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Abstract 

 
 
Central nervous system infections (CNSI) are a major cause of morbidity and mortality in low-resource, 

high HIV-prevalence African settings. HIV has drastically altered the epidemiology of CNSI in high HIV-

prevalence African settings and cryptococcal, tuberculous and pneumococcal meningitis comprise the 

majority of microbiologically-confirmed diagnoses. However, in high HIV-prevalence African settings 

up to half of patients with a CNSI do not receive a diagnosis when conventional diagnostics are used 

alone. The mortality in this group is high, 40% at 10 weeks, indicating the presence of significant 

undiagnosed pathology that needs improved diagnostic strategies to enable to the rapid initiation of 

appropriate and targeted treatment to achieve better outcomes.  

 

Enhanced diagnostics for CNSI, including monoplex PCRs for key CNS pathogens or rapid multiplex PCR 

platforms such as BioFIRE FilmArray-ME, are available and have transformed the investigation of CNSI 

in high-resource settings. However, access to these platforms is extremely limited in routine care in 

high HIV-prevalence Southern Africa where there is a continued reliance on conventional techniques, 

such as culture or microscopy with gram and Ziehl-Neelsen stains, which often lack sensitivity. 

Diagnostic delays also result from other components of the diagnostic pathway including delayed 

lumbar punctures due to a lack of consumables or concerns about potential contraindications to 

lumbar puncture prompting clinicians to perform often unnecessary neuroimaging. Data on the role 

of neuroimaging in resource-limited, high HIV-prevalence settings are extremely scarce although 

clinicians in the region face distinct challenges, including a broader differential diagnosis alongside 

severely restricted access to neuroimaging. In addition to the lack of a diagnosis meaning rapid 

diagnostic-driven treatment is not possible, the large burden of CNSI with no diagnosis results in a 

limited understanding of CNSI epidemiology in Southern Africa. This means empiric treatment choices 

are impossible, public health decisions regarding resource allocations are unguided, optimal drug 

procurement is challenging and both the impact and need for vaccination and prevention strategies 
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is largely unknown. Robust data from comprehensive CSF analysis could determine optimal empiric 

treatment strategies in patients without a microbiologically confirmed CNSI diagnosis in low-resource 

settings, as well as supporting resource allocation and drug procurement choices, and evaluating the 

success of vaccination strategies. 

 

The overall aim of this thesis is to identify strategies to improve the diagnosis of CNSI in high HIV-

prevalence settings. The specific aims of this thesis are to define the current epidemiology of CNSI in 

a high HIV-prevalence African setting, to determine the increase in diagnostic yield of CNSI following 

expansion of diagnostic capabilities, to describe the changes in epidemiology of common CNSIs in the 

region over time and to characterise the effect of computed tomography performed prior to lumbar 

puncture on patients with suspected CNSI. 

 

The epidemiology of CNSI in Botswana and Zimbabwe and the impact of enhanced diagnostics on 

diagnostic yield will be described using clinical and laboratory data from two prospective meningitis 

surveillance networks where enhanced diagnostics including BioFIRE FilmArray-ME and Xpert 

MTB/RIF Ultra were implemented into routine care alongside additional retrospective CSF analysis. 

Individual patient level data from other high HIV-prevalence African countries that have used BioFIRE 

FilmArray-ME will be combined in a systematic review and meta-analysis to further contextualise the 

impact of enhanced diagnostics in high HIV-prevalence African settings. These data will be 

complemented by national meningitis surveillance data from Botswana spanning 8 years which will 

be used to describe the changes in the detection of the most common CNSIs, cryptococcal and 

tuberculous meningitis, over time, following expansion of CNSI diagnostic capacity in routine care and 

increased ART coverage in Botswana. Finally, this thesis will use data from a tertiary hospital in 

Botswana to evaluate how computed tomography is used in routine clinical practice in high HIV-

prevalence settings and characterise the effect of computed tomography performed prior to lumbar 
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puncture on patients with suspected CNSI on delay to diagnostic lumbar puncture and treatment 

initiation. 

 

This thesis will be presented in 7 chapters including 4 published manuscripts and 2 chapters in the 

style of a research paper. Chapter I will serve as an overarching review of current challenges in the 

diagnosis of CNSI in high HIV-prevalence African settings and provides an overview of currently 

available diagnostic platforms for use in the investigation of suspected CNSI in the form a published 

narrative review. Chapter II describes the aims and objectives of this thesis and the methodology used 

to establish the two prospective meningitis surveillance networks in Botswana and Zimbabwe. 

Chapter III is a systematic review and meta-analysis of individual patient level data from all available 

studies from high HIV-prevalence African settings that have used the rapid multiplex PCR platform 

BioFIRE FilmArray-ME to evaluate the clinical utility of BioFIRE FilmArray-ME when used in settings 

with differing CNSI epidemiology from where BioFIRE FilmArray-ME was originally developed. Chapter 

IV consists of 2 manuscripts that used national meningitis surveillance data from Botswana to 

characterise trends in CNSI epidemiology following the rollout of improved CNSI diagnostics and scale-

up of ART. Chapter V is a published manuscript evaluating the role of computed tomography in the 

investigation of patients with suspected CNSI in Botswana and assesses the impact of prior CT on time 

to diagnostic lumbar puncture and treatment initiation. Chapter VI uses prospective data captured 

following the introduction of enhanced diagnostic packages at two sites in Southern Africa to describe 

the epidemiology of CNSI in the region and evaluate the impact of these enhanced diagnostics on 

diagnostic yield. Chapter VII is a concluding chapter that summarises the key findings from the thesis 

and their implications. 
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Chapter I – Introduction to central nervous system infections in high HIV-prevalence African 

settings  

 

1.1 Summary of chapter 

 

This chapter serves as an overarching narrative review of central nervous system infections in high 

HIV-prevalence African settings and an introductory chapter to my thesis. The current impact of 

central nervous system infections (CNSI) in high HIV-prevalence African settings, the current practices 

in the diagnosis of CNSI in Southern Africa and associated challenges will be discussed. The key findings 

from previous larger-scale epidemiological studies employing molecular diagnostics in high HIV-

prevalence settings in Africa are presented.  

 

To describe currently available platforms that have the potential for use in high HIV-prevalence African 

settings, including those used in the prospective studies in Botswana and Zimbabwe, a detailed 

published narrative review of novel and molecular diagnostics available for use in low-resource 

settings is included in this chapter.  

 

This chapter will also serve to highlight the relevance of this work and the rationale for focussing on 

improving CNSI diagnostics in high HIV-prevalence African settings. 

 

1.2 Overview of central nervous system infections in high HIV-prevalence African settings 

 

HIV has had a devastating effect on the African continent. Despite huge advances in access to ART, 

Africa continues to be disproportionately affected by HIV. In 2022 there were an estimated 39 million 

people living with HIV worldwide. Although only 15% of the world’s population live within the African 
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continent 66% of people living with HIV are in Africa and in 2022 630,000 people died of HIV-related 

complications with the vast majority of these being in sub-Saharan Africa1. 

 

Estimates of CNSI incidence from 2019 suggest there are 1,200,000 cases of CNSI annually in sub-

Saharan Africa alone; nearly 50% of the global total of 2,510,000 cases/year, and mortality from CNSI 

in the region is high, estimated as 14% with significant morbidity and long-term disability that is often 

unaccounted for2.  

 

HIV has markedly altered the aetiology of meningitis in high HIV-prevalence African settings with 

cryptococcal, tuberculous and pneumococcal meningitis being responsible for over 97% of all 

microbiologically confirmed diagnoses in Botswana and South Africa3,4. Even within the “meningitis 

belt” in the Sahel region where CNSI epidemiology has typically been characterised by high rates 

bacterial meningitis, cryptococcal meningitis has been increasing reported as a consequence of high 

HIV prevalence5–8. Infections of the central nervous system are a major cause of mortality and 

morbidity in high HIV-prevalence settings accounting for up to 30% of early mortality in antiretroviral 

therapy (ART) programmes9,10. Cryptococcal disease alone accounts for 15% of HIV-associated deaths 

worldwide, and approximately 75% of these cases occur in sub-Saharan Africa3,4,11.  

However, it is unclear whether current data accurately reflect the true aetiologies of CNSI in high HIV-

prevalence African settings. There are only a small number of studies implementing molecular 

diagnostics in high HIV-prevalence African settings and major limitations in the availability, quality and 

laboratory capacity of conventional diagnostics12–18. Outside of clinical trials there is an almost 

complete absence of routine molecular diagnostics for patients with suspected CNSI across Southern 

Africa. This results in an inability to definitively diagnose viral meningitis and, along with limitations 

associated with traditional CSF culture techniques, including an overall low diagnostic yield and rapid 

sterilisation of CSF after antibiotics19, large numbers of suspected CNSIs in the region do not have a 
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confirmed diagnosis3,4,20. As such, many meningitis cases are treated empirically on the basis of clinical 

presentation and cerebrospinal fluid (CSF) cell counts without specific microbiological diagnoses, 

inevitably leading to misdiagnosis, sub-optimal management, and high mortality rates21.   

1.3 Current practices in the diagnosis of CNSI in Southern Africa 

Across the majority of countries in Southern Africa, standard diagnostic investigations for suspected 

CNSIs are usually limited to CSF microscopy, culture and sensitivity, CrAg, and Gram, Ziehl-Neelsen 

and India ink stains. CSF TB culture is available in some settings but, as is the case in Botswana, often 

solely through national referral laboratories, adding delays and complexity to testing and receiving 

results. Whilst all these investigations have a role in the diagnosis of meningitis, with the exception of 

CrAg, they are relatively insensitive and/or non-specific. The advantages and disadvantages of each 

available modality are described in table 1. 

If implementing these routine diagnostics alone, large proportions of patients do not receive a 

diagnosis. Data from South Africa, the best resourced country in the region which is able to perform 

conventional diagnostics to a high standard, analysed 1737 clinical episodes of suspected meningitis 

and demonstrated 52.8% of patients with abnormal CSF had no microbiological diagnosis with routine 

CSF analysis alone3. Due to the absence of robust epidemiological data about meningitis aetiology, 

evidence-based decisions regarding empiric treatment are impossible and likely drive increased 

mortality. A national retrospective surveillance study conducted in Botswana analysing all CSF samples 

in Botswana between 2000-2014 demonstrated that among the 8759 patients with abnormal CSF 

findings, 3750 (43%) did not have any microbiological diagnosis on standard laboratory testing and 

66% of these patients were HIV positive. Whilst the proportion of patients without a microbiologically-

confirmed diagnosis is comparable to high-resource settings where enhanced diagnostics are used 

more frequently the mortality rate in patients in Botswana was far higher; over 40% at 10  weeks 

compared to an in-hospital mortality of 1.5% in high-resource settings22. These figures indicate a high 
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prevalence of significant underlying pathology which needs appropriate diagnosis to facilitate 

targeted treatment for organisms likely not being covered by current empiric treatment strategies21. 

More recent data from the DREAMM study which implemented pragmatic interventions for CNSI 

diagnosis in high HIV-prevalence African settings are encouraging and suggest that improvements in 

CNSI diagnosis are feasible and result in reduced mortality23. However, outcomes from CNSI in the 

study remained poor demonstrating the need for improved diagnostic strategies in the region.   

 

1.4 Challenges in the diagnosis of central nervous system infections in Southern Africa 

To effectively reduce the high mortality rates seen in CNSI in Southern Africa it is essential to make a 

rapid and accurate diagnosis to facilitate prompt, targeted treatment. Most available data on the 

impact of delayed diagnosis on outcomes focuses on bacterial and tuberculous meningitis, where it is 

well established that diagnostic delay and subsequent delays in initiation of appropriate therapy 

contribute to increased mortality. Similar trends are likely to be present in other types of meningitis24–

27. Diagnosis of CNSI can be delayed in resource-limited settings due to a number of reasons including 

limited laboratory infrastructure to deliver a rapid diagnosis, delayed lumbar punctures and late 

presentation to hospital. Challenges due to laboratory infrastructure and lumbar puncture delay are 

discussed in the following section28. Although delayed presentation to hospital is a major contributor 

to mortality it is outside the scope of this thesis. 

Limitations in laboratory infrastructure across Southern Africa restrict the ability to gain prompt, 

accurate diagnoses for patients with suspected CNSI particularly in settings where high HIV-prevalence 

broadens the differential diagnosis. Routine CSF bacterial culture methods can take up to 72 hours to 

finalise a result, meaning rapid administration of targeted antimicrobial therapy is not feasible in the 

majority of Southern African healthcare facilities. Furthermore, culture requires consumables, robust 

laboratory infrastructure, person-time and technical skill all of which are in short supply resulting in 
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limited availability and variable quality of results from traditional culture techniques. Affordable 

platforms that allow the prompt detection of viral and bacterial CNS pathogens are not available in 

Southern Africa leaving large gaps in the diagnostic capability of microbiology laboratories. Rapid 

multiplex polymerase chain reaction (PCR) platforms, such as the BioFIRE FilmArray-ME, able to detect 

a broad range of bacterial and viral pathogens, are used in Europe and USA with a turnaround time of 

1-2 hours29. However, the cost of routine use of rapid multiplex PCR on all CSF specimens is prohibitive 

in resource-constrained settings and would require laboratory infrastructure upgrades, such as 

ensuring reliable power supply and significant investment in microbiology staff training. Whilst 

accessibility to rapid molecular diagnostics such as Xpert MTB/RIF Ultra is improving in Southern 

Africa, TB diagnostics remain limited, with Ziehl-Neelsen staining for acid fast bacilli being the most 

widely available test for TB meningitis30. When TB culture is available this takes 2-6 weeks to yield a 

result and therefore cannot influence urgent treatment decisions. The diagnosis of cryptococcal 

meningitis has been revolutionised by the widespread rollout of a cheap and easy to use rapid 

diagnostic test, IMMY CrAg lateral flow assay, which can detect the presence of polysaccharide on the 

capsule of cryptococcus in CSF within 15 minutes31. The success of CrAg and to a lesser extent Xpert 

MTB/RIF Ultra demonstrates that expanded diagnostic capacity for the investigation of suspected 

CNSI is potentially feasible and effective in the region. 

Whilst expanding diagnostic capacity will likely improve diagnostic yield, additional factors prior to 

CSF analysis will also impact CNSI diagnoses and these should also be considered as part of the 

diagnostic pathway. The initial step required to initiate investigation for CNSI, a lumbar puncture (LP), 

can often be delayed due to lack of consumables or concerns about potential adverse effects or 

contraindications to LP which may be overstated32,33. Clinicians face challenges identifying those 

patients with raised intracranial pressure who may be at risk of complications from LP, the primary 

concern being cerebral herniation, and who may require neuroimaging prior to LP. Guidance on the 

identification of patients that require neuroimaging prior to LP exists but are designed to aid decision-
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making in settings with access to rapid neuroimaging which is absent in resource-limited settings34,35. 

Clinicians working in resource-constrained settings often face additional challenges including a 

broader differential diagnosis alongside severely restricted access to neuroimaging. Data on the role 

of neuroimaging prior to lumbar puncture in patients with suspected CNSI in regions where rapid 

neuroimaging is not available, are needed to aid clinician decision-making in the selection of patients 

to receive neuroimaging prior to lumbar puncture and potentially allow development of guidelines to 

support clinicians working without access to rapid neuroimaging. 
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Test Description Turnaround time Advantages Disadvantages Access and availability 

Gram stain Stain of bacterial cell wall to 
determine bacterium 
morphology 

1 hour Cheap 

Rapid 

Relatively simple to perform 

Less affected by antibiotic 
administration than culture 

Interpretation is operator 
dependent 

Available in most 
microbiology 
laboratories 

Culture Culture for bacterial and 
fungal pathogens, and TB 

Variable 

1-10 days for 
bacterial and fungal 
cultures 

6 weeks for TB 
culture 

Easy to perform 

Gives information on 
antimicrobial sensitivities 

Prior antibiotic administration 
decreases culture yield 

Results may take several days/ 
weeks 

Available only in larger 
centres 

Ziehl-

Neelsen 

staining 

Staining for acid-fast bacilli  1 hour Cheap Low sensitivity 

Highly operator dependent 

Available only in larger 
centres 

Cryptococcal 

antigen 

lateral flow 

assay   

Rapid diagnostic test that 
detects presence of 
polysaccharide on 
cryptococcus cell wall 

15 min Highly sensitive 

Cheap  

Easy to use even with limited 
laboratory infrastructure/staff 
training 

Does not distinguish between 
active or previously treated 
infection 

Widely available and can 
be performed at bedside 

India Ink Staining of capsule of 
cryptococcus neoformans  

15 min Sensitive 

Cheap 

Does not distinguish between 
active or previously treated 
infection 

Operator dependent 

Available in most 
microbiology 
laboratories 

Table 1: Description of commonly used investigations in the diagnosis of meningoencephalitis36,37
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1.5 The use of molecular diagnostics in CNSI in high HIV-prevalence African settings 

Molecular diagnostics have been used infrequently in high HIV-prevalence African settings since the 

1990’s in a variety of settings. Earlier trials mainly focussed on the use of PCR for bacterial meningitis 

surveillance in the meningitis belt or the confirmation of the presence of suspected single pathogens 

such as JC virus or TB rather than describing local or regional epidemiology of CNSI38–43. There have 

been a relatively small number of studies that have implemented molecular diagnostics in high HIV-

prevalence trial settings with the primary aim of identifying pathogens in patients without a confirmed 

diagnosis. The larger studies that have been performed were in Ethiopia, Malawi, Uganda, Zambia and 

Botswana13,14,16,18,44–46. Trials before 2015 typically used either mono- or multiplex PCRs targeting a 

pre-determined selection of common potential CNS pathogens whereas the majority of more recent 

trials have used BioFIRE FilmArray-ME, either in isolation or as part of an algorithm with CrAg testing 

and Xpert MTB/RIF or Xpert MTB/RIF Ultra. Whilst data from these studies have demonstrated the 

clinical utility of detecting organisms that would have otherwise been missed, in all studies there 

remains a significant number of cases without a confirmed microbiological diagnosis, leaving scope 

for continued testing with augmented testing capacity. The persistence of significant proportions of 

patients without a confirmed diagnosis may be due to the limited sensitivity of some platforms (e.g. 

Xpert MTB/RIF) or that the targets in FilmArray-ME panels have been determined based mostly on 

epidemiological data of CNSI in high-income countries and therefore may have some limitations when 

used in high HIV-prevalence African settings with different pathogens to Europe and North America. 

Trials using BioFIRE FilmArray-ME are introduced in the review article in section 1.5. Only two of the 

larger-scale trials have used a comprehensive panel of molecular diagnostics other than FilmArray-ME 

to describe the epidemiology CNSI in high HIV-prevalence settings and these are discussed in detail 

below. More recent studies using FilmArray-ME are summarised in the review article later in the 

chapter. 
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1.5.1 Uganda 

This 2014 study of HIV-positive inpatients with suspected meningitis presenting consecutively to a 

tertiary referral hospital in Kampala, Uganda between 2010-2012 used a commercially available 

multiplex PCR panel, Ibis PLEX-ID (Abbott, USA), to analyse a total of 117 CSF samples12. The study 

included 63 samples negative for cryptococcosis and 54 with confirmed cryptococcal meningitis, to 

evaluate for potential co-infections. Evaluation for arboviral meningoencephalitis using PCR for 

alphaviruses, orthobunyaviruses and flaviviruses was performed on 111 CSF samples negative for 

cryptococcosis and TB meningitis. In addition, serology for West Nile, Yellow Fever, dengue, 

Chikungunya and Zika viruses was performed on 62 serum samples. Amongst the CSF samples without 

a diagnosis that underwent testing with multiplex PCR 50.7% (32/63) were reported as having no 

confirmed microbiological diagnosis. However, EBV was considered the sole pathogen in 18 samples 

in this study, despite this being an uncommon sole CNS pathogen in the acute setting47. If EBV was not 

considered as a pathogen this would mean 79.4% (50/63) of those patients that underwent analysis 

with molecular diagnostics do not have a clinically relevant diagnosis.  

There are a number of factors that likely contribute to the low diagnostic yield in the investigation of 

suspected CNSI in low-resource settings. It is not clear whether the samples analysed with the multiple 

PCR had a high clinical suspicion for CNSI either through the presence of a pleocytosis or abnormal 

biochemistry. In addition the matrix that was used for extraction and subsequent downstream 

multiplex PCR analysis was the supernatant after CSF centrifugation for gram and India ink stains, and 

culture which presents two challenges. Firstly, the sample will likely be stored at room temperature 

until after the microbiology technician has processed the sample, which will often be at least several 

hours in the day and potentially longer if collected overnight. This delay may result in degradation of 

RNA especially in areas with high ambient temperatures likely restricting the detection of RNA viruses 

including the arboviral targets in this study48. Secondly, nucleic acid extracted from supernatant will 

likely have a lower yield than nucleic acid extracted from neat or uncentrifuged CSF. Furthermore, the 
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technology for detection of pathogens has improved since this study and we would now expect more 

positive results particularly for TB meningitis and Toxoplasma gondii. The sensitivity of Xpert MTB/RIF 

Ultra is superior to Xpert MTB/RIF which was used in this study for the diagnosis of TB meningitis and 

whilst the study does not describe which primers were used in the detection of T.gondii more recent 

targets have demonstrated improved sensitivity30,49.  

