052 0.348 0.881 0.012 0.301 0.967
Liquified petroleum gas -1.486 0.654 0.023 -1.460 0.581 0.012
agel 0.756 0.380 0.047 0.727 0.336 0.031
Covariance Parameters

log(sigmaZ2) -2.064 0.487

log(phi) -3.715 0.602
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Figure 79: Predicted prevalence of S. haematobium infections based on the geostat-
istical binomial model (Table 51). The black dots represent the surveyed areas.
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Figure 80: Standard errors associated with the predicted prevalence of S. haemato-
bium infections.
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4 Discussion

Renewed interest in the control of schistosomiasis and the soil-transmitted helminth in-
fections, following the endorsement of the World Health Assembly’s resolution 54.19 by
Member States, led to the formation of the Partners for Parasite Control and the Integ-
rated Control of Schistosomiasis in sub-Saharan Africa (WHO 2005, SCI 2014). These
organisations have, therefore, been responsible for most of the large scale chemotherapy
intervention campaigns across the endemic parts of sub-Saharan Africa since the mid-
2000’s. Moreover, since school-aged children, 6-16 years, constitute the most susceptible
human hosts population for schistosomiasis and the STH infections, these organisa-

tions have mainly targeted their key interventions at children at the basic school level.

However, while these concerted intervention campaigns may have succeeded in reducing
the disease burden in endemic areas, control programmes have been faced with the
much greater challenge of consolidating their achievements in order to avoid the risk of
resurgence. This is mainly due to the fact that despite the declining transmission rates in
these post-intervention areas, the public health threat posed by schistosomiasis cannot
be completely overruled. But rather, transmissions may continue to occur in these areas
at a decreased rate which may eventually lead to the resurgence of infections up to the
scale of their pre-intervention levels (WHO 2002). Therefore, instead of relaxing the
level of vigilance in post-intervention areas, more robust strategies may be required for
identifying and directing interventions at the sparsely distributed remaining reservoirs
of transmission before the focus of control programmes completely shifts to other pre-

intervention areas.

The present study has, therefore, investigated the role of socio-economic factors in pre-
dicting the distribution of the reservoirs of schistosome and the soil-transmitted hel-
minths transmissions in three districts with low endemicity levels in the Greater Accra
Region of Ghana. Our study sites were chosen to reflect the different conditions typical
to low schistosome endemicity settings. Therefore, whereas the low transmission rates in
the rural sites were mainly due to previous school-based chemotherapy intervention cam-
paigns, transmission in the peri-urban site could be attributed to both autochthonous

transmission and infections among recent migrants from rural areas. Such low trans-
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mission foci in peri-urban areas have also been reported by studies in other endemic

parts of sub-Saharan Africa (Bockarie et al. 2013, Matthys et al. 2007, Mott et al. 1990).

Despite these established transmission foci in peri-urban areas, however, the rural parts
of endemic countries have mainly been the focus of chemotherapy interventions due to
their high transmission rates. Hence, infected cases in urban and peri-urban areas are
often left to seek their own treatment. Therefore, the range of measured socio-economic
factors in this study were meant to serve as proxies for the conditions of the house-
holds in the surveyed areas; and how these conditions may have influenced access to
improved sanitation, potable water, level of health awareness and health-seeking beha-

viours.

For instance, the level of health awareness at the household level may influence the
infection status of any given child. This is mainly due to the fact that some households
may follow regular treatment regimes with over-the-counter medication based on their
level of health education. Moreover, as part of their domestic chores, children in rural
communities are responsible for collecting water for their households. Therefore, their
risk of schistosome infection automatically increases when the water has to be collected
from surface water sources. Hence, restricted access to improved water and sanitation

results in heterogeneities in schistosome transmission.

Our study objectives were achieved to the following extent: whereas evidence of re-
sidual spatial variation was found in the transmission of the soil-transmitted helminth
(STH) infections, the transmission of S. haematobium infections showed only margin-
ally significant residual spatial variation. Therefore, the predicted prevalence of S.

haematobium infections may be comparable to the observed infections based on the data.

Though the risk map for the STH infections mainly predicted transmission rates below
3.2%, these predictions could only be interpreted in the context of the quality of the
data they are based on. For instance, the duration between slide preparation and the
reading of the slides in the laboratory could influence which of the STH infections are
detected. Moreover, judging by the fact that the studied areas were low transmission
sites, a much more sensitive diagnostic technique, other than microscopy, would have

fared a lot better in providing more accurate estimates of the transmission rates for
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both S. haematobium and the STH infections. Therefore, the predicted transmission

rates for the STH infections may be associated with some amount of variability.

By using a set of covariates that influence the persistence of infections across differ-
ent settings, we may have succeeded in transcending the setting-specific determinants
of infectivity in endemic areas; provided the measured covariates actually reflected the
socio-economic conditions of households. Moreover, the model-based approach of pre-
dicting infections enables the heterogeneities in the transmission of the studied infections
to be taken into account, thereby producing more accurate predictions. However, the
use of microscopy as our diagnostic tool could be regarded as a possible limitation which
may have influence the outcome of this study. For instance, the transmission rate of S.

haematobium infections may be much higher in the studied areas.

4.1 Conclusions and Recommendations

We have predicted the transmission pattens of schistosomes and the soil-transmitted
helminth infections in low endemicity areas. These predictions were based on models
that assumed that persisting infections in low transmissions areas were influenced by the
socio-economic standards of households that determine assess to sanitation and potable
water. However, though this assumption could be regarded as a way of transcending the
setting-specific variations in the factors that influence schistosome transmissions, it may

have some limitations.

For instance, perennial shortage of water and the rationing of potable water is common
in the urban and peri-urban areas of endemic countries. Therefore, people from different
socio-economic backgrounds may resort to using untreated or inadequate quantities water
at different points in time. Hence, poor hygiene practices, resulting from inadequate
supply of water, may occasionally apply across different households irrespective of their

socio-economic standards.

Future studies in this area would benefit from longitudinal data that capture informa-
tion such as assess to water in the urban and peri-urban areas at different time points
and seasons. Moreover, more sensitive diagnostic techniques for the detection of light

intensity infections in such areas would help improve the accurately of the predictions.
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Abstract

Background Human exposure activities in endemic shoreline settings are exclus-
ively confined to specially reserved parts of the littoral zone known as water contact
sites. The littoral zone also favours the survival of the intermediate snail hosts and
the free-living larval stages of the schistosome species. Therefore, both human-to-
snail and snail-to-human transmission of infections occur in these water contact sites.
Different sites also tend to be reserved for specific purposes. Hence, it follows that
if the different water contact sites within any defined endemic setting were regarded
as discrete entities then their levels of infectivity would vary to reflect the ecolo-

gical changes induced by the different exposure activities on the snail host species.

Methods Using a pre-intervention shoreline community of the Volta Lake as
our study site, the risk of aggregated S. haematobium burden was modelled on
individual-level covariates measured during the period of stagnation of the Lake.
Factors that influenced the infectivity of the water contact sites were, however, re-
garded as unobserved factors. Given the exposure dynamics, where members the
same familial units mainly frequented common water contact sites, we logically as-
sumed the likelihood in risk would vary across different households based on the
infectivity of the point of exposure. Therefore, the ecological effect of exposure

activities could be assessed as latent patterns in the points-referenced residuals.

Results The seven water contact sites were associated with varying odds of de-
creased risk. Moreover, being in the age group of 5-12 years increased the odds by
1.34 (95% CI: 1.11, 1.61) whilst males had a 2.30 (95% CI: 1.21-4.36) greater odds of
harbouring aggregated burden. There was, however, no statistically significant lat-
ent patterns in the residuals (p=0.888). Our results, therefore, seem to suggest the
mean burden of infection varied within familial units, despite their common points

of exposure.

Conclusions The burden of infection within the human host population did not
seem to have served as a good marker for the infectivity of water contact sites.
This study would have, however, benefited from a much better assessment of how
diffused or concentrated exposure patterns were and multiple surveys at different
time points during the period of stagnation. We, therefore, consider our current

findings inconclusive.
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1 Introduction

The parasitic schistosomes of humans are known to be resilient to both natural and
anthropogenic perturbations, including those induced by chemotherapy interventions.
This resilience is attributed to their highly regulated distribution within the human and
snail host populations (Anderson & Medley 1985, Lustigman et al. 2012). Consequently,
about 80% of the schistosome burden within any endemic setting is estimated to be
harboured by just 15 - 20% of the infected human host population (Jamison et al. 2006,
Anderson & Medley 1985). However, while this aggregation of heavy intensity infections
may pose challenges to control when such individuals are missed during chemotherapy
intervention programmes, the direct targeting of interventions at these heavily infected
individuals could also maximise the effectiveness of control programmes (Gurarie & King

2005).

It is well-established that the age-intensity profiles of infections also tend to be convex-
shaped, with children harbouring most of these aggregated schistosomes burdens while
light intensity infections tend to be more common among the older age-groups (Anderson
& Medley 1985). Therefore, control programmes have utilised both school-based and
community-wide intervention administration strategies, with children as the primary

focus of control (Gurarie & King 2005, SCI 2013).

What remains poorly understood though are the processes that underlie the predispos-
ition to aggregated schistosome burdens within the human host population in different
endemic settings (Jamison et al. 2006). The fact that the re-infection rates, following
chemotherapy interventions, tend to be slower among the older age-groups irrespect-
ive of their exposure patterns; has led to suggestions that genetic variability, resulting
mainly from acquired immunity, may underlie these observed predispositions to aggreg-
ated schistosome burdens (Jamison et al. 2006, Anderson & Medley 1985). However,
while the role of acquired immunity may point to the selective targeting of interven-
tions at heavily infected cases as the most effective means of control, there have been
suggestions that community-wide intervention campaigns in endemic areas could also
reverse the effect of the apparent “herd immunity” among the older age-groups. This

induced susceptibility is generally thought to be the direct consequence of repeating
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chemotherapy interventions at frequencies that are below the required threshold level
for the elimination of infections within any defined endemic setting (Anderson & Medley

1985).

Therefore, even though the frequency of administrating chemotherapy interventions
within different endemic settings is established using endemicity levels, prediction of
the efficacy of these interventions is rendered virtually impossible by the combined ef-

v

fect of the aggregated schistosome burdens and apparent “herd immunity” among the
infected human host population (Lustigman et al. 2012, Anderson & Medley 1985). Con-
sequently, ongoing comparison trials of school-based and community-wide strategies of
administering chemotherapy interventions, by the Schistosomiasis Consortium for Op-

erational Research and Evaluation (SCORE), are mostly necessitated by some of such

complications in the prediction of the outcomes of interventions (SCI 2013).

However, although acquired immunity may play a role in explaining the predisposition
to aggregated schistosome burdens, transmissions are solely dependent on exposure to
cercaria-infested freshwater bodies. Therefore, the varying degree and pattern of aggreg-
ation of these parasites within the human host population in different endemic settings
may lend credence to the role of varying exposure patterns as well as acquired immunity
(Guyatt et al. 1994, Chandiwana & Woolhouse 1991). Indeed, Bruun & Aagaard-Hansen
2008 contended, after an extensive review of water contact studies, that varying exposure
patterns may be the most important determinants of the predisposition to aggregated

schistosome burdens.

Compelling arguments have also been offered in favour of the fact that human exposure
patterns in endemic areas may principally be age dependent, with the maximum rates of
exposure occurring among older children and young adults (Dalton & Pole 1978, Scott
et al. 1982, Anderson & Medley 1985), thereby lending credence to the convex-shaped
age-intensity profiles. However, while this argument may prove true for most endemic
settings, it is also an established fact that infectivity is not guaranteed by every water
contact activity (Bruun & Aagaard-Hansen 2008). But rather, infectivity may be in-
fluenced by an interaction between a series of favourable environmental, biological and

social processes that determine the convergence of the human hosts with the infective
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stages of the schistosome parasites as well as the snail hosts in space and time (Bruun
& Aagaard-Hansen 2008, Kloos et al. 1998). In this regard, exposure is viewed in the
context of activities that involve both human-to-snail as well as snail-to-human trans-
mission of infections (Figure 81). Therefore, even though factors such as the frequency,
duration, time and degree of exposure to suitable water bodies have often been asso-
ciated with heavy intensity infections (Chandiwana & Woolhouse 1991, Dalton & Pole
1978, Kloos et al. 1998), the likelihood of harbouring aggregated schistosome burden as a
consequence of repeated exposure would depend largely on whether all the prerequisites
for infection are met on every exposure event. However, the subject of whether these

prerequisites could be met on every exposure is open to debate.

