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Abstract

Background and aimRoutine surveillance is increasingly recognised as central to-dinlénsional malaria
control efforts, especially for programme planning and impact assessment. Whilst it is global strategy to transforn
surveillance into a core programmatic componenta#tial indepth interpretation of routine surveillance data
remains limited, especially in higher transmission settings. | therefore aimed to explore utility of indicators of
uncomplicated malaria burden from routine health facility surveillance datdantifying and mapping higtisk

areas for malaria in Uganda.

Methods and data sourceso examine routine surveillance indicators of malaria burden, | first evaluated internal
consistency between measures from three national reference health facilittesparing incidence and test
positivity rates over time and space. In addition, | examined impacts of control interventions on the age associate
burden of malariastratified by endemicity and intervention. | then extended this to compare routine reporting
data with concurrent community cohort incidence estimates across threecsubties to evaluate potential
sources of bias. Finally, using four years of national health management information system-rgpidit&d
confirmed malaria data in a Bayesian awgressive analytical framework, | explored the sptice distribution

of malaria, and estimated adjusted national and local HbdSed incidence rates.

Primary findingsAt the health facility level, HMiBased incidence and test positivity rates shoveedilar trends

and predicable relationships, with reduced transmission associated with increasing age of test confirmed malar
cases. Comparison of HMIS and cohort data suggested that HMIS data could provide a relatively unbiased pre¢
for true incidence- especially in lowetransmission, better performing surveillance systems settings. Lastly,
spacetime modelling of national HMIS data revealed higirden and higkrisk areas within health facility
catchments, districts, and regions, highlighting thelityti of routine surveillance data in identifying

programmatically relevant heterogeneities in malaria burden in Uganda.

Conclusion:This thesis highlights the potential viability of routine data in evaluating endemic malaria risk with
improved routine HMISThis is shown by: similar trends of HNdeSed incidence with other measures; its
unbiased relationship with community cohort incidence; aitsl capacity to identify high case rate locations. To
realize the potential of these data, coordinated efforte aeeded towards high testing rates, complete and timely
recording and reporting, and multilevel feedback within national malaria control programme systems. Further
research opportunities include treatment or naare seeking and nereporting care alteratives impacts on

surveillancebased indicators of malaria burden.
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1 Background and Introduction

1.1 Background

Malaria remains a&ignificant globapublic healthchallenge withsub-Saharan Africand South East Asia as €pi
centres of the burder{1]. Global malaria control efforts are mutfimensional and include: vector control,
effective malaria case management, vaccine development, preventive therapies, and above all, stakeholde

commitments[2, 3]

The WHO Global Technical Strategy for Malaria ZI3 aims to reduce incidence of malaria by at least 90%,
particularly by urging affected countries to make the most of available control tools and straggiesrther, in
OASs 2F ! YAGSR bl iGA2yaQ GKANR adadlAylofS R&wet 2 L.
being for all at all ages, one key target is to end the malaria epidemic by[8D3lhese targets were heavily
influenced by evidence of significant declines over the first 15 years of thec@itury and on this &sis,
milestones were set to reduce case incidence by 40% and 75% by 2020 andre&fj#ctively[3, 4]
Unfortunately, however, malariburdendeclines have stalled since 20d6e to global or context specific causes

[6, 7] Two of the identified possible causes that especially affecGalaran Africa are: substandard performance

of health systems and weak surveillance, monitoring and evaluation with which capacity to identify program

coverage gaps or disease burdgranges is diminishgd]. This thesis addresses the latter.

With strong evidence of the effectiveness of available control tf&}|ao meet global targets, interventions need

to be prioritised to target areas of greatest need, aided by strategic transformation of surveillance into a core
intervention[4]. Routine health management information sgsts (HMIS) data is uniquely placed for this, given:
its central place in surveillance, its spatial scalability, and longitudinal dimension. Ndiablgver, several
studies have suggested these data to be imperfect and of limited Jifitityl]. This ongoing perception unwittingly
hindersthe ability of malaria control programmes to use routine health systems data for effective resource
allocation or timely intervention impact evaluations. Whilst efforts have been undertaken to improve the most
notable drawbacg especially accessibilityirteliness, and completenefk2-14], estimates of burden from these
data are not fully understoofiLl5] and as such, neither have the prevailing perceptions been improved nor its

likely utility been widely investigated.

This thesistherefore, focuses on exploring the utility of indicators of uncomplicated malaria burden from
routinely collected health facility data, using the higlrden example of Uganda. In this chapter, | provide an
initial background literature review describing the epidemgdtmal and public health situation of malaria in
Uganda, as well as details on current diagnostics and control strategies for malaria. | then summarise th
distribution of malaria in Ugandand provide a critique of contemporary mapping approaches appliegiabal,
regional, and sulmational scales. Lastly, | provide an overview of how maps have historically been used in Ugand

towards policy guidance and decision making for malaria control, in relation to other countries in the region.
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1.2 Introduction to malaia

1.2.1 Global burdenof malaria

Malaria is transmitted by female anopheline vectors carrying any of the four Riasmodiunparasite species
known to infect humans P. falciparum, P. vivax, P. malariaed P. ovald16]. Notably, however, two of these
parasite speciege. P.falciparumandP.vivaxare responsible fothe majority of global infection§3, 16] While
these main parasite species are largely territorial, Vidtfalciparumpredominating Africa an®.vivaxEast Asia,
mixed infections involving the two or oref thesetogether with other less notable species are also common
across all endemic setting8]. In 2018, 228 million malaria cases were estimated globally, 93% of these from
Africa alond3]. Moreover, an estimated 405,000 fatalities from malaria walssreported globally, 94% of which

were from Africaand67% of the global totddeingamong children under 5 years of afB3.

1.2.2 Epidemiology of malaria

Malaria transmission involves four vital contexts including: the hebktch isprimarily humans; the parasite of
which there are several species; the vector, which is the mosquito and there are many species of these; as well
the environment within which all the first three exist. Factors that influence any of the four contextsnmpact

the rate of transmission of malaria either independently or collectively, both favourably and otherwise. Successfl
transmission involves all four contexts as follows. As illustrated in Figure 1, once a healthy vector, femal
anopheline, takes albod meal from a human and picks up gametocytes in that meal, gametocytes undergo
transformation within the vector from micro to macrogametes which in turn are transformed to the zygote and
then ookinete that penetrate the midgut of the vectdd7]. Within the vectof @nidgut, the ookinete is
transformed tooocysts which develop and burst into the salivary gland to prodipozozoites[18]. With a
sporozoite ready vector, a blood meal from a host is potentially infective of the host, which marks the start of the
parasite lifecycle within the human host. Once sporozoites sigfitly circulate within thek 2 ablo@iatheyare
transportedto the liver where they develop into schizonts that later produce merozoites that are then introduced
backinto the bloodfrom the liver[19]. Merozoites attacki K S Ke# Blab@cklls (RBOs)orderto reproduce
andthen attack more RBGhoughsomemerozoitesdevelop into gametocytes that are known as the sexual stage
of the parasiteOnce gametocytes aliagested by aiablevector, the cyde starts all over agaiwithin the vector

and continues therocess ofmalaria transmission.
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Figurel. Malaria parasite life cycle
Image obtained from the Johns Hopkins School of Public Hedittpatocw.jhsph.edu Creative Commons BY
NCGSA.

Environmental factors play a significant role particularly in supporting vector abundance and cgta@ty For
instance, rainfall in appropriate amounts and locations may enable the availability of vector breeding sites an
thereby foster vector density. On the other hand, temperature when conducive facilitates vector development,
adult survival and immunity, as well as parasite development within vector candidates (conducive within the rangt
of 16 to 3%C), thereby facilitating aompetent vector for continued transmissiofi8]. Whilst rainfall,
temperature and hmidity tend to have a direct influence, other factors such as vegetation, urbanization, altitude,
land use and cover may have secondary influence on vectors and vector capacity through their influence on dire
factors and facilitating vectemnost contact[22]. Given the variability of environmental factors across space and
time, the unlimited interplay between multiple environmental factors facilitates and supports diversity in vector,

vector habitat anl behaviour, which may influence heterogeneity of malaria transmission anf28kk

Together, these factors influence the distribution of malaria burden through alinear interaction between:
environmental suitability for vector abundance and competencet Basceptibility to virulent parasites as well

as host infectivity to vectors; populatidavel control activities and subsequent adherence to these control
strategies; community population distribution; and, availability of, or accessibility to healttseawéces and
adequacy of case management commaodities. These are augmented by the implementation of systems to colle
timely, high quality and accessible routine data in synthesizable formats to support informed onward control
decisions.
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1.2.3 Detection and Dignosisof malaria

Malaria diagnosis in endemic settings has undergone massive transformation over the years. For very lon
diagnosis of malaria was performed presumptively especially among chiledgrHowever, this approach was
increasingly associated with oveatment of fever as malaria in many countries, including Uganda, due to the
non-specific nature of malaria related symptonsarticularly feve) that are often caused by myriad other
conditions [25]. Moreover, parasite resistance to antimalarials, particularly involvihe fairly cheap and
previously highly effective drug Chloroqujnglobally [26] and in Ugandd27], showed that trends in over
treatment of fevers as malaria with newer antimalarialaCTs, were a threat to the longevity of the high efficacy

of these much more tolerable drug&8]. To this effect, global recommendations were made for the use of
diagnostic confirmation prior to treatmeifi29]. These facilitatethe scaleup ofresearch into diagnostic methods

aimed atoverconing shortcomings in the prexisting testing method of microscopy.

Whilst detection of malaria parasites had been possible for hundreds of years using blood slideapicrise
method is demanding, particularly for low resource settings. This-gfalddard method requires a microscope,
electric power supply, slides, reagents, and importantly a skilled technician. With several of these requirement
being in short supplyaioss the highest endemicity regions, diagnostic confirmation of malaria to scale using this
method was unattainable. Moreover, other molecular methods in existence such as polymerase chain reactio
(PCR), loop mediated isothermal amplification (LAMPYyy figtometry, and mass spectrometry, though highly
sensitive are far more expensive and therefaret among feasible alternatives within clinical practice in these
settingg[25]. Newer approaches involving rapid diagnostic methods of detecting malaria antigens were developec
and introduced. The four major categories of tfapid diagnostic tests for malaria RDTydeveloped includd:

P. falciparumspecific histidineaich protein 2 (HRP2); parasite lactate dehydrogenase (pLDH) that could be
produced for each of the four main parasite species, given that each has a distinct isomer of this enzyme
Plasmodium aldiase, another that covs all the parasite species; and, another antigen specifie. tdvax that

has been used in combination tests rfalciparumand P.vivax[30]. The ease of use ofiRDTs even among
remote facilities and community health workeff31] has facilitated largescale implementation of the test and
treat global approaclfi29], that was later revised to the testigat, and track policy for improved surveillance and

care or case managemefa2].

Until 2007 when mRDTs were introduced in Uganda, diagnostic testing for malaria depended on microscop
particularly among adults in hospitals and highkiel health facilities, where laboratory services were functional
[33]. Among children under 5 years of age when febrile, presumptive diagnosis was highly encouraged ar
functiond laboratory services availability among lower level facilities was estimated at only 30% b{32D09
National policy adoption of parasitological diagnosis using either microscopy or,mB®ifistituted in 201135].
Consistent with policy, the national 200PD15 malaria strategic plan set a target of 90% parasitological diagnostic

performance by 2015, and the country had attained 59% in a 2013 asses$8@&@ntNotably, however,
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performance reached 85% later on in 2018/2(89]> &adza3SadAy3 @GSNE at2g | R21
GNBIFGQ LRtAOE T2N Yyl 3SY Sy ibof patignt ailelzl dnifodawBeRshiplof heahta =
facility [38]. Additionally, interrupted commaodity (drugs and diagnostic testing materials) distribution, disregard
of negative test results in the diagnosis of malaaiz] insufficient support supervision still remain very concerning
for progresq36, 37] However, poor mRDT germance due taPFHRP2PEHRP3jene deletions has also been
reported in the region, particularly given thRfHRP2asedmRDTs are the recommended test kits in Uganda
and these deletions lead to true cases turning out as false negdB841]. The increasing use @fRDTs

therefore, may be associated with largeale reduced sensitivity of diagnostic confirmation of malaria cases.

The increased availability and accessibility of parasitological diagnostic testing has facilitated improved capaci
to assess malaria burden from routine HMIS data with more reliable indicator accuracy. Whilst there are sever:
derivate indicators of mal& burden in use, how they relate each with the other remains unchareover, very

few studies have evaluated theffectivenessutility, or relationships among HMH&sed indicators of malaria
burden pairs or between these and indicatdrem other dda sources. @e study examined the relationship
between current and lagged monthly HMb&sed incidence estimasego explore HMIS capacity for malaria
burden forecasting in dzNXHzyeBidn&with seasonal endemicity, using environmental covariates. Thaugh
included seven yeaid997%2003)of routine dataand found a strong association between monthly incidence and
YIFEAYdzY GSYLISNI GdzNB Ay (i K She kiNEbaBuld2 aitei defile? igcidléhee dusing a
predominantly presumptive malaria cases,itimg the reliability of incidence rate estimates us@@]. Ancaher

study compared health centre and community survey metrics inclueiagmodium falciparur(P.f) parasite and
gametocytes prevalencesavell asseroprevalence among others, between wet and dry seasons in The Gambia.
They reportedstronger correlatiorbetween facility and community parasite prevalence estimates in the wet than
dry seasons and noted versatilitf and greater easén collecting health facility than community survey data.
Importantly, study sites were spread across the Gambia from codsinterland and paired onppositesides of

the national main riverproviding good coverage of spatial diverg#®]. Yet another study described a alelink
between relative changes in slide positivity and incidence rates over time, from -¢danicohort of children in
Kampala central Uganda. Though conducted at one site, the study straddled a duration of drastic changes i
malaria burden having mrted significant declines in incidence of malaria from 0.93 to 0.39 epigmtg®erson

per year from 2005 to 2009, respectively (p<0.001), therefore providing a good setting to understand tempora
changes in the metrics compared. Besides not being Hisl$8d, however, this study reported an indeterminate
relationship between slide positivity and incidence ratdsA YL @ RSAONRAOAY3I AG Fa ay
[44]. However, another study conducted at one site in Western Uganda revealed -#inean temporal
relationship betweentest positivity rate TPR and HMISbased incidence at a smonthly temporal scale.
Importantly, this was the first description of this ndinear relationship, best explained by an exponential function

(compared to manyther models fits) where correlation between the two indicators was stronger at higher
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transmission level§45]. These few studies available underscore the dearth of knowledge of the indicators of

malaria burden derived from HMIS data though in wide use.

1.2.4 Malaria ontrol strategies

Vector control has primarily involved the use of ldagting insecticidahtets (LLINS), indoor residual spraying with
insecticide (IRS), and larval stage managentieiuding larvicide use or habitat modificatio6]. Owing to
SEOSaaArdS LI NFraadsS NBarallyOS (2 OKt2NRldAyS GKI G
case management transitioned to other antimalarial monotherapies and then rapidly ocontbination
therapies, following quick failure of the monotherap[@8]. As regards chemoprevention, however, vaccine trials
are in early stages in a few places like Ghana, Kenya and Ma&wpreventive therapies including mass drug
administration (MDA) to reduce the parasite reservoir in the commuja8; 47]and intermittent prevetive
treatment during pregnancy (IPTp) to address adverse birth outcomes due to malaria in both mother and new
borns[48] are in use. Importantly also, stakeholder commitments and global initiatives have been instrumental in
achieving these muHilimensional control efforts so far. These initiatives have includedtfirsiglobal eradiation

2F YFEFNREF AYAGAFGABS 2F (GKS mohdpnQa ¢ Keak Gvailabiitg a S & ¢
chloroquine, an effective antimalarial that was associated with reduced malaria mortality in @@Ricathers

have included the Garki project, Roll back malaria, millenniamd later sustainable development goals with
KSIEfGK i G§KS Od&ighibbmdeXto higf impasikitativé [2, BOREach of these either have been

or continue to be informed by available data, including surveillance data.

In Uganda, malaria is perennial and endemic in over 95% of the country, given prevalence of a diverse and versa
composition of competent vectofs1]. Themain vector species in the country afeophelesggambieaand A.
funestuswith some A. arabiensig52-54] and predominant vector control methods have included LLHNs
universal distribution campaignand IR selected district§55]. These have been consolidated by effective case
management using artemisinisased combination therapy (ACT) astfline treatment since 200f66, 57] on

top of IPTp using Sulphadoxine pyrimethamine (SP) since P31 While malaria riskemains high and
widespread across the country, Uganda has reported considerable declines in malaria burden over time due 1
these interventions. For instance, national prevalence estimates declined from 42% during the Malaria Indicto
Survey (MIS) of 200®9] to 9.1% fromthe most recent survey of 2018 (Figuee consistent with global and

regional reported downward trends.
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Figure2. Parasite prevalence by microscopy among childreB®months of age based on the 2009, 2014 and
2018 Malaria ind¢ator surveys.

The 2009 MIS was the first national malaria indicator survey conducted in Uganda covering ten defined regions
the country. Results showed that prevalence of malpaiesitaemiaby microscopy among children under five
years of age ranged from 5 to 63% in Kampala and-Ntidhern regionsrespectively[59]. The 2014 MIS
suggested a reduction in the prevalence of malpagasitaemiain the same age group ranging from <1 to 37%

in Kampala and Ease@tral regionsrespectively60].

The 2018 MIS (third and most recent survey) covered 15 regions and recorded further declines in the prevalenci
malariaparasitaemiaranging from <1 in Kampala and Kigezi to 34% in Karg@bjal here was a marked decline

in national parasite preval@e by microscopy from 42 to %0for2009 to 201415, respectively and thetsiown to
9%during201819.

Overall, whilst regional boundaries changed over time, reduction was still evident across all regions. For instanc
prevalence of malariparasitaemiareduced in Kampala from 5 to <1% and in the-modthern region from 63%

to a regional average of 13% between 2009 and 2018, respectively.

By WHO reportsUgandaranked 3™ largest contributor of cases and" df malaria related deaths by 2018],
down from4™ in terms of number of malaria cases and'id terms of number of malaria related deaths by 2015

and 206 [62, 63] Nevertheless, national HVH&sed reports have documented declines intidene of
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confirmed casesownto 14 cases per 1000 population per year 2018/19 compared to 47&ases per 100D
2015/16 [37].

1.3 Understanding the distribution of malaria in Uganda

Geographical representation of the distribution of disease burden and/or risk is critical in understanding anc
designing plans of action to minigei public health disease impact. Our understanding of the geographical
distribution of malaria in Uganda has been informed by various sources of data. Historically, these included dat
from small available studies across the country coupled with experti@pinvhich served a purpose in the
absence of robust national datasets to generate more representative rf@&fjs These could only provide a
general overview of the distribution of malaria with very limited capacity to inform targeted control and therefore
hardly put to known extensive use. More recently, data from large malaria indicator susteysas the 2009,
201415, and 201819 round$ have been utied for mapping the distribution of malaria, forming the primary
basis for geographical burden reference. These, however, may only reliably inform the coverage of previous
implemented interventbns, treatment seeking practices among one hiigh group of children under five years

of age, and provide some indication of general malaria endemicity strata by réglgnThis limitation is
determined by the clustelevel sampling design (based on 10 to 15 regions of the country) of these infrequent

surveys, implying that results are principally limited to regional summaléss helpful for local onward planning.

For ongoing control activities within thdlinistry of Health(MoH), HMIS was instituted with the objectives of
supporting evidencdased decien making, setting performance targets, and assessing health sector
performance[65, 66] Data summaries in the form of trend plots and other dashboard summary outputs are
assessed within the district health information systéDHIS?) framework, that provides the necessary dEit4].

These are supplemented by reports and information from development partners and stakeholders such as: th
22NIR ISFHEGK hNBFIYATHBVARNS A IREN, pRAGSRAS (Y 2FA N €
(CDC/PMI[67], the Uganda malaria surveillance project (UMSP) conducting sentinel surveillance and providin
regular reportg68landi KS ! {1 L5Q& YIfFNAF FFOOA2Yy LINPINFY F2NJ
districts through the convergence of a variety eXpertise in Uganda to support MoH efforts in control and

diagnosis of malarif69], among others.