Pathogen(s) Total  

(n=117) 

Cryptococcal 
meningitis 

(n=54) 

Tuberculous 
meningitis 

(n-4) 

EBV 42 21 3 

EBV + CMV 3 2 0 
CMV 2 0 0 

JC virus 3 2 0 

Toxoplasma gondii 3 1 0 

EBV + JC virus 3 2 0 
EBV + VZV 1 0 0 

CMV + Toxoplasma 
gondii 

1 0 0 

BK virus 1 0 0 

Enterovirus 0 0 0 

Negative 58 26 0 
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Figure 1: Results from Rajasingham et al describing proportions of patients with and without 

diagnoses and PCR detections from multiplex PCR analysis 

 

1.5.2 Zambia 

CSF samples from 331 HIV-positive adults with suspected CNSI were analysed at a tertiary centre in 

Lusaka, Zambia between 2010 and 201214. Individual PCRs were performed on extracted DNA for 

M.tuberculosis, EBV, JC virus, VZV, CMV, HSV-1, HSV-2 and T.gondii. The study reported pathogen 

detection in 57.1% (189/331) samples however, similarly to the contemporaneous Uganda paper, 91 

of these were EBV. Excluding EBV, 29.6% (98/331) of samples had a microbiologically confirmed 

diagnosis with TB (n=48), JC Virus (n=20) and CMV (n=20) being the most commonly detected 

pathogens.  
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Pathogens Individual 
CSF 
prevalence 

1 pathogen Number 
of cases 

2 Pathogens Number 
of cases 

3 Pathogens Number of 
cases 

4 pathogens Number of cases 

EBV 27.5% 
(91/331) 

EBV 41 EBV/Cryptococcus 19 EBV/TB/CMV 4 EBV/Cryptococcus/ 
TB/VZV 

1 

Cryptococcus 19.3% 
(64/331) 

Cryptococcus 35 EBV/TB 11 EBV/TB/JCV 1 Cryptococcus/TB/ 
VZV/CMV 

1 

TB 14.5% 
(48/331) 

TB 20 EBV/VZV 3 EBV/TB/ N. 
meningitidis 

1   

JC virus 6.0% 
(20/331) 

JC virus 9 EBV/JCV 2 EBV/TB/Cryptococcus 1   

CMV 6.0% 
(20/331) 

CMV 6 EBV/ 
S.pneumoniae 

2 EBV/Cryptococcus/JCV 1   

VZV 3.9% 
(13/331) 

VZV 4 EBV/CMV 1 EBV/JCV/CMV 1   

Streptococcus 
pneumoniae 

2.4% 
(8/331) 

S.pneumoniae 4 EBV/HSV-1 1 EBV/JCV/VZV 1   

HSV-1 1.5% 
(5/331) 

HSV-1 2 Cryptococcus/CMV 2     

Neisseria 
meningitidis 

0.6% 
(2/331) 

  Cryptococcus/VZV 2     

HSV-2 0   Cryptococcus/TB 1     

Toxoplasma 
gondii 

0   Cryptococcus/HSV-
1 

1     

    TB/CMV 4     

    TB/JC virus 2     

    TB/VZV 1     

    JC virus/ 
S.pneumoniae 

2     

    JCV/HSV-1 1     

    CMV/N. 
meningitidis 

1     
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Table 2: Confirmed pathogens identified from Siddiqi et al14.  

Totals 271 
pathogens 

 36/6% 
121/331 

 16.9% 
(56/331) 

 3% 
(10/331) 

 0.6% 
(2/331) 
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1.6 Manuscript – The diagnosis of central nervous system infections in resource-limited settings and 

the use of novel and molecular diagnostics platforms to improve diagnosis 

This narrative review describes the currently available novel and molecular diagnostics used in the 

diagnosis of CNSI with an evidence base for use in resource-limited settings. It is an extremely large 

topic and therefore focuses on geographically relevant pathogens found in resource-limited or high 

HIV-prevalence settings and does not describe those commonly reported in resource-rich settings (e.g. 

enterovirus or herpesviruses).  

The reviews highlights the importance of implementing enhanced diagnostics to improve the 

understanding of local and regional CNSI epidemiology that potentially could inform updates in 

commercial multiplex PCR panels. Furthermore, it outlines the key benefits and limitations of the most 

widely used molecular diagnostic platforms.
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Chapter II: Aims, Objectives and Methodology 

 

This chapter will outline the overall aim of this research, specific hypotheses, and objectives and 

describe how each of these will be addressed. The overarching methods for establishing the two 

prospective meningitis surveillance networks, the Botswana National Meningitis Survey: protocol 3 

(BNMS3) in Gaborone, Botswana and the Harare Meningitis Aetiology Survey (HarMenAeS) in Harare, 

Zimbabwe which generated the majority of data included in this thesis will also be described in this 

chapter. This will focus on the fieldwork required to set up the projects and embed them within 

existing healthcare systems. Specific methodologies for each individual project and relevant analyses 

are included in each chapter and protocols for both projects are included in the appendix. 
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2.1 Aim 

 

The overall aim of this thesis is to identify strategies to improve the diagnosis of CNSI in high HIV-

prevalence settings. The aim of this thesis is to describe the current epidemiology of central nervous 

system infections in Botswana and Zimbabwe, identify strategies to improve the diagnosis of patients 

with suspected central nervous system infections in low-resource, high HIV-prevalence settings and 

describe the impact of improved diagnostics when used in routine care. 

 

2.2 Problem statement 

 

CNSI are common in high HIV-prevalence African settings, but their epidemiology is poorly 

understood. HIV has altered the epidemiology of meningitis in the region and widened the differential 

diagnosis. Large numbers of patients with CNSI in high HIV-prevalence African settings do not receive 

a diagnosis, the majority of whom are people living with HIV, and this is associated with high mortality. 

Diagnostic capacity is limited and often only consists of basic investigations with limited sensitivity 

and specificity. The majority of molecular diagnostics including BioFIRE FilmArray-ME are developed 

in the Global North using data on regional CNSI epidemiology and it is uncertain how well these 

platforms translate for use in high HIV-prevalence settings where the CNSI epidemiology is different. 

 

The reason why large numbers of patients do not receive a diagnosis is likely multifactorial and 

however it is unclear why this carries such a high mortality. The failure to make a diagnosis is impacted 

by multiple challenges within the diagnostic pathway: (1) Lack of robust transport infrastructure and 

financial constraints limiting ability for prompt transfer to hospital, (2) Complex household/societal 

networks requiring senior members to decide when to seek medical advice, (3) Under recognition of 

CNSI in the community, (4) Delays in lumbar punctures occurring due to several reasons including lack 

of resources and restricted access to neuroimaging, (5) A lack of diagnostics that can reliably diagnose 
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common CNSI in high HIV-prevalence African settings meaning appropriate treatment is often not 

administered and (6) Under-utilisation of currently available diagnostics. 

 

2.3 Hypotheses 

 

Hypothesis 1: The addition of enhanced diagnostics will reveal large numbers of previously 

undiagnosed TB meningitis and viral CNSI. Molecular platforms will also increase the number of 

bacterial CNSI due to an ability to overcome challenges of rapid sterilisation of CSF following antibiotic 

administration and subsequent low culture yield. The introduction of rapid molecular diagnostics, 

including those used as part of an enhanced diagnostic package, for the investigation of patients with 

suspected CNSI in low-resource, high HIV-prevalence settings will significantly increase the number of 

microbiologically confirmed diagnoses and decrease the number of patients without a confirmed 

microbiological diagnosis. 

 

Hypothesis 2: BioFIRE FilmArray-ME will increase the total number of diagnoses made above routine 

diagnostics alone in patients with suspected CNSI in high HIV-prevalence African settings. However, if 

used in isolation there will be a significant proportion of patients with inflammatory CSF suggestive of 

CNSI and no confirmed diagnosis. Diagnostic yield from BioFIRE FilmArray-ME will vary between 

population groups and there may be the potential to target these to individuals where diagnostic yield 

will be greatest. 

 

Hypothesis 3: Cryptococcal meningitis will remain the most common cause of CNSI in Botswana and 

Zimbabwe due to high HIV prevalence but incidence will decrease with increased ART coverage. 

Improved access to CNSI diagnostics, such as Xpert MTB/RIF, used as part of routine care will increase 

the number of tests performed and the number of confirmed diagnoses made. 
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Hypothesis 4: Computed tomography in resource-limited settings will delay diagnosis and targeted 

treatment for CNSI including for those CNSI which are more common in the region such as 

cryptococcal and tuberculous meningitis. 

 

2.4 Objectives 

 

Objective 1: Define the current epidemiology of central nervous system infections in a high HIV-

prevalence African setting including the impact of an enhanced diagnostic package on diagnostic yield 

and the proportion of patients with inflammatory CSF suggestive of CNSI but no diagnosis.  

 

Objective 2: Determine the increase in diagnostic yield of CNSI due to the addition of BioFIRE 

FilmArray-ME to routine diagnostics in the diagnosis of CNSI in high HIV-prevalence African settings  

 

Objective 3: Describe changes in the detection of the most common CNSIs in Southern Africa, 

cryptococcal and tuberculous meningitis, over time following expansion of CNSI diagnostic capacity in 

routine care (CrAg and Xpert MTB/RIF Ultra) and increased ART coverage in Botswana. 

 

Objective 4: Determine how computed tomography is used in routine clinical practice in high HIV-

prevalence settings and characterise the effect of computed tomography performed prior to lumbar 

puncture on patients with suspected CNSI on delay to diagnostic lumbar puncture and treatment 

initiation. 

 

 

Addressing individual objectives 

 

Objective 1: Describing current CNSI epidemiology in Botswana and Zimbabwe 
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This was achieved by establishing two prospective meningitis surveillance networks where enhanced 

diagnostics including BioFIRE FilmArray-ME and Xpert MTB/RIF Ultra were implemented into routine 

care and additional retrospective analyses of routinely collected national meningitis surveillance data 

were performed as part of the Botswana National Meningitis Survey: Protocol 3 (BNMS 3) and Harare 

Meningitis Aetiology Survey (HarMenAeS) – Chapter IV and Chapter VI 

 

Objective 2: Clinical utility of BioFIRE FilmArray-ME in high HIV-prevalence settings 

To answer this all available individual patient level data from four African countries were combined to 

perform a systematic review and meta-analysis evaluating CNSI diagnoses made through the use of 

BioFIRE FilmArray-ME stratified by clinically relevant population groups – Chapter III 

 

Objective 3: Impact of improved CNSI diagnostics in routine care 

This was addressed by using routinely collected national data captured from the electronic records of 

all CSF samples analysed in government sector healthcare facilities in Botswana between 2015 and 

2022. The work will be presented in two manuscripts:  

1) Description of trends in cryptococcal meningitis incidence in Botswana following widespread ART 

rollout using 8 years of retrospective national data from Botswana and the use of cryptococcal 

meningitis as an indicator of HIV programmatic success – Chapter IV 

2) The impact of increased availability of near-person Xpert MTB/RIF testing on the proportion of 

patients investigated for TB meningitis and the number of confirmed cases of TBM – Chapter IV 

 

Objective 4: Computed tomography in routine care 

To determine this objective detailed clinical and management data from 711 adults recruited to the 

Botswana National Meningitis Survey: Protocol 2 were analysed with the key exposure of interest 

being computed tomography prior LP and outcome variables, time from admission to LP and 

antimicrobial initiation, and inpatient mortality – Chapter V
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2.5 Study settings 

 

2.5.1 Botswana 

 

2.5.1.1 Country information 

 

Botswana is a parliamentary republic in Southern Africa with a population of 2.3 million in 20221. At 

independence in 1966 Botswana was one of the poorest countries in the world but due to a 

combination of significant mineral deposits, a small population and judicious economic management 

it is now an upper-middle income country. Despite its economic success there remains significant 

inequality in wealth with the 9th highest degree of disparity of incomes in the world and as a result 

Botswana has many of the same developmental challenges faced by less wealthy nations. 

 

2.5.1.2 Healthcare infrastructure in Botswana 

 

In comparison to other Southern African countries, Botswana has a reasonably effective public health 

system. Universal healthcare is offered to all citizens including referrals to private healthcare or 

abroad if required treatments are not available within government sector hospitals. Patients aged 

between 5-65 years pay 5 Botswana Pula (0.37 USD) for an initial consultation and all subsequent care 

is covered under the same fee. This figure has remained largely unchanged despite inflation2. There 

are 26 government-run referral, district or primary hospitals in addition to an extensive network of 

clinics and health posts. As a result, 85% of the population live within 5km of a government-run 

healthcare facility. However, although health care worker density in the population is relatively high 

for the region, at 4 doctors per 10,000 population, it is heavily concentrated in urban areas3. 
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2.5.1.3 HIV in Botswana 

 

The HIV epidemic had a devastating impact in Botswana where adult HIV prevalence peaked at 37% 

in 20034. As a result, life expectancy fell from a little over 60 years in the late 1990s to 39 in 20034. 

Botswana initiated a national programme for the treatment of HIV/AIDS and has since become a 

world-leader in HIV programming. It has introduced a series of innovative HIV care models, including 

becoming the first African country to offer free ART to its citizens in 2002, introducing universal 

treatment in 2016 and being an early adopter of dolutegravir as first-line ART. Subsequently, it became 

one of the first countries to reach the UNAIDS 95-95-95 targets5. Despite these advances HIV 

prevalence in adults aged 15-49 remains high at 18.9% in 2021 with significant numbers of patients 

presenting with advanced HIV disease due to late diagnosis or disengagement with care6.  

 

2.5.1.4 Lessons learnt from previous CNSI research in Botswana  

 

Princess Marina Hospital in Gaborone has been well sensitised to meningitis research. It was a study 

site in the AMBITION trial and the sentinel site in the Botswana National Meningitis Survey protocol 1 

(BNMS1) and protocol 2 (BNMS2), which have been described in the introduction7,8. During BNMS2 

BioFIRE FilmArray-Meningitis/Encephalitis was piloted at Princess Marina Hospital. Learning from the 

challenges faced during this work was a crucial factor in successfully establishing BNMS 3 and 

HarMenAeS. I will highlight some of the lessons learnt from this work: 

 

CSF volumes – BNMS2 was solely reliant on the CSF collected by clinicians at Princess Marina Hospital. 

In general CSF sample volumes were very small with usually between 1-2mls submitted for analysis in 

the microbiology department. In addition, volumes were not accurately ascertained or documented 

by the microbiology team making sample division and data capture challenging. Whilst this volume 

was sufficient for analysis with BioFIRE, which requires only 200microL, it was prohibitively small to 
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perform any additional analyses. To overcome this, I ensured appropriate regulatory approvals were 

in place for BNMS3 and HarMenAeS to allow the study team to consent participants for additional LPs 

if the volume of CSF collected by the clinical teams was insufficient to perform all analyses. I developed 

measuring charts and sample division flow sheets for the microbiology team that allowed technicians 

to quickly and accurately determine the CSF volume and divide the sample between relevant analyses. 

Sample volumes and how the sample was divided was recorded on laboratory worksheets using a 

template stamped on to worksheet using a rubber ink stamp. Alongside this I also presented to the 

clinical teams at Princess Marina Hospital and Parirenyatwa Hospital highlighting that the collection 

of larger CSF volumes (10-15mls) is safe, has therapeutic benefit in cryptococcal meningitis and is likely 

to increase diagnostic yield, particularly in TBM. After an initial introductory phase in BNMS3 sample 

volumes collected by clinical teams increased to the extent that additional LPs performed by the study 

team were rarely needed. In HarMenAeS with support from co-investigators working within 

Parirenyatwa the clinical teams started collecting sufficient CSF volumes from the outset meaning 

additional LPs have not been needed. 

 

Nucleic acid extraction – as part of BNMS2 small volumes of CSF were stored for samples that had 

sufficient CSF to preserve an aliquot. Nucleic acid was extracted from these samples to perform 

metagenomic analysis in samples without a diagnosis to refine the assay planned to be used on 

BNMS3. Total nucleic acid was extracted using an automated platform, NucliSENS EasyMag, 

bioMerieux, France and sent to LSHTM to perform subsequent analyses. Two issues emerged from 

this extraction technique. Firstly, the extraction of total nucleic acid meant that the amount of 

available DNA and RNA was half of the total amount eluted from the sample. DNA and RNA were 

sequenced separately and therefore the sample had to be divided in 2 to perform both analyses with 

RNase added to one to generate purified DNA and DNase added to the other for purified RNA. This 

decreased diagnostic yield and therefore we planned to extract DNA and RNA separately in future 

work. The other issue identified during BNMS2 was that through using an automated platform a large 
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amount of contamination was introduced as downstream metagenomic sequencing detected a 

number of non-virulent waterborne organisms masking other potentially pathogenic organisms in the 

CSF. Whilst Botswana has comparatively robust research laboratory infrastructure in some areas 

equipment is not regularly used, serviced or maintained and we suspect this contamination originated 

from residual buffer in the instrument that was used in the extraction. As such we opted to avoid 

automated extraction platforms and used a manual extraction platform that can elute DNA and RNA 

separately with minimal risk of contamination.  

 

Missing clinical information – In BNMS2 accompanying clinical information was often lacking from 

patients whose CSF underwent analysis with BioFIRE FilmArray-ME as no patient contact was 

permitted under BNMS2 ethics. This meant contextualising abnormal CSF results was challenging. 

Therefore, regulatory approvals for BNMS3 and HarMenAeS were designed to allow additional patient 

consultation in the case of key missing clinical data. 

 

 

2.5.2 Zimbabwe 

 

 

2.5.2.1 County information 

 

Zimbabwe is a country in Southern Africa that borders Botswana, Mozambique, South Africa and 

Zambia with a population of 15.1 million in 20229. Despite significant human capital and abundant 

natural resources hyperinflation has hampered economic development with an estimated 39.8% of 

the population living in extreme poverty in 202110. Alongside economic instability the current 

government has faced criticism for alleged authoritarianism and corruption.  
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2.5.2.2 Healthcare infrastructure in Zimbabwe 

 

National economic challenges have resulted in healthcare being funded through variety of sources 

with government funding comprising less than half of total health expenditure. Most of these 

governmental funds are directed towards salaries and other employee expenses often resulting in 

shortfalls in consumables11. As such, the healthcare system remains heavily reliant on donations and 

a strictly-enforced user fee policy for services to account for the deficit11,12. As a result, patients are 

often unable to receive appropriate investigations or medication unless they can afford to pay for 

their own treatment. 

 

2.5.2.3 HIV in Zimbabwe 

 

Adult HIV prevalence in Zimbabwe in 2022 was 11.0% with approximately 85% of patients on ART, 

which is provided free of charge through government healthcare facilities13. Viral load testing has been 

decentralised and second and third-line ART are available at national ART treatment centres14,15. 

Progress is being made towards the UNAIDS 95-95-95 targets with 95% of people living with HIV 

knowing their status, 94% on ART and 89% of patients on ART having a suppressed viral load16. 
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2.6 Study Design – Botswana National Meningitis Survey: protocol 3 (BNMS3) and Harare Meningitis 

Aetiology Survey (HarMenAeS) 

 

Prospective meningitis surveillance networks were established at two sites, Princess Marina Hospital, 

Gaborone, Botswana and Parirenyatwa Hospital, Harare, Zimbabwe. BioFIRE FilmArray-ME and Xpert 

MTB/RIF Ultra were integrated into the routine analysis of CSF samples at both sites with additional 

CSF stored for retrospective analysis with additional monoplex PCRs and syphilis testing. 

Accompanying detailed clinical and management data were captured from patients who had CSF 

analysed. 

 

 

 Botswana National Meningitis 

Survey 

Harare Meningitis Aetiology 

Study 

Inclusion Criteria Patients of any age with CSF 

collected for investigation of 

suspected CNSI at Princess 

Marina Hospital, Gaborone, 

Botswana 

Patients aged 18 or over with 

CSF collected for investigation 

of suspected CNSI at 

Parirenyatwa Hospital, Harare, 

Zimbabwe  

Exclusion criteria There are no specific exclusion 

criteria 

Patients aged 18 or under will 

not be recruited*.  

Sample size No pre-defined sample size but rather intend to include all 

patients meeting the above criteria.  

Clinical and laboratory data Routinely collected clinical and laboratory data will be retrieved 

from clinical and electronic patient records. If insufficient or 
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missing data the patient will be consented for an additional 

consultation. 