Cercariae
(~B00 pm)

Snal
Intermediate host

Figure 81: Life cycle of the schistosome parasites showing the role of the intermedi-
ate snail hosts in the transmission of infections (adapted from Pearce & MacDonald
2002 with permission of the rights holder, Nature Publishing Group).

Given their crucial role in the life cycle of the human schistosome parasites, the presence
of the intermediate snail hosts within any endemic setting tends to signify the transmis-
sion of infections (Figure 81). It follows that any conditions that influence the ecology
and bionomics of these snails in their freshwater habitats would also have important
implications on the levels of infectivity of these water bodies as well as the overall trans-
mission rate of Schistosoma infections in any endemic setting (Cowper 1971). While the

survival of these snails may be influenced by a myriad of physical, chemical and biolo-
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gical factors, they are mainly known to thrive under aquatic conditions of low flow rates
of less than 15 metres per minute. Hence, large colonies of these snails tend to establish

themselves in the littoral zones of their freshwater habitats (Cowper 1971).

However, the littoral zones of lakes in endemic settings also serve as water contact
sites, which are specially reserved areas for a series of domestic, recreational and eco-
nomic activities by the inhabitants of shoreline communities (Cowper 1971, Dalton &
Pole 1978). Therefore, all exposure activities involving both human-to-snail as well as
snail-to-human transmission of infections in such areas are exclusively confined to these
water contact sites (Chu & Vanderburg 1976). Moreover, studies in different endemic
settings have consistently shown that different water contact sites may be reserved for
different purposes by the inhabitants of such settings (Bruun & Aagaard-Hansen 2008).
Hence, significant variations may be observed in the amount of exposure activities that
are performed by different subsets of the population at different water contact sites

(Chandiwana & Woolhouse 1991).

While these water contact sites may be the point of a series of setting-specific activities,
the effect of these activities on the ecology of the snail hosts that inhabit the littoral
zones, may differ considerably. For instance, whereas the pollution of these water contact
sites by human excreta, which mainly occurs during swimming by children, may favour
the establishment of the snail hosts; anthropogenic changes resulting from chemical
pollution due to washing or bathing with soap as well as the artificial turbulence that is
constantly created by the passage of boats and wading may adversely affect the survival

of these snails (Cowper 1971).

Moreover, even though the net rate of contamination with human excreta may differ for
different water contact sites, the susceptibility of the snail hosts in the various sites to
infection by the miracidia (Figure 81), may be determined by their natural immunity as
well as a series of physical and chemical conditions specific to the water contact sites;
among which light intensity and temperature tend to be the most important (Woolhouse
et al. 1998, Cowper 1971). Therefore, different water contact sites within the same en-
demic setting may exhibit strong heterogeneities in both their snail and temporal cer-

carial densities, and consequently vary in their levels of infectivity (Gryseels et al. 2006).
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Therefore, if the different water contact sites within any defined endemic shoreline set-
ting were regarded as discrete entities with varying levels of infectivity, resulting from
the cumulative effect of anthropogenic activities as well as the physical and biological
conditions unique to these water contact sites, then the different subsets of the hu-
man hosts population that frequent these sites would also experience varying degrees of
infections. Hence, despite the generally recognised age-specific exposure patterns and
age-specific susceptibility within the human hosts population, the risk of harbouring ag-
gregated schistosome burdens may also be a function of where exposure activities are

performed.

However, since factors that influence the varying infectivity of different water contact
sites cannot be measured quantitatively with ease, most studies that have investigated
the risk of aggregated schistosome burdens have mainly relied on the more common
exposures such as age, frequency, duration, and degree of water contact (Chandiwana &
Woolhouse 1991, Dalton & Pole 1978, Kloos et al. 1998). Moreover, even though the role
of genetic variability in the immunological competence of the human hosts population
is a widely recognised risk factor, its effect is often assumed to be negligible in models
(Anderson & Medley 1985), thereby making age-related changes in exposure patterns
the most common explanation for the observed convex-shaped age-intensity profiles in

endemic areas.

But how well do models that are only based on the commonly measured exposures fare
in providing valuable insights into the complexities of the risk of aggregated schistosome
burdens in endemic areas? If such models were limited in their ability to effectively
account for the risk of aggregated worm burdens, then there could be implications on the
efficacy of intervention programmes whose designs are based on such models (Anderson &
Medley 1985). For instance, if the role of genetic variability in immunological competence
among the human hosts population is not negligible, as is assumed by most models,
then its relative effect with age could potentially have implications on the design of

intervention programmes.

Moreover, while human exposure patterns are generally thought to be age-dependent,

they may also occur within the much broader context of a series of setting-specific social
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processes (Bruun & Aagaard-Hansen 2008). Therefore, if the widely held assumption
of decreasing exposure patterns with age were relaxed to accommodate scenarios where
exposure patterns were random across all age groups in pre-intervention areas, then in-
vestigating the risk of harbouring aggregated schistosome burdens within such settings
could provide valuable insights into the underlying factors that govern the predisposi-
tion to aggregated schistosome burden, and consequently the driving force behind the

transmission dynamics of infections.

Therefore, the primary objective of this paper is to develop a model for the risk of aggreg-
ated Schistosoma haematobium burden that simultaneously accounts for the effects of
the measured covariates as well as relevant unmeasured factors that influence the level of
infectivity of the water contact sites where exposure occurs. Our specific objectives are:
to model the risk of aggregated S. haematobium burden as a function of the measured
covariates; to assess the residual spatial effects due to the unmeasured factors as latent
patterns in the standardised residuals of the provisional model; and if necessary incor-
porate the spatially-correlated errors due to the effect of the unmeasured factors. By this
approach, we will also be assessing the variation in the risk of aggregated S. haemato-
bium burden across our study community. Finally, the implications of our findings will

be interpreted in the broad context of schistosomiasis control in sub-Saharan Africa.
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2 Materials and Methods

To recap on the main concepts so far, aggregated schistosome burden within the human
host population is being regarded as the cumulative effect of repeated exposure to infes-
ted freshwater bodies. We are also arguing that the different water contact sites within
endemic shoreline settings may exhibit heterogeneities in their level of infectivity due to
the effect of the site-specific anthropogenic activities on the ecology of the intermediate
snail hosts that inhabit these water contact sites. Therefore, even though human ex-
posure patterns may occur at random, infectivity due to any such encounters may vary

depending on where exposure occurs.

2.1 Study Site

Therefore, in testing these hypotheses, we took another look at the community-level
survey data for Alabonu, a pre-intervention shoreline community of the Volta Lake in
Ghana (Figure 82). Details of the data collection and processing methods have already
been presented in Part I, section 2.3 - 2.4, of this thesis. Our study population comprised
of the physically-active inhabitants of this community who were within the 5 - 60 years

age range.

6.110
|

6.105

Latitude

6.100

6.095

Figure 82: Proximity of households in Alabonu (4) to the main shoreline of the
Volta Lake. R Packages used in map preparation: rgdal (Keitt et al. 2013) and rgeos
(Bivand & Rundel 2013).
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2.1.1 Basis for Selecting Alabonu for this Study

Alabonu was considered suitable for this study for a number of reasons which we now
discuss. The pre-intervention status of this community enabled us to assume an endemic
equilibrium state for the underlying processes that governed transmissions. Therefore,
heterogeneities in the human host population with regard to genetic variability in im-
munological competence were assumed to be unaffected by any community-level chemo-
therapy intervention. Additionally, neither the age-intensity profiles nor the density-
dependent regulatory mechanisms that influenced the community-level variation in risk

had been modified as a consequence of intervention programmes.

(a) (b)

Figure 83: The characteristic stagnant flow rate of the Lake at the water contact
sites (Figure 83(a)) and the increased current during the major raining season (Fig-
ure 83(b)).

The lack of social amenities such as potable water supply and good access roads made
exposure patterns approximately constant among the inhabitants. Moreover, the flow
rate of the Lake was virtually stagnant, especially near the margin, for most of the year
(Figure 83(a)). This, therefore, fitted into our main assumption of regarding the different

water contact sites along the shoreline as discrete entities.

However, the spillways of the Akosombo Dam (Wikipedia 2015), which was situated
about six miles upstream, were opened during the major rainy season to release excess
water. The resulting change in the hydrology of the Lake potentially had the effect of

rendering the site-specific anthropogenic activities negligible and causing fluctuations in

192



the snail population density (Figure 83(b)). We, however, contend that for at least eight
months in each year, the different water contact sites could still be regarded as discrete

entities.

2.2 Exposures

Table 52 outlines both the measured and potentially relevant unmeasured covariates
that were considered in this study. The measured covariates are based on questionnaire

surveys that were conducted alongside the parasitological surveys.

2.3 Study Outcome

Our study outcome, the schistosome burden harboured by the individual study parti-
cipants, was estimated with the number of excreted Schistosoma haematobium eggs in 10
ml urine samples. Though an indirect measure, autopsy studies and more recently, mo-
lecular studies have established a direct correlation between egg output and the burden
of female Schistosoma worms in the body (Cheever et al. 1977). However, there have
also been suggestions to the effect that in cases where density-dependent constraints act
to regulate the fecundity of the female worms, the egg output may not always be directly
proportional to worm burden (Basanez et al. 2012, Anderson & Medley 1985). For the
purpose of this study, however, we chose to assume a direct proportionality between

egg output and schistosome burden in order to ease the interpretation of our findings.

2.4 Exploratory Analysis

Based on a priori knowledge, we expected a non-linear relationship between age and
the discrete values of our study outcome, schistosome burden. This relationship was
therefore assessed using non-parametric smoothers, equation 1, as estimated by the gam
function in the R mgcv package (Wood 2006). The estimated smoother subsequently

formed the basis for the chosen forms of dependence on age in our formal model.

Y ~ NB(pi, k) Q)
log(pi) = o+ f (xi)
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where the observed outcome in the it participant, Y;, was assumed to follow the negative
binomial distribution, N B, with expectation, u;, and dispersion parameter, k. The
intercept of the Generalised Additive Model is denoted by « whilst f(x;) is the smoothing

function for age.

2.5 Confirmatory Analysis
2.5.1 Distribution of Schistosome Burden in the Study Population

An initial assessment of our study outcome indicated that 63% of the participants ex-
creted zero schistosome eggs whilst the egg output in the remaining 37% of the study
population ranged between 1 - 8648 (Table 53 and Figure 84). The community-level

variance to mean ratio of schistosome burden was approximately 2581.

Table 53: Distribution of worm burden among the 522 participants in this study

Worm Burden Frequency Percentage
0 330 63.22
1-50 121 23.18
51 - 100 21 4.02
101 - 8648 50 9.58

I T I I
0 2000 4000 6000 8000

Schistosome Burden

Figure 84: A Cleveland dotplot showing the distribution of worm burden, as meas-
ured by S. haematobium egg output in 10ml of urine samples per participant.
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2.5.1.1 Possible Sources of the Excess Zeros

Given the virtually constant exposure patterns in our study community, it was only
normal to initially assume that all the physically-active inhabitants might be infected.
However, the majority of our study population turned out to be non-infected (Figure 85).
The rest of this section would, therefore, focus on the sub-population of inhabitants who
formed the non-responders. We, however, choose at this stage of the analysis to assign
negligible significance to the effect of genetic variability in the immunological competence

of the human hosts to mount total resistance to infections.