Theextensive focus on regional or district level assessmeotgpled with reported disconnect between survey
based and omgoing HMIS reportg0, 71]indicates that presentlymalaria control managers are without aieddle
source of finescale information. Consequently, the potential for important timely assessment of the spatial
distribution of malaria burdejusing HMIS dataemains unappreciatednd opportunities for improved decision

making are missed.
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1.3.1 The use omaps in policy and decisiemaking

Historical use of malaria risk maps in Uganda is limited. F&joe¢ow, for instance, was used for nearly a decade

in official malaria policy reports in Uganda, including multiple national malaria strategy docufd&n®?] The

map (Figure) would have been generated inthe €a@ HnnnQa FTNRBY I @FAftlFIoftS RI(
the2005H nnp alb € F NAF {GNFGS3IAO ttly o0& aAyAaaNrE 2F IS
R ([37£72]

Malaria Endemicity Level

[ Very high (prevalence >60%;EIR >100/year)

0 Medium- high (prevalence 40-60%:; EIR 11-100/year)
I Low (prevalence 10-40%; EIR 1-10/year)

] Very low or no malaria (prevalence <10%; EIR <1/year)

Figure3. Risk mapused between 2005 and 201dadapted from Talisuna et a[64]

This malaria risk map was generdtasing data availed from small studies, two of which were: (1) A drug efficacy
study under the East African Network for Monitoring Antimalarial Treatment (EANMAT) conducted in seve
locations including: Arua, Apac, Tororo, Mubende, Kabarole, Rukungitirgaf¥3]. This study involved surveys
conducted between September and December 1999. (2) An entomological studgltidgd the same EANMAT
sites where 11 entomological surveys involving mosquito collections by human landing collection method, w
conducted between June 2001 and May 2BR® ¢ 23SGKSNJ gAGK (GKS&asS RIFEGFXE 2

were also used to inform the final outpi@4].

Subsequentisk mas used inMoH documents (Figurd), however, vere generated via geatatistical models

with mean population adjusteBlasmodium falciparurparasite rates, among children aged 2 toy&@rs old from

Page24 of 267



surveys conducted between 2000 and 2010 across the country, together with a selection of climatic metrics a
explanatory variablefr2]. The role of age in malaria transmission is highlighted here as being strongly a&skociat
with parasite rates, attributable to acquired immuyit74, 75]due to manifold exposure. This approach of using

an age standardizing algorithm to control the effect of varied age ranges on detectable infection rates in &
particular agerange, is classical with risk mapping across the endemic Wttld76] and is applied to botf.

falciparumandP. vivaxwherever they predominat§/7, 78]
A: Prevalence 2000 B: Prevalence 2010

Legend

<1%

1% to <5%
P 5% to 10%
I - 10% to 50%
B -50% to <75%
I 75% to 100%

Not predicted

Water

Figure4. Malaria map in use by the Ministry of Health between 2014 and 2017, in multiple policy reports of

malaria risk representation in Uganda

While useand inclusion of malaria risk maps in offidiédH documentation is increasinmaps in previous use
were seldom updated with single risk majpised across multiple yeafs2]. Moreover, these recent malaria risk
maps at these district spatial scal¢g9, 80] have been recogried as difficult to use for intervention
implementation, potentially due to masking of important fiseale heterogeneity and thus undermining effective

response actioifi64].

| 26 SOSNE LINRPIANBAA AYy dzaiAy3d NRdAziAyS REFEGE F2NJ NRA]
(Figure 5), which included HMib@&sed incidence figures presentenr ftomparative yeato-year progres$37].
Furthermore, the soon to be launched national Malaria strategic plan 202025 for Uganda has proposed a
shift of focus from universal to targeted implementation of dd®@ t Ay i SNBSSy A2y a dzy RSN
LYLI OGQ AYAUGAFGAGSD L YLR NI feld dalarialinkidencd o {201R SHRiney S
reported data was cited as a key input in this decision process. Here, districts were stratifigubdific
combinations of control tools for intervention, in response to WHO advice in the national bid for malaria funding,
0to use strategic information to drive impa&dFigure 6]81]. This provides an indication of recent utility of malaria

burden maps for decision support in Uganda.
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Figure5. Map of malaria incidence rates in Uganda in use2817/18 from the first national annual malaria

report.
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Figure6. Malaria incidence rates by district as estimated from 2019 routine reported data.

This map provided some evidence of the distribution of malaria burden by distiasts the country, which was
reported as vital to the determination of district strata for targeted intervention approachesse interventions
areintended for implementation during the 202025 national malaria control strategies for Uganda supported

by GlobaFund, among others.

Though challenging to evaluate fully, particularly for-ttaylay activities, the use of risk maps for decision support
in Uganda may be otherwise demonstrated by the inclusion of these maps in national fegaltts andmayalso
suggest an increasing appreciation of gguatial output for malaria control in Uganda. However, for their viability

as an important tool for surveillance support, risk magsainheavily underutiked.
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1.4 Contemporary mapping approaches
Population-based prevalence surveyMaps of malaria risk support decisiomaking for control and intervention,

especially concerning geographical scope and feasibility. Typically, these maps are developed using populatic
based surveys due to their simpd@d rapid representation of disease prevalef@g, 83] Whilst these survey
based estimates of burden are only generalizable to regional scales, often among vemetpogs[84], gec

spatial modelling approaches have been developed and used to improve inference at finer spatialrstiailes.
process, parasite rates are wédd together with environmental predictors (explanatory variables) in statistical
modelsthat predict disease burden estimates associated with geographical variability, known -atatistical
models. From these models, parasitates and other associatedndicators areinterpolated at urnrsampled
locations,andoften output as map surfaces or images. Explanatory variables can include rainfall, vapour pressur
or humidity, temperature, vegetation amounts, land use or land cover, land surface moisturdjcieaad their
derivativeg85, 86]

Using a comprehensive collection of survey data spanning decades, through formal and grey literature databas
and contacts with research scientists and officials globally, global malaria burden maps have been generated usi
multiple derivative indicatorsvithin the malaria atlas project (MAP33]. These maps have provided valuable
information especially for global endemicity stratification overview and distribution of parasite spaaitierh

which have aided largscale intervention planning. A notable milestone of this work, for instance, was the
identification of regions where livestage infection clearing anthalarial drugs like primaquine would be
beneficial or harmful due to preence of the Duffy negative blood group phenoty®é]. Whilst this blood group
variant largely confers protectivagainsP. vivaxinfections where prevalence of the phenotype is high, individuals
are not totally immune to vivax infections that are characediby relapses of malaria due to uncleared infections

in the liver[88, 89] llladvised teatment of these infections with this effective drug for liver stage parasite
clearance poses a risk among individuals with this blood group variant. The analyses showing spatial distributic
of this blood group variant, therefore, have been importanttive design and implementation of region
appropriate policies. These approaches have also been adaptéd Mapping Malaria Risk in Africa (MARA)
project, which implemented geostatistical models to generate point prevalased risk maps for the sub
Sdharan African regiomnd provided survey data from across the region for similar stU8i&@s90] However,
limitations of geostatistical outputsuch as thesgnclude: infrequency and sparsity of surveyer instance only

eight countries provided 100 or more survey sites and a large majority of countries far fewer than 50; large
differences in timing and seasonality of the surveys; varied age of particijkesign, size and generalizability of
surveys included; and, potential underrepresentation of specific parasite species surveys by, fegiostance

very fewP. vivaxspecific surveys in Africa Brfalciparumspecific surveys in South East As&e included[82].

Whilst geostatistical approaches were historically computationally intensive for high precision of modelled

estimates, particularly with Markov Chain Monte Carlo simulations for Bayesian inference, increasingly, a mor
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summarized and compationally efficient approach in integrated nested Laplace approximation (INLA) for
Bayesian inference has been adop{€d]. Besides lingering computational demands, however, the capacity to
incorporate maximum likelihoodyrior information[92], and the neighbourhood structurarough conditional
autoregression93-95] for model estimateshas not only facilitateddentification ofimportant environmental
factors for malaria risk assessment such as rainfall, temperature, and vegetation, but also the credible
presentation of geographical patterns of malaria risk from batinvey datg92, 96, 97]and routine HMIS data

[98-101]across endemic settings for varied ages.

Additionalrobust but less common methodssedwith routine datafor risk prediction includg(a) Plotting annual
parasite rates from routine reported data at as low spatial resolution as vileage in one district of Sri Lanka
between 1991 to 1998102]. (b) Generaked linear models (GLM) to predict the effects of environmental
predictorsin Burundi using provinelevel monthly estimates of incidence from routinely reported malaria cases
between 1996 and 2007103]. (c) generalsed additive mixed models (GAMNRat provideimproved model
fitting, with similar results to, though more complex than GLM output, thatésmanding to interpref103].
Despite agreement between these two models, results also indicated that variables other than climate are als
very important and should be accounted fdd) Using the same routine data from Burundeéogadditive mixed
models suggested an improvement on GAMM owing to inclusion of more explicit spatial effettscorrelated

and uncorrelatedat provincial leve[104]. (€) Seasonal autoregressive integrated moving average mogele
usedto forecastincidence using key environmental factgpsrticularlyrainfallin Eritrea using monthly incidence

estimates from outine data between 2012 and 2016, with recommendations for small area assesqi@sits

1.4.1 Mapping malaria burden using routine data

Despite the recent embrace of routine data for generating risk maps in Uganda, thieoerig but rather sparse
precedent of use of this approach in the regidtor instance, a report froRwandashowed maps ofmalaria
positivity rates as well as incidence for 2010 and 284 Ehown irFigures/ and 8, respectively{106], andone

from Mozambiqueshowedreported inpatient incidencef malariaover the2010-2012duration (Figure9) [107].
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Figure7. Map of Rwanda malaria burden using test positivity rates for 2010 from PMI evaluation report of
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evaluation report of 2016
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Figure9. Map of malaria inpatient incidence rates for Mozambique by district 2010, 2011, and 2012 from
the PMI evaluation report of 2016

Unsurprising with minimal utility of HMIS for risk mapping, HbHSed sk mays have only previously been
compared with robust survelgased approaches in very few studies. One study from Malawistigated the
importance of climatic, geographic, and seeimnomic determinants of malaria between 3a§04 and June

2011 and reported one such methodological comparg®8]. HMIS6 | & SR & sedirhoybiityNNER(AA 2 6 { ¢
of malaria and prevalence from the malaria atlas project (MAP) were compared by visual examination of a ma
from each. WHst the spatial distribution of SMR from this study largely reflected the prevalence distribution from
MAP for children oder 5 years of age, the stark differences found between the two for those 5 years and older
may be due to additional effects of age on malaria transmission. These effects potentially remain unexplaine
and/or unaccounted for in the currersturveybasedmodels of burden estimates heavilglianton data collected
primarily from children under 5 years of aff09]. Finding one study that evaluated use of routinely collected
data fa risk mapping against more established mapping methods, points to a knowledge gap in fithess
purpose ofroutine data, as a potential lowcost alternative for malaria risk assessmei support optimal

resource use.

Regardless of the data usdthwever, for any spatial temporal distribution of malaria identified to be beneficial,
Al YlIe ySSR (2 |RRNBXaa a2vYS AYLRNIlFyGd ljdSadAazya | :
possible to reliably distinguish spatial clusters with mdikeadifferent malaria case incidence and to determine
the locations and extents of all the foci of malaria transmission in a locality? 2) If achieved, can the information b

exploited in order to conduct highly effective malaria control by the accuratgetarg of an intervention? 3) What
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tools for control could be more effective using the generated spatial information? 4) In which situations of
SYRSYAO YFEFNRI Aa GFNBSGAY3I LINIODD Aiddiséaselbyfden rEomiterg (i 7
and control intervention implementation and/or targeting, howevényvell understood HMIS data may be a great
choice to facilitate assessments that address most of these questiotige following section therefore, | provide

a detailed discussion of HMIS data available in Uganda including the indicators reportedthstrand

weaknesses, and its use for impact assessment.

1.5 Routine surveillance and HMIS

1.5.1 Routine reporting of malaria indicators

The WHO has defined routine surveillance as continuous, systematic collection, analysis and interpretation ¢
health-related data 6r planning, implementation, and evaluation of public health pracfitkl]. Identified
benefits of surveillance include: serving as an early warning system for impending public health emergencie
documentation of impact of intervention, or tracking progress towards speciieals; and, monitoring and
clarifying the epidemiology of health problems, to allow priorit@be set and thereby inform public health policy
and strategie$111].

Regulaly submitted reports to the Ministry of Health that contribute towards malaria routine surveillance
emanate from sources such as: implementers of hesdthted activities like LLIN distribution campaigns;
supervision activities conducted by national malaria control programme (NMCP) managers; and, diseas
surveillance reports from health facilities, aiking standardied report formats[112]. Disease surveillance
through health facilities in Uganda includes several key activities. First, integrated disease surveillance ar
response (IBR), in which data on cases and deaths are reported on a weekly basis to facilitate epidemic detectic
and/or preparednes$36, 113] Second, sentinel surveillanpeogramme whose primary objective is to monitor
trends usng test positivity rates asa key indicator along with increasing diagnostic testif§8]. Third,
demographic surveillance sites (DSS) that include two selected commudaitim®nitoring defined populatiors

on demographic metricsuch as births, deaths and migratifiri4]. Fourth, pharmacovigilance, although this has
largely been out of operatiofi36]. Lastly, outpatient department (OPD) monthly reporting on malaria cases
through HMB form105that is central to this research, whermalariareporting primaryincludes: total monthly
reported and confirmed cases, and number of suspected malaria cases tested either by microsoRiyTorall

categorsed into predetermined agegroups[112].

Whilstthere is evidence of @sof HMIS datan spatial modelling tadentify high burden location§101, 115]and
HMIS data formghe basis of national dap-day decision making in Uganda, it has not been adopted for national
risk mapping, particularly with small area approaches as described above. When considering its utility, it |

important to undestand both the opportunities and challenges this data source provides.
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1.5.2 Contextual framework Opportunities and Challenges of routine HMIS data
Optimal utility of HMIS data not only requires the identification and harnessing of its strengths as well as
identification and mitigation of its weaknesses but also full understanding of contextual factors influencing the

records within the HMIS.

Concerning the contextual factors, HMEEordsmay beassumed to be influenced at three main lev@lkese
levels ineract in a predominantly hierarchical flow, though upward influences may also exist. They include: the
political system health system, andommunitylevels.Perceived relationships between these levels of influgnce

as identified for this studyare pregnted in asummarsed conceptual frameworkelow FigurelO).

Political system

Community

Health system

Health facility &
—p
health worker

ient

Health Record

Figure10. Summay of proposedconceptual framework defining HMIS records.

Community

The major sources of influence that may affect or determine what gets recorded in tloe QREYHMIS registers
are broadly categosed intothree sources of important factors including: the political, governance, and health
financing; health facility, health worker, or losali health system; community or catchment served by the

immediatehealth facility; and, the patients visiting a given health facility.

Additionally the factors that may determine quality of records at the health facilitijch are the basic building

blocks of HMIS data, are briefly described below under eatfedtientified levek of the contextual framework.
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The political system(highest level)s characterised byhe political environment, healthcare policy, and health
financing factorand has overarching influences défigthe working environment of the health ¢dities within

the health systemThese determine the availabservicesor resources aa givenhospital and play a key role in

its functionality. At community leveljnfluential factors maye due to thetransmission settingoccupational
culture withinthe community,health seekingand community culture surrounding healtdarethat may impact

on individualdecisions geographicaattributes, andgeneralcommunity contextProximal to the recordsydm

the community are individual patients that may aldioectly influence the data recorded, based either on their
perceived importance to providing good information to the health workers or their state of illness when they
visited.Also, poximal to the records is thieealthsystemlevelthat may influencepatient, health workerandthe
health facility itselfHeywood and Boone classified three levels of influence on health records chasedteyi
demand for and benefit from use of good health reco[ti$6]. These include: the beneficialgvel, involving
clinicians that need data to follow up patients and monitor their improvement; fadditgl, where managers
need data for infrastructure and resource improvement; and syslievel, wheredistrict and national leaders
need data to monitor and plan for services delivery. However, these seem to downplay the role of the communit

which may influence records through community narratives on the available health system, among others.

Collectiveunderstanding of (1) the contextual factors influencing HMIS records that need consideration, (2)
availableopportunities within HMISlata to be harnessednd(3) prevailing challengeim HMISto be mitigated

is centralto both HMIS improvement effortand accurate interpretation of indicators of burden derived. This is
important for full implementation of the global strategy of transforming surveillance into a core intervesmion

the ultimate realization of global 2030 malaria targets.

Below, | providea more detailed breakdown of the opportunitiaad challenges of routine HMIS data, specifically

for malaria surveillance. The opportunities include:

9 Scalable temporal and spatial resolutiorCompared to many other sources of malaria case data, HMIS
provides unmatched temporal coverage for multiple purposes. For instance, the Uganda NMCP conduct
integrated disease surveillance and response (IDSR) wsigkjy reports to assesses disease epidemics and
routine surveillance using monthly OPD HMIS reportmgnbnitor general trend$36]. However, for any
practical purposes, temporal assessmesms possible from daily to muljiear scales in HMIS unlike any other
study design. Considering spatial scales, HMIS affords both national and regional scales as with indicat
surveys. Moreover, given that routine interventions are currently conductedisitict levelmaking it the
focus in Uganda and elsewhere thus[fz6], HMIS has beenidely used at this sca[@1, 13, 80] Importantly
0K2dZAKZ f26SN) aLJ GAlFf aoFfSaQ | aasSaaY8yandl expldre RA
this further in Chapter 6 of the thesis.

1 Comprehensive coverage of agéhe most common assessments of malaria burden that use -sowé,

national clusteflevel indicatorand demographic health survey data mainly focus on children under 5 years
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of age and seldom on theb or over 15 years of age if at all. These-gtricted estimates are either largely
assumed sufficiently indicative of the scope of malaria burdeseas from indicator survey§1, 96]and

often, populationlevel estimates are modelled from the$g, 3,12, 71, 83, 117]This paradigm seems to
downplay any effects of age, particularly older age, in the epidemiology of malaria therebyestiteating
burden[118] or its effects on control efforts and | address this further in Chapter 4. HMIS data, however,
covers the full community age distribution making it a richer source, likelyféodamore balanced and/or
accurate estimates of burden or risk.

Multiplicity of proxy burden measuredVhereas malaria incidence rateggmarilydefined as number of new
casegoer duration divided by otal persontime of population observatiofil19] usingcohort studiesthese
studiesare costly. Severglroxymeasuredrom routine HMISdata are usedfor malariamapping Thesehave
included:(a) Casenumbers either takenas a proportion of estimated population at the tinf@4, 101, 103,

104, 120123], or astandardsed morbidity ratio[108]; (b) malaria positive fraction (MPF), as a measure that
controls for differences in access to c§té¢5, 124, 125](c)malaria cases as a proportiontreatment events

at a facility[125-128]; (d) casecontrol analysis of disease clustering definingfoemed malaria as casgand
negatives as contro[429, 130] Test positivity rate (TPR), though commoréyported in HMIShased studies

has notbeenwidely usedfor mapping, except in one evaluation report frdRwandg106]. It has however
been usedn combination with presumptive cases to generate malaria positive fraftibs, 124, 125pr to

adjust for overestimation when presumptive diagnosis is highl5], as was common practicacross sub
Saharan Africfil3]. As a proxy measure of incidence, however, TP{ iaexpensive relative to measuring
incidence, (i) widely used to assess temporal trends) recommended by WH@4], and (iv) easy to
incorporate and monitor in routine HMIS prases even at peripheral health facilitigsl, 45] The same
attributes, however, may hold foall the other commonly usethetrics formeasuing changes directlyike

case totalr indicatorsderived and considered asdirectassessmentfl31].

Interoperability and systems strengtheninghere are opportunities within HMIS to link multiple information
systems, such as: the patient health records eystvith logistics information systems tonanagestockouts
and/or wastage; HMIS with regional or national demographics for health system strengthening; and,
conductingmulti-diseaseassessments foenhanceddecision makinglmportantly, introduction oDHIS2 in

2012 was associated with 49% incredseport completeness and 55.2% incredssibmission timeliness
over the first yearprovidinggreateraccessibilityo multi-departmentHMISdata[14]. HMIS datatherefore,
provides an evidnce base to advance policy proposals from: management, expert opinion, task forces,
stakeholder engagements, community dialogues, trainings, investigative research, and field experience
[132]. Evidence exists of triangulation of HMIS with pharmacy and other systems cited as pivotal to monitoring

new programs like the antetroviral drugs program to inform national HIV response in K¢bya].
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Notwithstanding thegreat opportunities several limitation®f routine HMISsurveillance data r@ noteworthy

and mayaffect accuracy in estimated malaria and/or disease burdeterived.

