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EXTENDED ABSTRACT

Brucellosis is an endemic zoonotic disease of public health importance in many low- and

middle-income  countries.  The  main  zoonotic  species  implicated  in  human  infection

however are  Brucella melitensis, B. abortus  and B. suis infecting over 500,000 humans

annually  worldwide.  Brucellosis  also  causes  production  and  reproductive  losses  in

livestock globally estimated at about two billion USD annually.  Brucellosis is  listed as

one of six priority zoonoses in Tanzania, where the national One Health strategic plan

highlights gaps in current surveillance data needed for the burden estimation of human

brucellosis  and  robust  tools  for  the  identification  of  the  species  of  Brucella infecting

animals. 

This  study  evaluated  the  current  practices  for  diagnosing  brucellosis  based  on  a

retrospective survey of records at health facilities in Arusha Region, northern Tanzania.

Patterns of brucellosis testing, brucellosis positivity and test reagent management were

evaluated  using  generalized,  linear  mixed-effects,  regression  models,  with  two  main

outcomes of interest: brucellosis testing practice and brucellosis test positivity variation

compared to the facility type, ownership, ownership, month and year of data collection as

explanatory  variables.  Brucella species  exposure  was  estimated  using  real-time,

quantitative polymerase chain reaction assays for the detection and speciation of Brucella

in blood clots from cattle, goats and sheep in northern Tanzania. The association between

animal level characteristics and the results of performance of the Rose Bengal test in this

livestock population was evaluated by logistic regression modeling and cross-tabulation.

Finally, the performance and costs of serological assays used for human brucellosis in

northern  Tanzania  were  evaluated  and  compared  to  internationally  recommended

reference tests.
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Significant associations were observed between the probability of brucellosis testing and

the  year  and  ownership  of  the  facility  where  testing  was  done.  The  probability  of

brucellosis  testing per month was significantly  associated with an interaction  between

privately  owned facilities  and the  year  in  which testing  was done.  The proportion  of

individuals  classified  as  positive  was  significantly  associated  with the  type  of  health

facility and the district.  Four commercial  Febrile  Brucella agglutination tests (FBATs),

sourced from private distributors, were used with variable protocols to test for brucellosis

in all the study health facilities. In the detection of Brucella spp. from blood clots, fifty-

eight (11.6%) of the livestock samples were positive for  Brucella  spp.  Brucella abortus

(31.0%) and  B. melitensis (38.0%) were detected in samples originating from all three

livestock species sampled. However, there was poor agreement (K = 0.102) between the

results of the qPCR and the RBT in the livestock population tested. The performance and

cost evaluation of frontline serological tests for human brucellosis identified the RBT as

the test  with highest  accuracy (97.7%, CI; 94.7–99.3) and the lowest  per-sample  cost

($0.69  –  $0.79  USD).  Comparatively,  the  often-used  FBAT  kits  had  low  diagnostic

accuracy and higher per-test costs than the RBT.

In addition to the variable protocols for testing, the widespread use of poorly performing

FBATs  limits  the  inferences  that  can  be  made  about  the  epidemiology  of  human

brucellosis  in  northern  Tanzania.  The  qPCR  assays  applied  to  blood  clots  detected

Brucella spp. in cattle, goats and sheep on the ranch in Kagera Region. Brucella abortus

and B. melitensis were each detected in all the samples from cattle, goat and sheep that

were positive by the  Brucella spp. and species-specific qPCR assays.  The widely used

commercial FBATs performed poorly and cost more than the RBT. The findings from this

study highlight areas of focus to achieve improved quality of testing and surveillance of

brucellosis at health facilities in Tanzania. Applied to scale, the uniform application of the

RBT  in  health  facilities,  with  quick  and  accurate  reporting  of  test  results  and  the
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exploitation  of  blood  clots  for  Brucella  genus  detection  are  approaches  that,  applied

complementarily to brucellosis diagnosis,  could ultimately facilitate the formulation of

strategies  for  prevention  and control  of  this  priority  disease  in  many-resource  limited

settings in sub-Saharan Africa. 
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CHAPTER ONE

1.0 INTRODUCTION

Brucellosis  is  a  zoonotic  infection  of  veterinary  and public  health  importance  that  is

endemic  in  many  low  and  middle-income  countries  (LMICs)  (Seleem,  Boyle,  &

Sriranganathan, 2010; Skalsky et al., 2008). Over 500 000 new human cases are reported

annually, mostly from rural, resource-limited settings  (Corbel, 2006; Dean et al., 2012).