Frequency

100 150 200 250 300
I

50

RSN e
L e TTT T
0 543 1397 2456 8648

0
I

Schistosome Burden

Figure 85: Frequency plot showing the inflated zero counts in the distribution of
schistosome burden among the inhabitants of Alabonu.

While the time range for our samples collection, 11:00 - 14:00 GMT, may rule out
circadian variation in schistosome egg output among the infected human hosts as a
possible source of non-response; the detection method, which was based on the presence
of schistosome eggs in urine samples, could potentially have been a contributory factor
to the observed non-response rate. Though the presence of eggs in urine samples may
be a good criterion for assessing the burden of infections in individuals who harboured
paired, adult male and female schistosomes; the criterion may fail to detect unisexual

schistosome infections in the human hosts.

Empirical evidence suggests the possibility of harbouring unisexual infections in endemic
areas, despite the equal chances of getting infected with both male and female schisto-
some larvae on every exposure event (Macdonald 1965). Therefore, the sub-population
of non-responders in this study may have included individuals who harboured unisexual

schistosome infections.
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Moreover, judging by the fact that our data came from a high transmission endemic
setting, schistosomiasis-associated morbidities such as fibrosis of the bladder were bound
to be common among the adult participants. However, this morbidity is known to be
associated with a high schistosome egg retention rate; thereby making it another possible
source of non-response in this study. Lastly, we also consider ectopic situations where
the schistosome eggs get misdirected to organs other than the bladder and hence fail to

get excreted in urine (Nasell 1976, Cowper 1971).

2.5.1.2 How Do These Excess Zeros Fit into the Context of this Study?

It would appear from the discussion in section 2.5.1.1 that most of the observed zeros
were false zeros, in that zero schistosome eggs were recorded in participants who may
have actually harboured infections. However, this study is based on the hypothesis
that the various water contact sites in our study community may have exhibited het-
erogeneities in their levels of infectivity due to the ecological changes induced by the
effect of different anthropogenic activities. It is, therefore, logical to assume that the
burden of schistosome infections harboured by the individual inhabitants would also

vary to reflect the varying infectivity of the specific water contact sites they frequented.

Therefore, the subsets of inhabitants who frequently came into contact with the lake at
those sites where anthropogenic activities had an uncongenial effect on the snail host
population were most likely to harbour fewer or no infections at all. Consequently, any
recorded zero egg counts among those inhabitants may have actually represented true
zeros. However, although only one possible source of true zeros is being considered, we
also acknowledge the fact that other mechanisms may have contributed to the generation

of the true zeros in this study.

2.5.1.3 Model Formulation

Our examination of the possible sources of the observed zero outcomes in section 2.5.1.2
could lead us into regarding these zeros as coming from two main processes: one that
generates the false zeros and the other, the true zeros (Zuur et al. 2011). Moreover,

the process that generates the true zeros is also responsible for producing the non-zero
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observations (Figure 86).

Binomial

Count Process
Process

@ 4

* True Zeros
¢ Non-Zeros (> 0)

False Zeros

Figure 86: The main categories of the observed outcomes and the processes respons-
ible for generating them.

We, however, note at this point that these categories are only imaginary and there is
actually no way of distinguishing between the observed zero outcomes. In the following
section, we base the formulation of the optimal model for our data on these two categories
of zeros as well as the observed non-zero outcomes. We draw most of our concepts from

Zuur et al. 2011.

2.5.1.3.1 Probability of Observing A Zero Outcome

It follows from Figure 86 that each time a negative urine slide is read, the zero out-
come could either be a false or true zero. So, what then would be the probability of
observing a zero outcome at all? According to Zuur et al. 2011, the probability of ob-
serving a zero outcome, Pr(Y; = 0), is given by equation 2. The second and third lines
of equation 2 are the results of assuming that Pr (False zeros) and Pr (Count pro-
cess gives a zero) follow a binomial and negative binomial probability distributions,

respectively.
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Pr (False zeros) + Pr (1 — Pr (False Zeros)) x Pr (Count process gives a zero)

Pr(Y; =0) = ¢ m + (1 — m;) x Pr (Count process gives a zero) (2)
k k
. 1—m,
™ + WI)X(/LZ‘-Q-]C)

where Pr(False zeros) and Pr(l1 - Pr(False Zeros)) are the probabilities that
the observed outcome is and is not a false zero, respectively; while Pr(Count process
gives a zero) is the probability that we observe a true zero. The negative binomial
distribution function for Pr(Count process gives a zero) in equation 2 was deprived

as:

T3k e) = F(k‘f(xo;‘L((]f)ﬂL -~ (Mziky * (1 - Mz’ik)o B <#zi k‘>k ®)

2.5.1.3.2 Probability of Observing A Non-Zero Outcome

On the other hand, the probability of observing a non-zero outcome, Pr(Y; > 0), is
given by equation 4. As for equation 2 above, the second and third lines of equation 4
are obtained by assuming a binomial and negative binomial probability distributions for

Pr (1 - Pr(False zero)) and Pr (Count process), respectively.

Pr(1 — Pr (False zero)) x Pr (Count process)

Pr(Y; > 0) = ¢ (1 — m;) x Pr (Count process) (4)

(o m) = F(kfiy}_‘(—y]j)-i- 1) . (Mz]j-k’)k . <1 N lh‘l-fl—k)yl

where the gamma function, T, is given by I'(y+1) = y! whilst the second and third com-
ponents of the negative binomial probability distribution function are power functions
of the two unknown parameters that characterise the negative binomial distribution, the

mean (p) and dispersion parameter (k) (Zuur et al. 2013).
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2.5.1.3.3 Modelling the Mean of the Count Process

By convention, the mean of the count and binomial processes are modelled separately.
This section, therefore, focuses on the modelling of the count process. The mean of
the count process, which in our case represents the mean burden of schistosome infec-
tions harboured per individual inhabitant, was modelled as a function of the measured

covariates, X (equation 5).

py = e+l )

where « denotes the intercept, X; denotes the vector of measured covariates and [ is

the vector of unknown regression coeflicients.

2.5.1.3.4 Modelling the Mean of the Binomial Process

The binomial process was modelled as the probability of observing a false zero, 7, versus
any other observed outcomes (equation 6). From our discussion on the possible sources
of the false zeros in this study, section 2.5.1.1, two of the measured covariates that
may influence the probability of observing a false zero are older age and treatment
history. This is because chronic morbidities such as fibrosis of the bladder, that in-
crease schistosome egg retention rate in the infected human hosts; are the results of

prolonged exposure, rather than the current burden of infection (Medley & Bundy 1996).

6Z/

1+e¥

T = (6)
Therefore, the middle-aged inhabitants, for instance, had a higher chance of excret-
ing urine that did not contain any schistosome eggs despite being infected. Moreover,
individual health-seeking behaviours could also lead to decreased schistosome burden,
and consequently decreased egg excretion rate. We, therefore, chose to model the bin-

ary process as a function of older age and individual treatment history (equation 7).

el/ + Xli et + X2i Y2

= 7
v 14+er T Xym + Xz (7)
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where v and 7 denote the intercept and the regression coeflicient, respectively; whilst X,

and Xy, denote the covariates for older age and individual treatment history, respectively.

2.5.1.3.5 Estimating the Unknown Regression Parameters

Our model has been formulated up to the unknown regression parameters (o, v, 3,7).
The next stage of the analysis was, therefore, to estimate these unknown regression para-
meters using our data. As for other generalised linear models, the regression parameters
of a zero-inflated negative binomial model are estimated by the method of maximum
likelihood (Hilbe 2011). Using the data and the chosen model, the maximum likelihood
method estimates values of the regression parameters that make the data most likely
(Crawley 2014). The estimation process, therefore, involves the specification a joint
likelihood criterion for the data which is then maximised as a function of the regression

parameters (Zuur et al. 2013).

Conventionally, the parameter estimation process involves five main stages. The process
begins with the formulation of the likelihood function based on the probability distri-
bution function. The logarithm of the likelihood function is then taken in order to
simplify the maximisation process. Therefore, the likelihood criterion is made additive
from this point onwards. The estimation of values of the regression parameters that
maximise the log-likelihood is attained by the frequentist approach which optimises the
log-likelihood by obtaining the first order derivatives which are then set to zero. The
parameter estimates and their corresponding standard errors are then attained by using
a suitable optimisation routine to solve the resulting equations (Zuur et al. 2013, Hilbe
2011). To fit the model, we employed the use of the zeroinfl function, as implemen-

ted with the R pscl package, and the gradient was estimated by the BFGS algorithm.

2.5.1.4 Choosing the Optimal Model

Our formulation of a zero-inflated negative binomial model is based on the excess zero
counts in our study outcome (Figure 84). However, given the fact that our study out-
come is consistent with the distributional assumptions of the negative binomial prob-

ability function, we may have as well fitted a traditional negative binomial model. But

201



would such a model have provided an adequate fit to the data? Therefore, before
proceeding with the model selection for the specified zero-inflated model, we conduc-
ted an assessment to determine if a traditional negative binomial model, rather than
the zero-inflated model would have provided a more adequate fit to the data. The
two models were, therefore, fitted as equations 8 and 9 using specific functions in the

R MASS and pscl packages, respectively (Venables & Ripley 2002, Zeileis et al. 2008).

Y ~ NB(pi, k)

2
E(Y;) = u; and var(Y;) = p; + %
log(pi) = o+ BX; (8)

YVZ‘ ~ ZINB(/M,?U,]{})

2
EY)=(1—-m) X and var(Y;) = (1 —m) X py x (14 m X pi + %)

log(pi) = a+ X logit(m) = v + 11 X1, + 72Xy, 9)

where u;, m;, a, 8 and v have the same meanings as before, X; is the vector of meas-
ured covariates for the " participant whilst X1, and Xg, denote the specific covariates
whose effect were adjusted for in the binary component of the zero-inflated model. The
expectation and variance for the observed outcome in the i** participant, Y;, are given

by E(Y;) and var(Y;), respectively.

2.5.1.4.1 Assessing the Comparative Fit of the Two Models

The Vuong test, as implemented with the pscl package, was used in assessing the com-
parative worth of the two non-nested models (equations 8 and 9) (Zeileis et al. 2008,
Hilbe 2014). The test, which is given by equation 10, is based on the null hypothesis that
the two models are indistinguishable from each other. Therefore, the predicted probab-
ilities of the two models are compared under the assumption that the test statistic is
normally distributed, N (0,1). Hence, at the 95% confidence level, values of V' > 1.96
would indicate a preference for the traditional negative binomial model whilst values of

V < —1.96 would indicate a preference for the zero-inflated model (equation 11) (Hilbe
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2011). The results of the test for our models provided overwhelming evidence in favour of
the zero-inflated model over the traditional non-inflated model (p = 0.007, test statistic

= —2.46).

C > PrBa(yilxi)
w=l <Zi PZINB(MlXi))

where Pnpa(yi|x;) is the predicted probability of y given x by the traditional negative
binomial model (equation 8); and Pzing(yi|x;) is the predicted probability of y given
x by the zero-inflated negative binomial model (equation 9); n denotes the number of
observations whilst the mean and standard deviations of u are given by @ and SD(u),

respectively (Hilbe 2011).

We, however, note that the Vuong test is also known to be biased towards zero-inflated
models since the same data is used in estimating parameters in both the count and
binary components models (Hilbe 2014). Though a number of correction tests are often
used in conjunction with the Vuong test to remedy this bias, none of those tests were
available in R as of the time of preparing this report. Therefore, our results of the Vuong

test may come with some amount of bias.

2.5.1.5 Interaction Terms

Table 54 outlines the interactions terms that were considered but whose effect could not

be explored.