CSF Analysis: Routine 

diagnostics performed by local 

microbiology laboratory 

Microscopy, culture and sensitivity 

Cryptococcal antigen testing (using IMMY CrAg lateral flow assay) 

Gram stain 

India Ink 

CSF Protein and Glucose 

CSF Analysis: Enhanced 

diagnostics performed by 

research team 

Xpert® MTB/Rif Ultra 

 

BioFIRE FilmArray-ME 

 

Metagenomic analysis 

 

Rapid plasma reagin and 

Treponema pallidum particle 

agglutination 

 

Targeted PCRs for Toxoplasma 

gondii  

 

Xpert® MTB/Rif Ultra 

 

BioFIRE FilmArray-ME 

 

Metagenomic analysis 

 

Rapid plasma reagin and 

Treponema pallidum particle 

agglutination 

 

Targeted PCRs for Toxoplasma 

gondii  

 

Table 3 Overview of methodology for Botswana National Meningitis Survey in Gaborone, Botswana 

and Harare Meningitis Aetiology Survey in Harare, Zimbabwe 
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2.6.1 Study set-up 

 

2.6.1.1 Regulatory approval 

 

Ethical approval for this project was granted by LSHTM (17322). Approvals for Botswana remain in 

place from the Health Research and Development Committee of Botswana (HRDC reference number 

13/18/1), the University of Botswana Institutional Review Board Committee (UBR/RES/IRB/1631) and 

Princess Marina Hospital (PMH 2/2A(7)/134). Approvals for Zimbabwe are in place from the Medical 

Research Council of Zimbabwe (MRCZ/A/2896), Research Council of Zimbabwe (MRCZ/A/2896) and 

local approval from the Joint Research and Ethics Committee (220/2022).  

 

Enhanced diagnostics (BioFIRE FilmArray-ME and Xpert MTB/RIF Ultra) were performed at the time of 

sample collection on all CSF samples with sufficient volume submitted to the microbiology laboratory 

at Princess Marina Hospital, Gaborone and all CSF samples with sufficient volume from adults >18 

years at Parirenyatwa Hospital. This was through a waiver of consent issued by Human Research and 

Development Committee (Botswana) and Medical Research Council of Zimbabwe (Zimbabwe).  

 

If additional CSF was required, then consent could be sought from the patient to perform an additional 

LP however this was rarely used. Consent forms were reviewed by regulatory bodies and translated 

to Setswana for use in Botswana and Shona for use in Zimbabwe.  

 

The majority of clinical data was collected from the patient’s hospital or electronic health records. In 

cases where insufficient information is available from the patient notes, consent was sought for an 

additional consultation with the patient.  
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2.6.1.3 Data collection 

 

Patients were identified from the laboratory records in the microbiology departments at Princess 

Marina Hospital, Gaborone and Parirenyatwa Hospital, Harare. Any patient at Princess Marina 

Hospital or any adult >18 years old at Parirenyatwa Hospital with CSF submitted to the microbiology 

laboratory by the treating physicians was included. Patient demographic details were captured from 

laboratory records, entered on to a screening log stored on a secure database. Using the screening log 

the patient was assigned a unique study identification number. The patient and their medical records 

were then identified on medical wards. Clinical and laboratory data were then captured from the 

patients’ medical records and entered on to a separate secure database linked through the unique 

study identification numbers. The majority of data was collected from patient’s medical records. If 

insufficient clinical details were recorded in the patient notes, then consent could be sought for a 

consultation by the study team.  

 

Clinical data focussed on clinical presentation including the presence or absence of features suggestive 

of CNS infection, HIV status including level of immunosuppression and current treatment and other 

co-morbidities. In addition, data on treatment including antimicrobials and adjunctive therapies such 

as steroids and therapeutic lumbar punctures alongside outcome data were collected. 

 

2.6.1.4 Dissemination of results from enhanced diagnostics 

 

Results from BioFIRE FilmArray-ME and Xpert MTB/RIF Ultra were disseminated to clinicians using 

existing result reporting systems at both sites. In Botswana a standardised report and comment to aid 

clinical interpretation were developed and included in the CSF MC+S result (figure 2). This was 

available for clinicians on the electronic health records with an electronic time stamp at the time of 
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result release. If the electronic health record was not functioning these same standardised reports 

were included on stickers that were placed on paper records that were retrieved by clinicians. In 

Zimbabwe there are no reliable electronic health records, and all results were documented in a 

reporting book in the microbiology laboratory. Stickers with the result report, comment on clinical 

interpretation and time of result release were developed by myself and used by laboratory staff. 

 

 

Figure 2: Examples of standardised reports for enterovirus and VZV detection on BioFIRE FilmArray-

ME 

2.7 Laboratory work 

 

2.7.1 Staff training 

 

Training sessions on the use of FilmArray-ME were performed by the manufacturer bioMerieux for 

microbiology staff at both sites with regular refreshers available from senior laboratory scientists. A 

standard operating procedure for the use of FilmArray-ME was developed using manufacturer 

guidelines and all staff were trained on this. Key staff personnel were identified at both sites to assist 
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with the implementation of FilmArray-ME and ongoing training and development of other staff. Staff 

at both sites were already trained to use GeneXpert platforms. Manufacturer guidelines for the 

handling of extrapulmonary samples were implemented, including an additional centrifugation step 

when processing larger volumes of CSF. 

 

2.7.2 Sample handling  

 

 

The full panel of tests was dependent on receipt of a sufficient volume of CSF, thus all tests were not 

performed on all patients. In such cases, the routine tests requested by the treating physician and/or 

mandated by the public sector laboratory were prioritized and the sample was divided using an 

algorithm which was agreed between the study team and microbiology departments at Princess 

Marina Hospital and Parirenyatwa Hospital. An SOP was developed for the division of CSF samples 

summarised in figure 3. 
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Figure 3: CSF sample division algorithm for use in Princess Marina Hospital, Botswana  

Repeat GeneXpert if not performed on CSF in last 2 weeks and no positive GeneXpert on CSF in last 2 

months (unless volume submitted for analysis with is greater than the previous episode). 

 

 

2.7.3 Quality control  

 

Verification was performed for each FilmArray instrument with Zeptometrix NATrol™ verification 

panel and quality control was performed with INTROL® ME Control Panel M262 for each new lot of 

FilmArray-ME pouches. Verification and quality control of GeneXpert platforms was performed by 

the microbiology teams at both sites. 
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2.7.4 Nucleic acid extraction from stored samples 

 

Nucleic acid extraction was performed at Botswana Harvard AIDS Institute Partnership, Gaborone, 

Botswana using QIAGEN AllPrep Mini kits, a commercially available manual extraction kit that allowed 

separate extraction of RNA and DNA. A protocol for the extraction of total RNA and genomic DNA was 

established based on the manufacturer’s guidelines and previous experience from the study team. 

This included the addition of a bead-beating step to optimise the additional sample analysis. This is of 

particular importance for fungal pathogens that have a more robust cell wall. Extracted nucleic acid 

was stored at -80oC. 

 

2.7.5 Additional analysis 

 

A commercially available monoplex PCR for Toxoplasma gondii was performed on all stored CSF 

samples from HIV positive patients. Rapid plasma reagin and Treponema pallidum particle 

agglutination was performed on all stored CSF samples. However due to challenges obtaining 

consumables and some samples with limited CSF volumes not all analyses have been performed on 

all samples. Additional analyses are planned including an additional multiplex PCR platform including 

analytes for Rickettsia species, Leptospira spp., Arboviruses and Salmonella spp. 
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Chapter III - Determining the clinical utility of BioFIRE FilmArray-Meningitis/Encephalitis in the 
diagnosis of central nervous system infections in high HIV-prevalence settings: systematic review 
and individual patient data meta-analysis 

 

3.1 Introduction 
 

Central nervous system infections (CNSI) caused by bacteria, fungi and protozoa have a high morbidity 

and mortality. For viral CNSI, outcomes depend on the causative organisms, disease caused by non-

polio enteroviruses being largely self-limiting whilst in contrast neonatal herpes simplex virus CNSI 

have significant mortality and high rates of long-term neurologic sequelae1,2. Large proportions of 

patients presenting with CNSI never receive a microbiologically confirmed diagnosis and this is 

associated with significant mortality3–7. Failure to obtain a diagnosis can be due to several or often a 

combination of reasons. Diagnostic infrastructure, particularly in low- and middle-income settings, is 

often absent or limited to only basic microbiological investigations. Commonly used diagnostics lack 

the sensitivity to achieve a diagnosis either due to innate limitations of the platform, limited presence 

of pathogen in CSF, such as in tuberculous meningitis, or due to pre-analytical factors such as 

reduction in bacterial culture positivity after administration of antibiotics8,9. Failure to detect a 

pathogen can also result from CNSI caused by rare or novel pathogens that were not investigated for 

or non-infectious causes such as inflammatory conditions and malignancy. Empirical antibiotic 

treatment usually with third-generation cephalosporins is widely used in patients with CNSI without a 

confirmed diagnosis. Whilst this may appear a valid treatment strategy, particularly in some high-

resource settings where tuberculous and cryptococcal meningitis are uncommon, it will inevitably lead 

to increased unnecessary antimicrobial use and length of stay in cases of self-limited viral meningitis4, 

increased mortality in cases of viral, cryptococcal or tuberculous CNSI where alternative treatment is 

warranted and in a significant proportion of bacterial meningitis cases will not be adequate given the 

growing rates of antimicrobial resistance10–12. 
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Platforms designed to improve the diagnosis of infectious diseases are invariably developed in the 

Global North targeting the disease spectrum in these low HIV-prevalence, high-income countries. The 

epidemiology of infectious diseases including CNSI is very different in low-income countries but the 

impact is often more marked and the need for improved diagnostics greater. As such it is important 

to evaluate how tests developed in the Global North perform in low- and middle-income settings. 

 

The BioFIRE FilmArray-Meningitis/Encephalitis (FilmArray-ME) is a multiplex PCR platform routinely 

used in the diagnosis of patients with suspected CNSI in high-resource settings13–16. Analytes included 

in the panel were primarily informed by epidemiological data on CNSI aetiology from high-resource 

settings including the USA and Europe (figure 4). However, in large parts of Africa the epidemiology of 

CSNI is vastly different to these regions. HIV has markedly altered the aetiology of CNSI and 

cryptococcal, tuberculous and pneumococcal meningitis predominate5,6,17. Viral CNSI are rarely 

diagnosed, mostly due to a lack of reliable diagnostics, contrasting with high-income settings where 

viral CNSI, usually caused by non-polio enteroviruses are the most common cause of CNSI4.  

 

FilmArray-ME has been used in research settings in 6 countries in the WHO African Region 18–24 (Benin, 

Botswana, Ethiopia, Nigeria, Uganda and Zimbabwe [unpublished]). Whilst FilmArray-ME has 

increased the total number of diagnoses made in all studies, most of the published studies recruited 

relatively small numbers for FilmArray-ME analysis (40-300 patients) limiting subgroup analyses 

disaggregated by HIV status, routine CSF analysis results and individual pathogens. Although there are 

potentially important differences between the research contexts and study populations included, 

these studies are performed in countries that have important similarities. Income level, HIV 

prevalence and disease burden in the included countries are far closer aligned across these variables 

with each other than with the developed countries where most new diagnostics are developed. 
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FilmArray-ME has demonstrated the potential to improve the diagnosis of CNSI in resource-rich 

settings. Assessing the value of FilmArray-ME above conventional diagnostics in low-resource, high 

HIV-prevalence settings with differing CNSI epidemiology from where FilmArray-ME was originally 

developed is crucial before widespread implementation can be considered. 

 

Viruses Bacteria  Yeast 

Cytomegalovirus  Escherichia coli K1 Cryptococcus 

neoformans/Cryptococcus gattii Enterovirus Haemophilus influenzae 

Herpes simplex virus 1  Listeria monocytogenes  

Herpes simplex virus 2  Neisseria meningitidis 

Human Herpes Virus 6  Streptococcus agalactiae 

Human parechovirus Streptococcus pneumoniae 

Varicella Zoster Virus   

Figure 4 Potential CNS pathogens detected by FilmArray-ME 

 

3.2 Methods 

 
We performed a systematic review and meta-analysis of individual patient data from studies that have 

used FilmArray-ME for the analysis of CSF in patients of all ages with suspected CNSI in the WHO 

African region. The search was conducted in MEDLINE using the search criteria detailed in figure 5. 

We also obtained information from the test manufacturer about what countries had ordered 

FilmArray-ME kits alongside a list of publications from Africa that used FilmArray-ME generated by the 

manufacturer. Forward and reverse citation chaining was performed on included studies to identify 

additional studies. The lead investigators for relevant studies were approached to share anonymised 

raw data18–20,24.  

 

Studies were included if FilmArray-ME was used on CSF to investigate patients of any age with 

suspected CNSI in the WHO African Region. Exclusion criteria included: (1) CNSI diagnoses assigned 

using molecular diagnostics on samples other than CSF, (2) case series or report with <20 participants, 

(3) results solely describing a single pathogen or (4) study reporting solely repeat data from another 
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included study. Titles were screened to reject papers clearly out of scope, remaining abstracts were 

then reviewed and full texts accessed if it met inclusion/exclusion criteria.  

 

The primary outcome measure was the proportion of suspected CNSI with and without confirmed 

diagnoses resulting from CSF analysis using both conventional techniques and FilmArray-ME. 

Secondary outcomes were the spectrum of diagnoses resulting from CSF analysis, the relative increase 

in diagnostic yield above routine diagnostics alone stratified by age group, HIV status, CSF pleocytosis 

and CSF cryptococcal antigen positivity, the frequency of co-detections, and in-hospital mortality 

stratified by diagnosis made through CSF analysis. 

  

Search strategy MEDLINE (2015-2023) 

Central Nervous System Infections 

meningitis.mp. OR exp Meningitis OR exp Encephalitis OR encephalitis.mp. OR 

meningoencephalitis.mp. OR exp Meningoencephalitis OR central nervous system infection.mp. OR 

exp Central Nervous System Infections 

BioFIRE FilmArray-Meningitis/Encephalitis 

exp Molecular Diagnostic Techniques/ OR polymerase chain reaction.mp. OR molecular 

diagnostics.mp. or Pathology, Molecular OR polymerase chain reaction.mp. or Polymerase Chain 

Reaction 

Region  

Central Africa.ti,ab. OR Eastern Africa.ti,ab. OR Southern Africa.ti,ab. OR Western Africa.ti,ab. OR 

Algeria/ OR Algeria.ti,ab OR Angola/ OR Angola.ti,ab. OR Cameroon/ OR (Cameroon or Kamerun 

or Cameroun).ti,ab. OR Cape Verde/ OR (Cape Verde or Cabo Verde).ti,ab. OR Comoros/ OR 

(Comoros or Glorioso Islands or Mayotte).ti,ab. OR Congo/ OR (Congo not ((Democratic Republic 

adj3 Congo) or congo red or crimean-congo)).ti,ab. OR Cote d'Ivoire/ OR (Cote d'Ivoire or Cote 
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dIvoire or Ivory Coast).ti,ab. OR Eswatini/ OR (eSwatini or Swaziland).ti,ab. OR Ghana/ OR (Ghana 

or Gold Coast).ti,ab. OR Kenya/ OR (Kenya or East Africa Protectorate).ti,ab. OR Lesotho/ OR 

(Lesotho or Basutoland).ti,ab. OR Mauritania/ OR Mauritania.ti,ab. OR Nigeria/ OR Nigeria.ti,ab. 

OR (Sao Tome adj2 Principe).ti,ab. OR Senegal/ OR Senegal.ti,ab. OR Zambia/ OR (Zambia or 

Northern Rhodesia).ti,ab. OR Zimbabwe/ OR (Zimbabwe or Southern Rhodesia).ti,ab. OR 

Botswana/ OR (Botswana or Bechuanaland or Kalahari).ti,ab. OR Equatorial Guinea/ OR 

(Equatorial Guinea or Spanish Guinea).ti,ab. OR Gabon/ OR (Gabon or Gabonese Republic).ti,ab. 

OR Mauritius/ OR (Mauritius or Agalega Islands).ti,ab. OR Namibia/ OR (Namibia or German South 

West Africa).ti,ab. OR South Africa/ OR (South Africa or Cape Colony or British Bechuanaland or 

Boer Republics or Zululand or Transvaal or Natalia Republic or Orange Free State).ti,ab. OR Benin/ 

OR (Benin or Dahomey).ti,ab. OR Burkina Faso/ OR (Burkina Faso or Burkina Fasso or Upper 

Volta).ti,ab. OR Burundi/ OR (Burundi or Ruanda-Urundi).ti,ab. OR Central African Republic/ OR 

(Central African Republic or Ubangi-Shari).ti,ab. OR Chad/ OR Chad.ti,ab. OR "Democratic Republic 

of the Congo"/ OR (((Democratic Republic or DR) adj2 Congo) or Congo-Kinshasa or Belgian Congo 

or Zaire or Congo Free State).ti,ab. OR Eritrea/ OR Eritrea.ti,ab. OR Ethiopia/ OR (Ethiopia or 

Abyssinia).ti,ab. OR Gambia/ OR Gambia.ti,ab. OR Guinea/ OR (Guinea not (New Guinea or Guinea 

Pig* or Guinea Fowl or Guinea-Bissau or Portuguese Guinea or Equatorial Guinea)).ti,ab. OR 

Guinea-Bissau/ OR (Guinea-Bissau or Portuguese Guinea).ti,ab. OR Liberia/ OR Liberia.ti,ab. OR 

Madagascar/ OR (Madagascar or Malagasy Republic).ti,ab. OR Malawi/ OR (Malawi or 

Nyasaland).ti,ab. OR Mali/ OR Mali.ti,ab. OR Mozambique/ OR (Mozambique or Mocambique or 

Portuguese East Africa).ti,ab. OR Niger/ OR (Niger not (Aspergillus or Peptococcus or Schizothorax 

or Cruciferae or Gobius or Lasius or Agelastes or Melanosuchus or radish or Parastromateus or 

Orius or Apergillus or Parastromateus or Stomoxys)).ti,ab. OR Rwanda/ OR (Rwanda or 

Ruanda).ti,ab. OR Sierra Leone/ OR (Sierra Leone or Salone).ti,ab. OR South Sudan/ OR South 

Sudan.ti,ab. OR Tanzania/ OR (Tanzania or Tanganyika or Zanzibar).ti,ab. OR Togo/ OR (Togo or 
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Togolese Republic or Togoland).ti,ab. OR Uganda/ OR Uganda.ti,ab. OR Seychelles/ OR 

Seychelles.ti,ab 

Figure 5: Search strategy for MEDLINE restricted to 2015-2023 

 

Datasets were cleaned and variables recoded prior to being merged for analysis. If a patient had more 

than one sample analysed either from multiple clinical episodes or multiple lumbar punctures during 

the same episode only the first sample from the first episode was included.  

 

Minimum variables required for inclusion were:  

- Age 

- Sex  

- HIV status 

- Routine CSF analysis – microscopy for white cell count and gram and India stains, CSF 

cryptococcal antigen testing and fungal and bacterial culture 

- Result of analysis with FilmArray-ME 

- In-hospital mortality 

 

Patients were stratified by the presence of inflammatory CSF suggestive of CNSI. Inflammatory CSF 

was defined as either an age-adjusted pleocytosis or both a CSF protein >1mg/mL and a CSF glucose 

<2.2mmol/mL. 

 

Data were analysed using STATA version 18.0. Patient demographics, CSF analysis results including 

from FilmArray-ME, HIV-related data and in-hospital mortality were described using frequencies, 

percentages, or median and interquartile range (IQR) as appropriate. Multivariate logistic regression 

analysis was performed to assess for associations between inpatient mortality and detection of 

pathogens in CSF.  
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Missing data was seen in the context of this observational research from the WHO African Region and 

this occurs for a number of reasons. Routine testing is often not performed due to reagent stockouts, 

technician error or lack of consumables and data on patient age or gender was also occasionally 

missing given the observational nature of some of these studies. We describe the missingness of this 

data in our analyses. Our aim was to capture the diagnostic yield of routine CSF testing algorithms in 

real-world settings and therefore if a diagnostic test such as CrAg or culture was not performed this 

was considered a negative test result for the purpose of determining diagnostic yield. For other 

variables we performed complete case analysis and only included cases with a result in the analysis. 

Importantly there was no missing FilmArray-ME data. We performed an assessment of study quality 

to assess for risk of bias using established guidance for systematic reviews25.  

 

3.3 Results 
 

Included studies 

 

98 titles were screened by JM, of these 24 abstracts were reviewed and 8 studies met inclusion criteria 

for full text review. After full text review 2 studies were excluded due to insufficient participants or 

repeat data from other studies being used leaving 6 studies for inclusion. The authors of the included 

studies were contacted to request sharing of data. There were 2 studies not included as data has not 

yet been shared, leaving 4 studies for inclusion. Unpublished data generated by 3 studies involving 

JM, KK and JJ were also included giving a total of 7 included studies.  
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Study and author Study 

period 

Study setting 

Country 

Hospital name 

Hospital 
category 

Adult HIV 

prevalence 

at time of 

study 

(aged 15-

49)  

CSF analysis performed* Criteria for CSF analysis with 

FilmArray-ME 

Number of 

baseline/admission 

samples analysed 

with FilmArray-ME 

Botswana National 

Meningitis Survey: 

Protocol 2.  