This  number  is  suspected  to  be  an  under-estimation  of  the  true  burden  of  disease

(O’Callaghan,  2020).  The  impact  of  brucellosis  on  livestock  productivity  is  not  well

evaluated either (Roth et al., 2003). However, higher brucellosis prevalences are assumed

to have higher productivity losses, approximating two billion USD annually (McDermott

et  al., 2013).  The economic  production  impacts  of  brucellosis  in  livestock species  in

LMICs have  been reported  most  frequently  for  cattle  (McDermott  et  al., 2013),  with

minimal  focus  on  small  ruminants.  Brucellosis  is  thus  speculated  to  be  the  most

widespread bacterial zoonosis globally (Al-Dahouk, Sprague, & Neubauer, 2013; Franco

et al., 2007). The disease results from infection with bacteria of the genus Brucella. To

date, up to twelve  Brucella species have been identified  (Jamil  et al., 2017). The main

species of Brucella that are implicated in human infections are B. melitensis, B. abortus

and B. suis (Corbel, 2006). Human exposure to Brucella infection mainly occurs through

consumption of raw contaminated animal products such as milk and or through contact

with aborted materials, placenta or discharges from infected animals  (Solorio-Rivera et

al., 2007).

Brucellosis is one of six priority zoonoses targeted for control and elimination in Tanzania

and many countries  in sub-Saharan Africa (SSA). The Tanzania One Health Strategic

Plan (2015 – 2020) highlights gains and challenges in the control of brucellosis in both
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the public and veterinary health communities  (URT, 2015).  In Tanzania, brucellosis has

been reported on since as early as 1928  (Hammond & Mahlau, 1962) in livestock and

1935  (Wilson,  1936) in  humans with numerous reports  of  studies  in  both  public  and

veterinary health (Djangwani, Kaindi, Abong, & Njue, 2021; Mengele et al., 2022). The

WHO advises the early detection and treatment of brucellosis as the primary intervention

for the disease in humans. Active testing and culling of infected individuals coupled with

vaccination is the recommended livestock control strategy (Alton, Jones, & Pietz, 1975;

WHO, 2020). In areas where the disease has become endemic,  with limited means to

conduct  thorough  and  extensive  testing,  the  advised  diagnosis  of  human  brucellosis

should rely on two criteria: clinical presentation with risk of exposure assessment, backed

by laboratory diagnosis  (Al-Dahouk  et al., 2013). However, to date there is no single

confirmatory antigen for serology-based testing of acute human brucellosis in Tanzania

and much of SSA. Interpretation of results from the current serology-based test regimens

requires supporting epidemiological data and risk assessment (CDC, 2017; Corbel, 2006).

The national One Health strategy highlights information gaps in these two crucial datasets

that are also often missing in many SSA and low to middle income countries (LMICs)

(URT, 2018; URT, 2015). 

Recently  conducted  systematic  studies  evaluating  test  performance  in  neighboring

countries have demonstrated inconsistencies in the epidemiological and diagnostic data

generated from the currently available serological tests in use (deGlanville  et al., 2017;

Alumasa  et al., 2021). In light of these findings, there is a need for well-controlled and

systematic studies to assess the diagnostic tools available and in use for brucellosis in

Tanzania. Further adoption of novel approaches are required to address the clinical and

population-specific  challenges  presented  by  inadequately  performing  serological  tests

(URT, 2018).

21



A number of robust antigen-based, serology diagnostic  tests  aimed at  the detection of

circulating host antibody to specific epitopes of  Brucella bacteria have been developed

(McGiven et al., 2015). The specific challenges presented by human brucellosis require

an  informative  test  to  aid  the  clinical  distinction  between  acute  illness,  relapse  after

treatment and chronic brucellosis, as well as sero-positivity due to previous exposure to

Brucella in absence of the disease (Franco et al., 2007; McGiven et al., 2015; Díaz et al.,

2011). This poor distinction, coupled with the low quality of antigens used in preparation

of test reagents, is thought to be a driving factor behind the poor performance of currently

available rapid sero-diagnostic tests in application to human brucellosis  (Al Dahouk &

Nöckler, 2011; de Glanville et al., 2017; Moreno, Blasco, & Moriyón, 2022). 