1 Incompleteness in health facility reportingdationwide reporting, though improvingnay not be absolutely
prompt or completeand if @mpletenessis low, assessmentmay underestimate the burden reportdd34].
Contributing factors may includshortage in staffing, infrequémata checking by isharges, laborious HMIS
documentationalong wth lack of training, difficulty submitting hard copy reportagaudden transfer of staff
without formal handover [135]. Whereas there have been improvements associated \thih advent of
electronic webbasedreporting [14], it remairs urclear how factors associated with health cdreman
resourceor health worker practicesmpact onHMISdata completeness

1 Exlusion ofcloseto-communityhealth servicesData from community health services, such as village health
teams (VHT) under integrated community case management (iCCM) prograamaéasgely excluded from
regular reporting. Whst expected from the entire district health services sect@porting progress has
mostly impacted theformal healthcentre side. VHT reportingtruggles with:inadequate supply of tools,
inconsistent and unreliable supervision, shortage of besigiired training, and competingdemandsfrom
multiple implementing partnersith a diversity ofeporting tools in us§¢l36]. Reports show thatraininghas
been poorly attended by a few VHT membansl even fewer for any comprehensigeurse[136]. Deficiency
in training, low education leveland unclear supervision impacts tire qualityof VHB reports, if any.

1 Healthseeking behaviours and the private sectdatient records from the private sector (privater-profit
clinics, drug shopsmajor playes,and pharmacies), said to cater for up to 53.2% of patientdgandd137],
are dismallycaptured through HMIS reporting. Preference of the sector is well documented iSadudran
Africa citing good servicas well asproximal and reglar drug supply138], relative to the public side.
Extensive drug shopsse may signal high levels afelfmedication, since arteminin combinatiorbased
therapy drugs (ACTSs) are over the counter dfdg®]. One report indicated that 38% of caregivers first treat
fevers at home in Ugandaossibly aided by this drug availability!0]. Moreover,59% of thechildren under
60 months of agsoughtadvice orcare from private faciligssduring their most recent fever episode in 2018
[61], an increase from 49% in the 2014 by MIS survey rep@dis Other reports havéndicated 42% versus
16.4%as seekingcare from private versus public facilitieespectively,being their first of multiple care
options for an illnes episodg140]. Moreover, where a single option was used, 68%27% used privates.
public facilities respectivel\{140]. Taken togetherthe majority[141] of the population seek care from the
private sector in Uganda and for effective disease monitoring and control,-Bdék&isurveillance neesito
critically consider the private sector. Nonetheless, HMIS remains heavily biased to public health faxilities t
date.

1 Reliability of diagnosisTesting practices aréirly differentialdue to health systemrelated challengeske:

disruptive ornon-functional facilitieshuman resource shortagesttle or no supervision, and varied health

Page35 of 267



worker attitudes [142]. Diagnostic testing rates, if low, may redua®nfirmed cases readed while
encouragingpresumptive diagnosisand therefore compromised accuracyf burden estimate [108].
Moreover, increased use ahRDTs, while curbing the irrational use of antimalarials through reduced
presumptive diagnoses, is also associated with: increase in false negative results due to low parasite densiti
or deletion of targetgene within the parasite; low health worker truet results; and, antibiotic overuse
especially with negativenRDT result§l43, 144]

1 Reliability of population denominatorsincidence rates rely on population estimates as the denominator
However, neither the population within an attributed/assumed catchment nor the appropriate catchment of
a given health facility or group of facilities can freciselydefined. This may be compounded by: (i) non
alignment of health facility catchments thi administrative boundaries though often assumed, (ii)
unpredictable trends in population movements, especially with unstable political situations such as areas witt
rampant refugeeactivity, or (iii) unreliable frequency of national population censusaipd and/or restrictive
levels of detail of these census datehen available. These factors, individually or collectively, undermine the

accuracy of estimates of disease incidence in these low resource settings.

Consequently, the burden of disease repattiairough routine data is heavibffected bythe quality of records
generated at the health facilitig445]. As such, large areas of the malaria endemic world, especial$ah@ran
Africa with HMIS classified as poor, still fall short on reporting true measures of disedse lgiven underutited
routine systems, and alternative modehsed sources being used instdéd, 146] However, this is not the case
particularly in the lower transmissiontsi@gs or where HMIS is reliablé2]. Nevertheless, there are many studies
within these high transmission areas that have exemplified the benefit of routine HMIS in mappingamala
documented from across stBaharan Africgl3, 80, 9395, 101, 103L05, 108, 115, 12030, 134, 14757],
though minimal compared to other data sources. Therefore, the potential in improved routine reporting through

HMIS is geat, especially for spatial risk assessment.

1.5.3 HMIS data for malaria impact evaluation

Competing interests ofundingthat has previously facilitated laregeale declines in malaria burd§tb8, 159]
necessitate reneweddatainformed implementation andevaluaton of the impact d available control
interventions[4, 160] owing to recent stalling in burden declin€urrentintervention toolsincludng LLINSs, IRS,
artemisininbased combination therapies, and low cost parasitologi@@D T$aveall longbeen proved effective
However, following their implementation in routine or reabrld settings, assessment of their impacts using
cluster randomisedrail (CRT) study designs, have often found no impgdé$163]. One study in Uganda, for
instance, successfully implemented a CRT where the intervention trained health workers in fever cas
managemat using mRDTs (study introduced) and artemether lumefantrine (AL) but found no differences
between arms, in the prevalence phrasitaemiaanaemia or other outcome[164]. Such designs in routine

settings are often overtaken by unexpected competing programsirmontrolled implementation ofother
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interventionswith diluting effects beyond the confines of CRT design assumpfidils 162] Nevertheless,
laL{Qa &L} daGAlFf FTYR GSYLRNIt aoO02wdsd cohtedtual lchaBgesieRablingli K
assessments based on alternative qeagderimental designsuch as interrupted timaeries and doseesponse
methods to identify intervention associated impaci$62, 165, 166] Temporal assessments using HMIS data in
Zanziba Tanzania, for example, showed declines in malaria incidence following the roll out of ACTs and furthe
declines during expanded vector control (LLIN and IRS), compared -intgmeention periods[165]. These
approaches are fit for purpose because of their capacity to incorporatewedtl conditionswhen carefully
applied to contextually comprehensive data such as routine HMIS data. Utilization of the spatial capacity of HMI
data in evaluating impacts of control interventions on malaria burden, however, remains very limited. One study
that assessethe effect of case management and vector control on sgaoe patterns of malaria incidence using
HMIS data in Ugandeeported protective effects of ITN coverage among allagrips,though significant only
among children under 5 yeaf80]. However, these were likely to be predominantly temporal effedtssmgthat

no geospatial outputs were provided to this effect. Instead, the gpatial results reported, only confirmed
greater heterogeneity of malaria burden among children under 5 years of age than among those 5 years and olde
Taken together, his futher highlights the need for improved understanding of the utility of routine HMIS, data
for identifying locations at highisk of malaria in high transmission settingsd thereby its application in

evaluating the impact of control interventioms those areas

1.6 Justificationand Rationale

As indicated in previous sections, there are important knowledge gaps surrowuediidgjlity of HMIS as a viable
data sourcehow indicators of malaria burden derived from HMIS relate to each other, their represestats

of burden relative to gold standard estimates, and the potential use of these indicators in identifyingskigh
areas across spatial scales. Stalled reduction in malaria burden, coupled with recent strategies of targete
application of welknown effective control interventions informed by surveillance, emphasises an urgent need
for improved understanding of routine surveillance systems and better interpretation of indicators of malaria
burden from these systems. A stronger understanding of rowim¥eillancedatawould improve identification

of weaknesss for surveillancesystem improvement, facilitate increased use of the data generated, foster
stronger health systems in low resources settireysd improve the allocation of resources for heailththese
settings. Moreover, better interpretation of the data and/or indicators of burden from routine surveillance would
enable production of stronger evidence or basis for: optimal resource channelling; timely implementation of
control interventions; iMmIJNE SR | aaSaayYSyd 2F O2yGNRBf AyGaSNBSyGaA
making; and, sustainable, timely, accurate, and scalable monitoring of malaria burden in the low resource higt

burden areas, like Uganda.

My thesis will focus on undstanding the HMI®ased indicators of malaria burden. | will particularly focus on

malaria incidence ratedothover time and space. As outlined in the previous sections, there are knowledge gaps
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surroundingrelative magnitudes of these metrics in higinculation and/or frequent useExtremely few studies
have examinedhe effectiveness, fitness, or utility of HMiased indicators, or relationships between and among
these or other indicators and none with their gold standamlinterparts Studies of HNB routine indicators of
burden, exploring their inherent sources of bias, examining their representativeness of unbiased or true burden
and assessing their capacity for identification of high locations are needed to address tidentified gaps in
knowledge on overall utility of routine data. Stronger understanding of relationships between these indicators,
their changewith age over time, representativeness of unbiased burden and likely sources of bias could provide
valuable insights around impact @neffectiveness of malaria control strategies. Moreover, increased
understanding of the spatial distribution of malaria burden may also inform appropriate scales for optimal
implementation and assessment of targeted interventions. Consequently, resultsigtilight the potential for
robust timely map production using HMIS data for target decision making and optimal resource allocation an
incentivise improved utility and uptake of risk maps across national malaria control fora. This work is highly timel
for the call to transformsuneillanceinto an intervention undethe global technical strategy for malaria 2016

2030, and ultimatelyor the third sustainable development goal to be njét 5).

1.7 Thesis aim and objectives

The aim of my thesis te investigate the utility of indicators of uncomplicated malaria burden from routinely
collected health facility data in describing the changing temporal and spatial distributiomafariain Uganda
Addressing this aim will provide evidence to guide strategimfiseutine data for malaria control activities. This

aim will be reached through the following specific objectives:

1. To explore the relationship between alternative measures of uncomplicated malaria incidence generated

from sentinel surveillance data.

While several indicators of malaria burden have been derived from routine public health facility data and usec
widely to estimate incidence, how they each relate to the other is unclear. Better understanding of this
relationship may help with interpretation dfurden or risk derived and/or reported through their u3éis study

objective, therefore, explores the relationship between several indicators of malaria burden (incidence estimates)

and will compare them across three transmission settings in Uganda.

2. Toexamine the impact of malaria control interventions on the age distribution of malaria cases using

routine sentinel surveillance data in four sites where LLIN and IRS campaigns have been conducted.

Whereas surveillance has predominantly focused on childneder five years of age, a pattern of higsk of
positivity among older children became apparent and raised concerns about the continuation of surveillance a
usual. This objective, therefore, explores the possible driver of this changing pattern to provide evidence tha

supports this apparent &nd or shift and highlight the vital role age plays in surveillance considerations.
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3. To investigate the association between incidence of uncomplicated malaria from routine surveillance data
and incidence from cohorts, across sites of different transmisdiaiensities and identify and quantify

sources of bias in surveillance incidence to assess its reliability for monitoring burden of malaria.

Whilst routine HMIS data quality reports range from untimely, incomplete, and unreliable diagnoses to improved
in Uganda and elsewheri@7, 167169], goodnesf-fit of derivate estimates ofmalaria incidence to represent
unbiased burden, is unknown. This study objective, therefore, compared-bidERl incidence with incidence
from community cohorts in three settings in Uganda, accounting for other associated fat@trareinfluential

on health facility data over time. It then evaluated the potential sources and quantities of bias in routine data to
assess reliability of its estimates of malaria burden.

4. To explore pattens and determinants of spatial variation of malaria from routine HMI&td at national

spatial scales and identify areas at higiisk of malaria

Geostatistical analyses of malaria reliant on routine dzaebeen limited to regions, districandsub-district
spatial scales with limited data access. With increasing acdégsifiven the advent of DHIE more finescale
assessments of malaria burden and risk may be possible. This study objective, therefore, explorsdataulti
spatial temporal patterns of incidence and risk using national routine HMIS data from geolbeaidufacilities,

accounting for known risfactors

1.8 Thesis outline

To aid interpretation,Chapter 2providesa detailed description of the multiple data sets pooled together to
address the different components of this resear€inapter 3describes theelationship between test positivity

and incidence rates from enhanced HMIS surveillance across three sites of varied transmission intensity in Ugant
Chapter doutlines the impacts of effective larggealecommunitycontrol interventions on the agepecfic burden

of confirmed malaria across four sites of varied transmisiitamsity in Ugandastratified into\ULIN alon&ersus

WLIN plus IRBntervention sites Chapter 5evaluates the relationship between HMISnd cohortsbased
incidence of malarizacross three sites of varied transmission intenaityundUgandaand assessthe level of

bias from multiple factors of influence to HMIS recorded da@hapter6 presents a concurrent muficale
assessment of the spatial temporal distribution of deice of malaria from national routine HMIS reporting,
accounting forenvironmental risk factors, identifying seasonality and kigk clusters of malaria across the
country. These chaptersave all been published (Chapters 3 to 5) or submitted (Chaptemp@er reviewjournals.
Finally,Chapter 7discusses the findings from this waakd the conclusions drawrdimitations identified in this
researchand recommendations for policy and/or future research.

Other supportive information towards this workidluding: (a) summary of the literature reviewed to assess the
use of routine HMIS data in malaria risk or burden mapping has been provided in Appendix 1; (b) Response
NEOASESNREQ thepublisiey pager i€hadtsr 3, contained in Appendix 69(c wSalLl2yasS (2
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comments forthe published paperin KI LJG SNJ n= O2y Gl AYSR Ay ! LIWSYRAE y
for the published paper i€hapter 5, contained in Appendix 9.
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2 Data Overview

This thesis uses multiple complementdmyalth management information system (HMtta sources that are
disjointed by study or program design. Consistent acnoest of these was that they largely conducted
surveillance among the same populations but for independent and/or different studictgs. Together, these
datasets provided a unique opportunity to study estimates of malaria burden and factors associated with them
This was possible through leveragifig patient-level details fromhealth facilities includingledicated national
reference centres and communiyased passive cohorts, af@) a nationwide network of HMIS reporting health

facilities. | thus provide a summary description of the various data sources and how they tie together.

Overall, three separate surveillance projectagpthe national routine HMIS data systepnovided data for this
workp Ly GKS F2tt2¢Ay3a aSOGA2Yy S L A, Vpiokd Rddrdl&ddesdriftionNA |

of all the data sets used to conduct this research

2.1 Study Data Sources
211 MalaNA+ Ay GKS ! 3FyRIQa 1 al({

Summary of the Uganda health system structurEhe health system in Ugandia, ahierarchy comprising of:
National referral hospitals, Regional and other referral hospitals, and district health sethiEtesach report to
theMimh &G NE 2F | SIfGKQA 5 S LthNdghHMISHThedBtrict Hedlth séridced, ye@d2d\NGy |
a district hospitalincludes: health centr€HC)IV ¢ providingemergency surgery, ipatient care, maternity, and
blood transfusion services; followed by m&elHCIII ¢ providing basic laboratory, maternity, andpatient care
servicesthenthe HCII ¢ providingoutpatient and outreach servicesthe lowest famal care level with premises

[170]

Whereaspublic formal carestops atHCII, other facilities includeprivately ownedand a fewgovernmentrun
special clinicsAt the lowest levd are community health workersr village health teams (VHT9omprising of
volunteers often trained under the integrated community case management (iCCM) strategy to diagnose and tree
malaria, pneumonia and diarrhoea in children under fijearswithin communities[171]. Taking advantage of
tools likerapid diagnostic test kits for malaria (MRDTNHT where operational, provide extisd reach ofcare

to communities though these do not consistgngerform routine HMIS reportind.72].

Uganda has at least 7000 health facilities and counting to fat@]. Nationally all public health facilitiethat
include Government owned and private néor-profit (PNFP and increasingly private for profit (PFP) health
facilities,provide regular (weekly/monthly) HMIS reports on burden of selected diseases and their management
to regional authorities, primarily the district medical tedfrv3]. Introduced in 199&s a papebased reporting
system HMIS reports are uté#ed by the Ministry of Health for national level health assessmgis173] They

are the primary source ahalaria casedata, informing the different Ministry of Health bodies including National

Malaria Control Program (NMCR}¥ an evidence bader decisims oncontrol interventions ad widerpolicy[43,
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173]. Since 2012 however, a wdlased District Health Information Systeqwersion 2 (DHI) was introduced
to enable easier access to reports from across the entir@onat health system, starting with the public sector

[14].

Malaria surveillance in Uganda, using standard HMIS, may be considered as conducted at two major levels. T
first, broader and more general level is reporting through the district health servicahddNMCP As in many
malaria endemicountries, health facilities provide regular aggregated reports to governments for disease burden
assessmenand these are entered into the DHESsystem, making them readily available to the NN&TR4, 45,

174]. The second and more focal level is through sentinel gltger known ageference centresembedded
within the HMIS systenn epidemiologically diverse setting® strengthen the collection ofigh quality data

[175]. From these, datare evaluated at patiertevel rather thanin aggregates, aiding more robust inferences

for control and early warning feedbadior possible epidemics and therefqgraction. Reports from the sentinel

surveillance are generated monthly by the Uganda malaria surveillance project and made available to the NMC

Specific to this study were unconigdted malaria cases, details of which are recorded in one of many HMIS
registers, the outpatient department (OPD) registerger national policy. Uncomplicated malaria was defined as
any episode of malariawhere the patient was not hospitalisdolt treated within the outpatient clinic. OPD
registers comprised the main source of data used in this study. In the next sections | describe the two categorit
of HMIS data usedncludingpatient levelor aggregate HMIS data, and two additional data sets incudohorts

summarised in Table 1, and explanatory variables data.
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Figurell Locations of study health facilities across Uganda, by study objective:

A ¢ Sentinel health facilities included in the objective 1 study, tfamedities in total- all being Level IV and
Government owned. The sabunty boundary around each was used to define the study area with a varied number
of villages per site; Nagongera had 45, Walukuba 21 and Kihihi 117 villegeshree sites were seteddue to

the concurrent cohorts conducted thefer whichepidemiological diversitygf the sites was a kegonsideration in

the choice of sites for the cohorts.
B ¢ Sentinel health facilities included in the objective 2 study, four facilities iratudedhll Government owned.

A & C¢ Sentinel and lowelevel health facilities included in the objective 3 study, 15 facilities in total, with some
Government owned and others private not for profit. The-culnty boundary around each was used to define

the study area as in objective 1.
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D ¢ Nationwide HMIS reporting health facilities included in the objective 4 study, 3446 facilities, including nationa

and other referral or district and general hospitals, health centres, and clinics both Governmentvatelypri

owned.

Tablel. Summary of data sourcethe respective study populationsand indicators of malaria burden, by

study objective.

Study population Indicator of malaria

Data source(s) Study period

age group burden

1. Exploring the relationship between alternative measures of uncomplicated malaria

Patientlevel HMIS3 HCIV's (Malaria Oct2011
Test positivity rate,
reference centres) in 3 seBounties Children <11 years to
_ _ o Malaria incidenceate
including Nagongera, Walukuba, & Kihi Jun2016

2. Examining the impact of malaria control interventions on theaseage distributiors

Patientlevel HMIS3 HCIV's & 1 HCIII

_ _ ) Jan2009
(Malaria reference centres) in 4 sub 3 categories: <5, 5 o
o _ Test positivity to
Counties including Nagongera, Walukul 15, 1570 years
Juk2018

Aduku, & Kasambya
3. Investigaing associatiors between incidence of uncomplicated malaria from routine surveillance dat:

and cohorts

Patientlevel HMIS3 HCIV's (Malaria

. Oct2011
reference centres), 2 / LLL Y& Z Children 0.5<11 o
_ o _ Malaria incidence rate to
in 3 subCounties including Nagongera years
Sep2014
Walukuba, & Kihihi
Additional data source Community
cohorts: 3 cohorts ivolving100 Oct2011
Children 0.5¢11
households from each a@he 3sub- Malaria incidence rate to
_ years
countiesof Nagongera, Walukuba, & Sep2014

Kihihi

4. Exploring patterns and determinants of spatial variation of malaria from routine HMIS data

National DHIS aggregateHMIS:3446

Jul2015
health facilities in the national HMIS
. . i All Malaria incidence rate to
AYyOf dzRAY3I o1 2alLIAdl
Sep2019

dinics)

HC = Health centre
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2.1.2 Patientlevel HMIS data

2.1.2.1 Sentinel surveillance data

In Uganda, sentinel surveillance famalaria has been conducted since 20@féhder the Uganda malaria
surveillance project (UMSI)8]. Against a backdrop of very low capacity for diagnostic testing in Uganda, six
sentinel health facilities with operational laboratory facd# and thus, capability to conduct diagnostic testing for
malaria using microscopy, were purposefully selected, considering geographical representativeness
determined under the East African Network for Monitoring Antimaldrraatment (EANMAT27]. These sentinel

sites were later upgraded to national malaria refereneatres for the NMC[B4]. By the start of this PhD in 2017,
there were at least 21 operationatalaria reference centres in Uganda. Of these, three centres were included in
objectives one and three, while four were included in objective two of this research with each centre located in

an independent suzounty and district.