 

May 2017-

Aug 2018 

Botswana 

Princess 

Marina 

Hospital 

Tertiary 

hospital 

22.8% in 

2017 

CSF cell count and differential 

Protein 

Glucose 

CrAg LFA 

Gram and India ink stains 

Bacterial and fungal cultures 

Any inpatient without age restriction 

presenting with signs and symptoms 

of suspected CNSI with a CSF sample 

taken as part of routine care 

628 

 

Botswana National 

Meningitis Survey: 

Protocol 3.  

 

March 

2022-

ongoing 

Botswana 

Princess 

Marina 

Hospital 

Tertiary 

hospital 

16.4% in 

2022 

CSF cell count and differential 

Protein 

Glucose 

CrAg LFA 

Gram and India ink stains 

Bacterial and fungal cultures 

Any inpatient without age restriction 

presenting with signs and symptoms 

of suspected CNSI with a CSF sample 

taken as part of routine care 

661 
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Barnes et al, 2018 

 

New molecular tools 

for meningitis 

diagnostics in Ethiopia 

– a necessary step 

towards improving 

antimicrobial 

prescription 

 

March 

2017-June 

2017 

 

Ethiopia 

Jimma 

University 

Specialised 

Hospital  

Tertiary 

hospital 

1% in 2017 CSF cell count and differential 

Protein 

Glucose 

Gram stain 

Bacterial and fungal cultures 

On clinician request: 

CrAg LFA 

India ink stain 

Any inpatient without age restriction 

presenting with signs and symptoms 

of suspected CNSI with a CSF sample 

taken as part of routine care 

218 

 

Rhein et al, 2016 

Diagnostic 

performance of a 

multiplex PCR assay for 

meningitis in an HIV-

infected population 

 

January 

2014-May 

2014 

 

Uganda 

Mulago 

National 

Referral 

Hospital  

Tertiary 

hospital 

6.1% in 

2014 

All samples: 

CrAg LFA 

On CrAg negative samples only: 

CSF cell count and differential 

Protein 

Glucose 

Gram stain 

Bacterial and fungal cultures 

HIV positive adults >18 years old with 

suspected CNSI as part of ASTRO-cm 

pilot trial 

 

69 

 

Ellis et al, 2019. 

The Changing 

epidemiology of HIV-

March 

2015-

Uganda 

Mulago 

National 

5.9% in 

2016 

All samples: 

CrAg LFA 

HIV positive adults >18 years old with 

suspected CNSI as part of ASTRO-cm 

trial 

45 
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associated adult 

meningitis, Uganda 

2015-2017 

 

 

September 

2017 

 

Referral 

Hospital  

and  

Mbarara 

Regional 

Referral 

Hospital  

Tertiary 

hospitals 

On CrAg negative samples only: 

CSF cell count and differential 

Protein 

Gram stain 

Bacterial and fungal cultures 

Stepwise diagnostic algorithm 

implemented. FilmArray-ME 

performed on patients with negative 

CSF CrAg and Xpert MTB/RIF Ultra 

842 HIV positive 

adults screened. 

733 excluded.  

45/109 patients 

suitable for analysis 

with FilmArray-ME 

received testing 

due to limitations in 

test availability. 

 

Bridge et al, 2021 

Evaluation of the 

BioFIRE FilmArray-ME 

Meningitis/Encephalitis 

panel in an adult and 

pediatric Uganda 

population 

 

September 

2016-April 

2019 

 

Uganda 

Mulago 

National 

Referral 

Hospital and 

Mbarara 

Regional 

Referral 

Hospital  

Tertiary 

hospitals 

5.7% in 

2018 

CSF cell count and differential 

Protein 

Glucose 

CrAg LFA 

Gram stain 

Bacterial and fungal cultures 

HIV positive adults >18 years with 

suspected CNSI as part of ASTRO-cm 

trial 

Children age 0-17 years with 

suspected CNSI 

300  

 

 

Harare Meningitis 

Aetiology Survey. 

Unpublished 

 

September 

2022 

ongoing 

 

Zimbabwe 

Parirenyatwa 

Hospital 

Tertiary 

hospital 

11.0% in 

2022 

CSF cell count 

Protein 

Glucose 

CrAg LFA 

Any adult inpatient >18 presenting 

with signs and symptoms of 

suspected CNSI with a CSF sample 

taken as part of routine care 

398 
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Gram and India ink stains 

Bacterial and fungal cultures 

Table 4: Summary of included studies describing HIV prevalence at time of study, additional CSF analyses performed, inclusion criteria and number of samples analysed with 

FilmArray-ME  

 

*TB testing was not performed universally and often inconsistently or on clinician request. In Rhein et al, Xpert MTB/RIF or TB culture was performed on clinician request. In 

Ellis et al and Bridge et al Xpert MTB/RIF Ultra was performed on CrAg LFA negative CSF samples and if it was positive FilmArray-ME was not routinely performed in conjunction 

to FilmArray-ME, unless on clinician request. In Botswana National Meningitis Survey: Protocol 3 and Harare Meningitis Aetiology Xpert MTB/RIF Ultra is performed on all 

patients recruited with sufficient CSF. In Botswana National Meningitis Survey: Protocol 2 TB testing was performed either on clinician request or retrospectively on a subset 

of 170 patients and in Barnes et al it was performed solely on clinician request. Due to overall low numbers of testing performed in the included patients TB testing was not 

included in the analysis.
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Study Study type Assessment Risk of bias 

Botswana National Meningitis Survey: 
Protocol 2  
 
and  
 
Botswana National Meningitis Survey: 
Protocol 3 
(aggregated IPD included in analysis) 

Prospective cohort study Consecutive enrolment of participants with clear inclusion criteria as part of 
routine practice 
 
 

Low 

Barnes et al, 2019 
 
Ethiopia 

Prospective cohort study Consecutive enrolment of participants with clear inclusion criteria as part of 
routine practice 
 
HIV testing performed infrequently, and CrAg testing performed only on clinician 
request 

Low 

Rhein et al, 2015 
 
Uganda 

Prospective cohort study 
with retrospective 
testing of stored samples 

Risk of selection bias - Excluded HIV negative patients and patients who had 
clinician directed positive TB test due to biosafety concerns. 
 
FilmArray-ME testing performed retrospectively therefore may not influence 
treatment decision and therefore impact outcome 

Medium 

Ellis et al, 2019 
 
Uganda 

Prospective cohort study Potential selection bias. Excluded HIV negative patients or HIV positive patients 
with positive CrAg or CSF Xpert Ultra 

Medium 

Bridge et al, 2019 
 
Uganda 

Prospective cohort study Variable inclusion criteria.  
 
Potential selection bias. Excluded subset of HIV negative patients or HIV positive 
patients with positive CrAg or CSF Xpert Ultra and analysed proportion of patients 
with positive CSF CrAg 

Medium 

Harare Meningitis Aetiology Survey Prospective cohort study Consecutive enrolment of adults. Risk of selection bias Children <18 years old 
excluded 

Low 

Table 5 Risk of bias assessment for included studies. Risk of bias for unpublished studies determined from study protocols. 
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A total 2242 CSF samples were analysed using FilmArray-ME from 4 sites in Africa; 57.5% (1289/2242) 

were from Botswana, 17.8% (398/2242) from Zimbabwe, 15.0% (337/2242) from Uganda and 9.7% 

(218/2242) from Ethiopia. Adults made up 68.0% (1525/2242) of the study population with neonates, 

infants and children comprising 12.0% (270/2242), 11.7% (262/2242) and 5.8% (131/2242) 

respectively with 2.4% (54/2242) age unknown. No neonates were included in Uganda and no children 

of any age were included in Zimbabwe (table 6).  

 

HIV status was known in 91.4% (1394/1525) of adults and 73.6% (1123/1525) of all included adults 

were HIV positive. The proportion of patients with HIV varied between sites with 96.0% of adults in 

Uganda being HIV positive compared to 30.0% of those in Ethiopia. The proportion of HIV positive 

adults with available CD4 counts was 62.2% (340/547), 25% (3/12), 64.6% (184/285), 45.9% (128/279) 

across Botswana, Ethiopia, Uganda and Zimbabwe respectively. The level of immunosuppression was 

different across sites with median CD4 counts of 212 (IQR 59-434), 6 (IQR 6-14), 28 (IQR 9-71) and 86 

(IQR 42-220) cells/mm3 in Botswana, Ethiopia, Uganda and Zimbabwe respectively. ART status was 

well captured across all studies except for Ethiopia where this was not recorded, 46.8-54.5% of people 

were recorded as receiving ART at time of CNSI.   

 

Using age-adjusted parameters for CSF pleocytosis 13.8% (n=309) of all patients had a CSF pleocytosis. 

Among those with recorded white cell counts, incorporating CSF biochemistry with cell counts, 19.2% 

had inflammatory CSF, table 6. 

 

A diagnosis was made in 18.5% of patients (n=414) using routine diagnostics alone, in 22.7% (n=508) 

with FilmArray-ME alone and in 26.4% (n=592) of patients with the combination of routine diagnostics 

and FilmArray-ME. Cryptococcus neoformans/gattii was the most commonly detected pathogen 

found in 61.2% (n=358) of patients with a confirmed microbiological diagnosis, FilmArray-ME was 

positive for Cryptococcus neoformans/gattii in 84.1% (301/358) of these cases. 10 samples without a 
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positive CSF CrAg, India ink or culture for Cryptococcus spp had a positive FilmArray-ME for 

Cryptococcus neoformans/gattii. Streptococcus pneumoniae was the second most common in 11.1% 

(n=65) of all patients with a confirmed microbiological diagnosis. The diagnosis of S. pneumoniae was 

made through culture in 16.9% of cases (n=11) all of which were positive on FilmArray-ME, the 

remainder were made through FilmArray-ME alone. Cytomegalovirus (CMV) was the third, 9.4% 

(n=55) of patients with a confirmed microbiological diagnosis; 34.5% (n=19) of these detections were 

as a co-detection with another organism.  
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Figure 6a-6d:  Proportions of diagnoses made with routine diagnostics and FilmArray-ME. Clockwise from top left (A) Overall (B) Bacteria (C) Fungi (D) Viruses.  
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Diagnostic yield, the proportion of patients with a microbiologically confirmed diagnosis, with routine 

diagnostics and FilmArray-ME was stratified by age, sex, HIV status and prior CSF analysis. Diagnostic 

yield after analysis with both routine and FilmArray-ME varied between groups, the highest diagnostic 

yield was in HIV positive adults, 41.7% (n=468) and the lowest in HIV negative adults with no CSF 

pleocytosis, 3.3% (7/214). The relative increase in diagnostic yield through the addition of FilmArray-

ME to routine diagnostics was highest in HIV positive adults with a negative CrAg and uninflammatory 

CSF where the yield increased from 3.3% with routine diagnostics alone to 14.4% with the addition of 

FilmArray-ME, a relative increase of 432.1%. The lowest relative increase in diagnostic yield was 27.8% 

in HIV negative adults with uninflammatory CSF.  

 

In-hospital mortality was 16.4% (n=368/2242) overall. Uganda had the highest mortality, 30.3% 

(n=102) and Ethiopia the lowest 10.1% (n=22). Mortality rates also varied by pathogen detection 

46.2% of patients (6/13) with HSV-2 detected in CSF died in hospital compared to 10% of patients 

(1/10) with Escherichia coli or Neisseria meningitidis.  

 

54 patients (2.5%) had more than one organism detected, 53 patients had 2 organisms detected and 

1 patient had 3 organisms detected, a full description of co-detections is in Table 10. HIV prevalence 

in this group was 87.0% (47/54) with 7.4% (4/54) patients having an unknown HIV status with only 

5.6% (3/54) being confirmed HIV negative. Median CD4 was 30 cells/mm3 (IQR 12-63). Odds ratio for 

adjusted mortality adjusted for age, sex, HIV status and CD4 count for patients with one pathogen was 

1.68 (95% 1.09-2.61, p=0.02) and 6.05 (95% CI 2.59-14.13, p<0.01) for two or more organisms detected 

compared to patients with no pathogens detected. 
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 Total 
(n=2242) 

Botswana 
(n=1289) 

Ethiopia 
(n=218) 

Uganda 
(n=337) 

Zimbabwe 
(n=398) 

Demographics 
     

Age category, % (n) 
 

Neonate 0-28 days 
Infant 1-23 months 

Child 2-14 years 
Adult >14 years 

Unknown 

 
 

12.0% (270) 
11.7% (262) 
5.8% (131) 

68.0% (1525) 
2.4% (54) 

 
 

12.0% (155) 
15.9% (205) 

6.8% (88) 
61.3% (790) 

3.9% (51) 

 
 

52.8% (115) 
19.3% (42) 
8.3% (18) 

18.4% (40) 
1.4% (3) 

 
 
- 

4.5% (15) 
7.4% (25) 

88.1% (297) 
- 

 
 
- 
- 
- 

100 (398) 
- 

Sex, % (n) 
 

Female 
Male 

Unknown 

 
 

44.9% (1007) 
54.4% (1219) 

0.7% (16) 

 
 

45.9% (592) 
52.9% (682) 

1.2% (15) 

 
 

42.2% (92) 
57.8% (126) 

- 

 
 

41.3% (139) 
58.7% (198) 

- 

 
 

46.2% (184) 
53.5% (213) 

0.25% (1) 

Adult HIV details      

Adult HIV status, % (n) 
 

Positive 
Negative 

Unknown 

 
 

73.6% (1123) 
17.8% (271) 
8.6% (131) 

 
 

69.2% (547) 
24.8% (196) 

6.0% (47) 

 
 

30.0% (12) 
37.5% (15) 
32.5% (13) 

 
 

96.0% (285) 
2.7% (8) 
1.4% (4) 

 
 

70.1% (279) 
13.1% (52) 
16.8% (67) 

Median CD4 If HIV positive, 
cells/mm3 (IQR)  

93 (28-318) 212 (60-435) 6 (6-14) 28 (9-71) 86 (42-220) 

Proportion of adults living with HIV 
with CD4 <200 cells/mm3 

37.9% (425) 29.8% (163) 25% (3) 59.9% (168) 32.6% (91) 

Unknown CD4 if HIV positive, % n 41.7% (468) 37.7% (207) 75% (9) 35.4% (101) 54.1% (151) 
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Currently on ART 50.0% (519) 46.8% (256) - 53.7% (153) 54.5% (152) 

ART status unknown 5.0% (56) 5.7% (31) 100% (12) 0.4% (1) 4.3% (12) 

CSF Analysis      

Age-adjusted CSF WCC pleocytosis 13.8% (309) 13.0% (168) 7.3% (16) 26.7% (90) 8.8% (35) 

CSF protein (mg/mL) (IQR)* 0.45 (0.25-0.94) 0.45 (0.25-0.88) - 0.38 (0.21-0.84) 0.54 (0.36-1.2) 

CSF glucose (mmol/mL) (IQR) 3.27 (2.49-4.0) 3.28 (2.60-3.98) 2.84 (2.62-3.31) 2.72 (1.72-4.70) 3.4 (2.5-4.2) 

Inflammatory CSF***, % (n) 19.2% (386) 18.1% (220) 9.7% (16) 31.5% (91) 17.3% (59) 

Diagnoses with routine analysis 
alone, % (n) 

18.5% (414) 13.0% (168) 2.8% (6) 49.6% (167) 18.3% (73) 

Diagnoses with FilmArray-ME alone, 
% (n) 

22.7% (508) 15.6% (201) 9.2% (20) 52.2% (176) 27.9% (111) 

Diagnoses with routine and 
FilmArray-ME, % (n) 

26.4% (592) 18.8% (242) 9.6% (21) 60.2% (203) 31.7% (126) 

Diagnoses with routine analysis alone 
excluding cryptococcal meningitis, % 
(n) 

2.9% (66) 4.1% (53) 1.8% (4) 0.3% (1) 2.0% (8) 

Diagnoses with routine and 
FilmArray-ME excluding cryptococcal 
meningitis, % (n) 

10.3% (231) 9.5% (123) 8.7% (19) 9.5% (32) 14.3% (57) 

Inflammatory CSF*** with no 
diagnosis (routine only), % (n/N) 

60.6% (234/386) 66.4% (146/220) 81.3% (13/16) 37.4% (34/91) 69.5% (41/59) 

Inflammatory CSF*** with no 
diagnosis (routine and FilmArray-
ME), % (n) 

45.1% (174) 55.5% (122) 31.3% (5) 25.3% (23) 40.7% (24) 
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Outcome      

Discharged alive 68.3% (1532) 71.4% (920) 60.6% (132) 67.1% (226) 62.8 (254) 

Died in hospital 16.4% (368) 10.2% (131) 10.1% (22) 30.3% (102) 28.4% (113) 

Unknown 15.3% (342) 18.5% (238) 29.4% (64) 2.7% (9) 7.8% (31) 

Table 6: Summary of patient demographics, HIV status, CSF analysis and outcome by site 
 
*CSF protein was unknown in 41.6% (933) of participants overall. This varied by region with 34.4% (443), 100% (218), 23.4% (78) and 48.7% (194) of 
participants having an unknown CSF protein in Botswana, Ethiopia, Uganda and Zimbabwe respectively. 
 
**CSF glucose was unknown in 33.7% (756) of participants overall. This varied by region with 20.2% (269), 80.7% (176), 48.7% (164) and 32.9% (131) of 
participants having an unknown CSF protein in Botswana, Ethiopia, Uganda and Zimbabwe respectively. 
 