2.5.1.6 Model Selection

The effects of the individual terms in the maximal model was assessed with the likelihood
ratio test. We, however, first needed to maintain a constant value for the dispersion
parameter, k, which the pscl package refers to as 6; in the full and nested models
for the computation of the likelihood ratio statistic. Hence, in doing so we adapted a

function by Zuur et al. 2012 which is based on the pscl’s zeroinfi function with the
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following modifications: the number of parameters to be estimated by the optimisation

routine is reduced by 1; and the value of 8 is pre-set to its value in the full model.

The computation of the likelihood ratio statistic, equation 12, was therefore effected by
first dropping the model terms sequentially from the maximal model. The differences
between the log-likelihoods of the nested and full models were then compared with critical
values of the y? - distribution. Using the results of the likelihood ratio test, a backwards
selection was performed by the sequential omission of the least significant terms from
the full model. The resulting model, therefore, became our provisional model for the

aggregated schistosome burden.

-2 [LLreduced - Lqull] (12)

where LL is the log-likelihood. The computed difference between the two models is
Chi-squared distributed with degrees of freedom given by the difference in number of

predictors (Hilbe 2009).

2.5.1.7 Goodness-Of-Fit Check
2.5.1.7.1 Assessment of Over-dispersion

The Pearson dispersion statistic, as given by equation 13, was computed to assess the
provisional model for over-dispersion. In line with suggestions by Hilbe 2011, we set our

cut-off limit for over-dispersion at 1.25.
b= - (13)

where N 2
9 (Y — E(Y)))
X =9 z; var(Y;)
dfi =N—p

where x? denotes the sum of squared Pearson residuals; df; is the residual degrees of
freedom; N is the number of observations and p is the number of parameters in the

model, including the intercept (Zuur et al. 2013).
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2.5.2 Model Validation

2.5.2.1 Assessing the Homoscedasticity Assumption

As part of the model validation, we conducted an assessment to check for any obvious
non-linear patterns in the standardised residuals, equation 14, of the provisional model.
The improper modelling of a covariate effect or the omission of relevant covariates from
the model are the common sources of residual patterns (Zuur et al. 2012). Therefore,
any such patterns in the residuals signify a violation of the homogeneity assumption,
i ~ N(0,0?%); and hence the need to further improve the model. We, therefore, conduc-
ted a graphical assessment of the count model’s Pearson residuals against their corres-
ponding fitted values as well as the Pearson residuals against each of the covariates in
the provisional model. The former plot was additionally used in identifying observations
that potentially had influential effects in the model and which may have influenced the
value of the Pearson dispersion statistic (equation 13).

Y — (1 —m) X p

€ — 14
var(Y;) (14)

where

B(Y;) = (1 —m) X pg

2
var(Y;) = (1 — m;) X/Lix(l—kmxui—}—%)

where Y; denotes the observed value of the study outcome for the i** participant; E(Y;)

and var(Y;) are respectively the expectation and variance of Y;.

2.5.2.2 Assessing the Assumption of Independence

Going back to our primary study objective, we set out to model the risk of aggregated
schistosome burden as a function of the measured covariates as well as a number of
potentially relevant unmeasured factors that may have influenced the levels of infectivity
of the water contact sites (Table 52 page 194). However, while our provisional model
is based on the measured covariates, the effect of the unmeasured factors still remains

unaccounted for.
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Therefore, as part of the model’s assessment of the assumption of independence of obser-
vations, which is violated by the omission of important covariates, we will be focussing
on the unmeasured factors in the rest of this section. Though the unmeasured factors
under consideration were closely linked to the littoral zone and hence the ecology of the
intermediate snail hosts, the mechanism by which they took effect in the human host
population involved the exposure of different subsets of the inhabitants to specific water

contact sites along the shoreline (Figure 87).

The choice of specific water contact sites by members of any particular household in
our study community, however, depended on the proximity of that household to the
water contact site as well as the purposes for which the sites were reserved. Moreover,
households in the community mainly comprised of kinship loci and members of the same
clans tend to live in close proximity to each other. Consequently, members of any of
these familial aggregations in the community mainly carried out most of their exposure
activities, especially the ones that involved domestic chores, at the same water contact

sites.

® . Tt
- BT TAS et T Y
Vs A o

L :
1’ . Alabo Rivér
pan? g

Figure 87: Distribution of water contact sites in our study community. The blue-
coded sites are situated along the main shoreline of the Volta Lake whilst the yellow-
coded sites are along the banks of the Alabo River, a tributary of the Volta Lake.
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Therefore, judging by the fact that residual spatial effects manifest as spatial autocor-
relation (Arlinghaus 1996), we could logically assess the effect of the unmeasured factors
under consideration as latent patterns in the point-referenced residuals. Moreover, given
the heterogeneities in exposure patterns across the different households in the community,
we would expect the varying likelihood in the risk of our study outcome, aggregated
schistosome burden, to vary across households depending on the levels of infectivity of

the water contact sites that were frequented by the members of the various households.

2.5.2.2.1 Water Contact Sites

We have so far been assuming that exposure patterns were diffused across all the water
contact sites in the our study community. Therefore, we expect the unmeasured factors
under consideration, which took effect through frequent exposure, to manifest in the
degree of schistosome burden harboured by the different subsets of inhabitants who
frequented the various water contact sites. However, in order for this assumption to be
plausible, the transmission of infections should ideally occur in all of the community’s

water contact sites.

As evident from Figure 87, however, the community had two categories of water contact
sites: those along the main shoreline of the lake; and those along the banks of the Alabo
River. While the transmission of schistosome infections in the lake is well-established
(Dalton & Pole 1978, Scott et al. 1982, Chu et al. 1981), there were no records of

transmissions occurring in the river.

However, the transmission of schistosome infections in any freshwater body is charac-
terised by the presence of the snail host species as well as a relatively stagnant velocity
of flow of the water body and the presence of the emergent plant, Ceratophyllum sp
(Cowper 1971, Klumpp & Chu 1980). We, therefore, used the two latter factors, Fig-
ure 88, as basis for ascertaining that the Alabo River was a likely source of transmissions
in the community. Hence, “lake” and “river” are used interchangeably in the remainder

of this text.
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Figure 88: The flow rate of the Alabo River during the period of stagnation (a) and
the raining season (b). Ceratophyllum sp (arrowed), in the river (c).
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2.5.2.2.2 Assumptions Regarding the Effects of the Unmeasured Factors

The residuals are regarded as the variation in the response that is associated with the
effect of unobserved factors as well as the random noise in the data (Arlinghaus 1996).
Hence, assessing the effect of the unmeasured factors as latent spatial patterns in the
point-referenced residuals would mean the following assumptions are being made: 1) that
the unmeasured factors are spatially varying; 2) that their collective effect plays a relev-
ant role in explaining the community-level variation in the risk of aggregated schistosome
burden; and 3) that the residuals of our provisional model would be spatially correlated

due to the omission of these unmeasured factors from the model (Waller & Gotway 2004).

Scientifically, it would also mean that the subset of inhabitants who harboured aggreg-
ated schistosome burden would be expected to have experienced their exposures at the
water contact sites that were most infective and vice versa. Moreover, since members
of the same familial aggregations lived in close proximity to each other and frequented
common water contact sites, we would ideally expect the varying likelihood in risk to

cluster by these familial aggregations across the community.

Figure 89: A group of men transplanting rice. Working on rice plantations is con-
sidered a high risk occupation as far as the transmission of schistosome infections is
concerned (Cowper 1971). Image source: MoFA 2015
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We would also be assuming that all S. haematobium transmissions were autochthonous.
Therefore, exposures that occurred outside the community’s shoreline were assumed to
have had negligible effect on the community-level variation in the risk of aggregated
schistosome burden. The most notable of these “external” exposures involved working

on rice plantations in a community across the lake (Figure 89).

The next stage of the analysis, therefore, involves the sorting out of the model into
covariate information and residuals. But first, we revisit some concepts in probability

and classical geostatistics that are of relevance.

2.5.2.3 Classical Geostatistical Concepts

Since the community-level variation in the risk of our study outcome may be influenced
by a myriad of factors, most of which may still be largely unknown, we could adopt
a stochastic view at this point and regard the outcome of these factors as random.
However, adopting a stochastic view would also imply that each sampled location within
our study community would have a set of possible outcomes, rather than just the one
observed value. Therefore, our observed outcome could be regarded as one drawn at

random from a set of possible outcomes (Webster & Oliver 2001).

Hence, following classical geostatistical convention, we began by assuming that the ob-
served outcome at each sampled location, s, within the study community were samples
of a single realisation, z(s;), of an underlying random and spatially continuous process,
Z. So, in effect each sampled location could be regarded as having a population value,
denoted by Z(s;), and the actual observed realisation of Z(s;) given by z(s;). Therefore,
in order to make statistical inferences from the observed realisation, Z is conventionally
specified by its mean, y, and covariance or variogram (equation 15) (Gelfand et al. 2010,

Waller & Gotway 2004).
EZ(s)] = p (15)
Cov (Z(sj), Z(sk)) =C(sj —sg)

where C(.), the covariance function, measures the spatial autocorrelation between sampled

locations s; and s;. Under the assumption of second-order stationarity for the random
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function, Z, u is independent of location and the covariance only depends on the separ-

ation distance between s; and si(Waller & Gotway 2004).

So, building on the assumptions in section 2.5.2.2.2, we expect the residual spatial vari-
ation due to the unmeasured covariates to manifest as spatial autocorrelation (Waller &
Gotway 2004). However, since the range of unobserved factors in the causal pathway of
our study outcome may not be limited to the unmeasured factors under consideration;
any observed spatial trend in the residuals may not be entirely attributable to the effect

of the unmeasured factors under consideration.

In the next stage of the analysis, the variogram is employed in assessing the spatial correl-
ation between point-referenced residuals, z(s;), for neighbouring households in this study;

and to describe any such spatial dependence with the appropriate correlation structure.

2.5.2.4 Structural Analysis

Under the assumption of intrinsic stationarity for the Pearson residualsi.e. ¢; ~ N(0,02),
an omni-directional empirical variogram, equation 16, was computed to quantify the
second-order dependence in the residuals (Diggle & Ribeiro 2007). Full details of these

computations have already been presented in Part I of this thesis.

p(h)
7(h) = Zpih) 3 {ais) — 50 (16)

where p(h) denotes the number of pairs of Pearson residuals of the provisional model that
are separated by h; the spatial lag, h, is the distance separating any given set of pairs of

residuals; whilst z; and z; are the residuals for sampled locations s; and s;, respectively.

2.5.2.4.1 Assessing Directional Dependence

The omni-directional variogram is based on the assumption that the spatial correlation
only depends on the Euclidean distance between sampled locations. However, we are
hypothesising that the risk of aggregated S. haematobium burden may vary across our
study community depending on which water contact sites were frequented by members

of the different familial aggregations. Therefore, if the different water contact sites did
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indeed exhibit heterogeneities in their levels of infectivity, then there was the possib-
ility that the spatial correlation would be stronger in the direction of those sites that
contributed most to the transmission potential of infection in the community, assuming
autochthonous transmission. Hence, we employed the use of anisotropic variograms in
investigating if the spatial dependence may have varied with the relative orientation of
the sampled locations. These anisotropic variograms were then examined for differences
in the slope of their curves that would suggest a violation of the isotropy assumption and
hence, the need to correct for the anisotropy (Diggle & Ribeiro 2007, Waller & Gotway
2004, Jr & Diggle 2016). The methods for correcting for anisotropy have already been

discussed in section 3.2.2.2.3 in Part II of this thesis.

An envelope of random permutations, together with a formal test for trend, was used in
assessing if any observed trend in the isotropic empirical variogram may have occurred

by chance (Diggle & Ribeiro 2007, Eagle & Diggle 2012).