The development  and advancement  of  molecular-based specific  tests  has  significantly

improved the ease and precision of detecting circulating Brucella DNA to the species and

biovar level (Bricker & Halling, 1994; Pérez-Sancho et al., 2013). The traditional culture

techniques often present added risk of infection to laboratory personnel, are difficult and

time-consuming to perform and require minimum safety environment standards that are

often lacking in resource-limited settings (Al-Dahouk et al., 2013; Ducrotoy & Bardosh,

2017). The simplification of such high performance, robust tests would present significant

advances in brucellosis diagnostics, providing a much needed advantage in the control

and prevention programs designed for LMICs (Ducrotoy et al., 2017; O’Callaghan, 2020).

In Tanzania to date, the recommended test guidelines for human brucellosis include; the

Rose Bengal Test (RBT) as the first line serology-based screening test followed by the

mercaptoethanol test for confirmation (URT, 2018). Although culture and isolation of the

infectious bacteria is the recommended confirmatory test for brucellosis,  there are few

testing  facilities  that  have  this  capacity  in  place.  The  bacteriological  confirmation  of
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isolated  Brucella or identification by PCR-based molecular tests in positive cases is an

assay that is not yet available in any treatment facilities, but remains the confirmatory

gold standard for clinical diagnosis of brucellosis. The latter two test options are often

used  by  research  projects  and  have  contributed  to  much  of  the  reported  disease

epidemiological data available in the country (URT, 2015; CDC, 2017).

A crucial step in the standardization of test systems is a controlled evaluation of the tests

and methods in  use  (OIE,  2019).  Assuming consistent  use of  standard,  recommended

reagents,  the performance of assays may still  vary considerably in  different  locations,

when conducted by different persons and under different environmental conditions. The

optimization of test assays under local conditions is therefore recommended as a first step

to standardizing result generation (OIE, 2019). This study developed and evaluated novel

approaches to diagnosis based on previously established systems and assays. 

1.1 Problem Statement and Justification

Brucellosis  is  one  of  the  world’s  most  widespread  bacterial  zoonoses  and  has  been

identified as one of six priority zoonotic diseases in Tanzania ( URT, 2015; WHO, 2020).

The transmission dynamics of brucellosis place the disease burden higher among rural,

pastoral and agro-pastoral communities with large flocks and high-risk contact between

people and animals. Implementation of prevention and control measures is complicated by

several  factors.  Firstly,  Tanzania  has  a  complex,  mostly  rural-based  livestock  sector

ranging from smallholders,  agro-pastoral mixed farming to extensive pastoral systems.

These  systems  however  have  limited  access  to  high  precision,  quality  testing  for

brucellosis both among the human and animal populations. Brucellosis has no definitive

disease presentation, making clinical diagnosis of both humans and animals difficult, with

illness often being misdiagnosed as one of myriad other tropical infectious diseases. Some
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productivity and reproductive complications could raise suspicion of infection within a

herd,  but  such  symptoms  may  also  be  caused  by  infection  with  a  variety  of  other

pathogens.  In  addition,  brucellosis  has  hitherto  been  a  neglected  zoonosis  with  low

priority  as  a  cause  of  illness.  This  has  led  to  brucellosis  rarely  being  prioritized  by

healthcare providers, allocating insufficient time, focus and resources towards detection

and mitigation of the disease. Poorly regulated testing practices and resources are often

applied  in  resource  limited  rural  settings,  typical  of  the  Tanzanian  communities  most

burdened by brucellosis.

In Tanzania and much of SSA to date, despite national and regional brucellosis diagnostic

and control policies, there remains an inaccurate picture of the actual disease burden in

humans as well as the species-specific characterization of infections in livestock. These

challenges are in part due to the poor implementation of the policies in place, as a result of

poor access to diagnostic tools. These deficiencies directly  impact on the estimation of

brucellosis  burden  in  Tanzania  and  other  developing  countries  where  the  disease  is

endemic  and  neglected.  Under  reporting,  and  in  some  scenarios,  over-reporting  of

brucellosis in humans and animals leads to a misrepresentation of the scale of the problem

and consequently, misappropriation of investment in the research and control approaches

required  to  mitigate  impacts  attributable  to  this  disease. Availability  of  more  robust

diagnostic tools and quality data facilitates an improved understanding of the burden of