***Inflammatory CSF was defined as either the presence of an age-adjusted CSF white cell pleocytosis or CSF protein >1mg/mL and CSF glucose 
<2.2mmol/mL 
 
 
 
 



 87 

    

C
M

V
 

En
tero

viru
s 

H
SV

-1
 

H
SV

-2
 

H
u

m
an

 
H

erp
esviru

s-6 

V
ZV

 

Esch
erich

ia 

co
li 

H
aem

o
p

h
ilu

s 

in
flu

en
zae 

N
e

isseria 
m

en
in

gitid
is 

Strep
to

co
ccu

s 

agalactiae 

Strep
to

co
ccu

s 

p
n

eu
m

o
n

iae 

C
ryp

to
co

ccu
s 

n
eo

fo
rm

an
s/ 

gatti 

O
th

er 
m

icro
b

io
lo

gic
al d

iagn
o

sis 

N
o

 d
iagn

o
sis 

C
o

-d
etectio

n
s 

Number of detections 55 14 13 13 38 29 10 9 10 2 65 358 22 1657 54 

Age distribution                

Neonates (0-28 days), 
% (n) 

3.6% 
(2/55) 

14.3% 
(2/14) 

7.7% 
(1/13) 

- 
7.9% 

(3/38) 
- 

10.0% 
(1/10) 

- - - - - 

13.6
% 

(3/2
2) 

15.6% 
(259/1657) 

- 

Infant (1-23 months), % 
(n) 

9.1% 
(5/55) 

35.7% 
(5/14) 

 
7.7% 

(1/13) 
- 

31.6% 
(12/38

) 
- 

40.0% 
(4/10) 

11.1% 
(1/9) 

- 
50% 
(1/2) 

7.7% 
(5/65) 

- 

18.2
% 

(4/2
2) 

13.6% 
(226/1657) 

1.9% 
(1/54) 

Paediatrics (2-14 years), 
% (n) 

3.6% 
(2/55) 

21.4% 
(3/14) 

- - 
5.3% 

(2/38) 
- 

20.0% 
(2/10) 

11.1% 
(1/9) 

11.1% 
(1/9) 

- 
6.2% 

(4/65) 
0.3% 

(1/358) 

13.6
% 

(3/2
2) 

6.8% 
(112/1657) 

3.7% 
(2/54) 

Adults (15+ years), % 
(n) 

83.5% 
(46/55) 

28.6% 
(4/14) 

84.6% 
(11/13

) 

100% 
13/13 

55.3% 
(21/38

) 

100% 
(29/29

) 

30.0% 
(3/10) 

77.8% 
(7/9) 

88.9% 
(8/9) 

50% 
(1/2) 

86.2% 
(56/65

) 

99.7% 
(357/358

) 

54.5
% 

(12/
22) 

60.7% 
(1006/165

7) 

94.4% 
(51/54

) 

Age unknown, % (n) - - - - - - - - - - - - - 
3.3% 

(54/1657) 
- 

Sex                 

Female, % (n) 
43.6% 
(24/55

) 

42.8% 
(6/14) 

38.5% 
(5/13) 

38.5% 
(5/13) 

39.5% 
(15/38

) 

37.9% 
(11/29

) 

30.0% 
(3/10) 

33.3% 
(3/9) 

40% 
(4/10) 

- 
41.5% 
(27/65

) 

35.5% 
(127/358

) 

31.8% 
(7/22) 

46.8% 
(881/1657) 

42.6% 
(23/54

) 

Male, % (n) 
56.4% 
(31/55

) 

57.1% 
(8/14) 

61.5% 
(8/13) 

61.5% 
(8/13) 

39.5% 
(15/38

) 

62.1% 
(18/29

) 

70.0% 
(7/9) 

66.7% 
(6/9) 

60% 
(6/10) 

100% 
(2/2) 

58.5% 
(38/65

) 

64.4% 
(231/358

) 

68.2% 
(15/22

) 

52.4% 
(988/1657) 

57.4% 
(31/54

) 
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Unknown, % (n) - - - - 
21.1% 
(8/38) 

- - - - - - - - 
0.9% 

(15/1657) 
 

HIV characteristics of 
adult population 

               

HIV positive, % (n) 
95.7% 

(44/46) 
75% 
(3/4) 

81.8% 
(9/11) 

100% 
(13/13

) 

85.7% 
(18/21

) 

89.7% 
(26/29

) 

100% 
(3/3) 

85.7% 
(6/7) 

33.3% 
(3/9) 

100% 
(1/1) 

75.0% 
(42/56

) 

96.6% 
(345/357

) 

33.3
% 

(4/1
2) 

64.9% 
(650/1001) 

92.2% 
(47/51

) 

HIV negative, % (n) 
2.2% 

(1/46) 
- 

18.2% 
(2/11) 

- 
4.8% 

(1/21) 
3.5% 

(1/29) 
- 

14.3% 
(1/7) 

55.6% 
(5/9) 

- 
16.1% 
(9/56) 

1.1% 
(4/357) 

58.3
% 

(7/1
2) 

23.9% 
(239/1001) 

2.0% 
(1/51) 

HIV status unknown, % 
(n) 

2.2% 
(1/46) 

25.0% 
(1/4) 

- - 
9.5% 

(2/21) 
6.9% 

(2/29) 
- - 

11.1% 
(1/9) 

- 
8.9% 

(5/56) 
2.2% 

(8/357) 

8.3
% 

(1/1
2) 

11.2% 
(112/1001) 

5.9% 
(3/51) 

Not on ART (either ARV 
naïve or defaulted) 

43.2% 
(19/44) 

66.7% 
(2/3) 

33.3% 
(3/9) 

53.8% 
(7/13) 

44.4% 
(8/18) 

46.2% 
(12/26

) 
- 

50.0% 
(3/6) 

66.7% 
(2/3) 

100% 
(1/1) 

52.4% 
(22/42

) 

50.1% 
(173/345

) 

75.0
% 

(3/4
) 

41.1% 
(267/650) 

36.2% 
(17/47

) 

CD4 count (IQR) 
48 

(10-134) 
217 
(-) 

64 
(35-
275) 

21 
(7-

129) 

75 
(30-
133) 

46 
(15-
185) 

566 
(12-

1121) 

212 
(134-
347) 

365 
(42-
688) 

505 
(-) 

136 
(58-
340) 

30 
(9-70) 

78 
(21-
180) 

192 
(56-426) 

30 
(12-
63) 

CD4 count known if HIV 
positive, % (n) 

50.0% 
(22/44) 

33.3% 
(1/3) 

44.4% 
(4/9) 

69.2% 
(9/13) 

72.2% 
(13/18

) 

46.2% 
(12/26

) 

66.7% 
(2/3) 

83.3% 
(5/6) 

66.7% 
(2/3) 

100% 
(1/1) 

40.5% 
(17/42

) 

63.8% 
(220/345

) 

75% 
(3/4

) 

58.9% 
(383/650) 

63.8% 
(30/47

) 

CSF Findings                

WCC pleocytosis (using 
age criteria) 

21.8% 
(12/55) 

14.3% 
(2/14) 

69.2% 
(9/13) 

15.3% 
(2/13) 

23.7% 
(9/38) 

31.0% 
(9/29) 

30.0% 
(3/10) 

66.6% 
(6/9) 

80% 
(8/10) 

100% 
(2/2) 

49.2% 
(32/65

) 

26.5% 
(95/358) 

31.8
% 

(7/2
2) 

7.9% 
(131/1657) 

29.6% 
(16/54

) 

CSF Protein (g/dL), 
median (IQR) 

0.58 
(0.30-
1.07) 

0.39 
(0.19-
0.84) 

0.93 
(0.60-
1.60) 

0.58 
(0.20-
0.96) 

0.33 
(0.24-
0.66) 

1.01 
(0.60-
1.99) 

0.31 
(0.15-
0.58) 

1.43 
(1.0-
1.84) 

1.99 
(1.0-
3.70) 

1.83 
(-) 

1.55 
(0.39-
3.70) 

0.51 
(0.27-
1.07) 

2.13 
(0.5
9-

4.11
) 

0.42 
(0.24-0.79) 

0.42 
(0.24-
0.86) 
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CSF Glucose (mmol/L), 
median (IQR) 

2.59 
(1.73-
3.40) 

3.11 
(2.65-
4.05) 

3.70 
(2.80-
4.40) 

2.60 
(0.78-
2.92) 

2.54 
(2.10-
3.90) 

3.40 
(2.33-
4.07) 

3.57 
(2.65-
4.15) 

1.39 
(0.89-
3.49) 

1.50 
(1.24-
2.32) 

0.04 
(-) 

1.0 
(0.04-
1.83) 

2.30 
(1.50-
3.17) 

2.97 
(0.6
0-

4.01
) 

3.40 
(2.83-4.13) 

2.14 
(1.73-
2.97) 

Cryptococcus co-
detection  
(routine or enhanced 
diagnostics) 

27.3% 
(14/55) 

7.1% 
(1/14) 

15.4% 
(2/13) 

30.8% 
(4/13) 

23.7% 
(9/38) 

24.1% 
(7/29) 

10.0% 
(1/10) 

11.1% 
(1/9) 

- - 
10.8% 
(7/65) 

n/a - n/a n/a 

Outcome                

Discharged alive 
50.9% 

(28/55) 
64.3% 
(9/14) 

61.5% 
(8/13) 

38.5% 
(5/13) 

76.3% 
(29/38

) 

55.2% 
(16/29

) 

70.0% 
(7/10) 

100% 
(9/9) 

80.0% 
(8/10) 

100% 
(2/2) 

60.0% 
(39/65

) 

58.1% 
(207/358

) 

68% 
(15/
22) 

71.0% 
(1177/165

7) 

46.3% 
(25/54

) 

In hospital mortality 
27.3% 

(15/55) 
21.4% 
(3/14) 

15.4% 
(2/13) 

46.2% 
(6/13) 

18.4% 
(7/38) 

27.5% 
(8/29) 

10.0% 
(1/10) 

- 
10.0% 
(1/10) 

- 
24.6% 
(16/65

) 

31.8% 
(114/358

) 

23% 
(5/2

2) 

12.1% 
(209/1657) 

42.6% 
(23/54

) 

Unknown 
21.8% 

(12/55) 
14.3% 
(2/14) 

23.1% 
(3/13) 

15.4% 
(2/13) 

5.3% 
(2/38) 

17.2% 
(5/29) 

20.0% 
(2/10) 

- 
10.0% 
(1/10) 

- 
15.4% 
(10/65

) 

10.1% 
(36/358) 

9% 
(2/2

2) 

16.4% 
(271/1657) 

11.1% 
(6/54) 

 
Table 7: Demographics, HIV details, CSF findings and outcomes of organisms detections on CSF 
 
*Other microbiological diagnoses: Coagulase negative staphylococcus (7), Klebsiella pneumoniae (4) and Acinetobacter baumannii, Candida spp, Citrobacter spp, 
Enterobacter spp, Enterococcus spp, Pseudomonas aeruginosa, Salmonella spp, Staphylococcus aureus, unidentified coliform, and an unidentified fungus (possible 
contamination), each with a count of 1 
 
**Co-detections were defined as the presence of 2 or more organism regardless of clinical relevance. Co-detection proportions were determined using the same 
denominator as other variables but did not contribute to the overall total 
 
***Inflammatory CSF was defined as either the presence of an age-adjusted CSF white cell pleocytosis or CSF protein >1mg/mL and CSF glucose <2.2mmol/mL 
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Figure 7a: Potential CNSI pathogens detected through routine and FilmArray-ME analysis   
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Figure 7b: Potential CNSI pathogens detected through routine and FilmArray-ME analysis – EXCLUDING CRYPTOCOCCAL MENINGITIS DIAGNOSES 
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Patient group 
Number of 

patients 
Diagnostic yield through 

routine testing alone 
Diagnostic yield with 

addition of FilmArray-ME 
Relative increase in 

diagnoses 

Overall 2242 
18.5% 

(414/2242) 
26.4% 

(592/2242) 
42.7% 

Age category     

Neonates (0-28 days) 270 
1.5% 

(4/270) 
3.7% 

(10/270) 
146.7% 

Infants (1-23 months) 262 
3.8% 

(10/262) 
13.8% 

(36/262) 
263.2% 

Children (2-14 years) 131 
6.1% 

(8/131) 
15.3% 

(20/131) 
150.3% 

Adults (>14 years) 1525 
25.7% 

(392/1525) 
34.0% 

(524/1525) 
32.3% 

HIV status     

HIV negative adults (>14 years) 271 
6.6% 

(18/271) 
11.8% 

(32/271) 
78.8% 

HIV negative and UNinflammatory CSF 214 
3.6% 

(8/224) 
4.9% 

(11/224) 
36.1% 

HIV positive adults 1123 
32.4% 

(364/1123) 
42.1% 

(473/1123) 
29.9% 
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HIV positive adults and negative CrAg 739 
5.6% 

(41/739) 
18.7% 

(138/739) 
233.9% 

HIV positive, negative CrAg and 
UNinflammatory CSF 

536 
3.3% 

(20/598) 
14.7% 

(88/598) 
345.5% 

HIV positive, negative CrAg and 
inflammatory CSF 

141 
14.9% 

(21/141) 
35.5% 

(50/141) 
138.3% 

 
Table 8:  Diagnostic yield for routine diagnostics alone and combination of routine diagnostics and FilmArray-ME stratified by patient group. Relative 
increase in diagnostic yield determined at each level 
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Organism detected In-hospital mortality Organism type Mortality 

CMV 27.3% (15/55) 

Virus 
25.3% 

(41/162) 

Enterovirus 21.4% (3/14) 

HSV-1 15.4% (2/13) 

HSV-2 41.2% (6/13) 

HHV-6 18.4% (7/38) 

VZV 27.5% (8/29) 

Escherichia coli 10% (1/10) 

Bacteria 
19.8% 

(23/116) 

Haemophilus 
influenzae 

0% (0/9) 

Neisseria meningitidis 10% (1/10) 

Streptococcus 
agalactiae 

0% (0/2) 

Streptococcus 
pneumoniae 

24.6% (16/65) 

Other bacteria 25.0% (5/20) 

Cryptococcus 
neoformans/gattii 

31.8% (114/358) 
Fungi 31.7% (114/360) 

Other fungi 0% (0/2) 

No diagnosis 12.6% (209/1657) 

No diagnosis with 
UNinflammatory CSF 

12.2% (181/1479) 

No diagnosis with 
inflammatory CSF 

16.0% (28/175) 

Any diagnosis 26.9% (159/585) 

Table 9 Inpatient mortality by organism detected and organism kingdom 
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Co-detection  Frequency 

Cryptococcus spp & CMV 14 

Cryptococcus spp & HHV-6 9 

Cryptococcus spp & Streptococcus pneumoniae 7 
Cryptococcus spp & VZV 7 

Cryptococcus spp & HSV-2 3 

Streptococcus pneumoniae & CMV 3 
Neisseria meningitidis & VZV 2 

Coagulase negative Staphylococcus spp & HHV-6  1 

Coagulase negative Staphylococcus spp & CMV 1 

Cryptococcus spp & Escherichia coli 1 
Cryptococcus spp & Enterovirus 1 

Cryptococcus spp & Haemophilus influenzae 1 

Cryptococcus spp & HSV-1 1 
Cryptococcus spp & HSV-1 & HSV-2 1 

Enterovirus & HSV-2  1 

Proteus spp & CMV 1 

Total 54 
Table 10 Description of co-detections  
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3.4 Discussion 
 
 

This analysis demonstrates that FilmArray-ME was successfully implemented in 4 countries within the 

WHO African region at sites with limited previous experience in molecular diagnostics. The use of 

FilmArray-ME provided a microbiological diagnosis for an additional 178 (7.9%) patients that would 

have otherwise not received a diagnosis. There were an additional 160 viruses, 57 bacteria and 10 

fungi detected using FilmArray-ME that were not diagnosed through routine investigations. 

Furthermore, viral CNS pathogens including VZV and HSV were detected for the first-time in routine 

practice in some settings alongside increases in bacteria that were not detected through traditional 

culture and staining techniques26.  

 

Diagnostic yield varied between different study population. The highest diagnostic yield was seen in 

HIV positive adults where 41.7% of patients received a diagnosis through routine and enhanced 

diagnostics with a relative increase in diagnostic yield of 29.3% through the addition of FilmArray-ME. 

However, this relatively modest observed increase should be interpreted with caution given the high 

proportion of known CSF CrAg-positive samples tested due to the inclusion criteria of studies. If only 

CrAg negative samples from people with HIV were tested, then we observed a relative increase of 

223.2% due to FilmArray-ME suggesting that some patient groups may have greater benefit from 

FilmArray-ME testing. However, whilst rationalising FilmArray-ME testing to those most at risk offers 

a potentially more cost-effective approach to wider implementation if testing had not been performed 

on CSF CrAg positive samples it would have led to 43 missed co-detections, 8.4% of all FilmArray-ME 

detections, although the majority of these detections would not have altered clinical management. 

 

The detection of CMV and HHV-6 in the CSF is of uncertain direct clinical significance and therefore 

the added clinical benefit of their detection is unclear26,27. In children the detection of CMV and HHV-

6 may represent self-limiting primary infection, but their detection would be unlikely to change 
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management. Antivirals are unlikely to be of benefit and cessation of empiric antibiotics should be 

performed cautiously as co-detection with other bacterial pathogens is reported. In adults, CMV and 

HHV-6 detection is observed principally in the context of immune-suppression however detection 

does not always correlate with clinical disease27. Their presence may be due to subclinical reactivation 

of latent infection in the context of advanced immunosuppression or intercurrent infection, or CNS 

inflammation allowing mixture of blood and CSF thereby increasing viral diversity in the CSF28,29. Whilst 

the detection of bacterial pathogens and Cryptococcus neoformans/gattii would likely prompt the 

immediate administration of antimicrobials and conversely a positive PCR for enterovirus would 

usually lead to the cessation of antimicrobials, management changes resulting from the detection of 

HHV-6 or CMV requires more nuanced clinical decision-making and additional information to 

determine their relevance27,30. Treatment of all positive CMV and HHV-6 CSF PCR results with antiviral 

agents would likely be unnecessary, expensive and have potentially serious side effects. Even with 

their exclusion FilmArray-ME still had a significant impact on the number of diagnoses made, providing 

an additional 116 (5.2%) individuals with a diagnosis.  

 

Despite the ability to reliably detect a far wider range of potential CNS pathogens, cryptococcal 

meningitis remained the most common cause of CNSI in high HIV-prevalence African settings and most 

cases in our meta-analysis were diagnosed through CSF CrAg testing. CSF CrAg testing has a superior 

sensitivity to FilmArray-ME for the diagnosis of cryptococcal meningitis particularly at lower fungal 

burdens15,20,31. This is consistent with our data presented in this meta-analysis where FilmArray-ME 

detected 301 out of 358 cryptococcal meningitis cases. In 20 cases CSF CrAg was negative. This poses 

diagnostic challenges as CrAg testing is now often used as the only cryptococcal diagnostic for patients 

with suspected CNSI in high HIV-prevalence settings. Whilst false-negative CSF CrAg tests have been 

reported in cases of cryptococcal meningitis for several reasons including low fungal load, acapsular 

strains of Cryptococcus spp or high cryptococcal antigen titres leading to postzone effect all confirmed 

cryptococcal meningitis cases with negative CSF CrAg should be evaluated closely32,33. Monitoring for 
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increases in CrAg-negative cryptococcal meningitis cases due expansion of to acapsular or weakly-

capsular Cryptococcus spp populations at sentinel sites could potentially be an important role for 

FilmArray-ME. 

 

FilmArray-ME decreased the number of patients with a CSF pleocytosis but without a confirmed 

diagnosis from 234/309 to 174/309, a relative decrease in undiagnosed CNSI of 34%. Despite this 

improvement 56.4% of all patients with a CSF pleocytosis did not receive a diagnosis thereby limiting 

the ability to administer targeted antimicrobial therapy. There are a number of reasons why there are 

a significant proportion of patients without a diagnosis. Firstly, FilmArray-ME does not include 

common CNS infections in high HIV-prevalence settings such as M.tuberculosis, T.gondii, neurosyphilis 

or JC virus and expanded testing to include these analytes in the FilmArray-ME pouch would likely 

decrease the number of patients without a diagnosis in this highly immune-suppressed population. At 

present this suggests that in high HIV-prevalence settings FilmArray-ME should ideally be used in 

conjunction with other enhanced testing modalities, in particular Xpert MTB/RIF Ultra. Secondly there 

are several bacteria that were detected on culture that are not included on the FilmArray-ME panel. 

Given the limits of phenotypic techniques to identify bacteria in CSF particularly with the restricted 

laboratory facilities available it is likely that a significant proportion of bacterial infections not included 

in FilmArray-ME were also missed.  

 

Mortality varied significantly between pathogens with the highest mortality being in patients with a 

positive HSV-2 PCR, 41.2% (6/13) and overall mortality from viral pathogens being higher than 

bacterial pathogens. Whilst not all viral pathogens and clinical syndromes resulting from viral infection 

warrant treatment with antivirals the limited availability of these medications for those that do will 

likely be driving the very high mortality. Previous data from high HIV-prevalence African settings also 

reported higher mortality from bacterial meningitis than described here34. This may be due to several 

reasons including better clinical recognition and improved access to CNS-penetrating antimicrobial 
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treatment. In addition, multiplex PCRs may be able to detect bacteria in CSF at lower concentrations 

than culture resulting in the early detection of potentially less severe cases of bacterial meningitis with 

lower bacterial burdens. 

 

With the emergence of multiplex PCR testing, including with panels such as FilmArray-ME, co-

detections in CSF have been increasingly described particularly in the context of advanced HIV 20,35,36. 

In our study population 2.5% of patients (n=54) had more than one organism detected in CSF either 

on FilmArray-ME or through routine diagnostics. The most common co-detection was CMV and 

Cryptococcus neoformans/gattii which occurred in 14 cases followed by HHV-6 and Cryptococcus 

neoformans/gattii which occurred in 9 cases. The detection of more than one organism in CSF was 

significantly associated with an increased in-patient mortality. Whilst data on mortality in CSF co-

detections is extremely limited and in our analysis we are unable to fully account for several important 

considerations including whether appropriate treatment was received and the higher rates of 

advanced immunosuppression amongst patients with more than one detection in CSF, co-prevalent 

extra-cranial infections including CMV viraemia are associated with increased mortality and therefore 

it is plausible that co-prevalent infections in the CSF will also carry a greater risk of mortality37.  

 

There are several limitations to this analysis. Firstly, in studies from Uganda the use of FilmArray-ME 

was not always random but rather targeted at those individuals where the investigators felt it would 

have the greatest yield. This likely introduced bias due to the inclusion of this pre-selected population 

that had already had other diagnoses including cryptococcal and tuberculous meningitis excluded. 

This population had a higher HIV prevalence and a higher pre-test probability for the detection of an 

organism and this was not controlled for. Formal risk of bias assessments were not used and therefore 

the significant heterogeneity in the included studies was not fully described or accounted for. Another 

limitation is the lack of data on any changes in management arising from FilmArray-ME, a key metric 

in determining the clinical impact of a diagnostic test. As outlined previously the majority of detections 
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of CMV and HHV-6 are likely not of direct clinical significance. However, in a minority of cases they 

may be true pathogens. As a result we may be underestimating the impact of FilmArray-ME in these 

cases. 