2.5.2.5 Interpretation of the Formal Test for Trend
2.5.2.5.1 Lack of Significant Spatial Trend in the Residuals

The formal test for trend (Eagle & Diggle 2012), which is based on a null hypothesis of
the absence of spatial autocorrelation in the residuals, was used as basis for assessing the
relevance of the effect of the unmeasured factors under consideration in this study. Hence,
the absence of significant spatial autocorrelation was interpreted as signifying that the
effect of the unmeasured factors could be disregarded without influencing the validity
of our classical zero-inflated negative binomial model (Arlinghaus 1996). However, it is
worth noting that the absence of significant spatial autocorrelation could also mean that
the effect of the unmeasured factors was very weak. This is because the decomposition
of the data into large and small scale variations tend to depend on the strength of the

covariate effects as well as the amount of variability in the data (Waller & Gotway 2004).

2.5.2.5.2 Presence of Significant Spatial Trend in the Residuals

On the other hand, significant spatial autocorrelation in the residuals is indicative of

residual spatial variation, and hence an over-estimation of the provisional model’s pre-
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cision due to the lack of independent information on the autocorrelated observations
(Guelat 2013). This would also mean that the unmeasured covariates may have indeed
played a relevant role in explaining any observed community-level variation in the risk

of aggregated schistosome burden.

Therefore, under such circumstances, adapting the provisional model to allow for the
spatially correlated errors would be expected to “mop up” the residual spatial variation
due to the unmeasured covariates under consideration as well as any other unobserved
factors that may have played relevant roles in the causal pathway of our study outcome

(Waller & Gotway 2004).

For instance, suppose we fit a model with the measured covariates, X(s;), and the spa-
tially correlated residuals, W (s;) (equation 17). If in reality, there is a single unmeasured
covariate, *(s;), with a regression parameter, §*, and uncorrelated residuals, then the
model would be given by equation 18. Therefore, if these two models were compared,
the spatially correlated process, W(s;), would act as a proxy for x*(s;)5*. The exact
extent of this comparability would, however, depend on the strength of the effect of the
unmeasured covariate (Waller & Gotway 2004). A detailed account of the geostatistical
methodology for adjusting for the effect of unobserved covariates has been discussed in

sections 2.8.3.3 - 2.8.3.5 of Part II of this thesis.

log(pi) = a+ BX(s;) + W(si) + €
(17)

logit(mi) = v+ X1(si) + 72 Xa(si) + &

log(p:) = o + BX(s) + 2" (s)8" +

logit(m;) = v + v1X1(si) +72Xa(si) + €
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3 Results

3.1 Community-Level Variation in the Points of Exposure

Exposure activities in the community were distributed across 11 water contact sites
along the shoreline (Figure 90). However, judging by our questionnaire responses on the
point of regular exposure, Tables 55 — 56, the Akpeakpe and Tutukope water contact
sites seemed to have been the focus of maximum exposure activity. Therefore, assuming
transmissions were autochthonous, these two sites may have contributed greatly to the

overall transmission potential of infections in the community.

However, this study is also based on the hypothesis that the different water contact
sites, which were mainly reserved for different purposes, may have varied in their levels
of infectivity due to the cumulative effect of the site-specific anthropogenic activities.
Therefore, building on our earlier concepts, a closer examination of some of the site-
specific exposure activities in the community would suffice to illustrate how the natural

ecology of the intermediate snail hosts may have been altered positively or otherwise.
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Figure 90: Distribution of households (+) colour-coded by the water contact sites
frequented (A) by members. The last four water contact sites that appear beyond
the main shoreline were situated along the banks of the Alabo River, a tributary
of the Volta Lake. These sites were, however, accessible by canoes from the main
shoreline through the swampy area.
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3.2 Sources and Effects of Ecological Changes

The ecology and bionomics of the snail host species within their freshwater habitats
are known to be influenced by a series of factors which can be categorised as physical,
chemical and biological. Taken together, these categories tend to cover a wide range of
factors that ultimately influence the breeding, availability of food sources and general
survival of these snails (Cowper 1971). For instance, physical conditions that influence
the velocity of flow of the aquatic habitats of these snails may adversely affect their
survival by disturbing their breeding sites, washing away their food sources or dislodging

them.

= June - July

=

November - May September - October

Figure 91: The annual cycle of the lake with emphasis on the velocity of flow. A: The
high flow rate during the major rainy season in June-July when the spillways of the
Akosombo Dam were opened six miles upstream; B: alternating periods of increased
flow rate and stagnation during the minor rainy season in September-October; and
C: the period of absolute stagnation between November-May.
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However, while natural conditions such as floods or fluctuation in temperature may be
responsible for most of these ecological changes, the resultant effect of certain anthropo-
genic activities in the littoral zone may also alter the ecology of these snails in various
ways. The rest of this section will, therefore, focus on some of the specific purposes for
which the different water contact sites in our study community were reserved and the
potential effect of the site-specific exposure activities on the ecology of Bulinus truncatus

rohlfsi, the intermediate snail hosts for S. haematobium.

We, however, examine the effect of these anthropogenic activities in the context of the
annual cycle of the lake (Figure 91). Therefore, during the periods of stagnation, each
water contact site was regarded as a discrete entity whose level of infectivity, based on
the population of snail hosts it harboured, was a function of the direct consequence
of the site-specific exposure activity on the ecology of these snails. Moreover, in order
to establish a threshold point beyond which the effect of the site-specific anthropogenic
activities became constant, we further assumed that the cumulative effect of the exposure
activities was likely to have reached its peak around the middle of the stagnation period

of the lake (Figure 91).

The annual cycle of increased flow rate of the lake in June-July was also assumed to dilute
the effect of all exposure activities and cause fluctuations in the population density of
the snail host species. Therefore, the water contact sites, which are rendered undefined
by the high flow rate, could be regarded as unpolluted entities with a new generation of

snail hosts at the end of every major rainy season.

3.2.1 Exposure Activities

3.2.1.1 Economic Purposes of Water Contact Sites

The normal lentic conditions of the littoral zone, that serve as habitats for the snail
host species, may be altered by the effect of physical conditions such as the ripple action
of waves, increased flow rate, floods or artificially-induced turbulence (Cowper 1971).
However, since the emphasis in this case is on the period of stagnation of the lake,
we would concentrate mainly on the sources and consequences of artificially-induced

turbulence.
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Figure 92: Manually-operated canoes (Figure 92(a)) and upgraded canoes fitted
with outboard motors (Figure 92(b)). The Akpeakpe and Tutukope water contact
sites also served as canoe berthing points (Figure 92(c)).
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The effect of activities involving boats, motor-powered canoes and constant wading
by humans are some of common sources of artificially-induced turbulence in the lit-
toral zone (Cowper 1971). During the time of our pilot survey, almost all the canoes
that operated along the shoreline were manually-powered (Figure 92(a)). However, by
the time the main project took off a year later, most of the canoes that served com-
mercial purposes had been upgraded with outboard motors (Figure 92(b)). Therefore,
the two sites, Akpeakpe and Tutukope, that served as the community’s canoe stations
were constantly subjected to the activities of these motor-powered canoes; with poten-

tially deleterious effects on the ecology of snail host species that inhabited these sites.

First of all, this induced turbulence may render the canoes’ stations unsuitable for the
snail hosts through the disruptions of their breeding sites or washing away of their food
sources (Cowper 1971). Moreover, the fuel tanks of the outboard motors were usually
filled by pouring gasoline directly from gallons while the canoes were berthed at the water
contact sites; a technique which was prone to spillage. Therefore, oil slicks from these
gasoline spillage were common on the surface of the water at the two canoe stations.
These oil slicks, however, have the effect of interfering with the air supply of the snail
hosts which respire by utilising atmospheric air directly from the surface of the water

(Cowper 1971).

3.2.1.2 Domestic Purposes

The effect of chemical pollution by soap is known to render the littoral zone uncongenial
for both the snail hosts and the larval stages of the schistosome worm (Okwuosa & Osuala
1993, Cowper 1971). While the washing of clothes and bathing may potentially result in
chemical pollution, the setting-specific manner in which these activities are carried out
may eventually determine the level of pollution associated with them. For instance, the
inhabitants of our study community mainly bathed directly inside the lake. Therefore,
some amount of chemical pollution, attributable to bathing, could be assumed for all

the water contact sites along the shoreline.

221



Figure 93: Site-specific variations in the washing of clothes. (Figure 93(a)): the
Agbesi water contact site (Figure 93(b)): the Abor and Figure 93(c): Tutukope.
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However, the manner in which the washing of clothes was carried seemed to have varied
from site to site. For instance, women who lived near the Tutukope water contact
site seemed to prefer washing on their compounds while those who used the Alabo
water contact site mainly stood on the shores while they washed. Yet still, women were
observed in other sites washing directly inside the littoral zone (Figure 93). Therefore,
the chemical pollution associated with washing may only prove effective in the latter

case.

3.2.1.3 Recreational Purposes

The lake served as a source of recreation for children in the community. Therefore, swim-
ming was a common group activity among children in the late afternoons (Figure 94).
Empirical evidence, however, points to the fact that contact with cold water tends to
stimulate the act of urination in humans (Farooq & Mallah 1966); and since children
hardly control this urge, swimming could be associated with the pollution of the water
contact sites by human excreta. It has also been consistently shown that pollution by
human excreta is favourable for the survival of the snail host species, though the exact

mode of utilisation is largely unknown (Cowper 1971).

Figure 94: A group of children taking a break from their swimming at the Alabo
water contact site. Swimming was a common recreational activity among children
in the community.
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3.2.2 Exploratory Analysis

3.2.2.1 Assessing Non-Linearity in Age

Biologically, the burden of S. haematobium infection tends to exhibit different patterns of
variation across the various age groups in endemic areas (Jordan & Webbe 1982), thereby
resulting in non-linear trends across time. An initial exploration of our data, Figure 95,
suggested that this non-linear effect in the burden of infection was indeed obvious, es-
pecially among participants aged < 25 years. Therefore, fitting age as a linear term in

our model was inadvisable, as that would have resulted in misspecification problems.
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Figure 95: Scatterplot of S. haematobium egg count, in 10ml of urines, versus age
of participants. The graph mainly suggests a non-linear effect in the burden of
infection in participants aged below 25 years.

In order to ease the interpretation of the observed non-linear trend in Figure 95, we
employ the use of non-parametric smoothers by Wood 2006 in the next section to estimate
a curve that reasonably captures the trend across the age range for this study. We will
then determine how best to incorporate the effect of age into our formal model for

aggregated S. haematobium burden.

3.2.2.1.1 Estimated Non-Parametric Smoother for Age

In line with our earlier observations in section 3.2.2.1, the non-parametric smoother
estimated a non-linear effect in age (Figure 96). Conventionally, the gam function by

Wood 2006 estimates the smoother using thin plate regression spline; and by default, the
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optimum amount of smoothing is also estimated automatically by cross-validation (Zuur
et al. 2012). In our case, the cross-validation process produced 6.902 effective degrees
of freedom, as opposed to the 1 degree of freedom that would have been produced for
a linear effect (Table 57). In all, the smoother, which had a significant effect at the 5%
level (p<0.001), accounted for 25% of the total variation in aggregated S. haematobium
burden (Table 57).

s(Age,6.9)

IIIII!IIIIIIIII!IIIIIIIII! IIIII\ITI’!III IIIII! IIIIIIII!
10 20 30 40 50 60

Age

Figure 96: Estimated non-parametric smoother for age (solid curve) and the cor-
responding 95% confidence limits (black dashed lines). The smoother is plotted on
the scale of the linear predictor and the value, 6.9, in the y-axis label represents the
optimum amount of smoothing as determined by the cross-validation process.

3.2.2.1.2 Modelling the Effect of Age

With the evidence we have so far established in favour of non-linearity, the next logical
step in the analysis was to incorporate this non-linear effect into our formal model.
However, incorporating the smooth function directly into the model, equation 9, was
not an option since the pscl package which was used in executing the model has not

got the necessary features to directly cope with non-parametric smoothers (Zuur et al.

2012).