At each outpatient (OPLJinic of these health facilities, for every patient seen, presenting symptoms of illness
are assessed by the attending clinician. All suspected malaria cases are sent to the laboratory for a blood test
malaria, by microscopy or mRDT. Based on tkéreesults from the laboratory, appropriate action is then taken

by the clinician and all the details pertaining to this patient \@sitrecorded in the OPD register. These details
include age, sex, fever or history of fever, diagnostic test done, tsstlts, diagnosis given, and treatment
prescribed, among others. Every month, these data are extracted by a UMSP supported staf€lati¢hend
entered in a MS Access databadéigrosoft Corporation IncRedmond WA. USA). The complete monthly data
are then sent to the UMSP data centre for cleaning and proced&é8ph A detailed description of the data

management and processing within this study is provideskition 2.2 below.

2.1.2.2 Additional (nonsentinel) health facility data

To supplementhe above sentinel site data and ensure comprehensiveness of HMIS data for the included study
sites, 12 nonsentinel healthfacilities, including level Il and Il facilities from three -solinties (each hosting a
malaria reference centre) also providedtjent-level data in objective three of this study. In keeping vtite
sentinel facility data collectioformat, retrospective anonymised individual patient details were collected from
OPD registers of each facility, covering a thyear duration. To ctéct these data, | recruited a team of at least
seven research assistants (RA) at a time, per site, and evaluated them withraipirey test on their basic data

and mathematics abilities. | then trained them on the principles of research and the stodsdures that were
detailed in a standard operating procedure (SOP). Following several days of training, they were all tested using
posti NI AyAy3 ljdzAl G2 SOlfdd S GKSANI O2YLINBKSyarzy 2
the datafrom OPD registers into MS access databdeasged on tabletomputers. | provided fulltime supervision

of this activity in the field from site to site. On a daily basis, | backed up the data from each tablet and charged th
tablets at a central plagenaking them ready for the next day of wodkince our field office a rented primary

school classroom had no power supply.
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Also, some data from alusterrandombed trial (CRT)conducted inseveralsub-counties of Tororo district
including Nagongera, amggovernmentownedlower levelhealth facilitieswas included in this stud$64]. The
CRTstudy aimed to evaluate the impact of enhanced health fadilaged care for malaria and febrile illnesses in
children wihin the study areaWith facilitiesrandomeed in two arms, the interventiothat involved among
others, training health workers on fever case management and usaRIDTsas well as ensuring adequate
supplies of mMRDTs and artemetHamefantrine (ALyvasevaluated usingiMISdata fromOPDregistersin both
arms[164]. 3/20 facilitesA y Of dzZRAy 3 al dzy R2X 2 SNB3X | YR XdunhjaRididtad |
covering the duration betwee@ctober2011 and MarckH013for these facilities was obtained from tl@RT and
included in this study. The primary data collection discussed above, collected the remaining 19 months of data
ensure coverage of the full thregear study durationTogethe, these data sets were used to address objective

three of this thesis.

2.1.3 National DHI aggregate HMIS data

From the Department of Health Information within the Uganda Ministry of Health, | obtained ratasHMIS

data from the DHIR per year for all 28 districts of Uganda (as they were known by 2018) as excel spreadsheet
files, formatted asnonthly health facility entries. These entries included totals of OPD malaria and OPD malaria
confirmed (by microscopyr mRDT) for each health facility, over thration of Januam2014 through
September2019.

Following data review, the study duration was defined to cover-20l6 through Septembe2019 and these
data were compiled into a single database for all the 51 months of the study duradiaaldress ofective 4 of

this study.

2.1.4 Additional data source Community Cohorts

In addition to routine HMIS data, this thesis incorporated data fribimee enhanced passiveohort studies
conductedin Nagongera, Walukuba, and Kihihi ssglinties starting Augus2011,under one often International
Centres of Excellence in Malaria Research (U19AI10886/8]) The focudor the original projectvas to describe
malaria incidence and prevaleng®oviding a basis for further analyses on longitudinal trends and risk. For these
cohorts, all children aged 0&l1lyears were recruited from a randoselection of 100 householddrawn from

full enumeration of all households in each stdiunty. Being dynamic cohorts, any additional children in this age
group within each participating household were all eligible. Clinical assessments happened at eheavichat 3
monthly scheduled visits using a standaedi questionnaire, and a blood sample taken at each to adeess
malaria infection bymicroscopy However, participants received free medical attention between scheduled

assessments throughout the stydiuration, at the study clinic that was open daily.
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Fora threeyear duration, data was obtained from these three passive community cohorts. Incidence of malaria
was estimated monthly, defined as the total number of incident cases of malaria dividetbbpé¢osontime of

follow-up estimated in years, per monthy site.

Whereas the cohorts were used to provide a gold standard estimate of incidence of malaria per site.

advantages/strengths, and weaknesses of the data in consideratioa identified as deiled inTable 2 below.

Table2. Strengths and weaknesses of the Cohort data used to derive the 'gold standard' incidence rates

against which to evaluate the routine HMIS incidence rates.

Strength Weakness
Provided standardesting for all suspected malaria
For ill participants at any visit, standard sick visit

procedures including measuring temperature and/ _ .
_ _ _ _ Only 100 households included across each site
recording history of fever in the previous 24 hours
_ _ _ _ _ Though randomly selected, the100 households
taking a finger prick to obtain smear and filter papt

o N _ accounted for very small proportions of the 9,881
samplesand if thick smear positive, the patient wa:

_ _ . _ 12,774, and 6,992 households in Walukuba, Kihihi
diagnosed with malaria and prescribed artemethe

. o Nagongera respectively and therefoianlysufficient
lumefantrine (AL), the recommended fifshe

_ o to provide a good sitéevel (subcounty) estimateof
therapy per national guideling85]. Moreover, the o _ _
_ incidence but proportions too small for parish or
study performedvenepunctureon all nonill _ _
o o _ villagelevel estimates.
participants at each clinic visit for a thick blood sme
to examine for asymptomatiparasitaemiaamong
others.
Excludel children < 6monthsWhilst infants may be
assumed to benefit from maternal immunity, sentin
. HMIS data showed that high proportions of infants
Captured cases every day of the wedknlike : - _
months of age had confirmed malaria including

standard of care at public health facilities where Ol
12.7%, 28.3%, and 23.2R0Walukuba, Kihihi, and

clinics may sometimes be closed, the cohort clinic _
- Nagongera respectively, over the same study
were open every day oht week to see participants : _ :
duration. Excluding this group from the cohorts me
have limited the understaridg of estimates of
incidence.
Consistent health worker practiceSiven this Differential loss to followup: Whilst the study
controlled experiment environment with multiple purposed to followup 100 households, there was
levels of supervision of study activities, study considerable Iss to followup. For instance, by the

clinicians followed well documented standard  end of the studyperiod 21 households had droppet
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operating procedures as per ethically approved st out of the study in Nagongera due to; relocation,
procedures for every clinic visit and acrosstatte inability to comply, and withdrawn consent, amon
sites[177]. others[178].
Provided prompt treatment:With a clinic open on Passive followup: Whereas participants were free ti
every day of the week, participants enjoyed the ide  come to the clinic for all febrile illness needs and
care provisiorwith the highest likelihood of care  alternative care seeking was minsad, the passive
availability within 24 hours of symptoms onsetike  nature of these cohorts could have caused some
under nonstudy conditions. Under standard care, choose quicker alternatives. For instance,%@.of
delay may be causkby multiple limiting factors, participants were reported to have sought
especially financial or known unavailability of drugs inappropriate care in the first 24 months of the stuc
facilities. [177].
On the other hand, the financial motivation thrgh
WSA YO dzNE SR LI NI A WHhildtdosf ér: travel cost reimbursements could have inflated ca:
financial challenges have been indicated as inhibit detection ratesto levels unlikely under standard ca
to appropriate care access, the reimbursement o or routine surveillance. This is especially so in th
travel cost for participantprovided goodmotivation very high transmissions settingshere minor fevers
for clinic attendancend therefore, improved from other causes that would not havesulted in
likelihood of registering incident clinical cases of standard care clinic visiteiay be coupled with highl
malaria likely asymptomatiparasitaemideading to

confirmed malaria in this incentsed setting[32].

To assess the relationship between HMESed and cohort incidence, monthly estimates of cohort incidence were
included as an independent variabletire regression models used in the objective three study of this research,
results of which are presented in chapter 5 of this thesis. In the following section, | describe the data preparatio
process by first, explaining the broad data preparation proegsedertaken, followed by objectivepecific data

assessmentyith particular focus orthe outcomes of interest.
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2.2 Outcome Data Management and Processing

2.2.1 Data preparation

2.2.1.1 Data cleaning process
| converted all data sets from the various projects to STATA. The majority of these data sets were already clean
from the primary analysis projects especialgarding themalaria outcome, diagnostic testing performed,

diagnostic test results, and agehis was not the casbowever for villages of residence, especially for the UMSP.

To merge these datasets into a single database, several variables, value definitions and value labels needed crc
checking and alignment, which | conducted in STATAIllemes of residence, | used both my personal experience
gained through being involved in the household enumeration exercises, where | led the teams as a reseairc
assistant and data officer with the projects during 2.1, and also referred to local kntedge. For the three

sites, therefore, | created a standard fully coded village names master list against teteghluate all incoming

data. The remaining list of unresolved named villagéathout a match in the master list) defined as unknown

within catchment areas (subounty), while those with a missing recotglacel in the category of missing.

2.2.1.2 Population at risk of malaria (denominator)

At multiple levels in this research, | needed to generate or define the population at risk, which irefumeddhe
denominator in estimating village or other defined resolutienel incidence rates per month. As such, the
intended resolutioAevel population estimates were derived using national population gridded surfaces, freely

provided by the Worldpop oject (http://www.worldpop.org.uk). The main determinant for this choice was the

inaccessibility of national housing and population census data for 2014 from UBOS, as well as the unavailability
these estimatest the spatial resolutions of interest in this study, particularly villages and health facility catchment
areas as further discussed in chapters 3, 5, and 6 of this thesis. From the national gridded population surface:
estimates at the respective spattigesolution, particularly suCounties (described fully in Chapter 3) and health
facility catchment areas (described fully in chapter 6), were extracted using the ESRI Arc@thalOsgatistics

tool (ESRI 19980141 Redlands, CA. USA) for the objeatdapective studylurations

From the annual population counts, monthly population estimates were determined using a monthly growth rate
generated fromnational bureau of statisti€(UBOS) 2002014 published census reports[179] for each
subcounty(in Chapter 3). Moreover, | used linear regression predictionsitmthly population estimates within

health facility catchment areas discussed in Chapter 6.

2.2.1.3 Suspected malaria definition

As no explicit record was made in the HMIS OPD registers of patients with suspected malaria, these were defin
as all patients sent to the laboratory for a blood test for maldramicroscopy or mMRDT. Among those not sent

to the laboratory, however, suspected malaria cases were identified as those with a clinical diagnosis of malari
Whilst fever or history of fever in the last 48 hours is a key identifier of cases suspected to be malaria, the recordir
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of this data or eveithe temperature taken at the clinic in all théMISstudies involved was very low. For instance,
data from the three sentinel facilities of Walukuba, Kihihi, and Nagongeteveen Oc{2011 through Jun016
showed that fever recording among children <yéars of age ranged from 28.4 to 51.9%dso, whilst a
temperature of >=37.5C was considered determinant of fever, this information was predominantly missing in
the HMIS databases. For example, in the three sentinel sites discussed above, a maximyarttipants had

a recorded temperature, as sudhese data were not uted as primary determinants of suspected malaria.

2.2.1.4 Attendance status

For each patient visit recorded in the OPD registers, it is expected that indication is made of whetlpatitrat

visit was a new attendance (that is a new episode of illness)-attemdance(implying a followup visit for an
illness episode that was previously recorded at the clinic). This was done to avoid possible counting of the san
episode of illness pre than once as an incident case of malaria and would be applicable for any other illness
presented and/or recorded in OPD registers. Alateendance cases were excluded from any analyseis

study. For instance, though between 44.6 and 51.2% digygants had a missing record of attendance status
among the three sentinel facilities duri@ct2011 and Jun016 and were assumed new illness episodes,
between 0 and 4.2% of patients <11 years had visits classified-attenelance making then ineligble for
inclusion. Exclusion of +&tendance visits was not expected to impact on analyses in anyway, given thaiadhey

been recorded in the data during their initial clinic viir the samaeillness episode.

In the following section, | provide a dgled description of the data included in addressing each individual study

objective with an emphasis on evaluating those excluded from analysis

2.2.2 Data description and summary by objective

2.2.2.1 Objective 1:To eplore the relationship between alternative meases of uncomplicated malaria
incidence generated from sentinel surveillance data

Here, | examined dattor the duration between October 2011 to June 20f6m three sites with a sentinel or

reference health facilityincluding Nagongera Health centre IV (HCIV) in Tororo, Walukuba HCIV in Jinja, and Kihi

HCIV in Kanungu distric@asshown inFigure 1labove

For study participant data preparation, attention was paid to villages of residence, age, test positivity anc

diagnosis, and attendance status, each contributing to the inclusion criteria.
a) Exclusion from studyased on village of residence:

Exclusively Mage of residenceAmong suspected malaria cases under 11 years of age that were new attendance
visits, 44,8% (40.6%) were excluded based on a missing (61.9%) or unknown village of residence within the stuc
sites. Interestingly overall, all the excluded patients were suspected to be malaria tasasajorityof these,

had a malaria diagnostic test performe@(9%)with 34.9% confirmed positive for malaria parasites, compared

Pageb0 of 267



to 37.5% among those with known villages and thereforeluded Chi sq.=71.5, p<0.0pBYy site, however, two

sites showed significant differences including first, Nagongera where 3#.886se excluded were confirmed
positive for malaria parasites compared to 38.2% among those inclu@bd §9.279.2, p<0.00). Second,
Walukubawhere 33.0%0f the excludedvere confirmedpositive cases compared to 24.2% among those included
(Chi sq.=26@, p<0.00}, but no significant differences in Kih{dhi sg.£.8, p=0.185). With a similar distribution

of cases among the included and excluded participants in Kihihi, as well as a significantly higher proportion
confirmed malaria cases among thelmded than the excluded in Nagongera, exclusions due to missing villages
of residence may not have impacted findings in this stddy these two sites. For Walukuba, however, the
significantly higher proportion of confirmed cases among those excludedhaas led to underestimation of

indicators generated in this study for this site.

Age by villages of residence statuBhe majority of patiergawith recorded age <11 years, were under 5 years of
age in all sites, with: Walukuba (66.0%) among those included compared to (70.8%) among those excludt
(p<0.002; Kihihi (59.2%) among those included compared to 57.7% among those exchsf=@0Q; and,
Nagongera (79.1%) among those included compared to 81.2% aimeregcluded <0.003). Within the highest
transmission setting of Nagongera, 50% of the included participants were under 2 years of age compared to 54.¢

among those excluded (Tal3g

Table3. Age distribution of study participants comparing included and excludedigmts <11 yearshy site

Site Age category Patients Included (%) Patients Excluded (%) P-value
<2 years 7,543 (35.9) 4,057 (37.3%)
2-<4 years 4,580 (21.8) 2,679 (24.6%)
Walukuba  4-<6 years 3,081 (14.7) 1,671 (15.4%) <0.001
6-<8 years 2,349 (11.2) 1,102 (10.1%)
8-<11 years 3,436 (16.4) 1,363 (12.5%)
<2 years 7,496 (29.5) 2,135 (29.3%)
2-<4 years 5,207 (20.5) 1,467 (20.1%)
Kihihi 4-<6 years 4,425 (17.4) 1,122 (15.4%) <0.001
6-<8 years 3,597 (14.2) 1,057 (14.5%)
8-<11 years 4,652 (18.3) 1,517 (20.8%)
<2 years 9,671 (50.0) 14,654 (54.9%)
2-<4 years 4,354 (22.5) 5,567 (20.9%)
Nagongera  4-<6 years 2,254 (11.7) 2,593(9.7%) <0.001
6-<8 years 1,399 (7.2) 1,666 (6.2%)
8-<11 years 1,666 (8.6) 2,225 (8.3%)
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The data here showed that in Walukuba and Kihihi, a significantly smaller proportion of participants were exclude
due to missing villages by age across thesecatggories than were included in the study. As such, in these two
sites exclusion due to missing villagasy not have significantly impacted the effects of age within the indicators
derived. For Nagongera, however, the data shovleat a significantly leger proportion of participants were
excluded due to missing village by age than were inclugeglying that participant exclusion due to missing
villages may have had a larger impact on-egjated effects in the indicators of malaria burden derivedtfor

site.
b) Exclusion based on age

Very few patientg1,203, had a missing record of age from the data collectad these were excluded from the
study. The distribution of these was 72.3, 18.6, and 9.1% in Walukuba, Kihihi, and Nagongera, respective

indicating that Walukuba had the highest occurrence of missing age recording, though all together negligible.
c) Exclusion based on test positivity and diagnosis

Malaria cases were defined as participants that were diagnostically confirmed positive for maleaites.
Participants with a negative diagnostic test for maldbist having a diagnosis for malaria giydid not qualify as
cases but as suspected malaria casexl these were very few in the sentinel facilities data total of 716
participants wih 12.2, 17.3, and 70.5% of them in Walukuba, Kihihi, and Nagongera, respectively. Moreover, 44
participants (37.1, 14.2, and 48.8%these in Walukuba, Kihihi, and Nagongera) were presumptively diagnosed
with malaria and thereforenot considered as cases of malaria but as suspected malariainatesd However,

252 participants were registered having a positive diagnostic test for mabatiavithout a diagnosis for malaria

and were considered confirmed malaria cases in thiglyst Among study participants, a large majority of
diagnostic testing for malaria was performed using microscopy ranging from 90.9 to 98.7% in Walukuba and Kihil
respectively. A small proportion of diagnostic tests included rapid diagnostic tests, thigihsgongera with 954

tests.

2.2.2.2 Objective2: To examine the impact of malaria control interventions on the age distribution of malaria
cases using routine sentinel surveillance data in four sites where LLIN and IRS campaigns have bee
conducted.

In this stuy objective, | included data from four sites with a sentinel or reference health facility each (two from

objective one above and an additional two), including Walukisealth centre IV (HCIV) in Jirgsstrict of the

central Uganda, Kasambya HCIII in Ehte district of midwestern Uganda, Aduku HCIV in Aphstrict of

northern Uganda, and Nagongera HCIV in Tororo district of eastern Uganda, with site locations shigurein

11 above for the duration between January 2009 to July 2018.

The data fronthese health facilities wasrepared andcleanedwith particular focus on age, diagnostic tests and

test positivity, suspected malaria status, sex, and attendance status.
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Exclusion fronthe study

Age:Given a smaller number of much older patients seekarg,cthose over the age of 70 years were excluded
from the analyses, a total of 1,975 (0.6%), 1,442 (0.9%), 3,673 (1.9%), and 3,833 (1.7%) in Walukuba, Kasam

Aduku, and Nagongera, respectively. These were not expected to impact on our results gnéinast way.

Sex:A very small number of eligible participarés most 0.03% in a single gitead a missing record of sex in the
data and were excluded, given that sex was an important factor included in the analysis for this study objective

However, these were not expected to impact on our findings in any way.

Diagnostic tests and test positityi: All cases confirmed by microscopy or mRDT were considered positive cases
and presumptive casmot counted. The exclusion of presumptive cases regardless of being few, is not expectec
to have a definite effect on our analyses or results, given thatpgresumptive diagnosis process is highly
subjective and therefore indeterminate. Whilst majority of diagnostic testing was performed using microscopy
across all the four sites, a slightly larger majority of negative than positive test results were gdnesatg
microscopy in Walukuba, Kasambya and Aduku, but not in Nagongera (Table 4). Natalelyer, the highest
LINE LR NIAZ2Y 2F LRaAAGAGS (Sad NBadzZ Ga 3ISySNI GSR dzai

Table4. Proportiors of test results by diagnostic testingmethod per site

Diagnostic
Test result Walukuba Kasambya Aduku Nagongera
method

Microscopy 40,548 (96.7%) 35,273 (84.3%) 26,648 (71.9%) 31,725 (90.2%)

Positive
mRDT 1,403 (3.3%) 6,583 (15.7%) 10,407 (28.1%) 3,438(9.8%)
Microscopy 81,295 (97.5%) 55,464 (86.4%) 49,049 (85.4%) 73,175 (87.9%)
Negative
mRDT 2,112 (2.5%) 8,767 (13.7%) 8,393 (14.6%) 10,053 (12.1%)

Assessing potential impacts of diagnostic testing method showed no identifiable pasteggesting that the
diagnostic method used had very limited influence on the pattern of test readfsirther discussed in Chapter

4.
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2.2.2.3 Objective 3: To investigate the association between incidence of uncomplicated malaria from routine
surveillancedata and incidence from cohorts, across sites of different transmission intensities and,
identify and quantify sources of bias in surveillance incidenteassess its reliability for monitoring
burden of malaria.