 

In summary, we present individual patient data from the majority of published FilmArray-ME results 

from WHO African Region demonstrating an overall increase in number of patients receiving a 

confirmed microbiological diagnosis with significant variation in the incremental increase in diagnostic 

yield between key population groups. 
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Chapter IV – Central nervous system infection diagnostics in routine care 

 
 

4.1 Introduction 

 

CNSI continue to carry significant mortality in high HIV-prevalence settings at least in part due to an 

absence of rapid, reliable diagnostics. Rapid diagnostics are available for the two most common causes 

of CNSI in high HIV-prevalence settings, cryptococcal antigen testing (CrAg) for cryptococcal meningitis 

and Xpert MTB/RIF for tuberculous meningitis (TBM). Both tests have been implemented in Botswana, 

although with varying levels of coverage and impact. This chapter comprised of two manuscripts, one 

published and one undergoing review, demonstrates the impact of widespread implementation of 

rapid CNSI diagnostics into routine care in a high HIV-prevalence resource-limited setting. 
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4.2 Manuscript - Tracking cryptococcal meningitis to monitor HIV program success during the Treat-
All era: an analysis of national data in Botswana 
  

Cryptococcal meningitis continues to be the most common cause of CNSI in Botswana and is 

associated with significant mortality. Cryptococcal meningitis can be diagnosed within 15 minutes 

using the highly-sensitive CrAg test and this has revolutionised the care of patients with cryptococcal 

meningitis. CSF CrAg testing was initially implemented to quickly and reliably diagnose cryptococcal 

meningitis in patients with advanced HIV disease. However, the impact of CrAg is such that it may now 

have the potential to serve as a more accessible indicator of advanced HIV disease and HIV programme 

success than other metrics such as CD4 testing that are not universally available in most high HIV-

prevalence African settings.  

 

A 2017 study from Botswana using data between 2000-2014 presented a comprehensive national 

analysis of temporal trends in cryptococcal meningitis following the scale-up of ART in Botswana which 

was published in Clinical Infectious Diseases. These data demonstrated that despite a decline in 

cryptococcal meningitis incidence a substantial burden of cryptococcal meningitis persisted despite 

improved antiretroviral coverage. Since this analysis, ART coverage has further increased with the 

introduction of universal treatment, “Treat All”, where all patients with a positive HIV test are started 

on ART regardless of CD4 count.  Botswana is a leader in HIV programming and is almost uniquely 

placed as a low-resource, high HIV-prevalence Southern African country to conduct national analyses 

of routinely collected data through electronic health records due to the ability to link patient 

electronic health record data through a national identification number. 

 

The following manuscript uses 8 years of robust national meningitis surveillance data from Botswana 

to present cryptococcal meningitis incidence estimates between 2015 and 2022 to determine the 

impact of universal treatment of HIV on the burden of cryptococcal meningitis. These data 

demonstrate the potential utility of cryptococcal meningitis surveillance as an indicator of advanced 
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HIV disease and therefore HIV programmatic success. Furthermore, there is additional scope beyond 

what is presented here to provide valuable insights into key patient groups presenting with advanced 

HIV disease. If reliable data on HIV treatment status or date of HIV diagnosis were available this would 

allow characterisation of whether most advanced HIV disease presentations are new diagnoses or 

treatment failure. 

 

During the study period a total of 1,744 episodes of cryptococcal meningitis were identified. The 

incidence declined from 15.0 (95% CI 13.4-16.7) cases/100,000 person years in 2015 to 7.4 (95% CI 

6.4-8.6) cases/100,000 person years in 2022. The highest incidence was in males and individuals aged 

40-44 with the majority of cases being diagnosed through the cheap, reliable and easy-to-use 

cryptococcal antigen test.  

 

The manuscript has been published in Clinical Infectious Diseases. 
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4.3 Manuscript – The impact of GeneXpert cerebrospinal fluid testing on tuberculous meningitis 
diagnosis in routine care in Botswana. 
 

Tuberculous meningitis (TBM) disproportionately impacts individuals in high HIV-prevalence, 

resource-limited settings where the mortality of TBM remains unacceptably high. Diagnosis of TBM is 

challenged by the pauci-bacillary nature of the disease in cerebrospinal fluid and traditional diagnostic 

options such as culture requiring significant laboratory infrastructure. Furthermore, TB culture can 

take up to 6 weeks to yield a result meaning it cannot inform immediate management decisions.  

 

Previous epidemiological data from Botswana on adult meningitis reported only 1% of microbiology 

confirmed diagnoses were attributed to TBM, diagnosed at sole TB culture facility in the country 

located in the capital Gaborone, up to 1000km from some healthcare facilities1. This is likely a 

significant underestimation resulting from limited testing for TBM with data from neighbouring South 

Africa TBM comprised 25% of diagnoses2. Easily accessible, decentralised, rapid and sensitive 

diagnostics are essential for improving outcomes from TBM and Xpert MTB/RIF has been 

demonstrated to be an effective option in high HIV-prevalence settings3.  

 

Routinely-available national data from Botswana a low-resource, high HIV-prevalence setting was 

used to evaluate the impact of Xpert MTB/RIF rollout on the number of CSF Xpert MTB/RIF 

examinations, the number of microbiologically confirmed MTB diagnosis and the characteristics of 

patients investigated for TBM.  

 

Between January 1st 2016 – 31st December 2022 a total of 6,934 CSF samples were investigated of 

which 1114 (16.1%) were investigated using TB-specific investigations. The proportion of CSF samples 

receiving TB-specific investigation increased from 4.5% (58/1288) in 2016 to 29.0% (201/693) in 2022, 

primarily due to increased CSF analysis with Xpert MTB/RIF from 0.9% (11/1288) to 23.2% (161/693). 
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There was an overall decline in the annual number of CSF samples analysed but the proportion with 

microbiologically-confirmed TBM increased from 0.4% to 1.2% 

 

This manuscript has been published in Open Forum Infectious Diseases
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Chapter V – Impact of computed tomography on time to lumbar 
puncture, initiation of treatment and mortality in central nervous 
system infections in high HIV-prevalence settings 

 
5.1 Introduction 
 

Central nervous system infections (CNSI) continue to drive excess mortality in high HIV-prevalence 

African settings. Early diagnosis and treatment facilitated by prompt lumbar puncture (LP) is 

paramount to be able to improve outcomes. In resource-rich settings the role of computed 

tomography (CT) prior to LP in the investigation of suspected CNSI remains controversial however CT 

prior to LP has been shown to lead to delays in diagnosis and treatment. Guidelines exist on when to 

performed CT prior to LP to support clinician decision-making in resource-rich settings where CT is 

often available within hours. However, in resource-limited settings there are no reliable data to 

support clinician decision-making surrounding the role of CT prior to LP despite additional 

considerations found resource-limited settings. High HIV-prevalence broadens the differential 

diagnosis further challenging diagnostic workup whilst also potentially making the risk of LP delay or 

deferral greater. Access to CT is extremely limited with patients often waiting days or weeks for CT in 

urgent cases making clinical decisions to delay LP for CT even more impactful on patient outcomes. 

Understanding what impact CT has on time to LP, initiation of treatment and mortality is crucial to 

allow development of regionally- and context-specific guidelines on CT prior to LP. 

 

Using data from the Botswana National Meningitis Survey: Protocol 2 these results represent a 

relatively unique dataset describing delays to diagnostic LP and initiation of appropriate therapy 

resulting from CT prior to LP in resource-limited, high HIV-prevalence settings. In this cohort of 711 

patients underwent an LP for suspected CNSI, 73% were HIV positive and 191 had a CT prior to LP. 

Sensitivity, specificity, and negative and positive predictive values were determined for the detection 

of abnormality on CT for international and local guidelines. Estimates for were derived from variables 
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reporting the presence or absence of radiological abnormalities on CT and the proportion of patients 

that met clinical criteria for each guideline surrounding the need for CT prior to LP. This analysis 

highlighted that whilst IDSA guidelines were the most sensitivity detecting the majority of patients 

with CT abnormality they would be entirely impractical to implement due to resource-constraints. 

Time from admission to LP was 2.8 hours longer and time from admission to appropriate treatment 

12.7 hours longer in patients who had a CT prior to LP compared to those that did not. Importantly 

there was no difference in mortality between those who had a CT and those who did not CT, with no 

increase in mortality in patients with a clinical indication for CT who did not have a CT, therefore 

highlighting the limited utility in the investigation of patients with suspected CNSI in high HIV-

prevalence African settings. 

 

There are significant limitations to the data presented. Most importantly that through the study design 

only patients who had an LP and CSF were recruited, therefore missing patients who had an LP 

deferred due to abnormal findings on CT. There was limited scope to alter the design of the study to 

recruit patients that had suspected CNSI but no LP due to abnormalities on CT as the indications for 

performing CT were poorly recorded on CT requests and if the patient was not admitted then the 

patient often left with their CT images and report thereby restricting the ability to capture these data. 

Another limitation is that patients who had a CT prior to LP were not chosen at random but rather 

selected by treating clinicians leading to potential confounding by indication. This is of particular 

relevance in the mortality analysis where more unwell patients are more likely to have a CT and are 

therefore more likely to have a higher mortality. Whilst efforts were made to adjust for this using a 

weighted scoring system that includes physiological characteristics it is likely that important criteria 

were not fully accounted for. Furthermore, other scoring systems such as the Malawi Adult Meningitis 

Score (MAMS) may have been more suitable. However, these are significant results that add to an 

important yet considerably under-investigated topic.  
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The paper has been published in Open Forum Infectious Diseases. 
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5.2 Manuscript – Computed tomography of the head before lumbar puncture in adults with 
suspected meningitis in high HIV-prevalence settings 
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Supplementary material 
 

Viral CNS infection 
– Patient with symptoms consistent with CNS infection OR clinically suspected CNS infection   
– AND positive CSF PCR for a HSV-1, HSV-2 or VZV  

Confirmed bacterial meningitis  
– Patient with symptoms consistent with meningitis OR clinically suspected meningitis 
– AND detection of an appropriate pathogen in CSF by PCR, culture, or Gram stain, OR 

detection of an appropriate pathogen in blood by PCR, culture, or Gram stain, with CSF 
pleocytosis. 

Probable bacterial meningitis 
– Patient with symptoms consistent with meningitis OR clinically suspected meningitis 
– AND neutrophilic pleocytosis with no other cause of CNS infection identified 

Cryptococcal Meningitis  
– Patient with symptoms consistent with meningitis OR clinically suspected meningitis 
– AND identification of Cryptococcus neoformans/gattii in CSF by culture, CrAg, India Ink or 

PCR 

Definite Tuberculous meningitis  
– Patient with symptoms and signs of meningitis including one or more of the following: 

headache, irritability, vomiting, fever, neck stiffness, convulsions, focal neurological 
deficits, altered consciousness, or lethargy 

– AND acid-fast bacilli seen in the CSF, OR identification of Mycobacterium tuberculosis in 
the CSF by culture or nucleic acid amplification test.  

Probable Tuberculous meningitis  
– Patient with symptoms and signs of meningitis including one or more of the following: 

headache, irritability, vomiting, fever, neck stiffness, convulsions, focal neurological 
deficits, altered consciousness, or lethargy. 

– AND, using Marais’ criteria, a total diagnostic score of 10 or more points (when cerebral 
imaging is not available) or 12 or more points (when cerebral imaging is available). At least 
2 points should either come from CSF or cerebral imaging criteria. 

– AND alternative diagnoses excluded. 

Possible Tuberculous meningitis  
– Patient with symptoms and signs of meningitis including one or more of the following: 

headache, irritability, vomiting, fever, neck stiffness, convulsions, focal neurological 
deficits, altered consciousness, or lethargy. 

– AND, using Marais’ criteria, a total diagnostic score of 6-9 points (when cerebral imaging is 
not available) or 6-11 points (when cerebral imaging is available). 

– AND alternative diagnoses excluded. 

Supplementary table 1 Meningitis case definitions for final diagnosis of central nervous system 
infection  
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GCS <8 and/or posturing 

New onset seizures 

Unexplained altered mental status not clearly caused by alternative diagnosis (e.g. hypoxia, 

hypotension, hypoglycaemia) 

Focal neurologic findings 

Supplementary table 2 Summary of consensus guidelines for preceding CT 

 

 3 2 1 0 1 2 3 

HR <40  41-50 51-90 91-110 111-130 >131 

Systolic 
BP 

<90 91-100 101-110 111-219   >220 

RR <8  9-11 12-20  21-25 >25 

Temp     >37.5   

O2 Sats  <88 88-92 >92    

Supplementary table 3 Composite scoring system based on routinely collected physiological 
parameters. Missing values were scored as zero. 
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 Sensitivity Specificity Positive predictive 
value 

Negative predictive 
value 

Percentage of patients that would 
meet criteria to require scan if 
guidelines followed 

Adjusted IDSA 
guidelines  
 
(GCS<15, HIV-
positive, history of 
seizure or focal 
neurology) 

95.0% 
 
(95% CI 83-99%) 

6.5% 
 
(95% CI 3-12%) 

24.8% 
 
(95% CI 18-33%) 

80% 
 
(95% 44-98%) 

89.6% (637/711) 

Princess Marina 
Hospital guidelines 
 
(GCS<15, history of 
seizure or focal 
neurology) 

87.5% 
 
(95% CI 73-96%) 

17.9% 
 
(95% CI 12-26%) 

25.7% 
 
(95% CI 19-34%) 

81.5% 
 
(95% 62-94%) 

59.2% (421/711) 

Adjusted Swedish 
guidelines 
 
(GCS<6 or focal 
neurology) 

37.5% 
 
(95% CI 23-54%) 
 

74.0% 
 
(95% CI 65-82%) 

31.9% 
 
(95% CI 19-47%) 

78.4% 
 
(95% CI 70-86%) 

14.6% (104/711) 

Supplementary table 4 Sensitvity, specificity, and positive and negative predictive value for the detection of potential radiological contraindications to lumbar puncture 
estimates for IDSA, PMH and Swedish guidelines. Fundoscopy was infrequently performed and therefore papilloedema was not included in the adjusted IDSA guidelines for 
this analysis 
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Chapter VI – Botswana National Meningitis Survey: Protocol 3 and Harare Meningitis Aetiology 
Survey 

 

6.1 Introduction 
 

Central nervous system infections (CNSI) are a major cause of mortality in high HIV-prevalence African 

settings1,2. Despite improved access to antiretroviral therapy Botswana and Zimbabwe both still have 

high HIV prevalence of 16.4% and 11.0% in adults aged 15-49 in 2022, respectively3,4. HIV has markedly 

altered the epidemiology of CNSI and cryptococcal, tuberculous and pneumococcal meningitis are the 

most commonly diagnosed causes of CNSI5–9. Conventional diagnostics have significant limitations and 

if used in isolation result in large numbers of patients not receiving a diagnosis5,7. Patients with 

inflammatory CSF and no confirmed diagnosis have a high mortality indicating the presence of severe 

pathology that needs appropriate diagnosis and treatment to improve outcomes6.  

 

Molecular diagnostics implemented in trial settings have been shown to increase diagnostic yield and 

reduce the proportion of patients without a diagnosis10–17. However, despite their introduction there 

remains a significant proportion of patients without a diagnosis and therefore the optimal 

combination of enhanced diagnostics to be used in the region is yet to be determined. Furthermore, 

a number of trials using molecular diagnostics for CNSI diagnosis in high HIV-prevalence African 

settings have implemented these platforms in a stepwise algorithm which is stopped once a diagnosis 

is made and targeted only at HIV-positive adults where the diagnostic yield is presumed to be 

greatest12–14. Whilst this is potentially where the optimal utility of molecular diagnostics lies this 

approach will not detect co-detections or make diagnoses outside of the population of interest and 

therefore these data cannot be used to determine which patients would not derive benefit from 

enhanced testing.  
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BioFIRE FilmArray-Meningitis/Encephalitis (FilmArray-ME) is a rapid multiplex PCR platform that tests 

for 14 common central nervous system pathogens and is widely used in high-resource settings. The 

majority of more recent trials in high HIV-prevalence settings use FilmArray-ME alongside 

conventional diagnostics14,16. Whilst there is robust evidence supporting the use of FilmArray-ME in 

the diagnosis of CNSI in the Global North where it was developed the relevance of FilmArray-ME in 

high HIV-prevalence settings, where the aetiology of CNSI is very different, is less clearly established18. 

A key limitation is that FilmArray-ME used in isolation does not test for CNSI pathogens highly relevant 

to immune-suppressed populations, such as Mycobacterium tuberculosis and Toxoplasma gondii.  

 

Determining how best to implement molecular diagnostics in resource-limited requires careful 

consideration. Financial constraints mean extensive adoption will be challenging but targeted use may 

represent a cost-effective solution. At present data is lacking to support targeted testing of key 

population groups as most previous studies have presumptively excluded HIV-negative patients or 

patients with another CNSI. Indiscriminate testing of all samples from all patients with suspected CNSI 

will potentially identify which groups can be safely excluded from enhanced testing if they meet key 

criteria. 

 

To determine the impact of enhanced diagnostics for CNSI in low-resource, high HIV-prevalence 

settings on overall diagnostic yield, reduction in the number of patients without a diagnosis and 

determining the variation in diagnostic yield between key population groups a package of enhanced 

diagnostics was integrated into routine CSF analysis at Princess Marina Hospital, Gaborone and 

Parirenyatwa Hospital, Harare alongside additional retrospective CSF analysis.  

 

6.2 Methods 
 
 

Study population 
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Patients were recruited from Princess Marina Hospital, Gaborone, Botswana from April 2022 to 

January 2024 and Parirenyatwa Hospital, Harare, Zimbabwe from September 2022 to January 2024 as 

part of the Botswana National Meningitis Survey: Protocol 3 and the Harare Meningitis Aetiology 

Survey, respectively.  

 

All adults aged 18 years or older who had CSF submitted to the microbiology laboratory at either 

Princess Marina Hospital or Parirenyatwa Hospital were included. BioFIRE FilmArray-ME and Xpert 

MTB/RIF Ultra were integrated into routine CSF analysis in the microbiology departments of both 

hospitals. Patients were excluded if CSF was collected for any reason other than suspected CNSI, if a 

CNS device was in situ, or if a successful FilmArray-ME run was not performed on the sample. Lumbar 

punctures performed on subsequent presentations and repeat lumbar punctures from the same 

admission were also excluded from the analysis.  

 

CSF analysis 

CSF was divided between different platforms as described chapter III with a portion of CSF stored for 

additional retrospective analyses. If CSF volume limited all analyses being performed, then mandated 

investigations or those requested by the treating clinician were prioritised.  

 

Conventional testing 

Standard operating procedures for CSF examination are in place at both hospitals these include 

macroscopic examination followed by a total cell count using a Neubaeur counter performed prior to 

centrifugation at 3000 revolutions/minute for 3 minutes. The sediment is then used for Gram stain, 

India ink stain, differential (if CSF white cell count is over 10 cells/mm3) and culture. At Princess Marina 

Hospital CSF culture was performed using Sabouraud agar for 10 days incubation and sheep blood 

agar and chocolate agar for 72 hours incubation. At Parirenytwa hospital culture is performed for 48 
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hours on sheep blood agar, Sabouraud agar and chocolate agar. Cryptococcal antigen testing using 

IMMY lateral flow assay (IMMY, Normal. OK) was performed routinely on adult samples.  

 

Enhanced diagnostics – routine care 

FilmArray-ME and Xpert MTB/RIF Ultra were integrated into routine investigation of CSF samples at 

both hospitals. Laboratory staff at both sites underwent training on the use of FilmArray-ME by the 

manufacturers. All staff had been trained previously on the use of GeneXpert platform. Analysis was 

performed in line with manufacturer guidelines with the addition of a centrifugation step for Xpert 

MTB/RIF Ultra for all samples over 2ml in volume. Results from both FilmArray-ME and Xpert MTB/RIF 

Ultra were released to clinical teams alongside results from conventional testing using existing 

systems for result dissemination.  

 

Quality assurance and validation of both BioFIRE FilmArray instruments was performed using 

Zeptometrix ME molecular QC panels to calibrate each instrument prior to initiation of the study. In 

the case of failure or servicing the machine was recalibrated. Each batch of FilmArray-ME panel kits 

was validated using Maine molecular QC panel. Validation and quality assurance of GeneXpert 

platforms and every batch of Xpert MTB/Kits was performed in line with local and manufacturer 

guidelines at both sites. 

 

Enhanced diagnostics – retrospective testing 

Retrospective analyses were dependent on sufficient volume being available. All HIV positive patients 

with enough residual CSF were tested analysed using a monoplex Toxoplasma gondii PCR and all 

patients with residual CSF were investigated for neurosyphilis using a combination of treponemal and 

non-treponemal tests.  
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Neat CSF was analysed with Rapid Plasma Reagin (RPR) and Treponema Pallidum Particle Assay (TPPA). 

Nucleic acid was subsequently extracted from stored CSF stored at -80oC. Toxoplasma gondii PCR was 

performed on CSF samples collected from people living with HIV using a commercially-available PCR 

kit. Metagenomic sequencing was performed using GridION (Oxford Nanopore Technology, UK) at 

Botswana Harvard Health Institute, Gaborone, UK. Metagenomic sequencing was performed in two 

separate analyses the first in January 2023 and second in October 2023. Samples sequenced were a 

mixture of samples with inflammatory CSF findings suggestive of CNSI but no diagnosis and known 

positive and negative controls. Samples with inflammatory CSF but without a confirmed 

microbiological diagnosis were defined by either the presence of an age-appropriate pleocytosis alone 

or both CSF glucose <2.2mmol/mL and CSF protein >1mg/mL and no confirmed microbiological-

diagnosis made through FilmArray-ME, Xpert MTB/RIF Ultra, RPR/TPPA or Toxoplasma gondii PCR. 