Therefore, instead of switching to another R package that copes with smoothers, such as
gamlss by Rigby & Stasinopoulos 2005, to enable the fitting a semi-parametric model; we
settled for the option of programming our own smoothing spline that could be executed

with the pscl package.
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3.2.2.1.3 Manual Programming of the Smoothing Spline

In line with our earlier discussion in section 3.1.2.1.3 in Part I of this thesis, the smoother,
f(X;), is defined by equation 19. The smoother was, therefore, regarded as a stick that
could broken into p number of segments. By choosing our break-points to reflect the
changes in the burden of infection, as estimated by our smoother at ages 12, 38 and
50 (Figure 96), we could determine the value of p. Therefore, using the broken stick
model approach by White et al. 2014, the various segments of f(X;) were defined by

equation 20 - 21 and incorporated into our formal model.
P
FXa) =B x b (X)) (19)
j=1

where p is the total number of segments that make up f(X;) and 3; is the regression

coefficient obtained by fitting the j** segment in the model.

0, if age<12
age, if age <12
agel = { age2 = age — 12, if 12 < age < 38 (20)

12, if age > 12
26, if age > 38

0, if age<38
0, if age <38
age3 = aged = { age — 38, if 38 < age <50 (21)
age, if age> 38
12, if age > 50

3.2.3 Confirmatory Analysis

3.2.3.1 Model for Aggregated S. haematobium Burden
3.2.3.1.1 The Maximal Model

Tables 58 and 59 present the relative effect of the terms in the maximal models. The
mean burden of schistosomes harboured by the individual inhabitants was modelled as
a function of all the measured covariates in the count model (Table 58). On the other
hand, the probability that an observed zero schistosome egg count was a false zero
was modelled as a function of age3, age4 and individual treatment history with regard
to seeking treatment for the symptoms of acute schistosomiasis with over-the counter
medication (Table 59). Our reasons for adjusting the binomial model for these particular

covariates have already been discussed in section 2.5.1.3.4.
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Table 58: Maximal model for the mean burden of S. haematobium infections har-
boured per individual participant in our study community.

Count Model Likelihood Ratio Test
Model Terms IRR (95% CI) SE p-value df X2 Statistic p-value
Age
agel 1.39 (1.14, 1.70) 0.102 0.001 1 9.677 0.002
age2 0.72 (0.67, 0.78) 0.037 0.000 1 54.085 0.000
age3 0.87 (0.67, 1.11) 0.070 0.262 1 1.024 0.312
aged 3.72 (0.81, 17.04) 0.777 0.091 1 1.137 0.286
Water Contact Site
Akpeakpe 1
Tutukope 0.25 (0.12, 0.50) 0.357 0.000 6 28.786 0.000
Agbesi 0.28 (0.06, 1.27) 0.769 0.098
Alabo 0.03 (0.00, 0.29) 1.245 0.003
Foekope 0.01 (0.00, 0.13) 1.525 0.001
Sefornu 0.02 (0.00, 0.14) 1.115 0.000
Abor 0.08 (0.00, 6.47) 2.240 0.260
Sex
Female 1
Male 2.59 (1.33, 5.04) 0.340 0.005 1 8.041 0.005
Frequency of Contact
Daily 1
Thrice per week 2.54 (0.38, 17.09) 0.973 0.338 1 0.963 0.326
Treatment in the Past Year
No 1
Yes 0.91 (0.06, 13.29) 1.370 0.944 1 0.437 0.509

IRR” : Incidence Rate Ratio obtained by exponentiation of the coefficients.

Table 59: Maximal model for the mean of the binomial process i.e. the probability
that the observed outcome in a given individual inhabitant was a false zero as against
any other observed outcomes.

Binary Model Likelihood Ratio Test
Model Terms IRR (95% CI) SE p-value df Xz Statistic p-value
Age
age3 0.99 (0.65, 1.49) 0.210 0.952 1 0.004 0.951
aged 2.03 (0.32, 13.00) 0.946 0.453 1 0.734 0.392
Treatment in the Past Year
No 1
Yes 85.19 (0.05, 1.5 x 104) 3.831 0.246 1 0.120 0.729
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Table 60: Provisional model for the mean burden of S. haematobium infections
harboured per individual participant in our study community.

Count Model

Model Terms IRR (95% CI) SE  p-value
Age

agel 1.34 (1.11, 1.61) 0.095 0.002
age2 0.73 (0.69, 0.78) 0.034 0.000
age3 1.10 (1.05, 1.16) 0.025 0.000
Water Contact Site

Akpeakpe 1

Tutukope 0.23 (0.11, 0.46) 0.354 0.000
Agbesi 0.29 (0.06, 1.36) 0.790 0.117
Alabo 0.02 (0.00, 0.22) 1.206 0.001
Foekope 0.01 (0.00, 0.16) 1.268 0.001
Sefornu 0.02 (0.00, 0.15) 1.116 0.000
Abor 0.08 (0.00, 6.47) 2.244 0.259
Sex

Female 1

Male 2.30 (1.21, 4.36) 0.327 0.011

Table 61: Provisional model for the mean of the binomial process i.e. the probability
that the observed outcome in a given individual inhabitant was a false zero as against
any other observed outcomes.

Binary Model

Model Terms IRR (95% CI) SE p-value
Age
age3 1.12 (1.04, 1.21) 0.040 0.005
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3.2.3.1.2 Selection of the Optimal Model

Using the results of the likelihood ratio tests as described in section 2.5.1.6, a backwards
selection by the sequential omission of the least significant terms was performed. There-
fore, individual treatment history and frequency of water contact were excluded from
the count model, Tables 58, whilst individual treatment history and age4, were excluded
from the binomial model (Table 59). Though initially non-significant, the effect of age3
assumed statistical significance in the binomial model after the other non-significant
terms were sequentially omitted. Tables 60 and 61, therefore, became our provisional

models.

3.2.3.2 Goodness-of-Fit Check

Our assessment of the provisional model for over-dispersion yielded a value of 1.18 for
the Pearson dispersion statistic. Since this value fell within the acceptable cut-off range,
as discussed in section 2.5.1.7.1, we ruled out any additional unexplained variation in
our study outcome. Hence, the provisional model was deemed suitable, conditional on

validation.

3.2.3.3 Model Validation
3.2.3.3.1 Assessing the Homogeneity Assumption

Rather than making subjective judgement about any observed patterns in Figure 97,
we opted for the more unbiased alternative of using generalised additive models with a
Gaussian error distribution, equation 22, to assess the effect of each of the continuous-
valued covariates in the provisional model on any patterns in the residuals, €;. Therefore,
any relevant residual patterns due to these covariates were expected to manifest as

significant smoother(s) (Zuur et al. 2012).
e =a+ f(Xy,)+e (22)

where ¢; denotes the Pearson residuals of the provisional model, f(Xi,) is the smooth
function for a continuous-valued covariate in the provisional model and e; is the random

noise in the data.
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Figure 97: Assessing the standardised residuals for patterns. A plot of the Pearson
residuals of the provisional model versus fitted values (a). Pearson residuals versus
individual terms in the provisional model (b - f).
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3.2.3.3.2 Assessing Residual Patterns With Generalised Additive Models

The smoothers were used in this case to summarise any trends in the Pearson residuals
due to the continuous-valued covariates. Therefore, a significant effect for any of these
smoothers would be indicative of significant non-linear trends in the residuals and hence
the need to further improve the model. The model improvement in such cases would,
therefore, centre around the modelling of the effects of those covariates as non-linear

rather than linear terms.

However, judging by the numerical output of the smoothers in Table 62, there was no
evidence that any of the continuous-valued covariates had a significant non-linear effect
on the residual patterns. Moreover, each of the smoothers barely explained about -0.2
percent of the total variation in the residuals. These results were, therefore, used as
basis for ruling out any patterns in the Pearson residuals of the provisional model. We,
therefore, concluded that there were no obvious patterns in the residuals that justified

any further improvement of our provisional model.

Table 62: Approximate significance of the smooth terms for each of the continuous-
valued covariates in the separate Generalised Additive Models that had the Pearson
residuals as outcome.

Smooth Terms EDF R-Square Ref. df F p-value
s (agel) 1 -0.002 1 0.002 0.961
s (age2) 1 -0.002 1 0.001 0.975
s (age3) 1 -0.002 1 0.000 0.995

3.2.3.3.3 Assessing the Assumption of Independence

3.2.3.3.4 Spatial Autocorrelation

As an initial assessment of the effect of the unmeasured factors, Figure 98 was examined

for apparent clusters of positive or negative residuals which might signify the presence of
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residual spatial effects. However, although some apparent clustering of negative residuals
were mainly obvious in the south-western corner of the community, the distribution of
the residuals in the rest of the community was not clearly segregated. A comparison
of Figure 98 with the raw data, Figure 99, suggests the model mainly over-estimated

the risk of infection in two parts of the community (as indicated by the blue circles in

Figure 98).
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Figure 98: Spatially-referenced residuals of the provisional model for the risk of
aggregated S. haematobium burden. The radii of the circles are proportional to the
absolute values of the Pearson residuals. The red and grey circles represent the
negative and positive residuals, respectively.
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Figure 99: Distribution of the study population in Alabonu by infection status. The
position of each point signifies a sampled location.
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3.2.3.3.5 Structural Analysis

The empirical variogram, Figure 100, was used as a more objective tool in quantifying
any spatial dependence in the residuals. However, while Figure 100 suggests a decreasing
spatial trend with lag distance, it is an omni-directional variogram that assumes isotropy.
Therefore, to verify this assumption, directional variograms, Figure 101, were computed

and examined for differences in their slopes which would point to a violation of the
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Figure 100: Omni-directional empirical variogram for the Pearson residuals of the

provisional model for aggregated S. haematobium burden.
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Figure 101: Directional empirical variograms for lags in the 0°, 45°, 90° and 135°

spatial directions, with a tolerance angle of + 22.5°.
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isotropy assumption. However, since all the anisotropic empirical variograms in Fig-
ure 101 look relatively identical, isotropy seemed like a reasonable assumption. The
omni-directional variogram was, therefore, regarded as the mean variogram for all dir-

ections and used in the assessment for spatial trend.

However, as judged by the envelope of random permutations for the empirical variogram,
Figure 102, and the formal test for trend (p=0.888); there was no evidence of statistically
significant spatial autocorrelation. These results were, therefore, used as a basis for ruling
out the relevance of the effect of the unmeasured factors on the validity of our provisional
model. Hence, the measured covariates seemed adequate in explaining the variation in

the risk of aggregated schistosome burden.
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Figure 102: Empirical variogram for the Pearson residuals of the provisional model
for aggregated S. haematobium burden (red line) and 95% confidence envelope. The
variogram falls within the envelope of random permutations, thereby suggesting the
absence of any significant spatial dependence in the residuals.

Moreover, the absence of any significant residual spatial effects seemed to rule out our
assumption that inhabitants who frequented the same water contact sites were likely to
have harboured identical mean burden of infections. Hence, despite the community-level
clustering of familial units and the fact that members of the same familial aggregations
mostly frequented the same water contact sites, our results seem to suggest varying

mean burden of harboured schistosomes among members of the same familial units.
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3.2.3.4 Final Model for Aggregated S. haematobium Burden

3.2.3.4.1 Count Model
Therefore, having ruled out any significant violation of the homogeneity and independ-

ence assumptions, the provisional model, Table 60, became our final model for aggregated
schistosome burden in the study community. Hence, holding all other terms constant,
the mean burden of schistosomes harboured per individual inhabitant was increased by
a factor of 1.34 (95% CI: 1.11 - 1.61) among inhabitants who fell within the age group
of agel; and by a factor of 1.10 (95% CI: 1.05 - 1.16) among those in the age3 group.