This study objective included HMIS datanfr which incidence of malaria was estimated, as well as community

cohort data that provided the comparative incidence estimates in the three study sites.

HMIS data:Thiswas obtained from all 15 public health facilities located within the geographic astnaitive
boundaries of Nagongera stbounty in Tororo district (5 facilities); Walukuba <Tdunty in Jinja district (3
facilities); and, Kihihi su@ounty in Kanungu district (7 facilities) stsown in Figure 11The enrolled health
facilities included: N32 y3SNJ = 2 | f dz] dzg in the yespectiwé sUEdUAties;| Matarnd® and
bel YsSIFO6ANI |1 /LLLQAS YR . AK2Y02NBL I,inkKizhic@oOobng; YA
Were, Katajula, Maund@ndt 2 { 2 y 3 2in Nagohger@suSoyy G @ T | yYRXZ al aSasS ti® NI
Walukuba sukCounty. Whereas 16 health facilities were screened for inclusion in this study, one was excludec
based on its gedocation falling outside of the study site boundaries, besides the very few rdsigéthe sub
county (study site) who visited this facility for care. These HMIS data were obtained for they&@eduration
spanning OctobeR011 through Septembe2014.

After extraction from OPD registers, the data was cleaned with particular focusllage of residence, age,

diagnostic testing and diagnosis, and attendance status.
Exclusion fronthe study:

Village of residenceln this study objective, missingness of record of village of residence was corrected for in
computing confirmed caseas hter explained in Chapter 5. However, all patient records with villages that were
either unknown within the study site or unclear, were excluded. Nevertheless, these were not expected to impac
on our estimates of incidence, given that residence within $fie boundaries was central to estimating site
specific analysis outcomes. Notably though, there was a higher proportion of patients with unknown villages ir
the lowerlevel facilities of Kihihi, which may be attributed to being at the border between digand Democratic
republic of Congo (DRC), where sporadic influxes of refugees from DRC have been f&g0itdebr instance,
Matanda health centre 1l that is located within a designated refugee transit camp,ilmoetl 41.2% of the
patient records with unknown village of residence in Kihihi. Nevertheless, at the time of data collection from this
health facility, the camp was unoccupied though the clinic was fully operational, possibly serving the more regule
resdent users of the facility from nearby villages. Based on this, it can be assumed that the exclusion c
participants whose villages of residence were unknown within the site facilitated a more accurate estimate of

burden attributable to the site residentgpulation.
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Age: To generate HMIBased incidence estimates that would be comparable to estimates from community
cohorts, all patients aged 11 years and older were excluded from this analysis. These were unexpected to impe
on our results by virtue of begnoutside of aggroups of interest. Moreover, all patients with a missing record of
age were also excluded and assuming an equal distribution as those with known age and therefore include

exclusion due to missing age was not expected to have consigdraphct on incidence estimates.

2.2.2.4 Objective 4: To explore patters and determinants of spatial variation of malaria from routine HMIS
data at sub/national spatial scales and identify areas at higtisk of malaria.

To address this objective, HMIS data wagined from the national repository for routine HMIS via the BHIS

web-based system. Data from all health facilities expected to report through standard surveillance progedures

includng total attendance, reattendance, OPD malaria cases, and confirroaskes (by Microscopy and mRDT)

were obtained for at least four years (51 months long).

A total of 3446 health facilitiewith associatedyeolocation coordinates, were included in trggudy (Figure 11).
These data were summaeid on a monthly time scal®r all agegroups combined, for each of the study health

facilities.
Exclusion from the study:

HMIS data from Janua3014 through Septembe2019 were extracted and assessed for use in this study.
Notably, from Januan2014 through Jun015 these data we inconsistent from month to month, with many
months of data missingHowever, starting JWg015 the format of the data sets was markedly different from the
previous duration. The differences included the introduction of additional patient age categjosiesiay have

been a consequence of undocumented but evident system revisions or improvements. Given this considerab
more complete and consistent data set, the duration of interest in this study was defined as spanni2@lbuly

through Septembef019.Consequently, data from Janua2@14 through Jun€015 was excluded.

For the geecoding of health facilities, | obtained a database of public health faciliicgeadinates across Africa

that was published by the KEMW®R/ellcome Trust Research Program[h81]. Of the 3792 health facilities in the
database, 3448 (91.0%) were matched with the healtilifees in the HMIS malaria cases database of 2015,
excluding all facilities with duplicate geoordinates. However, one was gtrated in the lake an@nother
outside the country boundariesnd therefore, both were excluded. A total of 3446 geolocated health facilities
that matched with the HMIS malaria cases database consisted the facilities that we defined as study healt
facilities. Estimated impacts of the exclusion of data reported fhaalth facilities that were not geooded per

district, are further discussed in Chapter 6 of this thesis.
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2.3 Ethical considerations

Two of the programmes that provided datecluding Uganda Malaria Surveillance Project (UMSP) and the
National HMIS, were niaequired to have ethical approval as national surveillance programmes. However, the
two research projects that provided additional data had independent ethical approvals from the Makerere
University School of Medicine Research Ethics Committee {SBEG812010-108 and #2011.67). This was the

local Institutional review board at the base of their research activities in Ugaodeed by the Infectious Diseases
Research Collaboration (IDRC). In addition, they each received approval from the Uganda Natiocialfdzo
Science & Technology (UNCST #HS 794 and #HS 1019), which is the national body that oversees research ol
D2JSNYYSYyiQa oSKIfT® a2NB2ISNE SGKAOFE | LILINR O €
institutions involved in these stlies, mainly including the London School of Hygiene & Tropical Medicine (LSHTV
#5943 and #5779) and the University of California San Francisco (UCSF).

Specific to the proposed work in this thesis with independent research objectives, separate ethicalahp@s
sought, obtained, and later renewed from SGRECbeing the local IRB for this study in Ugandipdendix2a &

2b). Next, approval was sought and obtained from the UNCST for government appgyopandix3). With these

in place, ethical approval wasought, obtained, and later renewed from LSHTM research ethics committee
(Appendix4a & 4b).

Also, an amendment was sought and obtained to use publicly available national HMIS data from the nations
malaria control program to address the fourth objectiwkthis research. For this, permission was sought and
obtained from the Ministry of HealthAppendix5) and based on this, ethical approval was sought and obtained
for the proposed amendment from SOREC Appendix2c), and ultimately, approval was also t@ined from
LSHTM research ethics committégpendix4c).

Concerning the primary data collection directly from health facilities, other necessary levels of permission were
also required, and these included obtaining support letters from the district hexdficers (DHO) of each of the
three districts of Tororo, Jinja, and Kanunugu. With these on hand, permission was then sought and obtained frol
health facility incharges to access their stored registers within the respective facility HMIS affices.facilities

of one district, the ircharges expressed overwhelming reservations to providing access to their redibtse
necessitated lengthy explanations as well as additional written permission from other district officials (besides the
DHQ beforethey would permit access to their registers. However, even with these permissions on hand, these

two facilities also had both the most disorgsed storage and poorest state of registers.

Pageb6 of 267



RESEARCH PAPER COVER SHEET

Please note that a cover sheet must be completed for each research paper included within a
thesis.

SECTION AT Student Details

Student ID Number 1513171 Title Mr.

First Name(s) SIMON PETER

Surname/Family Name | KIGOZI

Exploring the utility of indicators of uncomplicated malaria

Thesis Title burden from routine health facility surveillance data in
identifying and mapping highsk areas for malaria idganda
Primary Supervisor Assoc. Prof. Rachel L. Pullan

If the Research Paper has previously been published please complete Section B, if not please
move to Section C.

SECTION B i Paper already published

Where was the work published? TheAmerican Journal of Tropical Medicine and Hygiene

When was the work published? May 2019

If the work was published prior to
registration for your research degree,
give a brief rationale for its inclusion

Was the work subject
Yesres to academic peer YesYes
review?

Have you retained the copyright for the
work?*

*If yes, please attach evidence of retention. If no, or if the work is being included in its published format,
please attach evidence of permission from the copyright holder (publisher or other author) to include
this work.

Pages7 of 267



SECTION C i Prepared for publication, but not yet published

published?

Where is the work intended to be

Pl ease | ist
intended authorship order:

t he paj

Stage of publication

Choose an item.

SECTION D i Multi-authored work

For multi-authored work, give full details of
your role in the research included in the
paper and in the preparation of the paper.
(Attach a further sheet if necessary)

| prepared the data, led data analysis, drafted the
manuscript. | then led the manuscript submission for pee
review, addressed réswer comments, and managed the
final submission for publication

SECTION E

Student Signature

simonpeter kigozi

Date

01-Septembel020

Supervisor Signature

Rachel Pullan

Date

3rd September 2020

Pageb8of 267




Paper 1

Am. . Trop, Med By, 10701 2019, pp. 137= 147
ol 0B Imin. 180901
Copyright © 20190y Tha Smarhoan Sociady o f Tropiosd Mad icine and Hygheme

Malaria Burden through Routine Reporting: Relationship between Incidence and Test
Positivity Rates

Simon P. Kigozi,'** Ruth N. Kigozi,? Asadu Sserwanga,” Joaniter |. Nankabirwa,>* Sarah G. Staedke,”” Moses R. Kamya,™*
and Rachel L. Pullan'
'Department of Disease Control, London School of Hygiens & Tropical Medicine, London, Uinited Kingdomy; “Infectious Disesses Reseach
Cd.labcratm Kampala, Uganda; EUmed&mesAmfa'hmmmdﬂevabpmk Mailaria Action Program fcrﬂmm Kampala, Ugands;
*School of Medicine, Malerme Uiniersity College of Health Sciences, Mulago Hospitsl Complax, Kampalg, Ugands; Ebpaar.tmem of Clinical

Reszearch, London School of Hygiene & Tropical Medicine, London, United Kingdom

Abstract. Test positivity rate (TPRj—confirmed cases per 100 suspacted cases tested, and test-confimmed malara
case rate (IR}—cases per 1,000 population, are common indicators used routinely for malada survallance. However, few
studies haveexplored relationships between these indicators over time and space. We studied the relationship bateesn
these indicators in children aged = 11 years presanting with suspected malaria to the outpatient depantments of leval [V
health centers in Nagongera, Kihihi, and Walukuba in Uganda from October 2011 to June 2016, We evaluated trends in
indicat ors over ime and space, and explored associations using multivariable regression models, Overall, 65,710 par-
ticipants visited the three clinics. Painsise comparisons of TPR and IR by month showed similar trends, panicularty for
TPRs < 50% and during low-transmission seasons, but by village, the relationship was complex. Village mean anmual
TPRs remained constant, whereas |Rs drastically declined with increasing distance from the health center. Villages that
wang furthest away from the health centers {fourth quartile for distance) had significantly lower |IRs than nearby villages
(first gquartila), withan incidence rate ratio of 0.40inNagongera (95 % Cl: 0.23-0.63; P=10.001), 0.55in Kihihi (0. 40-0.75; P<
0.001), and 0.25 in Walukuba {0.12-0.51; P < 0.001). Regression analysis results emphasized a nonlinear (cubic) re-
lationship betwesen TPR and IR, after accounting formonth, village, season, and demographic factors. Results show that
the two indicators ame highly relesant for monitoring malana burden. Howeyer, interpretation differs with TPR prirmariby
indicating demand for malaria treatment resources and IR indicating malada rsk among health facility catchrment

populations.

INTRODUCT 0N

Mational strategies for malada control and intervention plan-
ning typically rely on the edstence and strengths of national
health management information systems (HMIS's).! Strong
systemns that incorporate complete case notification and acou-
rate population data provide a firm basis for monitonng the
present burden and trends, and making future projections.
Howewver, in much of sub-Saharan Afica, HMIS data miss a
substantial number of malada cases from the community who
ait her do not seek diagnosis and’or treat ment throuwgh the health
system, or do but are not comectly reported.’ In addition,
catchment population data are not readily availableat the facility
level.® As a result, determining the true burden and intempneting
trends at local levels remain a challenge. Test positivity rate
(TPR) defined as the proporion of tested sispectad malana
cases that return a positve malaria result is an indicator gener-
ated from fadlity records. Swepectad malana cases are patients
presanting with fever or a history of fever in the last 48 hours,
without amy other recognizable case, sent to the laborat ory fora
malaria diagnostic test.* Those who have a positive test result
arae, thersfore, diagnosed with malaria The test positivity rate
overcomes the challenges of both denominators and numem-
tors by assuming that those seeking diagnosis and treat ment
with suspected malada make a representative sentinel pop-
uation, and is also recomimended by the WHO as a key sur-
valllanceindicator, > Imempretation of TPR s, however, affected
by the incidence or number of non-malana fevers by potentially
inflating the sentinel population jdencminator for TPR).* When
health facility catchiment populations areavailabbe, however, the

*Address comespondence to Simon P. Kigozi, London School of
Hygiena & Tropical Medicine, Kappel 5t., London WC1E THT, United
Kingdom. E-mail: skigozi@yahoo .com
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test -confimed malaria cane rate orincidence rate (IR), defired as
the number of malada cases per 1,000 population at sk per unit
tima, may provide a batter indication of the burden of malara
than TPR. Wheneas TPR, owing to easier accessibility, is mone
commaonly reported than IR, ™'? the two indicators have been
complimentarly reported but with no expressed implication of
one indicator on the other.'"'" The relations hip between these
indicators, therefore, remains unclear, and to our knowledge,
vary few studies have addressed it.

Health fadlity-based survedllance forms the basis of malaria
burden reporting in Uganda. ™% Data ame reported through the
district haalth services to the Ministry of Health using regular
aggregated reports induding suspected malardia cases; cases
tasted and cases confirmed by age category (by milcroscopy
or mpid diagnostic test for malada [mROT]); and confirmed or
presumed cases treated with antimalarial medicing: among
others, and the indicat ors derived are used for disease burden
assessment ™ In addition, multiple reference centers that
warasalacted to cover diverse transmission intensities across
the country have been embedded within the HMIS to
strengthen thecollection of high-quality data.'® Usingthedata
frzm three of these malada reference centers, weinvestigated
the relationship between IR and TPR as indicators of malaria
burden at the facility level, accounting for important factors in
thiz relationship. The few previous studies that exploned ne-
lations hips batwesn incidence measures have predorminanthy
been limited to a single site—sither at the village level® or
provincial level,* with a general focus ona singledimension of
time. Here, we evaluate the relationship between the two in-
dicators and axplone the relatiorehip in both time and space,
providing additicnal detail to our understanding of the wtility
and representativenass of HMIS data for understanding the
changing malada burden in endamic settings.
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METHODS

Study setting. This study w=ed routing surveillance data
collected from three leval [V health facilities located in diffenant
malaria transmission settings in Uganda (Figure 1). Thesea fa-
dlities wame 1) Nagongera in Tororo distdict with an annual
antomologlical inoculation rate (aBEIR) of 562 infactive mos-
quito bites, 2) Walukuba in Jinja district with an aBElR of & and
Kihihi in K anungu district with an aEIR of & as parearty 2000's
assessments." The three fadlities formed part of a cohort
of malarda reference centers established by the Naticnal
Malarda Control Programme and led by the Uganda Malaria
Survedllance Project (UMSP). Leval |V health faciliies typi-
cally sarve a haalth subdistdct with an estimated popula-
tion of 100,000 people and ane run by a medical doctor. Each
of tha three sites has benefited from malada control activi-
tias, induding 1) the use of artemisinin-based combination
theraples—speacifical by aremethen urmef antrine, which is the
first-ling treatmant for uncomplicated malaria across the
country, and 2} distdbution of long-lasting insecticidal nets
aiming to achieve universal coverage, conducted during
Saptemnber to Nowember 2013 in Nagongera and Walukuba,

South Sudan

" F} NEm

and during December 2013 to February 2014 in Kihihi. In ad-
dition, Magongera recelved three rounds of indoor residual
spraying (IRS) with bendiocary durdng December 2014 to
February 2015, Juns to July 2015, and Novwember to Dacem-
ber 2015, and at least cneround of IR Swith pirimip hos-methyl
iActelic) durng June to July 2016, The three subcountieas of
Magongem, Walukuba, and Kihihi weremade up of 45,21, and
117 villages, respeactively, each identified by names as known
by district and subcounty officials. All these villages were lo-
cated, mapped, and uniquely identified dudng enumeration
surnvey's conducted at each site over 2009/2010, and ane fully
described elsewhens, 517

Study population. All patients aged less than 11 years,
prasanting with suspacted malaria, who were sean at the
outpatient department clinic of each facility during Octobar
2011 to June 2016, comprisad the study population. This age
group incledes both the agerange most at riskof the effects of
and most sensitive to changes in malanda transmission (< 5
yearg), %9 and theage range across which naturally acquired
imminity to malana is seen to develop (5=11 vears). ™ Monthily
TPR trends were similar between underfives and those
aged five to less than 11 years (over-fives). However, TPR in

Fewsz 1. Location of the thres sites of Nagongera (farthest east), Walukuba fcentral), and Kihihi southwest) in Uganda, with the respective
locations of the health facilities included. Red dots represent the site study health facilities, each being a level IV health center for the health
subdistrict to which the respective subcounty four catchment area) belongs—all shown on the inset map of Uganda in black Kihihi fin shades of

yelkow) is located southwest of Uigand

awith a 2002 estimated ann ualentomao logi calinnocul ation rate{aEIR) of & infactive bites perperson; it iz homea

to Queen Bizabsth Mational Park at the border between Uganda and Democratic Republic of Congo. Walukuba forang e ares) is located in the central
part of Uganda at the shores of Lake Victon awith an aEIR of 6, wheress Nagongera(light-gresn ares) is located far eastolose to theborder betwasan
Uganda and Kenya with an s8R of 562 . This figurs appears in color at www.ajtmhb.ong.
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MALARLA BURDEN THROUGH ROUTINE REPORTING

under-fives was generally lower in the low-transmission sites
Walukuba and Kihihi) than in over-fives, and vice versa in the
high-transmission site of Magongera. The pattem in Nagon-
gera was consistent with findings previowsly reported from a
high-transmission site of Aduku in Uganda.® Members of
the study population whose dinic visit was classified as “re-
attendance,” referring to follow-up visits for a presviously
recorded episode, were adccluded. All members of the study
population with a new lliness episode wera included in tem-
poral trend assessments, whensas those whose village of
residence (VOR) was known to be within the fadlity=host
subcounty boundaries (catchment anrea) were included in
spatial-ternporal assessments. Those whosa VOR was ether
located outside the catchment amea or UNKNOWN Wens -
duded from the space=time evaluations (Figure 2).

Outcome measures. Outcome data for all out patients wens
extracted from health facility owtpatients' registers, which
recorded the presence of fever, diagnostic test results, di-
agnosis made, and treatment prescibed, as well as de-
mographic data, height, weight, and VOR. These data wamn
entered from the register into an MS Access database
Microsoft Corporation, Redmond, WA) at the facility and
regulady submitted to the UMSP data center, whene they weane
checked for inconsistencies and cleaned before transfer to
STATA (Stata Compaoration, College Station, TX) for analysis.
Detailed methods are further explained elsewhere, '™

The study primary outcomas wene the test-confirmed IR,
dafined as the numberof confimed primary malaria cases par
1,000 catchment study population of chikdren aged < 11 years
{by mBOT or microscopy), and TPR, defined as the proportion

Tl & palienrs seen
in Walskuba HOS

Tahe' ¥ patients seen
im Wmgomgern HETY
147.532

213,517
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of patients (children aged < 11 years) presenting to the health
facility who were suspected to have malaria and tested with a

positive malarda test result by either mBDT or microscopy).
Suspected malarda was defined as patients with fever or a
history of fever in the past 48 hours, without any other ap-
parant cause. These are considersd aigible for a malara test
from which positive results determmine the confirmed malaria
cases, Because of inaccessible population estimates of our
study area from the most recent census, catchment study
populations were estimated using cartographic boundades
and a gridded population surface using the ArcMap geo-
graphic information system [ESRI, Inc., Redlands, CA), with
catographic boundades defined as the 2006 subcounty
boundary for each health facility. Subcounty total population
estimates for 2010 and 2015 were obtained from the
wordpop.org project data portal = The popul ation of children
aged lass than 11 years for each year frorm 2010 to 2016 was
estimated from the overall estimates using population pyra-
milds provided in the 2002 national census esults, available in
S-year age bins at the distdct level. It was assumed that the
proporicn of the population aged less than 11 years was the
sameforall subcounties within each district, the proportion of
population aged 10 years was one-fifth of the popuation aged
5-9 years, and the intercensal population growth rate was
3.0%, as published by the Naticnal Bureau of Statistics from
the pedod of 2002 to 2014.2 Per village study population
estimates wene thenderived based on the proportion of village
howseholds enumerated par village in each subcounty.
Analysis. The two outcome indicators wene summarized by
month and village, and examined for temporal and spatial

Toto! & panenrs seen
e KRl BV
179,639

' Mot under 11yrs (n=39,363)
—p. & »a 10yrs (p= B9 21E) BOLS%
| -memln-lulﬂ.lﬁ

e Re-attendance {n=62) 0.1%

Mot sspecbed malaia
® |n=12,063) 20.7%

= we= Ly o= 150,774) MESR

- He—athrnd“e [n=T19 1.2%

Mot siespected malanis
B in=20,300) 47,54

Mot under 11y [n=151,718)

!Hwnulpl.n-‘!ﬂri-'lﬂ.l-li-

]
Tate! ¥ under [ 2prs st @ svodler 11prs
58,164 51.