Purified RNA was reverse transcribed into cDNA. DNA and cDNA were quantified and quality checked 

before being prepared for sequencing using ONT Rapid Barcoding Sequencing kits. For the first analysis 

twelve sample sequencing libraries were multiplexed on a single run on a flow cell, the flow cell was 

washed after the first run and a second run loaded. The manufacturer updated their library 

preparation kits shortly after this analysis and therefore in the second run twenty-four samples were 

multiplexed on a single run on a flow cell which was only run once. During sequencing the overriding 

abundance of human reads was depleted using on-the-fly reference alignment to the human genome 

and reversal of the pore current19. Resulting sequenced reads were analysed for possible de novo 

pathogens using krakenuniq metagenomic read classifier20. The presence of known pathogens was 

confirmed by read mapping to representative pathogen reference genomes using minimap221. 

Analysis with RPR, TPHA, Toxoplasma gondii PCR and metagenomic sequencing were performed 

retrospectively, often several months after collection of CSF, and were not shared with treating clinical 

teams. 

 

Data collection 
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Patients were identified from laboratory records of CSF samples submitted for analysis. Clinical data 

was collected from patients’ medical records and entered on an online data capture system, REDcap22. 

Clinical data focused on clinical presentation including the presence or absence of features suggestive 

of CNS infection such as headache, fever, neck stiffness or seizure, HIV status including level of 

immunosuppression, virological suppression, current ART status and other co-morbidities. Data on 

treatment including antimicrobials and adjunctive therapies, such as steroids in TB meningitis, 

alongside outcome data on discharge diagnosis and mortality during admission were captured from 

the patients’ medical records. Data on LP timing and timing of receipt of specimen was captured from 

the laboratory reporting system. Results from microbiological samples that are not CSF samples, such 

as blood cultures or sputum Xpert MTB/RIF testing, laboratory data from initial blood results including 

haemoglobin, peripheral white cell count, creatinine and electrolytes were collected from laboratory 

records. Plasma glucose was rarely performed, therefore capillary blood was captured from the 

patient medical records. Patients were followed to discharge and outcome at discharge was recorded. 

 

Data analysis 

Primary outcomes were the increase in diagnostic yield resulting from additional CSF analysis with 

enhanced diagnostics stratified by key population groups and the decrease in number of patients with 

inflammatory CSF and no confirmed diagnosis. Population groups of interest were HIV positive and 

HIV negative patients, patients with and without inflammatory CSF, and patients with a positive or 

negative CSF CrAg or combinations of these criteria.  

  

Data were analysed using STATA version 18.0. Patient demographics, CSF test results and HIV-related 

data were described using frequencies, percentages, or median and interquartile range (IQR) as 

appropriate. Inflammatory CSF was defined as CSF WCC over 5 cells/ml or CSF protein over 1mg/mL 

and CSF glucose under 2.2mmol/mL. Clinically appropriate antiviral administration was defined as 

antivirals given in patients with HSV-1, HSV-2 and VZV detected on CSF. 
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Ethics 

Institutional review board approval was in place from the London School of Hygiene and Tropical 

Medicine for both projects. For the Botswana National Meningitis Survey: Protocol 3 institutional 

review board approval was granted by the Health Research Development Council (HRDC reference 

number 6/14/1), London School of Hygiene and Tropical Medicine (LSHTM reference number 17322), 

and the University of Botswana (UB reference number UBR/RES/IRB/1631). Approvals for the Harare 

Meningitis Aetiology Survey were obtained from the Research Council of Zimbabwe (MRCZ/A/2896), 

the Medical Research Council of Zimbabwe (MRCZ/A/2896) and the Joint Research and Ethics 

Committee (Parirenyatwa Group of Hospitals, reference number220/2022).  

 

 

6.3 Results 
 
 

Study population 

 

Between April 2022 and December 2023 at Princess Marina Hospital 502 adults had CSF analysed with 

FilmArray-ME and between September 2022 and December 2023 481 adults had CSF analysed with 

FilmArray-ME at Parirenyatwa Hospital. In total, 983 adults had CSF analysed with FilmArray-ME, 117 

were excluded. Exclusions were due to repeat lumbar punctures in 92 cases, failed FilmArray-ME runs 

in 17, the presence of CNS devices in 4 and CSF collected for reasons other than suspected CNSI in 4 

(figure 1). CSF was successfully analysed with FilmArray-ME from 866 adult patients, 437 in Botswana 

and 429 in Zimbabwe.  

 

Due to limitations in sample volume and disruptions to supply of consumables not all patients had all 

available tests. All 866 patients had FilmArray-ME, 762 had FilmArray-ME and Xpert MTB/RIF Ultra, 
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308 had FilmArray-ME, Xpert MTB/RIF and PCR for Toxoplasma gondii and 186 additional syphilis 

testing with CSF RPR and TPPA. There were 96 patients that received FilmArray-ME, Xpert MTB/RIF 

Ultra and CSF RPR/TPHA testing.  

 

Patient demographics and HIV  

 

The median age of the study population was 41.0 (IQR 33.2-49.9) and the majority were male 54% 

(468/866), (table 1). Amongst the included patients 77.1% (586/866) were HIV positive with a median 

CD4 of 107 cells/mm3 (IQR 40-263). A new diagnosis of HIV was made on presentation with suspected 

CNSI in 94 patients. Amongst people with HIV 47.7% (279/586) were either ART naïve (183/279) or 

had cycled out of care (97/279), compared to 45.9% (269/586) currently taking ART. First-line 

antiretroviral therapy was the most common regime for patients taking ART at the time of admission 

with 75.8% of patients taking combination antiretroviral therapy of tenofovir, lamivudine and 

dolutegravir.  

 

Conventional diagnostics 

 

Conventional diagnostics alone detected a CNS pathogen in 17.1% (148/866) of patients, the most 

common diagnosis was cryptococcal meningitis identified in 89.4% (126/148) of patients with a 

diagnosis on routine testing alone. Excluding cryptococcal meningitis, 2.5% (22/866) of patients 

received a diagnosis through routine diagnostics alone, 15 from positive CSF cultures and 7 from CSF 

gram stain. Through the use of routine diagnostics alone 69.1% (141/204) of patients with 

inflammatory CSF suggestive of CNSI did not have a diagnosis. 

 

Enhanced diagnostics 
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Enhanced diagnostics approximately doubled the number of patients with a potential CSF pathogen 

detected in CSF. The proportion of patients with a pathogen detected in CSF with the addition of 

FilmArray-ME to conventional diagnostics was 26.1% (226/866). Due to limitations of sample volume 

not all tests were performed on all patients (figure 8). The proportion of patients with any pathogen 

detected after analysis with Xpert MTB/RIF was 24.9% (190/762), after analysis with Toxoplasma 

gondii PCR 26.9% (88/327) and RPR/TPHA 22.0% (41/186). The combination of all enhanced 

diagnostics (FilmArray-ME, Xpert MTB/RIF, Toxoplasma gondii PCR and RPR/TPHA) alongside 

conventional diagnostics detected a pathogen in 33.1% (287/866) of patients. Cryptococcal meningitis 

remained the most common diagnosis in 45.6% (131/287) of patients. There were an additional 5 

cases that were diagnosed on FilmArray-ME only. TB meningitis was diagnosed in 6.8% (53/762) of 

patients that had Xpert MTB/RIF performed on CSF.  

 

The proportion of patients with inflammatory CSF but no diagnosis reduced from 69.1% (141/204) to 

35.3% (72/204) with the addition of enhanced diagnostics. The median CSF white cell count in patients 

with inflammatory CSF but no diagnosis was 15 cells/mm3 (8-40 cells/mm3), amongst those patients 

that had a differential performed the majority were lymphocytic, 77.8% (21/27). Amongst patients 

with inflammatory CSF but no diagnosis after enhanced diagnostics and with available treatment data 

65.6% (42/64) received treatment with either a third-generation cephalosporin or carbapenem at 

CNSI dose, 36.5% (23/63) received empiric anti-tuberculous treatment, 12.7% received empiric 

antiviral treatment and 1 patient was treated with anti-cryptococcal meningitis treatment on the basis 

of a positive serum CrAg alone. Findings from non-CSF specimens potentially aided diagnosis in 5 

patients; 4 positive blood cultures (2 Staphylococcus aureus, 1 Streptococcus pneumoniae, 1 Candida 

tropicalis) and 1 positive serum RPR without confirmatory CSF testing in an HIV positive patient. 

 

The relative increase in yield of enhanced diagnostics above routine diagnostics was 93.6% overall. 

Stratified by HIV positivity, CSF analysis and CSF CrAg positivity the relative increase varied by 
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population group (table 2). The highest diagnostic yield through a combination of routine and 

enhanced diagnostics was in the HIV positive inflammatory CSF group, 68.7%. The largest relative 

increase in diagnostic yield was seen in HIV negative patients with inflammatory CSF where the 

addition of enhanced diagnostics increased the diagnostic yield from 10% to 55%, a relative increase 

of 450%. Testing only patients with a negative CSF CrAg would have missed 18 co-detections, most 

commonly CMV (4/18) and T.gondii (4/18). 

 

Not all patients had all available tests, amongst those that received all available coverage of enhanced 

diagnoses 42.1% (16/38) had inflammatory CSF with no microbiological diagnosis.  

 

Tuberculous meningitis 

 

Tuberculous meningitis prevalence was 6.8% (53/762) amongst all patients who had a successful Xpert 

MTB/RIF Ultra performed on CSF. TB meningitis prevalence varied by CSF abnormalities with 2.8% 

(16/571) of patients with uninflammatory CSF having a positive Xpert MTB/RIF compared to 19.4% 

(37/191) of those with inflammatory CSF. TB meningitis was more common with increasing CSF white 

cell count with 18.1% (32/177), 23.4% (25/107), 25.0% (18/72) and 29.8% (17/57) of patients having 

confirmed TB meningitis in known CSF white cell counts of >5 cells/mm3, >20 cells/mm3, >50 

cells/mm3and >100 cells/mm3, respectively. A further 15 patients had probable TBM and 207 had 

possible TBM based on a uniform case definition23. Amongst patients with possible or probable TBM 

20.7% (46/222) were either treated as presumed TB meningitis by the clinical team or had a final 

diagnosis of presumed TBM.  

 

HIV positivity was 68.6% in patients with TB meningitis, but the proportion of patients with confirmed 

TB meningitis was higher in known HIV negative patients than in known HIV positive patients, 7.4% 

(11/138) versus 6.7% (35/521). Amongst those with an unknown HIV status 10.4% (5/48) of patients 
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had a positive Xpert MTB/RIF Ultra. CD4 cell count was available in 24 patients with TBM and the 

median CD4 was 151 (IQR 44-258). Amongst HIV positive patients with TBM 54.3% (19/35) were 

receiving ART and 45.7% (16/35) had defaulted or cycled out of treatment. Median time on ART was 

3.5 months (IQR 2.1-72.4). 

 

The median volume used for analysis with Xpert MTB/RIF Ultra was 5ml (IQR 3.5-5.5). Xpert MTB/RIF 

positivity was higher in patients with 5ml or more used solely for Xpert analysis than amongst those 

with less than 5ml used, 5.4% (15/278) and 7.9% (38/484) respectively, however this did not reach 

statistical significance, (p=0.20). Resistance to rifampicin was detected on in 3.8% (2/53) of patients, 

1 in Gaborone and 1 in Harare, a further 32.1% (17/53) of CSF samples had indeterminate resistance 

to rifampicin. The proportions of patients who had previously received TB treatment with no 

resistance to rifampicin, indeterminate resistance to rifampicin and rifampicin resistance were 6.3% 

(2/32), 12.5% (2/16) and 50% (1/2). 

 

Details on treatment were available in 49 patients. Amongst those with treatment data available 

20.4% (10/49) did not receive treatment; in 8 patients this was because they died before Xpert 

MTB/RIF Ultra results became available, in 1 patient they died before anti-tuberculous medication 

became available, and 1 patient was discharged back to their local hospital before starting treatment 

as the Xpert MTB/RIF Ultra result was not available prior to discharge, they started treatment at the 

other facility. Amongst the 39 patients who received anti-tuberculous treatment 5 were missing either 

Xpert MTB/RIF Ultra result release time or anti-tuberculous treatment start time. A positive Xpert 

MTB/RIF Ultra triggered initiation of treatment in 61.8% (21/34) of those patients with a positive Xpert 

MTB/RIF Ultra with complete data on treatment times. All patients without resistance to rifampicin 

or indeterminate resistance to rifampicin received standard anti-tuberculous therapy. Amongst those 

who received treatment 74.4% (29/39) also received steroids; 51.7% (15/29) received oral 

prednisolone, 44.8% (13/29) received intravenous dexamethasone and 3.4% (1/29) received 
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intravenous hydrocortisone. Inpatient mortality was known for 49/53 patients. Mortality for patients 

with a positive Xpert MTB/RIF Ultra was 52.8% (28/53) compared to 25.7% (182/709) in those patients 

with a negative Xpert MTB/RIF Ultra. Mortality was higher in HIV negative patients compared to HIV 

positive patients, 72.7% (8/11) and 45.7% (16/35) respectively. 

 

Toxoplasma gondii 

 
Amongst patients with HIV who had residual CSF stored for further analyses 4.9% (16/327) had 

Toxoplasma gondii detected on PCR. The median CD4 was 88 cells/mm3 (IQR 81-216). ART status was 

known in 15/16 patients and 25% (4/16) were on ART whilst 68.8% (11/16) were either ART naïve or 

had cycled out of treatment. Headache and fever or history of fever were the most common 

presenting complaints seen in 68.8% (11/16) patients, 56.3% (9/16) patients had a history of altered 

mental state and 1 patient presented with a seizure. No patients had any focal neurological 

abnormalities on examination. Computed tomography of the head was performed in 5 patients, 4 

scans were performed without contrast and were reported as normal. One contrast-enhanced scan 

was reported as having a space-occupying lesion. Co-detections were seen in 37.5% (6/16) patients, 4 

patients with cryptococcal meningitis, 1 with Streptococcus pneumoniae and 1 with CMV.  

 

Clinicians were unaware of the results as they were performed retrospectively on stored samples 

often up to a year after sample collection and therefore did not influence management decisions. 

Empiric treatment with high dose co-trimoxazole was prescribed in 12.5% (2/16) patients and 50% 

(8/16) were receiving prophylactic dose co-trimoxazole due to having a CD4 count under 200 

cells/mm3. Inpatient mortality amongst patients with T.gondii detected on CSF was 12.5% (2/16), 

amongst patients that died during the admission one patient had intercurrent cryptococcal meningitis 

and in the other T.gondii was the only pathogen detected. 
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Metagenomic sequencing 
 
 
Metagenomic sequencing was performed on 168 CSF samples, 45 of which had inflammatory CSF and 

no diagnosis after investigation with enhanced diagnostics. Overall, sequencing detected 65 

potentially pathogenic organisms in 53/168 patients, however the clinical relevance of some 

organisms is uncertain.  

 

Focussing on the added value of metagenomics above the panel of enhanced diagnostics patients with 

inflammatory CSF metagenomic sequencing identified potential CNS pathogens in a further 15.9% of 

cases (7/44); 3 protozoa (2 Plasmodium falciparum and 1 Plasmodium malariae), 2 bacteria (1 

Staphylococcus aureus, which had an accompanying blood culture positive for S.aureus and 1 

Enterococcus faecalis) and 2 viruses (HIV & Human Herpesvirus 7). Amongst the 2 patients with 

Plasmodium falciparum detected one had a positive blood film for malaria parasites and a positive 

malaria antigen test with >500 red blood cells/ml on CSF red cell count, they were treated with 

intravenous artemisinin combination therapy. The other patient had a negative blood film for malaria 

parasites and negative malaria antigen test. There were an additional 4 viruses detected in patients 

with a clinical syndrome compatible with CSNI but with uninflammatory CSF and no diagnosis (2 

Human adenovirus species C, 1 Parvovirus B19 and 1 JC virus). There were 4 further bacteria identified 

in patients with uninflammatory CSF however given the absence of laboratory features of CSF 

inflammation these results should be interpreted with caution and may represent potential 

contamination (2 Pseudomonas aeruginosa, 1 Citrobacter koseri and 1 Bordatella trematum). 

 

Amongst those patients who CSF was sequenced 69.8% were HIV positive and 75% (15/20) of those 

with recent viral load testing had an undetectable viral load. HIV was detected in the CSF of 10 patients 

overall; plasma HIV viral load was only available for one patient and was 215572 copies/ml. Median 
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CD4 in those patients with HIV detected in CSF viral escape was 55 (IQR 20-196) cells/mm3 and 60% 

(6/10) were ARV naïve. 

 

Treatment 

 

Antibiotic therapy was administered in 85.6% (680/794) of patients, anti-tuberculous treatment in 

13.9% (109/786) and antivirals in 11.3% (98/794). Amongst those patients with confirmed bacterial 

meningitis and available treatment data 94.0% (47/50) received antibiotics and 84.4% (38/45) with 

timing data available received antibiotics prior to release of FilmArray-ME results. In patients with a 

viral CNSI that would warrant appropriate antiviral treatment, defined as detection of HSV-1, HSV-2 

and VZV in CSF, 72.4% (21/29) received antivirals. Amongst those with treatment timing data available 

antivirals were administered in 5.3% (1/19) of patients prior to FilmArray-ME results, in the remainder 

of patients antivirals were only administered after detection of HSV-1, HSV-2 or VZV in CSF. Amongst 

the 98 patients who received antivirals 62.2% (61/98) had no virus of any type detected on CSF. 

 

Mortality 

 

Mortality was 27.9% (242/866) in the entire study population. The median age of patients that died 

in hospital was 44 (IQR 36-53) years. The highest mortality was seen in patients with TB meningitis at 

51.0% (25/49), mortality was 40.7% (11/27) in patients with Streptococcus pneumoniae, 35.1% 

(39/111) in patients with cryptococcal meningitis and 10% (1/10) in patients with Toxoplasma gondii. 