Moreover, compared to females, the male inhabitants had a 2.30 (95% CI: 1.21-4.36)

B
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Figure 103: The risk of aggregated schistosome burden associated with frequent
exposure to each of the water contact sites in our study community. The incidence
rate ratios are presented against each of the sites with the 95% confidence intervals

in brackets.
The water contact sites were mainly associated with varying degrees of decreased odds
of harbouring aggregated schistosome burden (Figure 103). However, inhabitants who
frequently got exposed to the Foekope (0.01, 95% CI: 0.00 - 0.16), Alabo (0.02, 95%
CI:0.00 - 0.22) and Sefornu (0.02, 95% CI: 0.00 - 0.15) water contact sites had the lowest

odds of harbouring aggregated schistosome burden, as compared to inhabitants who

frequented the Akpeakpe water contact site.
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3.2.3.4.2 Binary Model

This component of the model, Table 61, describes the change in odds of harbouring false
zero outcomes versus all other values of the outcome. The only covariate in the binary
model, age3, had an incidence rate ratio of 1.12. This, therefore, implies that despite
having an increased odds of harbouring aggregated schistosome burden, as judged by
their effect in the count model, inhabitants in that age group were also at a 1.12 (95%
CI: 1.04 -1.21) times greater odds of not excreting any S. haematobium eggs despite

harbouring infections.
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4 Discussion

Due to heterogeneities in the transmission of the human schistosome species, heavy
intensity infections tend to be focused within a minor fraction of the infected human
host population in different endemic settings. These heavily infected individuals are,
therefore, responsible for sustaining the transmission of Schistosoma infections. While a
series of factors including genetics, behavioural and social factors have been implicated
in the predisposition to harbouring aggregated schistosome burden (Anderson & Medley
1985); issues relating to the variation in the infectivity of the water contact points where
exposure occurs are often overlooked, mainly as a result of the difficulty involved in

measuring such factors.

Empirical evidence suggests that human exposure patterns may be distributed across dif-
ferent water contact sites in endemic shoreline settings (Woolhouse et al. 1998, Chandi-
wana & Woolhouse 1991). Moreover, these water contact sites may vary in their levels
of infectivity due to site-specific variations in contamination and pollution rates, and
consequently the population density of the intermediate snail hosts harboured by these

sites (Woolhouse et al. 1998, Dalton & Pole 1978).

Therefore, the present paper has investigated the variation in the risk of aggregated
schistosome burden as a function of factors that are related to both the human host
population as well as the intermediate snail host in the water contact sites where exposure
occurred. However, factors relating to the varying infectivity of the water contact sites

were investigated as missing covariates in our model.

By using data from a pre-intervention shoreline setting, it was possible for us to assume
an endemic equilibrium state of transmissions as well as constant exposure patterns
across all active age groups in the human hosts population. Moreover, the geostatistical
methodologies that were employed in assessing the effect of the unmeasured factors would
have enabled us to adapt our model to account for the effect of both the measured and

missing covariates, had the effect of the latter been significant.
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Our findings suggest that exposure to the various water contact sites in the com-
munity was associated with varying odds of harbouring aggregated schistosome burden.
Moreover, the male inhabitants as well as inhabitants in the agel and age3 categories were
found to have an increased odds of harbouring aggregated schistosome burden. However,
the water contact sites of frequent exposure did not seem to influence the distribution
of inhabitants who harboured aggregated schistosome burden in the community. Taken
together, these results suggest the unmeasured factors associated with the infectivity
of the water contact sites did not induce any significant spatial autocorrelation which
would have inflated the model’s precision due to the lack of independent information on
the autocorrelated residuals. Hence, the effects of the measured covariates in the model

were valid.

While the effect of the unmeasured covariates did not seem to influence the community-
level variation in the risk of aggregated schistosome burden, we also interpret these
results with a bit of caution. This is because the interpretation of the results may be
influenced by the fact that regardless of the convergence of the fitting algorithm of the
model, the decomposition into large-scale and small-scale variations may not always be
reliable. But rather, the reliability of the decomposition may depend on the strength of
the covariate effects as well as the amount of variability in the data (Waller & Gotway
2004). Hence, the absence of significant spatial autocorrelation in our case may either
signify the lack of any significant effect between the unmeasured factors and our study
outcome or just weak covariate effects of the unmeasured factors. It, however, remains
to be determined how weak a covariate effect needs to be, scientifically, in order for its

effect to appear irrelevant in a model or conversely.

We also interpret our findings in the context of some possible limitations with regard to
our data collection method. Firstly, no qualitative studies were conducted to formally
assess the exposure patterns of our study population as well as the site-specific variations
in exposure activities. Therefore, we mainly relied on interviewer-administered question-
naire responses on the most frequented points of exposure; and some general observations
during our field surveys in the community. While these questionnaire responses mainly
suggested a concentration of exposure activities at two sites, most of those responses

may have been based on canoe boarding points, rather than the specific points where
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domestic chores were performed. Therefore, there were virtually no exposure data for
some of the community’s water contact sites and the analysis had to be restricted to

those sites for which we had data.

Our model, however, took the annual cycle of the lake into account. Therefore, these
findings are only restricted to the period of stagnation for reasons which we now discuss.
Unlike the major rainy season when human exposure patterns were considerably reduced,
exposure patterns were highest during the period of stagnation of the lake. Moreover,
the virtually stagnant conditions of the water contact sites during that period was likely
to confine the effect of pollution by anthropogenic activities specifically to the points of
application. Therefore, the resultant effect of the site-specific anthropogenic activities
on the ecology of the snail hosts that inhabited those sites were also bound to be at their

highest.

The effect of these ecological changes on the snail hosts, be it positive or otherwise, was
expected to manifest in the degree of schistosome burden harboured by the different
subsets of inhabitants who frequented the various water contact sites. In other words,
the cumulative effect of exposure activities that rendered the water contact sites un-
congenial for the snail hosts was expected to have induced considerable reductions in
their population densities. Consequently, inhabitants who frequented those sites were
likely to harbour fewer schistosome infections than those who frequented the sites where
exposure activities resulted in ecological changes that favoured the survival of the snail

hosts species.

Our assumptions regarding the effect of anthropogenic activities on the ecology of the
snail hosts were, however, made without taking the site-specific variation in the abund-
ance of emergent plants into account. Emergent plants such as Ceratophyllum sp are
known to play crucial roles in the survival of the snail host species. Not only do these
plants serve as food and oxygen sources for the matured snails but they also provide
substrates for their egg nests (Cowper 1971). The population density of the snail hosts,
therefore, tends to vary with the distribution and abundance of these emergent plants

(Klumpp & Chu 1980, Scott et al. 1982, Chu et al. 1981).
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Therefore, it is possible that the presence of Ceratophyllum sp in the water contact sites
may have potentially counteracted with the effects of certain anthropogenic activities,
including those regarding motor-powered canoes. For instance, interruptions in the air
supply of the snail hosts, due to the presence of oil slicks on the surface of the water,
may be compensated for by the oxygen supply from the population of Ceratophyllum sp
in the sites. Moreover, judging by the role of Ceratophyllum as substrates for the snails’
eggs, it is likely that at least a fraction of the eggs in each site may survive the period

of high flow rate during the major rainy season.

Hence, one of our main study assumptions regarding the invasion of the water contact
sites by new generations of snail host at the end every major rainy season may not be
entirely accurate. But rather, some of the snail host population from previous seasons
may be retained through the eggs that remain attached to the population of Ceratophyl-
lum sp in the sites. Therefore, the newly hatched population of snails may end up being
more resistant to ecological changes, such as those induced by anthropogenic activities,

due to their history of previous exposure.

If that were indeed possible, then the population density of these resistant snails may
vary across the different water contact sites, depending on the levels of contamina-
tion of the sites with human excreta. Empirical evidence suggests the life span of
the snail hosts may be influenced by their degree of infection with the schistosome
parasites. Therefore, whereas the heavily infected snails tend to die within weeks of
infection, the lightly infected ones may live their full span of 3-5 years (Barlow &
Muench 1951). The implication of this varying life span of the snail hosts to the
present study is that the least contaminated sites may end up harbouring higher dens-
ities of resistant snails. Therefore, the interpretation of our model would be incomplete

until issues relating to the bionomics of the snail hosts are also taken into account.
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5 Conclusions and Recommendations

The effectiveness of schistosomiasis control programmes in endemic settings is consid-
erably improved by the integration of chemotherapy interventions with the necessary
operational components of transmission control that result in decreased exposure levels
within the human host population. However, the element of decreased exposure has
up until this point, virtually remained an unattainable component of control in many

endemic settings.

This is mainly due to the fact that the allocation of intervention resources, such as
potable water supply, is still very poor in many endemic parts of sub-Saharan Africa
as a consequence of the slow pace of socio-economic development. Moreover, the water
bodies that serve as sources of transmission tend to double as major sources of livelihood,
especially in the endemic shoreline settings. Therefore, it might take several more years,
if not decades, for control programmes to successfully integrate all the elements that
would eventually make reduced exposure levels a functional component across endemic

settings.

All these, therefore, go to show that the effective control of schistosomiasis might in
the mean time benefit from alternative strategies that do not rely on the key element
of reduction in human exposure levels as a means of sustaining the benefits of the
ongoing mass chemotherapy interventions. Therefore, the main challenge centres on
making exposure, which is being regarded in this case as an inevitable consequence
of living in rural endemic shoreline settings, less infective for snail-to-human trans-

mission of infection. But has that strategy not been tried before? Indeed, it has.

Long before the human definitive hosts became the focus of intervention, early control
strategies were mainly directed at the snail host population. Therefore, the focal mol-
lusciciding of water contact sites, with the ultimate aim of reducing the infectivity of
water bodies that transmitted schistosome infections, were tried and tested across the
endemic parts of Africa (Chu et al. 1981, Cowper 1971, Asaolu & Ofoezie 2003). The
results of these early trials mainly indicated that synthetic chemicals such as bayluscide

niclosamide and sodium pentachlorophenate were highly effective against the interme-
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diate snail hosts, but not their eggs (Cowper 1971). Therefore, the application of these
chemicals had to be repetitive (Cowper 1971). Moreover, it became evident over time
that the decrease in the snail population density, induced by these molluscicides, did not
translate into a reduction in the burden of infections within the human host population

(Asaolu & Ofoezie 2003).

However, it is possible that the concurrent mollusciciding of water contact sites and
the administration of chemotherapy in the human host population might fare better
in reducing the overall burden of infections which would subsequently translate into a
reduction in the transmission potential of infections. This is because the core fraction
of heavily infected individuals, who have the greatest tendency of contributing most
to environmental contamination, and the specific water contact sites that harbour the
majority of infections would be targeted together. Therefore, this strategy, if sustained
over time, could eventually lead to an interruption in the transmission of infections

(Nasell 1976).

Now, let us assume that the focal mollusciciding of water contact sites could be replaced
by an alternative strategy that does not rely on the aforementioned chemicals. Building
on this concept, we could assume further that such an alternative strategy is already in
place, and indeed has been in place for as long as these endemic shoreline communities
have been in existence. Moreover, despite having been in place since time immemorial,
the effect of this alternative strategy on the ecology of the snail host species has been
gradually increasing in severity over time. To demystify this alternative strategy for
anyone who might be wondering, we are referring to the effect of anthropogenic activities
in endemic shoreline settings on the ecology of the snail hosts, the main subject of
the present study. The next practical question, therefore, might be why the effect of
these anthropogenic activities has gone unnoticed over the years. Well, that is probably

because we have not really been looking.

Variations in water contact activities across different endemic settings have been docu-
mented throughout scientific literature (Bruun & Aagaard-Hansen 2008, Farooq & Mal-
lah 1966, Dalton & Pole 1978). Farooq & Mallah (Farooq & Mallah 1966) however,

provided a more in-depth insight into the religious and socio-economic context in which
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exposure occurred in communities situated along four major canals in Egypt. The main
element in all the aforementioned studies is that the inhabitants of these shoreline set-
tings have consistently stuck by the age-old practice of performing exposure-related activ-
ities directly inside the water bodies. Therefore, these activities end up having a direct
effect on the ecology of the intermediate snail hosts. However, the severity of the effect of
these activities has also been changing over the years. For instance, manually-operated
canoes are being upgraded into motor-powered ones whilst competition between produc-

tion companies has led to an improvement in the chemical constituents of soap.