HNot under 11yrs {n=87 838}
[+ & == 1hyrs fn= BT 70) 67, 7%
* Missing age |n= 97} L.0%

| JMIMHM |

= Re-allendancs (n==81] 0.0%

Hﬂt suspeched ks
" In=0,085) 21. 7%

r_\
Fotal ¥ under 11y Towol £ waher 11975
45,043 1,861
g

C—nf—-
Fexdni & wncley T1pes
52675

= & Out of site |n= 12,800) 27.5%

| vOR notin she n=26,708 |
= ® Ot of site (= 3,054) 116 %

WOR nnl:-nyl:ﬂn lI:I BHP

| WO Pl i nite e T 30
Ve o Ot ol ine (= BO0) LEW
o iissirgg WOR [rvm B,505) 205K

| = Missing WOR = 13,905) 30.3% |

* Missing VOR = 7,178] 125% |

i
Tala! # from wifages withia
Mogongerg aoder 11yrs
[ansparcted maiarks]

19,344

[suspecred mehanal
0089

Fotal ¥ from villrges: within
Walwhata under 11yrs

Tars! & fram viinges sithin Casas for
Kihihi ymder 11y7s Spaze-time
fsuspcted malarie) analyses
25,377

Fiewmz 2. Trial profile indicating the participants included in the study and the exclusion criteria at the two levels of time and space—time

evalustionz. WVWOR = patients' village of residence.
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trends. Straight-line distance to the health facility from the VOR
wias estimated w=ing the ArcES point distance tool (ESRI, Inc)
batwesn the centrold point of the village and the coordinate
point of the haalth facility. Regressi onanabsees wene conducted
wing STATA versions 14 and 15 (Stata Comporation).

The pairwise rdationship between IR and TPR was visual-
zed wing scatter plots and approximated using locally
waighted scatterplot smoothing and guadmatic prediction
plots. As a measure of agreement between the indicators,
concordance analysis was parformed through evaluation of
thie Bland=-Altrman diagrams by site, with no predetermined
threchold for agreement.® Two of the thres sites wene found
to be digible for concordance evaluation based on an ap-
proximately normal distribution of the differences between
TPR and IR, thenby excluding Walukuba

Factors influencing the association between TPR and IR
per village per month wene explored using mixed-effects
Polsson regression models, with rando meffects at the village
and month levels, to account for dustering at both levels.
Model selection was perdormed using Akaike's information
criteria (AIC) from a list of linear, quadratic, cubic, and expo-
nantial fits. Explanatory variables considered were age (pro-
portion of the presenting population aged 5 years and mora),
gender (proportion of the presenting population that was
male), distance to the health facility (by quartile), and season
fdetemmined using the predominant annual patterns of rainy
March=May and Septernber<Movember] and dry [est of the
year] seasons inthe southem parts of Uganda). ™ Explanatory
vadables with P < 0.05 inthe unadjusted analysls wene con-
siderad for indusion in a fully adjusted multivariable model
using a step-down process and evaluated wing likelinood
ratio tests.

RESLILTS

Characteristics of the study population. A total of
161,754 patient visits by children aged less than 11 years wana
recorded for the three health facilities between October 2011

Tazs 1

and June 2016, accounting for 33% of all patient visits. Among
these, 110,585 (68%) were suspected malada cases. A
manthly mean of 346, 382, and 445 swepected malaria pa-
tients aged less than 11 years wene seen in Nagongera,
Walukuba, and Kihihd, respectively, over the study duration
{Figure 2). The respactive site mean (median) age in years
among these participants was 2.8 (2), 3.8 (3), and 4.2 (4), re-
spactively. In addition, the mean age of patiants less than 11
yvears was significantly higher for females than males, both
overall and within each of the three sites P < 0.001). No dif-
ferances wersobsared intrends of TPR betwean particip ants
induded or excluded based on the availability of VOR data,
hence the assumption of no conslderable impact on our m-
sults due to the exclusion. Additional participant chamcteds-
tics aredet ailed in Table 1 for those included in the space-time
A SRESTRNLS,

Trends in indic ators of malaria. Figure 3 shows the trends
in TPR and IR stratified by site over the study duration, on a
monthly time scale, suggesting that the two show similar
trends. In addition, there is evidence of good agreement ba-
twean these indicators through concordance analysis using
Bland-Altman's diagrams shown in Supplemeantal Figunas 1
and 2 in the Supplemental Information, for the two sites that
fulfilled Bland=-Altman's crterla of approximately nomnally
distrbuted differances.

Figura 4 shows the relationship between TPR and IR per
month, suggesting a tendency for months with low case da-
tection rates to also have low TPRs for all three sites. Ghean the
strong seasonal trends in trarsmission, this confirmed TPR as
a reasonable indicator for transmission intensity. Howeyer,
whean plotting TPR and IR by village, this relationship was lost
as sean in Supplemental Figure 3 in the Supplemental
Infermation. This suggests that factors other than intensity
of transmis sion wean influsncing the number of malaria cases
from each village that attend the health center for diagnosis
and/or treatrment. This was also confirmad through the spatial
distribution of IR compared with that of TPR by village shown
in Figure 5. Here, the highest IR i sean to cluster closer to the

Characteristics of study popula tion and distribution of suspected and clinically confirmed mialania cases for the duration of October 2011 through

Juna 2016, evaluated in the space-time analysis for this study

S Pagorgens, M (%) Walldoana, (%) Wik, 4 BE)
Participants: 19,544 20,283 25377
Gender
Male 0407 (0 %) 0,367 [@5%4) 12,003 [ T%)
Famals 9,937 {51 %) 11,622 (55%) 13,371 (53%)
Age (years), mean {50
All 2,74 2.61) 3TEQEM 417302
Mala 2062 2.a9) 354 243) 3aREAa3
Famals 204 2T 347 @O 434 (309
Testing rates
Driagnostic tests with recorded results {proportion of all participants who were tested)
Tested and results recorded 18,655 {06 %4) 19,140 {@1%) 25,048 [@9%)
Testing rates by the disgnostic method {proportion of all participants tested by the method)
Miicroscopy 17,701 @594 19,073 @9%) 25,043 [@9%g)
Rapid disgnostic test 454 [5%) &7 {09 5094
TPR 15,205 (3694 T.910 24%) 15,212 |@7T%)
TFR by gender, ie., proportion of tested blood slides that were positive for malaria
Izl 3,479 [3804) 2,120 25%) 5,600 [MB%4)
Famals 3,837 (3804) 2 506 24%) 6,107 [E%%)
Malaria disgnosis
Malaria disgnosed with a confirmatory test {proportion of all malaria disgnoses made that had a confimatory test)
Confimed positive 604 {07 3) 4, 554 {@7) 11,856 @9%4)

TFR = s pos BTy .
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health facility and less so further away, whereas TPR has no increasing distance from the health facility in allthree settings.
distinguishable spatial varation. Moreover, results in Figure 6 The number of patients tested for malaria was not as highly
showed that there was no change in TPR with distance, varied by month as it was by village, although Walukuba
whereas in Figure 7, IR was considerably reduced with recorded steady decline across the study duration and
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Magongerm recorded the highest mean {@rithmetic) monthly
number of patients tested for malaria, as seen in Figure 3.
Kihihi recorded the highest mean number of patients tested for
malaria, by village, compansd with the other sites, and Walu-
kuba, the lowest for the same. The mean TPR per month
rarged from 28.9% to 45.7%, whemnas the village mean TPR
permonth ranged from 23.9% to 47.1% exduding outliers. In
ad dition, themean |Rrangad from 11.8 to 18.68casesper 1,000
children par month, whereas the village mean |R manged from
218 to 40.3 cases per 1,000 children per month.

Association between the TPR and IR. Univarableanalysis
of the association betwean IR and explanatory vardables
revealed significant associations with the proportion of the
presanting population aged more than 5 years, distance from
the health facility, and TPRin all three settings; and for season
in Magonger [see Supplemental Information). Model selec-
tionrevealed acubic fit for TPR as best in all settings, based on
AIC, compared withlinear, quadratic, and exponential fits {see
Supplemeantal Information).

In the final mutivariable models, |R was significantly lowerin
villages further from the health facility Table 2). Associations
with seasonal and population factors also varied by site. In-
cidence ratewas significantly lower durdng the miny season in
Magongerm only, whereas in Kihibd and Walukuba, when an
increasing proportion presenting were aged more than 5
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vaars, R stayed borderline significantly associated with age
(Table 2).

Companson of village and temporal random effects sug-
gested considerably mone uneeplained hetenogensity babwesan
villages than ower time (month). Aserage variability betwesan
villages was lowest in Kihibd and highest in Nagongera, al-
though this relationship was eversed when examining wn-
explained temporal variation, with Nagongera baing lowest.

DISCUSSION

This study took advantage of enhanced malana sureil-
lance, conducted at three health facilities in vaned malaria
transmission settings in Uganda. We investigated the ne-
lationship between two standard indicators of malana burden:
TPR and IR. Findings showed that these indicators strongly
agreed over time month) in all three settings, most notabhy
during perdods of low transmission. However, TPR remained
unchanged, whereas IR was drastically reduced with in-
creased distance from the health fadlity. This further pointsto
TPR as an appropriate proxy of traremission intensity me-
gardiess of the setting, but suggested that despite enhanced
reporting, 1R ks strongly influenced by faclity accessibility and’
or use by the catchment popuations wsing distance to the
health facility as a proxy.™ We demonstrated here that after

Walukuba

Moty GO el i ks i | SO0 o padidi 00

Foums 4.  Plots of test positivity rate {TPR) against test-confimed malana case rate with points as months and point sizes accounting for the
riurmiber tested formals s by month. Each red dot here represents & month during thestudy duration, and thesize of dots isrelstive to the numb.er of
suspected cases for independent episodes tested for mal ania within each month. The gray curve is the fitted curee of the estimated relatonship
betwesan the two messures of TPR and incidence rate. This figure appears in color at www ajtmb ong.
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Fouss5. Comparison of the spatial distribution ofincidencerate (IR) and test positivity rate (TP R) based on the village-level annual maan of each
indicator in the three sites of Kihihi, Nagongera, and Walukuba. Three sites of Kihihi, Nagongera, and Walukuba shown side by side to depict a
comparison between tha spatial distribution of the village mean annual TPR {eft) against IR {nght). Villags boundaries for each site are represented
with the gray linas, wharsas tha respective site study health facility location is represented by the black dot. A single legend parindicatoris placed at
the bottom on respective sides. This figure appears in color at www.ajtmh org.
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accounting for transmission via TPR, some varability in IR
remained unexplained both between villages and monthes.
This pointed to important systemic differences in access to
diagnosis and treatment within heafth facility catchments.

Trends in and concordance between these indicators over
time (month) showed patterns suggestive of stronger
agreement during low-transmission seasons. This was par-
ticularly evident in Nagongera during the period of intense |IRS
activity. This suggests that assessment of the trends overtime
in the two measures together may serve as a more sensitive
marker of drastic changes in transmission within low-
transmission settings and, thus, jointly provide an important
surveillance tool. Consistent with other studies, including one
in western Uganda,®” we demonstrated that the relationship
between TPR and IR was nonlinear, with both indicators in-
creasing steadily until TPR reached around 50% . This sug-
gested that either an inherent saturation point in TPR or that
dynamics in treatment-seeking and care practices masked
any further increase in TPR. It also reiterated the presence of
malaria heterogeneity within each site.

The three-level mixed-effects Poisson model results from this
study revealed that after controlling for the transmission in-
tensity (viaTPR), IR remained significant ly influenced by theage
of the patients, distance to the health facility from the VOR, and
climatic conditions represented by a wet or dry season of the
year. Studies have previously reported theinfluence of village or

“area of residence” and age on TPRE” as well as season™ on
mialaria through routine reporting. Consequently, age, distance,
village, and time (month) or season (rain versus dry) wene im-
portant factors in the assessment of malaria burden throuwgh
routing health facility-based surveillance. Concerning age, the
smiall but strongly significant association of increased |Rs with
age in Kihihi and Walukuba but not Nagongera coud be
explained by Nagongera having significantly lower mean age,
coupled with its historically significantly higher parasite preva-
lence in children than the other two sites.!” Distance to the
health facility, the increase of which was associated with a
significant decline in IR, is known to influence the care-seaking
behavior'™ for reasons such as cost™ and, thus, may be con-
sidered a proxy for accessibility 2 There were significant as-
spdations between distance and IR in all three settings. These
highlight a strong influence of access to health fadlity and
factors associated with access suchastheuseof drug shopsas
the first action, reported to be anmywhere between 25% in pa-
tients of all ages™' and 62.7% in children aged less than 5
vears, ™ in parts of Uganda Accessibility may also provide an
explanation for the reduced IR observed in Magongera during
the rainy season, given that floods, intense farming activity, and
inaccessible roads are common in this area during this time. It
should be noted that distance did not explain all betw een-village
variation, suggesting that otherfactors play an important role in
health fadlity accessibility and use.
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There were a number of limitations that should be ac-
knowledged. Incomplete records represent a major challenge
when interpreting health facility data. Howewver, an evaluation
of the greatest source of missing data (VOR) suggested
no systematic differences between the two populations.

Distance to the health facility could only be measured as a
straight-line distance between the health fadility and the
centroid of the village as more detailed information was un-
available within the confines of noutine passive surveillance. In
addition, given possible repeated measures on the individual

Taaes 2

Mixed-affects Poisson modal results jadjusted) assessing association betwsan incidence rate and TPR in Magongera, Kihihi, and Walukuba
controling for aga, distanca to the haalth facility in all sites, gandar, and saasonin Magongera and Kihihi as fixed effects and including random

effacts of village of residance and month of study year

Magongem Kihini Waliuna
Flomd afincs
Expoara PRy O ozl =R s O =R BRaLwsoh ol
Casa positivity Cubic TPR tam 1.00 {1.00-1.00) < 0,001 1.00 {1.00-1.00) <0.001 1.00 {1.00-1.00 <0001
Cluadratic TPR tam 0.98 {0.98-0.58) < 0,001 0.58 {0.98-0.98) <0.001 098 {28095 < 0,001
Linaar TPR tamm 1.11 (1.08-1.13) =< 0.001 118 (1.17-1.19) = 0,001 102 (1.00-1.05 0111
Agea Incraasing proportion 1.00 {0.97-1.02) 0.727 1.01 {1.00-1.02) <0043 1.03 {1.00-1.08) 0.058
of = 5 years
Distanca to 1=t quartila 1 Rafaranca 1 Rafaranca 1 Refaranca
health facility  2nd quartile 0.48 {0.28-0.83) 0.009 1.06 (0. 76-1.49) 0.723 070 D31-1.60) 0.385
3rd quartila 0.38 {0.22-0.67) 0.001 0.58 {0.49-0.94) 0.018 088 {043-1.79 0.718
4th quartila 0.40 {0.23-0.88) 0.001 0.55 {0.40-0.75) <0.001 025 {D12-0.51) < 0,001
Saazon Dinyfsunny 1 Rafaranca 1 Rafaranca 1 Refarance
Wt frain 0.86 {0.80-0.91) <0.001 MAA MSA MYA MNAA
Randomeffects  Village (standard amor) 0.3"75 {D.088) 0.305(0.045) 0.325(0.114)
Muonth {standard amor) 0.075 {D.009) 0.104 {0.008) 0105 (D.014)

TIRA - Inogeno re D 1ER = W RSty fenm; YA = nol appicaie.
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and household levels, there could be clustering at those levels
that remained unaccounted for in this analysis. Nevertheless,
repeated measures within the same episode of malaria were
minimized using visit dassification. Last, there are seweral
lower level facilities within the same catchment of each of our
study facilities that may influence the results observed, how-
ever, these data wene not available at the same level of quality
for inclusion in this study. Nevertheless, although lower level
facilities absorb many malardacases in theirproximity, they too
see patients from much farther away in a relatively similar form
to the higher level facilities {such as our study facilities) for
myrad reasons, which may undermine their influence on re-
sults in this study.

COMCLUSION

Strong nonlinear relationships between the two indica-
tors of TPR and IR emphasize their distinct relevance to
monitor malaria; however, caution is necessary in their
interpretation. Given the strong impact of the distance of
patients' residence from the health facility, a good proxy
for the care accessibility, on IR and none on TPR, burden
estimates in the assumed health facility catchment differs
from one indicator to the other. The influence of access
to health facility on IR depicts it as a good indicator for
malaria burden in the health facility catchment, whereas
the absence ofthe same effect ofaccess on TPR suggests
TPR as a good indicator for resource planning within the
health facility system. More information is needed, how-
ever, on how well IR reflects the true burden on well-
characterized catchments.
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3.1 Additional information for Paper 1

3.1.1 Concordance analysis

Concordance analysis results are presented by month in Figure 1 and by village in Figure 2 belmhdEte
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Figure 1BlandAltman diagram foNagongera and Kihihi, assessing incidence estimates of TPR and IR at the

level of time (month).
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Each red dot represents a month of study year within each site, the dashed blue timesean of
differences, and the dashed red lineshe 95% agreemnt limits at approximately two standard deviation

away from the mean.

The mean of differences for these monthly assessments (Figure 1) was much lower in Nagongera than Kihihi,
being 0.148 and 0.338 respectively, a higher thantald and significant dfierence (p<0.001) with the means
represented by the blue dashed line. However, the spread of limits of agreement was nearly the same for both
sites i.e. 0.154 and 0.158 respectively, indicated by the-tdatidashed lines. Thus, difference between TPR and
IR per month was less than 0.08 at both sites within 95% confidence bounds.
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Figure 2BlandAltman diagram for Nagongera and Kihihi, assessing TPR against IR at by village, stratified by

year of study.
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The mean of differences by villageépresented by the red dashed line for both sites. Also, spread of |
limits of agreement by village is indicated by the area between green dashed lines, which mark the
confidence interval limitsat approximately two standard deviations from the me&ach circle represents

a fouryear village average for each indicator for the respective site.

Concordance results (shown in Figures 1 and 2) revealed higher mean of differences between TPR and IR in Kil
0.33 than Nagongera, 0.17 within 95% CI, sstigg a similarly large average difference between the sites.

Furthermore, differences between TPR and IR by village were limited to 0.16 in either site and greater tha
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differences by month that were limited to 0.08 within 95% CI, pointing to greaterrbgéneity between villages
than months. Consistency in the differences between TPR and IR for either site on the two dimensions of mont
and village, provides further evidence in support of agreement between these indidd@2}regardless of
transmission setting. By village, TPR was on average 30% higher than IR for both sites and there was an appal
relationship between variability in the two indicators and the quantity of each, withlemdifferences observed
at lower quantities in each of the indicators and greater differences as well as uncertainty when these are large

that implies that there is greater agreement at lower transmission levels.

3.1.2 Relationship between TPR and IR
The relationship between the two indicators of TPR and IR by village, was explored using the mean annual val
of each indicator, for each village. Here, unlike the case ofdnee examination by month presented in Figure 4

in the paper, the relationship is unclear as seen in Figure 3 below
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Figure 3 Xatter plot of villagdevel fouryear average test positivity rate against annual fesmfirmed malaria case rate, by sifoint sizes account for

number tested for malaria by village
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3.1.3 Univariable analysis

For each of the sites, explanatory variables including: sex or gender as 10% increments in the proportion of mal
among the study participants; distance to the health facility first determined in kilometres and then transformed
to site specific quartilesnd, season determined using the predominant annual patterns of rain (Mdeghand

SeptembetNovember) and dry (rest of the year) seasons in the southern parts of UgdB8were evaluated.

For each site, age as 5% increments in the proportion of children 5 to under 11 years of age, was considerec
default variable for inclusion, given that the existence of significant association between age with risk of infectior
is well known.[118, 184]Results from the univariate analysis are presented in Tables 1, 2, and 3 for Nagongera

Kihihi, and Walukuhaespetively.

Table 1 Mixed effects Poisson model results (crude) assessing associations in Nagongera between IR and TPR
age, gender, distance to health facility, and season as fixed effects; and, including random effects of village of

residence and month aftudy year.