brucellosis in human and livestock populations respectively. This in turn informs options

for future control strategies, proficiency testing guidelines and policy advisement on the

range and application of tests available.  The study aimed to understand the prevailing

practices for the procurement, test performance and result utilization in the diagnosis of

human brucellosis in health facilities in Arusha Region, northern Tanzania. Real-

time  qPCR assays  were  further  applied  to  in  livestock  samples  for  the  detection  and
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speciation of  Brucella. Finally,  compilation of samples and analysis of robust datasets

from studies conducted in high-risk populations were used to assess the performance and

cost  implications  of  the  current  and  proposed  serology-based  test  options  for  human

brucellosis  in Tanzania.  This approach aimed to quantify the performance of currently

used  test  systems  for  diagnosis,  management  and  control  policies  for  brucellosis  in

Tanzania,  providing practical  options for their  potential  improvement.  Lessons learned

from this study can also be applied to the East African region and other endemic settings

in SSA. 

 

1.2 Research Questions

1. What are the procurement,  test performance and reporting patterns of brucellosis at

health facilities in Arusha Region, northern Tanzania?

2. What is the appropriate PCR-based assay for the real-time identification of infectious

Brucella species in low-resource settings?

3. What are the optimal performance characteristics of the novel test assays developed

under laboratory and field conditions? 

1.3 Objectives of the study

1.3.1 Main Objective

To deploy and evaluate  simple,  novel and real-time diagnostic  tests  for brucellosis  in

human and livestock populations in resource-limited areas of Tanzania

1.3.2 Specific Objectives

 To determine the practices of test purchase, performance and reporting of human 

brucellosis at health facilities in northern Tanzania
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 To determine the appropriate real-time, species-specific test assay for brucellosis 

in low resource areas in Tanzania

 To evaluate the performance of serology and molecular based test options for 

brucellosis in Tanzania under laboratory and field conditions

1.4 Organization of the Thesis

This PhD Thesis is organized such that Chapter One contains: the introduction, problem

statement and justification, research questions, overall objective and specific objectives.

Chapters Two through Four comprise  Papers I, II and III, respectively as submitted for

publication  in  peer-reviewed,  scientific  journals.  The  results  related  to  each  specific

objective  of  this  thesis  are  presented  and  discussed  in:  Journal  Paper  I  (PLoS  One

2022;17:e0265612) detailing the findings of a survey of health facility  diagnostic and

reporting  practices  of  brucellosis  in  Arusha Region,  northern Tanzania.  Manuscript  II

(under review at Microorganisms, MDPI) describes the application of real-time molecular

assays for the direct detection and speciation of  Brucella  DNA in livestock blood clots

from  Tanzania.  Journal  Paper  III  (Scientific  Reports  2021;11:5480)  details  the

performance and cost evaluation of seven index serological tests used for brucellosis in

northern  Tanzania.  Chapter  Five  draws  overall  conclusions  and  puts  forward

recommendations  emanating  from this  study in  relation  to  the  main  study objectives.

Attachments,  appendices  and  references  for  the  respective  journal  papers  and  the

manuscripts are attached at the end of the papers or manuscripts chapters. The thesis ends

with the reference list for Chapters One and Five.
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CHAPTER TWO

2.0 BRUCELLOSIS TESTING PATTERNS AT HEALTH FACILITIES IN ARUSHA

REGION, NORTHERN TANZANIA
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Chapter 2: Paper Supplementary Information

26



27



28



29



CHAPTER THREE

3.0 DIRECT DETECTION OF BRUCELLA SPECIES IN BLOOD CLOTS FROM

LIVESTOCK IN NORTHERN TANZANIA
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Chapter 3: Paper Supplementary Information 

Fig 2, SI: Plot of the amplification curve for serially diluted spiked clot extracts detecting
IS711 (A) and the standard curve generated from the serially diluted spiking experiments

(B).
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CHAPTER FOUR

4.0 PERFORMANCE CHARACTERISTICS AND COSTS OF

SEROLOGICAL TESTS FOR BRUCELLOSIS IN A PASTORALIST

COMMUNITY OF NORTHERN TANZANIA
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Chapter 4 APPENDIX: Paper Supplementary Information
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CHAPTER FIVE

5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This study provides evidence for revisiting the diagnostic options available in the country

and  introduction  of  novel  approaches  to  support  nation-wide,  uniform  diagnosis  and

surveillance of brucellosis within a national One Health framework. The prioritization of

brucellosis, among other emerging and re-emerging zoonoses, has been a critical step in

efforts towards its control and elimination in Tanzania and much of SSA. The availability

of  high-quality,  evidence-based data  to  support  the  national  One Health  strategy  thus

remains a critical cornerstone in the implementation of large-scale, control strategies.