The prevailing question, therefore, is if these changes to the ecology of the snail hosts are
capable of inducing molluscicidal effects in the water contact sites? If that were indeed
the case, then is it also possible that the combined effect of these anthropogenic activities
and chemotherapy interventions within the human hosts population may eventually cause

the burden of infections to fall below the critical break point?

The present study has indirectly assessed the collective effect of anthropogenic activities
on the ecology of the snail host species. We, however, consider our findings inconclusive
on the basis that our data collection method lacked the integral element of a formal
qualitative study on how diffused or concentrated the exposure patterns were, and the
site specific variation in exposure activities. The assumptions that went into our model
include the following: the endemic equilibrium of transmissions was still unperturbed,
as far as the effect of chemotherapy interventions in the human hosts population was
concerned; that transmissions were autochthonous; and that burden of infections within
the human host population was a direct reflection of the level of infectivity of the water

contact sites they mainly frequented.

Future research into this particular area would, therefore, benefit from a more formal
assessment of human exposure patterns as well as the variations in exposure activities
across the different water contact sites in the community. In that regard, Seto et al.
2007 have suggested that global positioning system monitors, when used in conjunc-
tion with questionnaires, may provide more reliable data on human exposure/activity

patterns.
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The present study was conducted in February - March, which falls within the period of
stagnation of the lake. However, a better assessment of the effect of these anthropogenic
activities on the ecology of the snail host species could be designed in such a way that
the study is repeated at different points within the period of stagnation. That way,
the results from the different time points could be compared. An assessment of the
effect of the site-specific anthropogenic activities on the population of Ceratophyllum sp
would also allow a better judgement of whether the snail hosts and the population of

Ceratophyllum are equally affected by anthropogenic activities.

Another effect that warrants further investigation is the differential risk of aggregated
schistosome burden for males and females. Social factors such as gendered tasks are
generally known to govern exposure patterns in endemic settings (Bruun & Aagaard-
Hansen 2008). Therefore, while exposure activities such as the washing of clothes is
predominantly a female task, the operation of canoes is exclusively reserved for males
(Farooq & Mallah 1966). These tasks may, therefore, influence the infectivity of the
specific sites of exposure as well as the time, degree and frequency of exposure in the
female and male inhabitants of any specific endemic shoreline setting. Future stud-
ies would, therefore, benefit from a more in-depth analysis that accounts for the spe-
cific water contact sites that are mostly frequented by the males and females inhab-

itants in relation to their social tasks as well as interactions between age and sex.
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Conclusion

Taken together, the studies presented in this thesis have mainly highlighted the effect
of some of the important covariates that explain the local-level variation in the patterns
of schistosome transmission in typical endemic settings. Our modelling strategy adop-
ted an approach that firstly focused on the fitting of classical statistical models. The
variograms of the standardised residuals of the preliminary models were then employed
in the assessment for spatial dependence and the description of any such dependence
with the appropriate correlation structure, where necessary. Therefore, depending on
the statistical significance of the dependency, the models were refitted to incorporate the
spatial correlation into the covariance matrix. By this approach, the effects of the com-
mon factors that influenced transmission at neighbouring locations, due to the focality
in schistosome transmission patterns, were taken into account. Therefore, it would seem
our final models provided more reliable inferences about the covariate effects, as opposed

to classical models.

However, our attempt to identify and disentangle the collective effects of particular
setting-specific micro-level determinants of infectivity as spatio-temporal trends, which
formed the common theme in this thesis, largely proved ineffective. But rather than
interpreting our inability to detect to these spatio-temporal trends as an indication
that the micro-level factors were not relevant in explaining the variation in schistosome
transmission patterns, we attribute the lack of effect to limitations in our data. First
all, the use of parasitological detection in the diagnostic assessment of infection was

potentially limiting.

This is mainly due to the fact that parasitological detection methods rely on excreted
schistosome eggs as proxy measures for infections. In addition to missing pre-patent in-
fections, these techniques are subject to heterogeneities in egg excretion rates, quality of
assessment, sampling limitations and poor sensitivity for low intensity infections. Hence,
infections in the older age-groups as well as low transmission and post-intervention sites
are often under-estimated by these methods. Moreover, judging by the numerous vari-
ations that characterise egg excretion and its measurement by these detection techniques,

any observed heterogeneities in the distribution of schistosome infections may be a dir-
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ect consequence of the variation in egg output, rather than spatio-temporal patterns in
transmission. Therefore, our assessment of spatio-temporal trends may have been con-
founded by the method of diagnostic assessment. Despite these limitation, however, the
observed age-infection patterns in our pre-intervention sites were consistent with other
studies where peak infection rates were observed in young adolescents (Colley et al.

2014).

Moreover, while the transmission success of infections may depend largely on the sur-
vival and fecundity of the adult worms in the human host, it is the distribution of the
intermediate molluscan hosts that determines the zones of transmission (Brooker 2007,
Stothard 2009). Hence, it is common for infections to be encountered in places other
than where the infected cases occur. Therefore, for a proper assessment of the spatio-
temporal patterns of transmission, our analysis could have benefited from data on the

intermediate molluscan hosts as well as other physical factors that influence transmission.

Such data on the intermediate hosts are even more important for the Volta Lake due
to the massive environmental changes that occurred as a result of its creation. Early
studies, following the creation of the Lake, identified Bulinus truncatus rohlfsi as the most
common intermediate host species (Hunter & Organization 1993). Given the various
vegetation in the aquatic ecosystem of these snails that serve as habitats, they are able
to survive the annual fluctuations in the water level. However, the ecological changes
resulting from human activities in the habitats of these snails may also influence their
distribution and ability to transmit infections. Surveys on these snails in the Volta Lake
are, therefore, necessary for their distribution to be linked to the patterns of schistosome

transmission.

Children in typical endemic settings usually become infected by the age of two. With
constant exposure to the sources of infection, the schistosome burden in these children
would normally increase over the next 10 year period as their bodies become colon-
ised by the schistosomes (Colley et al. 2014). Therefore, for a proper assessment of
the spatio-temporal trends in transmission, future studies could employ a longitudinal
design, with a follow-up period of about five years, that focuses on children aged between

2-10 years. Infections could be assessed during the annual cycles of the Lake using Cir-
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culating Cathodic Antigen dipstick, supplement by indirect markers such as the presence
of haematuria. To allow for proper comparison, four measurements could be taken per
annum, distributed across the Lake’s cycle. By using this approach, the study would
observed incidence cases in these children and the progression of the burden of infection,
assuming every infected child would remain infected. Moreover, exposure patterns in this
children for could be assessed by adopting Seto et al. 2007’s approach of using global pos-
itioning system monitors. The suitability of such monitors for a study involving children

could, however, prove tricky.

Our inability to detect the spatio-temporal patterns of transmission, which we set out
to investigate, goes to emphasise the difficulty involved in building spatially-explicit
models for a parasitic infection with one of the most complicated life-cycles. Such studies
require detailed designs that take the various sources of uncertainties including, the

collection of field data, method of diagnostic assessment and analysis into consideration.
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Appendix A: Questionnaire

Part A: Personal Information

1D: Date: / /
Name:

Age: Sex: oM OF
Village: House No:

Part B: Contact With the Lake

1. What is your main source of water supply for domestic use?

2. Do you come into contact with the Lake or any other water body in your day-to-day
activities?

O Yes, daily

Yes, 1-3 times per week
Yes, 4-6 times per week
Yes, once a month

Yes, once a year

O 0O o o o

Never

3. What activities/reasons bring you into contact with the Lake? (Tick all that apply)

O Collecting water for household chores
Wading through on the way to the farm
Washing (of cooking utensils, clothes, etc)
Swimming

Fishing

Boarding of canoes

Sand winning from the river bed

O O o o o o o

Other (please specify):

Part C: Treatment History for Soil-Transmitted Helminths

4. Have you ever been de-wormed?

O Yes, once O, twice O, three times or more O
O Never

O Don’t know



Appendix A: Questionnaire

5. If answer to Question 4 is “yes”, when was the last time you got de-wormed?

O Up to 1 year ago
O Up to 2 years ago
O Up to 3 years ago

O More than 3 years ago

6. Who administered the de-worming and where? (Tick all that apply)
O Dispensary staff at a hospital/health centre
O Staff from hospital/health centre in community
O Volta River Authority staff
O The de-wormer was bought by participants (or parents)

O At school

Part D: Schistosomiasis-Related Information

7. Do you know about schistosomiasis?
O Yes, very well
O Yes, but not very well
o No

The following are symptoms of schistosomiasis: True/False/Don’t know
8. Passing blood in urine?
O True
O Flase

O Don’t know

9. Feeling pains when urinating?

O True
O Flase

O Don’t know

10. Passing blood in stool?
O True

O Flase

O Don’t know
11. Do you pass blood in your urine?

O Yes
O No
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Appendix A: Questionnaire

12. Do you feel pains when urinating?

O Yes

O No

13. Do you pass blood in your stool?

O Yes

O No

14. For respondents who answered “yes” to the questions 11-13: What did you do about it?
O I visited a hospital/health centre
O I used herbal medicine
O I (or my parents) bought medicine from a drug store

O I did not do anything about it

15. Have you ever been treated for schistosomiasis?
O Yes, once O, twice O, three times or more O
O Never

O Don’t know

16. If respondent answered “yes”, to Question 15: When was the last time you received treat-
ment?

O Up to 1 year ago
O Up to 2 years ago
O Up to 3 years ago

O More than 3 years ago

17. If respondent answered “yes”, to Question 15: Who administered the treatment and where?
O Dispensary staff at a hospital/health centre
O Staff from hospital/health centre in the community
O Volta River Authority staff
O Bought medicine
O At school
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Appendix C: Questionnaire

Date: / / Country: GHANA

Name of interviewer:

Child’s Details

1. Name / ID number:

=~ W N

. Place of birth:

. Date of birth / Age: / / years

. Sex: 0O Male 0O Female

5. School Information

Class:

Name of school:

6. House Information

House Number:

Suburb/Area:

7. Global Positioning System (GPS) Readings of Child’s Home

Latitude:
Longitude:

Altitude:

8. How does the child get to school most of the time?

O

O O o o o

walk
bicycle
taxi
bus/trotro
private car

Other:




Appendix C: Questionnaire

Socio-economic Status and Environmental Factors

9. Has the child lived in this town/village since birth? O Yes 0O No

10. If you answered “No” where has the child lived before and for how long?

Area A In for months _ years

Area B In for months _ years

11. Who provides financially for this child?
O father and mother

O father

O mother

O Other (please specify):

12. Occupation of person in Question 11:

Occupation of the spouse of this person:

13. The highest level of formal education completed by person in Question 11:
O primary/elementary 0O middle school

O junior secondary school O senior secondary school

O O-level 0O A-level

O vocational/commercial

O training college

O polytechnic/university

O

Other (please specify):

14. The house in which the child lives is primarily made of:

O cement
O wood
O mud

O Other (please specify):

15. What is the main source of water supply in the house:
O pipe-borne
O tanker
O river/stream
O well/bore-well

O Other (please specify):
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Appendix C: Questionnaire

16. What is the type of toilet in the house:

O indoor wc
O compound latrine
O public neighbourhood latrine

O Other (please specify):

17. The fuel mostly used at home for cooking is:
O liquified petroleum gas

electricity

charcoal

firewood

kerosene

O O O o o

Other (please specify):

18. What kind of accommodation does child live in?

detached house

O

semi-detached house
flat
compound house

Other (please specify):

19. Is electricity supplied to your home? O Yes O No

History of Periodic Home-Administered Anthelmintic Treatment

20. When did this child have treatment for worm infection?
O < 1 month ago

1-3 months ago

3-6 months ago

> 6 months ago

No idea

21. What is the name of the medicine used in de-worming the child:
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