Un-adjusted
Exposure Fixed effects Random effects
IRR (95% CI) p-value Village (Std. Err.) Month (Std. Err.)
Case positivity TPR 1.14 (1.131.15) <0.001 0.759 (0.175) 0.172 (0.016)
Increasing
Age proportion of 0.97 (0.941.00) 0.042 0.748 (0.173) 0.398 (0.030)
>=5yrs
Increasing
Gender proportion of 1.01 (0.981.03) 0.595 0.721 (0.167) 0.395 (0.030)
Males
1st Quartile 1 Reference
Distance to 2nd Quatrtile 0.45 (0.220.86) 0.016
0.548 (0.128) 0.398 (0.030)
health facility 3rd Quartile 0.34 (0.170.65) 0.001
4th Quartile 0.33 (0.170.62) 0.001
Dry / Sunny 1 Reference
Season 0.743 (0.172) 0.387 (0.029)
Wet / Rain 0.83 (0.750.91) <0.001
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Table 2 Mixed effects Poisson model results (crude) assessing associatidiishinbetween IR and TPR, age,

and distance to health facility as fixed effects; and, including random effects of village of residence and month o

study year.
Un-adjusted
Exposure Fixed effects Random effects
IRR (95% CI) p-value Village (Std. Err.) Month (Std. Err.)
Case positivity TPR 1.12 (1.111.13) <0.001 0.545 (0.079) 0.225 (0.013)
Increasing
Age proportion of 1.06 (1.041.07) <0.001 0.534 (0.079) 0.428 (0.021)
>=5yrs
Increasing
Gender proportion of 1.01 (0.991.02) 0.298 0.565 (0.082) 0.442 (0.022)
Males
1st Quatrtile 1 Reference
Distance to 2nd Quatrtile 1.16 (0.781.74) 0.467
0.459 (0.067) 0.442 (0.022)
health facility 3rd Quartile 0.66 (0.450.98) 0.041
4th Quartile 0.49 (0.320.72) <0.001
Dry / Sunny 1 Reference
Season 0.565(0.082) 0.442 (0.022)
Wet / Rain 0.93 (0.880.99) 0.034
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Table 3. Mixed effects Poisson model results (crude) assessing associations in Walukuba between IR and TPR,
age, and distance to health facility as fixed effects; and, including random effedgtiage of residence and

month of study year.

Un-adjusted
Exposure Fixed effects Random effects
IRR (95% CI) p-value Village (Std. Err.) Month (Std. Err.)
Case positivity TPR 1.14 (1.121.15) <0.001 0.671 (0.230) 0.285 (0.027)
Increasing
Age proportion of 1.09 (1.051.13) <0.001 0.594 (0.205) 0.481 (0.041)
>=5yrs
Increasing
Gender proportion of 1.03 (0.991.08) 0.088 0.645 (0.222) 0.494 (0.042)
Males
1st Quatrtile 1 Reference

Distance to 2nd Quartile 0.72 (0.321.62) 0.423
0.320 (0.115) 0.495 (0.042)

health facility 3rd Quartile 0.84 (0.450.98) 0.623

4th Quartile 0.25 (0.320.72) <0.001

Dry / Sunny 1 Reference

Season 0.646 (0.222) 0.494 (0.042)

Wet / Rain 0.92 (0.811.04) 0.202

3.1.4 Model selection
The best model fitwagd St SOGSR dzaAy3a GKS ! {FA1SQa AYTF2NNIGAZ2Y

considered better than others with higher values. This model can be considered as the model with maximun
precision using all the important covariates accounted forthis study, four models were considered including
the linear, the quadratic, the exponential and the cubic. Results for each of these models considered are presente

in Table 4 below, indicating that the cubic was preferable.

Table 4. Akaike'snformation criteria values for the models each compared to the linear model to determine

significant improvement of the linear model to fit the relationship between TPR and IR

: Model
Site _ _ _ _
Linear Quadratic Exponential Cubic
Nagongera 5847.68 5363.82 5650.67 5317.82
Kihihi 13298.93 11878.39 12399.11 11857.46
Walukuba 3828.50 3510.93 3710.12 3452.89

*The exponential model considered here was one that included a linear term of TPR given it was better than model that wz
purely exponential and excludedinear term
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3.1.5 Multi-variable analysis
The cubic fit of the model, as compared to the linear, quadratic, and exponential models was selected as be:
based on AIC (Table 4). This fitted relationship from the matiable model was presented as a preditygot

using values of all covariates in the model, fixed at their mean values in each of the three sites (Figure 4).
This relationship takes on the form of
Where y = village IR per month, x = village TPR per month, anda, b, @8 #ef TA OASY (14X S KA &

The same relationship between TPR and IR was sustained at all three settings with one exception in Waluku
where the linear term does not hold a significant effect. In all three settings, the fitted relationsdtipedn TPR

and IR suggested that observed IR were highest when TPR was above the site mean, although the nature of 1
relationship had slight variations by site: in Nagongera, fitted IR peaked at 25% above the mean of TPR, whilst

Walukuba this was atGP6 above and in Kihihi at 50% above mean of TPR (Figure 4).
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Figure 4 Prediction plots for the relationship (cubic) between TPR and IR from thewvatilible mixed effects model for the sites of Nagongera,

Walukuba, and Kihihi.
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Walukuba

Mean centred IRR for CMCR

-10 -8 -6 -4 -2 0 2 4 8
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Predicted relationship between TPR and IR, with TPR centered ar(
the mean of its 5% increments as fitted in the mukiriable model, and
IR centered around its mean incidence rate ratio (IRR), by site. All

settings maintained a cubic relationshifth slightly varied slopes, as

well as peaks of IR.
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Abstract

Background: Malaria control using long-lasting insacticidal nets (LLINS) and indoor residual spraying of insecticide
(IRS) has been associated with reduced transmission throughout Africa. However, the impact of transmission reduc-
tion on the age distribution of malaria cases remains unclear.

Methods: Cver a 10-year period (January 2009 to July 2018), outpatient surveillance data from four health fadilities

in Uganda were used to estimate the impact of contral interventions on temporal changes in the age distribution of
malaria cases using multinomial regression. Interventions included mass distribution of LLIMs at all sites and IRS at two
sites.

Results: Cwerall, 896,550 patient visits were indluded in the study; 211,632 aged < 5 years, 171,166 aged 5-15 years
and 513,752 = 15 years. Over time, the age distribution of patients not suspected of malaria and those malaria negz-
tive either declined or remained the same across all sites. In contrast, the age distribution of suspected and confirmed
malaria cases increased across all four sites. In the two LLINs-only sites, the proportion of malaria cases in <5 years
decreasad from 31 to 16% and 35 to 25%, respectively. In the two sites receiving LUNs plus IRS, these proportions
decreased from 58 to 30% and 64 to 47%, respectively. Similarly, in the LLINs-only sites, the proportion of malaria
cases » 15 years increased from 40 to 61% and 29 to 39%, respectively. In the sites receiving LLINS plus IRS, these pro-
portions increased from 19 to 44% and 18 to 31%, respectively.

Conclusions: These findings demonstrate a shift in the burden of malaria from younger to older individuals follow-
ing implementation of successful control interventions, which has important implications for malaria pravention,
surveillance, case management and control strategies.

Keywords: Malaria, Routine surveillance, Age distribution, Reduced transmission, Burden shift

Background
In Africa, the burden of malaria has decreased signifi-
cantly, primarily through the scale-up of vector control
interventions, including long-lasting insecticidal nets
— (LLIMs), and indoor residual spraying of insecticide (IRS)
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therapy (ACT), and intermittent preventive therapy with
sulfadoxine-pyrimethamine for pregnant women [4, 5].
Whereas the impact of malaria control interventions is
generally measured in terms of changes in Plasmodinm
Sfalciparum infection prevalence and case numbers [1],
more evidence is needed on how interventions influ-
ence the age distribution of malaria cases, a vital marker
of progress in malaria control [6]. In high transmission
settings, younger children bear the brunt of the malaria
burden [7, 8], particularly for severe malaria and malaria
deaths [9, 10]. However, it is unclear how quickly and
to what extent the age distribution of uncomplicated
malaria cases may shift with changes in transmission,
following the successful implementation of control
interventions.

Malaria surveillance efforts have generally focused
on children under 5 years of age, a group that contrib-
utes the majority of reported cases [11] and are thus the
focus of control measures and research, in areas of stable
malaria transmission in sub-Saharan Africa. School-aged
children (5-15 vears) have received less attention due to
the lower morbidity and occurrence of severe outcomes
in this group [12]. However, older children often experi-
ence low-density asymptomatic infections and have been
identified as important contributors to the infection res-
ervoir for onward transmission [13]. Even less attention
is given to adults (over 15 years), except for pregnant
women [l4], despite documented high prevalence of
asymptomatic infections with high parasitaemia in adults
[15, 16].

Commitments to malaria control made at the Abuja
Summit in 2000 [17] led to World Health Organization
(WHO) recommendations of universal coverage with
LLIMs, beginning in 2007 [18]. In Uganda, access to
LLIMs increased gradually, first among pregnant women
and children under 5 years of age [19, 20]. This later cul-
minated in universal LLIN campaigns aimed at one LLIN
for every two household residents [21], with nationwide
distributions in 2013-2014 [22] and 2017-2018, Further-
more, IS was implemented in 10 districts effective 2010,
then shifted to 14 districts from 2014 onwards [23, 24].
In northern Uganda, integrated community case man-
agement ({CCM) of malaria began from 2016 to 2017 and
the 10 districts plus one also resumed IRS [25].

Following the scale-up of malaria control efforts in
Uganda, confirmed malaria cases reported from health
facilities declined by an average of 10.8% per wvear
between 2013 and 2015 before increasing in 2016 [26].
Moreover, malaria indicator surveys (MIS) showed that
parasite prevalence in children under 5 years of age
declined from 42% in 2009 to 19% in 20142015 [27, 28],
whilst malaria mortality reportedly decreased from 59 to
23 deaths per 100,000 between 2010 and 2017 [25].

Page2of 12

This study aimed to investigate the impact of control
interventions on the age distribution of malaria cases,
using high-quality malaria surveillance data from four
sites in Uganda, where mass LLIN distribution was con-
ducted at all four sites and IRS implemented at two, one
of which also received iCCM.

Methods

Malaria surveillance

The Mational Malaria Control Division (NMCD) of the
Ministry of Health has conducted surveillance through
the health management information system (HMIS)
since 2007. However, more detailed malaria surveil-
lance including collection of individual-level data has
been conducted in selected malaria reference centres
{MRCs) since 2006, MRCs are level III or IV health
facilities located across the country, representing varied
transmission settings as previously described [29, 30].
In summary, patients visiting these centres are assessed
at the outpatient department (OPD) and basic informa-
tion recorded using an OPD registry, including history
of fever, age, pender, malaria diagnostic test results, and
treatments prescribed. Individual visit-level OPD records
are then entered into an MS Access database (Micro-
soft Corporation, Redmond, WA, USA) and sent to the
Uganda Malaria Surveillance Programme (UMSP) data
centre and cleaned before transfer to STATA (Stata Cor-
poration, College Station, TX, USA) for analysis. Data
from these sites are used to generate monthly reports
that are shared and reviewed by the NMCD and other
stakeholders.

Study sites

Four MRECs were selected for this study including:
Walukuba in Jinja District, Kasambya in Mubende Dis-
trict, Aduku in Apac District, and MNagongera in Tororo
Distict (Fig. 1). These sites were purposively selected
because of their temporal representation of the malaria
indicators of interest, with data covering the period
of interest (January 2009 and July 2018), and have had
malaria control intervention activities implemented
in each of them. By transmission settings, Walukuba
and Kasambya had an estimated annual entomological
inoculation rate (aEIR) of less than 10 infective bites per
person per vear in the early 2000s, while in Aduku and

Magongera aEIR was in excess of 1500 and 550, respec-
tively [31].

Variable description

Records in the database were classified either as ‘sus-
pected malaria’ or ‘no suspected malaria’ Suspected
malaria was defined as patients who: (a) had a laboratory
test done for malaria (microscopy or rapid diagnostic test
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Fig. 1 5ite locations of the four study health faclities cateqorized by

the main intervention activity used

(RDT)} or, (b) were given a clinical diagnosis of malaria
in the absence of laboratory testing. All records that did
not meet this definition were classified as ‘no suspected
malaria!

Among suspected malaria cases, ‘malaria cases’ were
defined as all those patients with positive malaria diag-
nostic test results (microscopy or RDT). Moreover,
‘malaria negative cases’ were those who were tested
for malaria (microscopy or RDT) but had negative test
results,

Description of malaria control interventions at the study
sites

Using available information from the NMCD on when
specific interventions were implemented and/or inter-
rupted at each study site, calendar time was divided
into three to four different intervention periods per site
(Fig. 2). The first period for each site, before large-scale
interventions were implemented, is referred to as base-
line. During baseline periods, control activities were
largely limited to targeted distribution of insecticide-
treated nets (ITMs) to vulnerable populations such as
children under 5 years of age and pregnant mothers [32,
33]. The subsequent intervention periods were then used

Fage 3o0f12

to quantify the impact of interventions on the age-distri-
bution of test-confirmed malaria cases.

The main control interventions implemented in
Walukuba and Kasambya were two mass LLIN distribu-
tion campaigns conducted in 2013 and 2017 at both sites.
In addition to LLINs in the same time periods, Aduku
and Magongera also received IRS. The baseline period
in Aduku included one round of IRS with the pyrethroid
alphacypermethrin insecticide, which was not consid-
ered to be effective due to insecticide resistance [30].
This period in Aduku, was followed by nine rounds of IRS
with the carbamate bendiocarb insecticide approximately
every 6 months, as well as the first mass LLIN distribu-
tion campaign. IRS was stopped for 3 years and then a
single round of IRS with the organophosphate Actellic
insecticide was conducted, immediately followed by the
second mass LLIN distribution campaign. In Magongera,
the baseline period was followed by the first mass LLIN
distribution campaign and then a sustained period of IRS
including three rounds with the bendiocarb insecticide,
approximately every & months, followed by three rounds
with Actellic approximately every 12 months. A second
mass LLIN distribution campaign was also conducted in
MNagongera during the sustained period of IRS [34].

Statistical analysis

Data from patients with age missing (0.3%), age over
70 years (1.2%), and follow-up visits for any previously
recorded illness episode (0.7%) were excluded from the
analyses. First, data were explored by caleulating, for
each site and intervention period, the total number of
patients seen and the proportion of those that were sus-
pected, tested and classified as confirmed malaria cases.
To characterize changes in testing practices, proportion
of cases that were tested by microscopy vs RDT were cal-
culated. Test positivity rate {TPR) was defined as the pro-
portion of patients tested for malaria that tested positive,
a metric often considered a viable proxy for transmission
intensity [35].

Trends in the gender distribution of patients with or
without suspected malaria and malaria cases were also
explored across intervention periods using cross-tabula-
tion with Chi squared tests.

To characterize the impact of control interventions
on the age distribution of malaria cases, first, vio-
lin density plots were used to visnalize changes over
the intervention periods and compare the distribu-
tions of patients not suspected of malaria to those with
confirmed malaria. Second, scatter plots of age (as a
continuous variable) and test positivity, stratified by
intervention periods, per site were examined. Third,
multinomial logistic regression models were fit, by site.
The outcome in these models was ‘the age category of
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during Cctober 201 3. Perlod 2 (Mov 2013-May 201 7): Post first mass LUN distribution and prior to second distribution campalgn conducted
during May 2017. Period 3 (Jun 201 7-Jul 2018): Post sacond mass LLIM campalgn to study endline. Kasambya: LLINs alone. Perlod 1 (Jan 2009-
Mo 201 3): Pricr to first mass LLIN distribution campalgn conducted durtng Movember 2013, Pertod 2 (Dec 2013-Now 201 7): Post first mass LLIN
distribution campalgn and prior to second distribution campalgn conductad during Movember 201 7. Parlod 3 (Dec 2017-Jul 201 8): Post second
mass distripution campaign to study endline. Aduku: LLINS, IRS and 1ICCM. Perod 1 (Jan 2009-Aug 2010): Cne IRS round with the pyrethroid
alpha-cypermethrin Insecticide was Implemented in March 2010. Parlod 2 (Sep 2010-Apr 2014): Recelved Intense IRS campalgn with nine rounds
of carbamate bendiocarb approximataly &-monthly, the last of which was conducted during May 2014. The first mizss LLIN distribution campaign
was also conducted InJuly 2014, Perlod 3 (May 2014-May 2017) RS withdrawal for 3 wears till one round of IRS with the organophosphate Actellic
Insecticide conductad during May 2017 The second miass LLIN distribution campalgn was also conducted over this period and 1CCM Imiplemented
effective 2016. Parlod 4 {Jun 2017-Jul 2018}k Post last round of IRS (May 2017) to study endline. Nagongerza: LLINs and IRS. Perlod 1 (Jan 2009-MNov
2013): Prior to first mass LUN distribution campaign conducted during Nowember 2013, Perod 2 (Dec 2013—-Jan 2015): Post first mass distribution
and pricr to first IRS camipalgn condwcted during January 2015. Perlod 3 (Feb 2015-Jul 2018): Pariod whene six rounds of IRS were conducted, three
rounds with bendlocarb approximately &-monthily followed by three rounds with Actelllc approximataly 12-monthly, 2s well as the second mass
LLIM distribution campalgn conduwcted in May 2017

confirmed malaria cases’ (under 5 years, 5-15 years,
and over 15 years; three age categories being conveni-
ently defined), while the main predictor was the inter-
vention period. Models were adjusted for diagnostic
test used (microscopy vs RDT), as well as patient gen-
der. To validate the potential impact of increasing use
of RD'Ts across sites over time on these findings, the

multinomial regression models were fit with an inter-
action between diagnostic test and time. Using the full
maodels, adjusted proportions of malaria cases in each
of the age categories per intervention period were pre-
dicted. These marginal predictions were made at the
mean values of the variables included in the model and
analyses performed in R [36] and STATA 15 (Stata Cor-
poration 2017, College Station, TX, USA).
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Results

Patient composition and attendance by site

Between January 2009 and July 2018, the four health
facilities of Walukuba, Kasambya, Aduku, and Nagongera
recorded 896,550 patient visits in their outpatient depart-
ment clinic registers, with over half of them (53%) sus-
pected to be malaria cases. Walukuba recorded the
highest number of both patient attendance (323,856) and
suspected malaria cases (130,296), while Kasambya had
the lowest attendance at 153,811 (Table 1).

The highest annual mean number of patients seen was
in Walukuba (33,053) followed by Magongera (22,701),
then Aduku (20,079), and least in Kasambya (15.897).
Mean monthly patient attendance per year remained
fairly constant at all sites except Walukuba where this
value peaked in 2011 at 3400 and steadily declined to
1952 by 2018 (Fig. 51, Additional file 1). Mean monthly
attendance of patients not suspected of malaria per year
increased slowly over time at all sites with cyclic varia-
tions (Fig. 52, Additional file 1). From 2009 to 2018,
these increases were significant in Kasambya and Aduku
though not in Walukuba or Nagongera by Wilcoxon
rank-sum test (Table 51, Additional file 1). Conversely,
mean monthly attendance of suspected malaria cases per
year followed a general decline over time at all sites with
cyclic variations (Fig. 3, Additional file 1). From 2009 to
2018, these declines were significant in Walukuba, Aduku
and Magongera, but not in Kasambya (Table 51, Addi-
tional file 1).

The majority of non-suspected and suspected malaria
cases were female (67 and 63%, respectively). The differ-
ence between gender among confirmed malaria cases was

Fage 5af 12

smallest among children under 5 years of age (per cent
female: Aduku 49%, Nagongera 49%, Walukuba 54%, and
Kasambya 55%) and largest among patients over 15 years
of age (per cent female: Aduku 79%, MNagongera 75%,
Walukuba 63%, and Kasambya 66%). No observable trend
in gender overall was found across intervention periods.

Trends in diagnostic testing over time

Throughout the study period, the majority of labora-
tory testing for malaria was by microscopy (89%) and the
highest and lowest overall testing rates (percentage of
suspected malaria cases that received a diagnostic test for
malaria) were observed in Walukuba (97%) and Aduku
(93%), respectively. Across intervention periods however,
the proportion tested by RDT increased at all four sites
mostly in the last 4 years of study duration. By the last
period, 77% of cases were tested by RDT in Kasambya,
72% in Aduku, 40% in Magongera, and 25% in Walukuba
(Fig. 54, Additional file 1).

Test positivity rates
Although Aduku and Magongera were historically the
highest transmission settings, the highest TPR was
observed in Aduku followed by Kasambya, Nagongera
and Walukuba (Table 1). When considering only children
under 5 years of age, however, baseline TPR levels were
reflective of the historical transmission intensities. Base-
line TPR in this group was highest at NMagongera (64%)
and Aduku (63%), and lower in Kasambya (37%) and
Walukuba (31%).