First, the study evaluated the practices and patterns in diagnosis of brucellosis at health

facilities in Arusha Region, northern Tanzania. The poorly performing FBAT kits were

the mainstay of serological testing, with no use of recommended reagents or standardized

protocols.  Brucellosis  testing was variable  in the different facility  types and locations,

with  a  significant  proportion  of  tested  patients  classified  as  positive  but  not  captured

within the prevailing health information and reporting systems. These findings highlight

the urgent need to move to standard, recommended and centrally sourced test reagents,

using uniform protocols to achieve effective national surveillance and control programs.

The study of health facility records and reporting practices also highlight the need for a

more  systematic  and  coordinated  reporting  of  brucellosis  within  the  current  health

information and surveillance framework.

The  real-time  qPCR assays  were  applied  to  blood  clot  extracts  for  the  detection  of

Brucella spp.,  a novel approach that has scarcely been reported in the literature.  This
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approach could potentially minimise the cost of surveillance programs by maximising the

use  of  collected  samples  to  test  for  brucellosis  alongside  other  routinely  monitored

diseases. The species-specific assays detected the presence of zoonotic B. abortus and B.

melitensis species in a large proportion of all  the livestock species sampled. Although

there was very poor agreement between the qPCR assay and the RBT results,  the study

findings highlight the benefits of enriching serological surveillance data on brucellosis

with  the  real-time  molecular  detection  and  speciation  observed  in  this  livestock

population. The study thus provides practical data for the deployment and exploitation of

real-time  molecular  assays  to  significantly  improve  the  diagnostic  and  surveillance

platforms for brucellosis in animal populations.

Lastly, the performance and cost evaluation of multiple serological tests used in health

facilities in northern Tanzania demonstrated the higher test accuracy and lower cost of the

RBT, including a revised testing protocol,  as compared to the commercial  FBAT kits

currently in use across the country. These findings provide robust data and evidence for

the likely benefits  of implementing coordinated,  nationwide use of the RBT in health

facilities and argue against the continued use of the poorly performing, commercial FBAT

kits. Although not among the list of recommended confirmatory test options, the cELISA

kit had high test accuracy and favorable per-sample cost when applied as a secondary test

as compared to its use a frontline test for human brucellosis. This study highlights the

poor performance and unfavorable cost per sample of the common FBAT kits used in

Tanzanian  health  facilities,  with  potential  benefits  of  replacement  with  the  RBT

conducted under an improved, uniform protocol for health facility use. 
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5.2 Recommendations

1. There  is  a  need  for  the  uniform  application  of  testing  protocols  using

recommended,  tests  for  a  clear  understanding of  the  current  burden of  human

brucellosis in Tanzania. The study findings provide critical evidence and the need

for policy advocation for the discontinued use of the commercial FBAT kits, and

implementation of the RBT as recently proposed (Lukambagire et al., 2021).

2. As  a  One  Health  priority  zoonosis,  there  is  a  need  for  uniform  testing  and

surveillance  systems  for  brucellosis  to  support  easier  coordination  and

interpretation of test results. 

3. The  current  challenges  within  the  healthcare  system  such  as  procurement

practices,  centralised  sourcing  of  test  reagents,  lack  of  standardised  case

definitions and management of brucellosis still need to be addressed on a national

level, before the benefits of the above recommendations can be fully realised.

4. In addition to improved testing and clear case definition, comprehensive and real-

time reporting systems that capture cases of brucellosis at health facilities are still

required and have already been recommended in the current national guidelines

(URT, 2018; Mligo et al., 2021).

5. The real-time qPCR assays applied to novel sample types e.g. blood clots could

significantly  cut  down  on  the  hazards,  cost  and  delays  in  detection  and

characterization of Brucella within a routine and support framework for national-

level surveillance systems. 

6. Further  investigation  of  possible  Brucella strain  variations  that  could  impact

analytical performance of the molecular assays is still needed in much of SSA.
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