In all four sites, control interventions were associ-
ated with moderate reduction in overall TPR with

Table 1 Malaria-associated demographics of study participants for each site, by intervention period

Site Intervention period Total observations® Suspected malaria  Tested for malaria Microscopy (%) Positive test result
(%) (o) )

Walukuba Jam 20090t 2013 183327 95,080 (51.5%) 92,784 (97 6%) 92,738 (99.9%) 30,785 (33.2%)
Mo 2013-May 20017 111,506 27 AB3 (24.7%) 26)051 (94.8%) 24360 (93.5%) 9239 (35.5%)
Jun 201 7-Jul 2018 29023 7733 (265%) TO24 (90.8%) 5237 (T4.4%) 2037 (29.0%)

Kasambya Jan 2009-MNow 2013 85200 65,768 (77.7%) 63479 (96.5%) GOUOT0 (46%) 24538 (38.7%)
Dec 2013-Mow 2017 50488 41,823 (69.1%) 38,328 (91.6%) 30,199 (FEE%) 15,996 (41.7%)
Dec 2017-Jul 2018 B123 5272 (54.9%) 5083 (96.4%) 1156 [22.7%) 1529 (30.1%;)

Aduku Jan 2009-Aug 2010 34595 19024 (55.0%) 17 57T (94.0%) 17877 (1005) 0921 (55.5%)
Sep 20010-Apr 2014 1329 40478 (H6.7%) 40,27 F (99.5%) 39056 (97100 0825 [24.4%)
May 207T4-May 2017 66,092 34 467 (52.79%) 20410 (B5.3%) 17 466 (59.4%) 15311 (52.1%;)
Jun 201 7-Jul 2018 25389 9013 35.5%) 5158 (90.5%) 2380 (FEI0w) 2189 (26.8%)

Magongera  Janm 2009-MNowv 2013 124711 B2 763 (65.4%) 76,915 (92.9%) 74,555 (97_5%) 27007 (35.1%)
Dec 2013-Jan 2015 24530 15,893 (H4.8%) 15,723 (98.9%) 14874 [24.6%) 3077 (25.3%)
Feb 2015-1ul 2018 72335 IT. 197 (37 E%) 27 064 (99.2%) 16213 (59.9%) 4309 (15.99)

* Patients seen at the health fadility excluding those with a missing record of age
! Testing for malaria includes bath microscopy and ADT
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acyclic secular trends in between. Larger reductions
were observed in the two sites where both LLINs and
IRS were implemented (Fig. 2). In these sites, the declin-
ing trend in TPR is consistent except in Aduku, during
the 3 years of withdrawn [RS, characterized by a sharp
increase. Between baseline and the last intervention
periods, TPR declined in Aduku from 56 to 27% and in
Magongera from 35 to 16%. In the two sites that received
LLINs only, a similarly (with acyelic secular but less nota-
bly) reducing trend was observed. Between baseline and
the last intervention periods, overall TPR decreased in
Walukuba from 33 to 29% and in Kasambya from 39 to
30% (Table 1).

Orwver time and in all four sites, test positivity was seen
to decline among the younger children while increasing
among older participants. In all sites, a shift in the peak
age of test positivity from the youngest to the older ages,
was observed between baseline and last intervention
period (Figs. 55 and 56, Additional file 1). Interestingly,
this pattern was reversed in Aduku during the 3 years
when IRS was withdrawn, further confirming the effect of

control interventions on test positivity with age (Fig. 56,
Additional file 1).

Differences in age distribution of malaria cases
between sites at baseline
Although the duration of baseline periods varied between
the sites due to the different timing of intervention activi-
ties, the age distribution of patients not suspected of
malaria was very similar between all four sites at baseline,
with median ages ranging from 23 to 25 years (Fig. 3). In
contrast, the age distributions of malaria cases varied sig-
nificantly between sites. These distributions were similar
between the highest transmission sites of Nagongera and
Aduku, with median ages of 2 and 3 years, respectively.
The distributions were also similar, but higher, between
the lower transmission sites, with median ages of 8 and
11 years for Kasambya and Walukuba, respectively.
Consistent with unadjusted analyses, results from the
final adjusted multinomial regression models {adjust-
ing for diagnostic test and gender of patient; evaluated
using Akaike’s information criteria and likelihood ratio
tests (Table 82, Additional file 1) for model selection; and,
using scatter plots with fitted lines for goodness of fit
(Fig. 87, Additional file 1) showed that the proportion of
malaria cases per age-group were significantly different
between sites at baseline. The majority of malaria cases
were among children under 5 years of age in the high-
est transmission sites (Aduku 58% and Nagongera 64%),
while the highest proportion of malaria cases was among

patients 5-15 years of age in Kasambya (35%), and over
15 years of age in Walukuba (31%) (Fig. 4).

Page 6 of 12

Changes in age distribution of non-suspected,
test-negative, and laboratory confirmed malaria cases

over time

The age of patients not suspected of malaria decreased
slightly over the study duration at all four sites. Moreo-
ver, for malaria negative patients, the age distribution
slightly shifted downwards and then upwards at all sites
except Magongera, where it shifted downwards across
the intervention periods. In contrast, the age distri-
bution of patients with laboratory confirmed malaria
shifted upwards over time at all four sites. Comparing
the last observation period to baseline, the median age
of patients with malaria increased from 8 (IQR: 2.5-19)
to 11 (IQR: 5-21) in Kasambya; 11 (IQR: 3.5-24) to 22
(IQR: 8-32) in Walukuba; 2 (IQR: 1.1-10) to & (IQR:
2-18) in Magongera; and 3 (IQR: 1.2-13) to 14 (IQR:
5-22) in Aduku (Fig. 3).

Across all sites, a progressive decline in the propor-
tion of malaria cases from the youngest age group and
a progressive increase in the proportion of cases from
the oldest age group were observed. Comparing the last
intervention period to baseling, the adjusted proportion
of malaria cases among children under 5 years of age
decreased from 58% (95% CI 57-59%) to 30% (95% CI
28-31%) in Adubku; 31% (95% CI 30-31%) to 16% (95% C1
15-17%) in Walukuba; 64% (95% CI 63-65%) to 47% (95%
CI 45-48%) in Nagongera; and 35% (95% Cl 34-36%)
to 25% (95% CI 23-27%) in Kasambya. Comparing the
same periods, the proportion of malaria cases among
patients over 15 years of age increased from 19% (95% CI
19-20%) to 44% (95% CI 42-46%) in Aduku; 40% (95%
CI 40-41%) to 61% (95% CI 59-64%) in Walukuba; 18%
(95% CI 17-18%) to 31% (95% CI 29-32%) in Nagongera;
and, 29% (95% CI 28-29%) to 39% (95% CI 37-41%) in
Kasambya.

The upward shift in the age distribution of malaria
cases occurred gradually thronghout the study peri-
ods in all sites except Aduku, where IRS was withdrawn
in 2014 for three years (defining the 3™ intervention
period) before another round was implemented in 2017.
In Aduku, during the intervals from the 2nd to the 3rd
intervention periods, the proportion of malaria cases
among children under 5 years of age increased from 38%
(95% CI 37-39%) to 44% (95% CI 43—44%), followed by
a decrease to 30% (95% CI 28-31%) following the last
round of IRS. At this site, the proportion of malaria cases
among patients over 15 years decreased from 35% (95%
CI 34-36%) during the 2nd to 30% (95% CI 29-31%) dur-
ing the 3rd intervention period, before increasing to 44%
(95% CI 42—46%) in the last period (Fig. 4).

The upward shift in age distribution of confirmed
malaria occurred consistently in both males and females
(Fig. 58, Additional file 1). Whilst the majority of all
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Fig. 3 Categorized age distribution across intervention periods, by patient status {not suspected, malaria negative s confirmed)

patients, non-suspected and suspected malaria cases
were female across the study durations, small differ-
ences were observed in age distribution between males
and females that were not suspected to be malaria cases
(Fig. 59, Additional file 1), but the age distribution of
females was older than that of males among malaria-
negative patients across all sites (Fig. 510, Additional
file 1). Moreover, models allowing an interaction between
gender and intervention period suggest greater increase
in proportion of males than females among confirmed

malaria cases over time (Fig. S11 and Table 53, Addi-
tional file 1).

Owerall, Aduku experienced the largest change in the
age distribution of malaria cases throughout the study
period. The odds of an upward shift in the age category
of confirmed malaria cases in the last relative to the base-
line intervention periods were 3.27 (95% CI 2.97-3.61) in
Aduku, 2.35 (95% CI 2.14-2.58) in Walukuba, 2.03 (95%
CI 1.90-2.17) in Nagongera, and 1.59 (95% CI 1.44-1.76)
in Kasambya (Table 2). Whereas the interaction between
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intervention time and diagnostic test used was significant
in Kasambya and MNagongera, the same did not notably
impact the overall effect observed (Table 54, Additional
file 1). Also, RDT use increased gradually at all sites,
reaching 20% only in the last three to four vears of the
study except Aduku (Fig. 54, Additional file 1).

Discussion
The impact of reductions in malaria transmission follow-
ing the scale-up of malaria control interventions on the
age distribution of malaria cases, was investigated using
routine surveillance data from four sentinel health facili-
ties in Uganda. The study included data from sites with
historically varied transmission intensity where large-
scale programmatic control interventions of either LLINs
alone or LLINs plus IRS were implemented over the
approximately 10-year study period.

Study findings provide empirical evidence of rapid
shifts in the malaria burden to older individuals, fol-

lowing implementation of effective malaria control

interventions. Over time, the proportion of test con-
firmed malaria cases progressively decreased in children
under 5 years of age while it progressively increased in
those over 15 years of age, irrespective of transmis-
sion settings. This is also reflected by subtle but greater
decline in TPR among children than adults. The absence
of similar changes in age patterns among patients not
suspected of malaria suggests that the primary drivers
of this shift were declines in malaria transmission inten-
sity associated with effective control interventions and
not changes in patient demographics. The reverse shift
observed in Aduku during a period of malaria resurgence
after three years of interrupted IRS [37] provides further
support for this conclusion.

Many factors may have contributed to the shift in age
distribution of malaria cases in this study. For many
endemic infections diseases, decreases in transmission
are expected to result in increased age of infection and
cases [38]. For pathogens like B falciparum, where par-
tial immunity develops gradually as a consequence of
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Table 2 Association between being malaria confirmed
within ages (<5, 5-15, =15 years) and control intervention
period

Factor Categories Odds  95%Cl P value
Walukuba
Gender Mzle 1 Ref
Fermale 134 1.25-13% <0001
Malaria test done Microscopy 1 Ref
ROT 211 061-726 0237
Intervention pericd  Baseline 1 Ref
First pericd 155 148-1462 <0001
Last period 2327 205-251 <0001
Kasambya
Gender Male 1 Ref
Femnale 139 1.34-145 <0001
Malaria test done Microscopy 1 Ref
RCT 09a 093-1.03 0368
Intervention pericd  Baseline 1 Ref
First pericd 139 134-1.44 <0001
Last period 159 1441756 <0001
Aduku
Gender Male 1 Ref
Female 264 254-275 <0001
Malaria test done Microscopy 1 Ref
ROT 1.26 1.19-132 <0001
Intervention pericd  Baseline 1 Ref
First pericd 223 211-235 <0001
Second period  1.78 168-1.89 <0001
Last period v 297-3461 <000
Magongera
Gender Male 1
Female 218 209-2.28 <000
Malaria test done Microscopy 1
ROT 1.24 1.15-1.34 <0001
Intervention pericd  Baseline 1
First pericd 1.19 L11-1.27 <000
Last period 203 190-217 <0001

repeated exposure, waning immunity due to decreased
infection rates may lead to reduced ability to control
parasites [39]. This waning immunity may result in a rela-
tive increase in the disease burden among adolescents
and adults [12, 40]. Concentration of the malaria burden
among older age groups following reduced transmission
has been predicted in other studies [8], and seen in chil-
dren for both severe and non-severe outcomes [10, 41].
Behavioural factors may have also contributed to rapid
shifts in the age distribution of malaria. A reduced pro-
portion of cases among children under 5 years of age
may have been due to an increased use of LLINs among
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this age group relative to older age groups [22, 41, 42]. In
adults, behavioural factors including travel, leisure and
social activities, and occupational activities such as agri-
culture or night-time work may have increased the risk
of exposure outside the household as compared to chil-
dren. Travel has been reported as a risk factor for B fal-
ciparum infection in East and Southern Africa [43, 44]
and for cases of imported malaria being older than those
not imported in Southern Africa [45]. Whereas occupa-
tional hazards were not evaluated in this study, consider-
able occupational risk of malaria has been documented
among mobile male workers in Asia [46, 47] and popula-
tions involved in agriculture in Africa [48, 49].

Results suggest that implementation of LLINs plus IRS
was associated with larger decreases in transmission and
larger shifts in age distribution of cases than LLINs alone.
However, among LLIN-only sites, Walukuba recorded
a much larger shift than Kasambya and in Walukuba
the magnitude of the shift was comparable to that of
Magongera, a site with both LLINs and IRS. This suggests
that other non-intervention factors for example urbani-
zation [50] may have contributed to the shifts, consistent
with other reported findings [38, 51].

Findings from this study showed that a significantly
higher proportion of females, as compared to males,
seem to seek care for febrile illnesses among the school
aged (5-15 years) and adults (over 15 years old) at all
sites. This is consistent with the generally older age dis-
tribution of females among both the confirmed and the
negative malaria cases, but similar age distribution of
males and females among those not suspected of malaria.
However, shifts in the age distribution of malaria cases
observed after control interventions seem to have dis-
proportionately affected males, suggesting a role of
gender-based occupational or behavioural differences.
MNevertheless, reported greater involvement of females in
agriculture in the region [52] than males, as well as docu-
mented associations between occupation and education
status of mothers and malaria infection risk of families
[53] may explain the prevailing significantly high propor-
tion of older females and hence the need for continued
interventions that address this vulnerable group.

This study had limitations. First, without well-defined
catchment populations for the study sites, it was not pos.
sible to estimate changes in malaria incidence over time
or effects of environmental factors within the catchment
areas and limiting the study to describing temporal shifts
in the age distribution of laboratory confirmed cases
of malaria. Additional research is necessary to deter-
mine impacts of reduced transmission on incidence of
malaria. Second, the increased use of RDTs over time,
may have influenced results from this study through var-
ied sensitivity [54]. Nevertheless, in regression analyses,
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diagnostic test used was accounted for. Moreover, pat-
terns seen among suspected and confirmed cases were
absent in the cases not suspected of malaria, suggesting
that the impact of diagnostic method would be mini-
mal. Third, inability to account for levels of uptake of the
interventions implemented at the four study sites could
have masked some important variations. However, the
community-wide benefit of reduced vector populations
[55]. coupled with the multiple rounds of interventions,
was believed to have mitigated this effect and thus its
impact on these results. Fourth, whereas fever or history
of fever in the past 48 h is the main indicator of suspected
malaria, this specific measure was not consistently
recorded in the health facilities, and so inconsistency in
consideration of the diagnosis may have impacted results
from this study. Nevertheless, other proxy indicators of
suspected malaria were also considered to ensure a fairly
complete capture of these cases. Lastly, having analysed
health facility surveillance data, this would only include
participants that seek care in the public health facilities.
As such community level interventions, especially iCCM
that target young children could have had an impact on
these findings. However, iICCM was limited to one of the
four sites and for less than 2 years.

Conclusions

The findings from this study have important implications
regarding targeted malaria control interventions that
have historically focused on children under 5 years of age.
Whereas these efforts need to continue, new strategies
may be necessary to address the shift in burden to older
age groups following the implementation of successful
malaria control interventions. For instance, extending
iCCM for malaria to older age groups after intensive IRS,
with the post-IRS duration often associated with malaria
resurgence. These findings also have implications for the
optimal allocation of health care resources for the diag-
nosis, treatment and control of malaria amidst changing
transmission. Further, they highlight the usefulness of
considering age distribution in surveillance and monitor-
ing change, and the role of surveillance in understanding
the epidemiology of malaria.

Supplementary Information

information accompanies this paper at https:doi.
org 1001 1846/51 2636-020-03196-7.

Additional file 1: Figure 51. Trends in mean monthiy overall patient
attendance per year, stratified by site. Figure 2. Trends in mean monthly
attendance of patients not suspected of malaria per year, by site. Figure
53. Trends in mean monthly suspected malaria patients per year, stratified
by site. Table 51. Changes in attendance of patients suspected varsus not
suspected of malaria over-time, comparing mean monthly attendance
between first and last calendar years of study duration. Figure 54, Age
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distribution of test confirmed malaria cases, by sex and site. Figure 55.
Age distribution of patients not suspected of malaria by sex and site.
Figure 56. Age distribution of patients that tested negative for malaria, by
sex and site. Figure 57. Adjusted marginal probability of test confirmed
malaria, by sex, intervention period, age, and site. Table 52. Multivariable
association between age (in three categories) and covanates of intenest
amang malaria confirmed cases, acoounting fior effect modification of
intervention periods on sex. Table 53. Association between age (in three
categories) and covarnates of interest amang malana confirned cases,
fitting an interaction between diagnostic test used (BY% va. ROT) and inter-
vention duration. Figure 58. Trends in the annual proportion of ROT use
amang tested participants, stratified by site. Figure 59. Scatter plot of age
with test positivity for LLINs only sites, stratified by intervention period.
Figure 510. Scatter plot of age with test positivity for (LLIM plus IRS) sites,
by intervention period.
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4.1 Additional information for Paper 2

4.1.1 Consideration of trends in attendance

Figure S1Trends in mean monthly overall patient attendance per year, stratified by site.

All patients' attendance trends
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The years on the-axes in Figures S1 to S4 are represented as 1 to 10 corresponding to the years 2009 to 2018

while the number of patients and/or cases on thaxis represent monthly average number per year in the

study duration.
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Figure S2Trends in mean monthlgttendance of patients natuspectedf malaria per year, by site

Non-suspected malaria cases attendance trend
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Figure S3Trends in mean monthly suspected malaria patients per year, stratified by site

Suspected malaria cases attendance trends
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Table S1Changes in attendance of patients suspected versus not stespetmalaria ovetime, comparing

mean monthly attendance between first and last calendar years of study duration.

Mean monthly attendance per ~ Wilcoxon rank

Site Patient category year (SD) sum test
2009 2018 P value
Not suspected of malaria 1418 (178) 1525 (257) 0.353
Walukuba
Suspected malaria 1452 (372) 427 (84) <0.001
Not suspected of malaria 268 (73) 360 (73) 0.023
Kasambya
Suspected malaria 722 (186) 692 (280) 0.866
duk Not suspected of malaria 761 (175) 1222 (156) <0.001
Aduku
Suspectedanalaria 915 (286) 512 (99) 0.003
Not suspected of malaria 846 (140) 965 (134) 0.108
Nagongera
Suspected malaria 1139 (157) 496 (183) <0.001

Figure S4Trends in the annual proportion ®&DT use amortgsted participantsstratified by site.

Trends in proportion being tested using RDT, by site
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Therewas little to no RDT use in the first five years of this study duration and most sites did not get to 20% use ¢

RDTs till after 2015 (year number 7 in Figure S4). The predominant diagnostic test used in this study therefor

was microscopy.
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Figure S5&atter plot of age with test positivity for LLINS osltes, stratified by intervention period.
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In Figure S5, the-axis represents the age of the participants (70 years and younger) anebttis, the test result

from malaria diagnostic tesygerformed. From these tests, 0 corresponds to a negative result while 1 represents

a positive result. The gy points are the (age, test result) coordinates of the scatter plot and the dashed curves

the relationship fitted using the Lowess smoother funotidhe red dashed curve represents the relationship of

the baseline period, the orange dashed cugwhe first intervention period, and the blue dashed curythe last

intervention period of the study duration. By the last intervention period, positigitgong the youngest

participants was lower than during baseline and the largest shift was observed in Walukuba where in the las
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intervention period the peak age of malaria positivity was over 40 years compared to among under 5 years &

baseline.
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Figure 8. Scatter plot of age with test positivity for (LLIN plus BR8%, by intervention period.

In this case (Figure S6), thexis represents the age of participants and thaxis, the test result from malaria
diagnostic test performed. From these tesO on the »axis corresponds to a negative result while 1 represents a
positive result. The gray points are the (age, test result) coordinates of the scatter plot and the dashed curves tr
relationship fitted using the Lowess smoother function. The rashed curve represents the relationship for the
baseline period, the orange dashed cukyéhe first intervention period, and the blue dashed cury¢he last
intervention period in Nagongera, but the second intervention period in Aduku. For Aduku, tbe dashed

curve represents the last intervention periofithe study duration.
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