Mortality in patients with uninflammatory CSF and no confirmed diagnosis was 22.9% (116/507), 

stratified by HIV status mortality was higher in patients living with HIV than in HIV negative patients, 

25.3% (77/305) and 20.2% (25/124) respectively. In patients with inflammatory CSF mortality was 

25.0% (18/72), 25.5% (12/42) in patients living with HIV and 27.8% (5/18) in HIV negative patients.
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Figure 8 Screening, exclusion and analysis populations
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 Total 
(n=866) 

Botswana 
(n=437) 

Zimbabwe 
(n=429) 

Demographics 

Median age, years (IQR) 
41.0 

(33.2-49.9) 
41.1 

(33.9-51.6) 
40.7 

(32.1-48.7) 

Female sex, % (n) 
46.0% 
(398) 

46.9% 
(205) 

45.0% 
(193) 

Clinical details 

Fever of history of fever 
38.0% 
(329) 

31.6% 
(138) 

44.5% 
(191) 

Neck stiffness 
39.8% 
(345) 

35.5% 
(155) 

44.3% 
(190) 

Altered mental status 
48.7% 
(422) 

46.9% 
(205) 

50.6% 
(217) 

At least one of  fever, neck stiffness or 
altered mental status 

74.9% 
(649) 

72.1% 
(315) 

77.9% 
(334) 

Fever, neck stiffness AND altered mental 
status 

11.9% 
(103) 

8.7% 
(38) 

15.2% 
(65) 

Median duration of symptoms prior to 
presentation, days (IQR) 

10 (4-23) 8 (3-21) 12 (7-28) 

Previous history of TB 
11.7% 
(102) 

10.9% 
(48) 

12.6% 
(54) 

Co-morbidities (excluding TB) 
 

None 
1 

2 or more 

 
 

79.8% (691) 
15.7% (136) 

4.5% (39) 

 
 

73.2% (320) 
20.1% (88) 
6.6% (29) 

 
 

86.5% (371) 
11.2% (48) 
2.3% (10) 

Abnormal neurology 
16.0% 
(124) 

24.0% 
(92) 

8.2% 
(32) 

GCS 
 

Under 8 
Under 15 

 
 

4.4% (38) 
47.7% (413) 

 
 

5.7% (25) 
47.6% (208) 

 
 

3.0% (13) 
47.8% (205) 

Adult HIV details 

HIV positive, % (n)* 
77.1% 
(586) 

71.3% 
(288) 

83.7% 
(298) 
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HIV diagnosed on admission, % (n) 
16.0% 
(94) 

15.3% 
(44) 

16.8% 
(50) 

Median CD4 If HIV positive, cells/mm3 
(IQR)**  

107 (40-263) 122 (47-350) 76 (34-217) 

Proportion of adults living with HIV with 
CD4 <200 cells/mm3, % (n) 

43.9% 
(257) 

47.6% 
(137) 

40.3% 
(120) 

Currently on ART, % (n) 
45.9% 
(269) 

37.5% 
(108) 

54.0% 
(161) 

CSF Analysis 

Median CSF volume submitted for 
analysis, ml (IQR) 

10 (6.5-12) 8.8 (4-11) 10 (9-13) 

WCC pleocytosis >5 cells/mm3, % (n) 
21.6% 
(187) 

26.8% 
(117) 

16.3% 
(70) 

CSF Protein >1 mg/mL, % (n) 
12.2% 
(106) 

9.6% 
(42) 

14.9% 
(64) 

CSF Glucose <2.2mmol/mL, % (n) 
12.6% 
(109) 

12.6% 
(55) 

12.5% 
(54) 

Inflammatory CSF, % (n) 
23.9% 
(207) 

27.7% 
(121) 

20.1% 
(86) 

Diagnoses with routine analysis alone, % 
(n) 

17.1% 
(148) 

16.5% 
(72) 

17.7% 
(76) 

Diagnoses with routine analysis alone 
excluding cryptococcal meningitis, % (n) 

2.5% 
(22) 

3.0% 
(13) 

2.1% 
(9) 

Diagnoses with routine and enhanced – 
excluding metagenomic sequencing, % 

(n) 

33.1% 
(287) 

29.3% 
(128) 

37.1% 
(159) 

Inflammatory CSF*** with no diagnosis 
(routine only), % (n/N) 

69.1% 
(141) 

69.9% 
(86) 

67.9% 
(55) 

Inflammatory CSF*** with no diagnosis 
(routine and enhanced – excluding 

MGS), % (n/N) 

35.3% 
(72) 

43.1% 
(53) 

23.5% 
(19) 

Outcome 

Discharged alive 
61.2% 
(530) 

59.0% 
(258) 

63.4% 
(272) 
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Died in hospital 
27.9% 
(242) 

28.2% 
(123) 

27.7% 
(119) 

Unknown 
10.8% 
(94) 

12.8% 
(56) 

8.9% 
(38) 

  
Table 11 Study population demographics, clinical features on presentation CSF analysis and in-hospital mortality 
 
*HIV status was unknown in 6.7% (55) patients overall, 3.3% (14) in Botswana and 10.3% (41) in Zimbabwe 
** CD4 count was unknown in 35.3% (207) of HIV positive patients overall, 26.7% (77) in Botswana and 43.6% (130) 
in Zimbabwe 
** ART treatment status was unknown in 6.5% (38) of HIV positive patients overall, 8.7% (25) in Botswana and 4.4% 
(13) in Zimbabwe 
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 Routine, % (n/N) Enhanced, % 
(n/N) 

Relative increase, % 

Overall 
17.1 

(148/866) 
33.1 

(287/866) 
93.6 

Uninflammatory CSF 
12.8 

(85/662) 
23.4 

(155/662) 
82.8 

Inflammatory CSF 
30.9 

(63/204) 
64.7 

(132/204) 
109.4 

HIV negative 
5.2 

(9/174) 
18.4 

(32/174) 
253.8 

HIV negative uninflammatory CSF 
3.7 

(5/134) 
7.5 

(10/134) 
102.7 

HIV negative Inflammatory CSF 
10 

(4/40) 
55 

(22/40) 
450.0 

HIV positive adult 
22.5 

(132/586) 
39.9 

(234/586) 
77.3 

HIV positive uninflammatory CSF 
17 

(74/436) 
30.1 

(131/436) 
77.1 

HIV positive inflammatory CSF 
38.7 

(58/150) 
68.7 

(103/150) 
77.5 

HIV positive with negative CSF 
CrAg 

5.2 
(24/461) 

26.7 
(123/461) 

413.5 

Table 12 Diagnostic yield stratified by population group with both routine and enhanced diagnostics 
and the relative increase of enhanced diagnostics above routine diagnostics alone
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Figure 9 Diagnoses made through routine and enhanced diagnosis. (A) All adults (B) HIV positive (C) HIV negative (D) Uninflammatory CSF, (E) Inflammatory CSF and (F) CSF 
WCC >20 cells/mm3
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Figure 10 Pathogens detected through combination of routine and enhanced diagnostics 
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Final diagnosis Died in hospital Discharged alive Unknown 

Overall 
27.9% 
(242) 

61.4% 
(532) 

10.6% 
(92) 

HIV negative 
25.9% 
(45) 

67.8% 
(118) 

6.3% 
(11) 

HIV positive 
30.0% 
(176) 

64.2% 
(376) 

5.8% 
(34) 

Uninflammatory CSF and no 
diagnosis 

22.9% 
(116) 

64.9% 
(329) 

12.2% 
(62) 

Inflammatory CSF and no 
diagnosis 

25.0% 
(18) 

61.1% 
(44) 

13.9% 
(10) 

Cryptococcal meningitis 
35.1% 
(39) 

55.9% 
(62) 

9.0% 
(10) 

TB meningitis 
51.0% 
(25) 

40.8% 
(20) 

8.2% 
(4) 

Bacterial CNSI* 
37.5% 
(15) 

57.5% 
(23) 

5.0% 
(2) 

Viral CNSI** 
28.6% 
(12) 

66.7% 
(28) 

4.8% 
(2) 

Toxoplasma gondii 
10.0% 

(1) 
90.0% 

(9) 
- 

Neurosyphilis - 
100% 

(2) 
- 

Co-detection 
46.9% 
(15) 

46.9% 
(15) 

6.3% 
(2) 

Table 13 Mortality by final diagnosis 
 
*22 Streptococcus pneumoniae, 6 Neisseria meningitidis, 2 Haemophilus influenzae,  2 Klebsiella 
pneumoniae, 1 Staphylococcus aureus,  1 Acinetobacter baumanii, 1 Enterobacter spp., 1 
Pseudomonas aeruginosa, 1 Salmonella spp., 2 unidentified gram positive organism and 1 
unidentified gram negative organism 
 
**15 Cytomegalovirus, 15 Varicella zoster virus, 4 Herpes Simplex Virus-1, 4 Herpes Simplex Virus -2, 
3 Human Herpesvirus-6 and 1 Enterovirus
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6.4 Discussion 
 
  
Enhanced diagnostics almost doubled the overall number of confirmed diagnoses in high HIV-

prevalence African settings. The diagnostic yield from routine diagnostics alone was low, detecting a 

pathogen in 17.5% of patients and only 2.5% of patients overall received a diagnosis other than 

cryptococcal meningitis. The vast majority of cryptococcal meningitis cases were diagnosed using the 

highly sensitive and easy-to-use cryptococcal antigen test. The addition of enhanced diagnostics to 

routine testing increased the diagnostic yield to 33.1% overall, cryptococcal meningitis remained the 

most commonly diagnosed CNSI.  

 

The increase in diagnostic yield was not uniform across population groups. The greatest relative 

increase in diagnostic yield was seen in HIV negative patients with inflammatory CSF (18 additional 

cases, 450% relative increase). This represents a relatively small subset of our study population that is 

most closely aligned with the Global North where the majority of CNSI diagnostics are made. The most 

commonly diagnosed CNSI in this group was meningococcal meningitis, a condition typically 

challenging to diagnose with conventional testing due to rapid sterilisation of CSF after administration 

of antimicrobials24. Enhanced diagnostics in patients with HIV with a negative CSF CrAg had a similarly 

large relative increase in diagnostic yield with an additional 99 diagnoses and relative increase of 

413.5%. Targeting testing solely to higher yield groups represents a potentially cost-effective approach 

to CNSI investigation in resource-limited settings where financial constraints are likely the major 

barrier to widespread use of molecular diagnostics. Based on these data excluding patients with HIV 

with a positive CSF CrAg would have resulted in a greater than four-fold increase in diagnostic yield 

but would have missed 18 co-detections, most commonly CMV and Toxoplasma gondii each with 4 

detections. Although co-detections in this group had limited impact on changes to clinical 

management, with additional treatment being prescribed by the treating clinician in 3/18 patients, 

the mortality in patients with co-detections was higher than all single pathogens apart from TB. 
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The proportion of patients with CSF findings suggestive of CSNI but no confirmed diagnosis decreased 

from 69.1% to 35.3% through the addition of enhanced diagnostics. Microbiologically-confirmed TB 

meningitis prevalence diagnosed using Xpert MTB/RIF Ultra was very high in our cohort reaching 

19.4% in patients with inflammatory CSF, comparable to previous studies from the region using TB 

culture25. Despite the large number of TBM diagnoses this still likely represents an underestimation 

due to a combination of imperfect diagnostics and 12% of the study population not receiving TB 

testing due to limited CSF volume submitted for analysis or invalid Xpert MTB/RIF Ultra runs. More 

diagnoses were made through Xpert MTB/RIF Ultra than through conventional diagnostics, excluding 

those from CrAg testing. Furthermore, a positive Xpert MTB/RIF Ultra triggered the initiation of anti-

tuberculous treatment in 61% of patients. Whilst we cannot comment on the counterfactual and some 

of these patients may have received treatment at a later stage regardless of CSF Xpert MTB/RIF Ultra 

results, Xpert MTB/RIF Ultra will have at least expedited treatment in number of patients in a condition 

where treatment delays carry significant mortality. These data create a strong argument for the 

integration of Xpert MTB/RIF Ultra testing into routine CSF analysis in high HIV- and TB-prevalence 

settings. 

 
 
This study had several important limitations. Due to challenges with obtaining consumables and 

limited amounts of CSF available for some analyses not all tests could be performed on all samples. 

Therefore, accurate prevalence estimates of pathogens which had incomplete testing with the 

appropriate diagnostic test was not possible. Routine CSF analysis outcomes varied between 

laboratories. Although both laboratories had standard operating procedures in place for CSF analysis 

with similar laboratory infrastructure and laboratory technician skillset CSF pleocytosis was reported 

significantly less frequently in Zimbabwe than in Botswana. In addition, Zimbabwe had more patients 

with other markers of CSF inflammation such as elevated CSF protein and there were a similar number 
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of diagnoses between both sites suggesting that CSF pleocytosis in Zimbabwe might be 

underreported.  

 

In this study enhanced diagnostics significantly increased the number of CNSI diagnoses made, 

however financial constraints may limit widespread adoption of these platforms in resource-limited 

settings. Understanding how best these data can be used to inform clinical practice is therefore 

crucial. There are several key points. Firstly, the prevalence of TBM was very high, nearly a quarter of 

patients with pleocytic CSF were diagnosed with TBM using a test with imperfect sensitivity and 

inpatient mortality in confirmed TBM cases was over 50%. There were more confirmed cases of TBM 

than all confirmed cases of bacterial CNSI combined however empiric TBM treatment was far less 

common than empiric bacterial CNSI treatment. These data suggest early empiric TBM treatment may 

be appropriate in high HIV-prevalence settings, particularly if TB diagnostics are not available. 

Consideration should also be given to prioritising TB treatment above antibiotic therapy when 

regionally-important diagnoses such as cryptococcal meningitis have been excluded and no diagnosis 

has been made in pleocytic CSF samples. However the potential side effects of anti-tuberculous 

therapy need to be considered and may preclude empiric TB treatment. These data demonstrate that 

a positive result from Xpert MTB/RIF Ultra triggered the initiation of anti-TB treatment in nearly two-

thirds of patients who had microbiologically confirmed TBM, suggesting these patients would have 

either had delays to starting treatment or have never received treatment at all. Incorporating Xpert 

MTB/RIF Ultra into routine CSF testing in high HIV-prevalence settings would almost certainly increase 

the number of confirmed TBM diagnoses. In addition, it would likely increase the number of patients 

with TBM who receive treatment, reduce the time to anti-tuberculous treatment initiation and 

provide drug susceptibility data in a disease with an unacceptably high mortality. Conventional 

diagnostics such as culture, Gram and India ink stains have significant limitations and in resource-

limited settings where laboratory infrastructure is challenged by a lack of consumables and technical 

experience the sensitivity of some tests can be reduced further. The introduction of PCR for common 
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CNS bacterial pathogens tripled the number of bacterial pathogens detected further highlighting the 

limitations of conventional diagnostics and emphasising the need to improve testing capacity even for 

organisms that are comparatively straightforward to diagnose. Viral pathogens and Toxoplasma 

gondii are not diagnosed in CSF in routine care in Botswana or Zimbabwe. Viral PCR testing revealed 

that 7% of adults with suspected CNSI had a potential viral CNS pathogen and approximately 5% of 

HIV positive patients had Toxoplasma gondii detected in CSF. Whilst the clinical significance of all viral 

results was not clearly defined expanded testing capacity is important primarily to improve diagnosis 

but may also serve to reduce antibiotic use and aid antimicrobial stewardship. Finally, variation in 

diagnostic yield between population groups suggests targeted use of these enhanced diagnostic 

platforms may be possible and potentially preferable in resource-constrained areas where universal 

testing would not be possible. 

 

In conclusion, enhanced diagnostics were successfully implemented in two referral hospitals in high 

HIV-prevalence Southern Africa leading to a significant increase in the number of microbiologically-

confirmed diagnoses made and demonstrating previously undiagnosed high TBM and viral CNSI 

prevalence. 
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Chapter VII – Conclusion 
 
 
Introduction 

 

This thesis presents detailed epidemiological data on central nervous system infections in high HIV-

prevalence African settings and addresses knowledge gaps surrounding the aetiology of CNSI and the 

impact of improved CNSI diagnostics in routine care in high HIV-prevalence African settings. This 

chapter recaps and summarises the key findings from this thesis mapping results to prespecified 

objectives and outlines key conclusions and their wider implications, and potential areas for future 

research arising from this work. 

 

Summary of key findings 

 

Objective 1 – Define the current epidemiology of central nervous system infections in high HIV-

prevalence African settings including the impact of an enhanced diagnostic package on diagnostic yield 

and the proportion of patients with inflammatory CSF suggestive of CNSI but no diagnosis.  

 

This objective was addressed using prospective data from two consecutive CNSI cohorts in Chapter VI 

and through analyses of national meningitis surveillance data in Chapter IV.  

 

The introduction of enhanced diagnostics into routine care in two low-resource, high HIV-prevalence 

Southern African countries detected large amounts of previously undiagnosed TB meningitis and viral 

CNSI. The prevalence of tuberculous meningitis was 6.8%, greater than all bacterial pathogens 

combined, and viruses were detected in 7.3% of adults. Furthermore, the number of confirmed 

bacterial meningitis cases tripled with the addition of FilmArray-ME and Toxoplasma gondii was 

detected in the CSF of 4.9% of HIV-positive adults. The proportion of patients with a diagnosis 
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increased from 17.1% with routine diagnostics alone to 33.1% with the addition of enhanced 

diagnostics and the proportion of patients with inflammatory CSF suggestive of CNSI but no diagnosis 

decreased from 69.1% to 35.3% with the addition of enhanced diagnostics.  

 

Cryptococcal meningitis remained the most common cause of CNSI in both Botswana and Harare in 

the prospective data collected as part of BNMS and HarMenAeS. This is consistent with national 

meningitis surveillance data that demonstrated that the incidence of cryptococcal meningitis in 

Botswana in 2022 remained high at 7.4 cases/100,000 person-years despite excellent ART coverage. 

Prospective data from Botswana and Zimbabwe described in Chapter VI demonstrated high TB 

meningitis prevalence particularly in pleocytic CSF samples following the introduction of Xpert 

MTB/RIF testing on all CSF samples. This contrasts with nationwide data from Botswana which 

highlighted that TB meningitis was infrequently diagnosed in routine care. In 2022 outside of the 

capital Gaborone there were a total of 8 diagnoses of TB meningitis made in Botswana from 201 

samples analysed with TB-specific tests, highlighting the potential for upscaling of CSF TB testing in 

Botswana.  

 

Objective 2 – Determine the increase in diagnostic yield of CNSI due to the addition of BioFIRE 

FilmArray-ME to routine diagnostics in the diagnosis of CNSI in high HIV-prevalence African settings  

 

This was addressed by performing an individual patient level data systematic review and meta-analysis 

of all available FilmArray-ME data in the WHO African region, from study sites in Botswana, Ethiopia, 

Uganda and Zimbabwe. The use of FilmArray-ME provided a microbiological diagnosis for an 

additional 178 (7.9%) patients that would have otherwise not received a diagnosis. There were an 

additional 160 viruses, 57 bacteria and 10 fungi detected using FilmArray-ME that were not diagnosed 

through routine investigations. The proportion of patients receiving a microbiologically-confirmed 

diagnosis increased from 18.5% with conventional diagnostics alone to 26.4% with the addition of 
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FilmArray-ME. However, over half of patients with a CSF pleocytosis did not receive a diagnosis 

suggesting in high HIV-prevalence areas FilmArray-ME should not be used in isolation. This is likely 

because FilmArray-ME does not include a number of regionally-important CNS pathogens, such as TB 

and Toxoplasma gondii, and so ideally should be used in combination with platforms that test for 

these, such as Xpert MTB/RIF or monoplex PCR for T. gondii.  

 

Objective 3 – Describe changes in the detection of the most common CNSIs in Southern Africa, 

cryptococcal and tuberculous meningitis, over time following expansion of CNSI diagnostic capacity in 

routine care (CrAg and Xpert MTB/RIF Ultra) and increased ART coverage in Botswana. 

 

National meningitis surveillance data were extracted in collaboration with the Botswana Ministry of 

Health and Wellness to address this objective. Using laboratory data between 2015 and 2022 there 

were 1,744 episodes of cryptococcal meningitis identified. The incidence of cryptococcal meningitis 

declined from 15.0 (95% CI 13.4-16.7) cases/100,000 person-years in 2015 to 7.4 (95% CI 6.4-8.6) 

cases/100,000 person-years in 2022 with increasing national ART coverage. Although it was not 

possible to make a causal link between ART coverage and cryptococcal meningitis incidence linear 

regression modelling demonstrated that for every 5% increase in ART coverage there was a decrease 

in cryptococcal meningitis incidence of 2.5 cases/100,000 person-years. Importantly, there was a 

major shift in the way cryptococcal meningitis was diagnosed during this period. In 2015 only 35.5% 

of cases were diagnosed with the cheap and easy-to-use cryptococcal antigen test and this increased 

to 86.3% in 2022 highlighting the potential to use cryptococcal meningitis as an accessible metric to 

monitor HIV programmatic success.  

 

The same national meningitis surveillance data, excluding Princess Marina Hospital, Gaborone, were 

used to describe the impact of increased availability of decentralised Xpert MTB/RIF Ultra capacity. 

Although there were some trends suggesting TB-specific testing was increasing with 4.5% of CSF 
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samples tested in 2016 and 29.0% testing in 2022 the rates of investigation remain comparatively low 

despite Xpert MTB/RIF Ultra being available at all major hospitals in Botswana. Between 2016-2022 

13.9% of CSF samples were tested with Xpert MTB/RIF Ultra compared to 63.9% of the same samples 

being tested with CrAg demonstrating the potential to expand diagnostic coverage if there was a 

cheaper and easier to use platform available. These limitations in access and use of Xpert MTB/RIF 

alongside a modest sensitivity when compared to CrAg testing precluded a similar analysis to 

determine national TBM incidence estimates as was performed for cryptococcal meningitis. 

 

Objective 4 – Determine how computed tomography is used in routine clinical practice in high HIV-

prevalence settings and characterise the effect of computed tomography performed prior to lumbar 

puncture on patients with suspected CNSI on delay to diagnostic lumbar puncture and treatment 

initiation. 

 

Detailed prospective clinical, treatment and outcome data from 711 adults included in the Botswana 

National Meningitis Survey: Protocol 2 were used to describe the use of CT and determine the impact 

of CT on time to LP, time to treatment initiation, and in-hospital mortality. These data showed 

adherence to local consensus guidelines was poor with over half of those without imaging having a 

guideline indication for CT. CT before LP was associated with significant delays to diagnostic LP and 

initiation of appropriate CNSI treatment. We did not demonstrate a direct association between 

imaging and mortality but this may be potentially due to a number of limitations with our data namely 

that those patients that received imaging was not random but based on the request of the treating 

clinician and also significant confounding by indication.  

 

Implications of findings 
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These results reiterate that the diagnostic yield of conventional diagnostics in patients with suspected 

CNSI in low-resource, high HIV-prevalence settings remains poor. Excluding diagnoses made with 

cryptococcal antigen testing only 2.5% of patients received a diagnosis through conventional 

diagnostics alone. Enhanced diagnostics significantly increased the number of diagnoses made in 

patients with suspected CNSI. However, it is important to recognise that not all detections had a direct 

impact on clinical management and understanding how enhanced diagnostics influenced clinician 

decision-making is crucial to understand whether large scale investment in these platforms in 

resource-constrained settings is appropriate. 

 

Through the introduction of FilmArray-ME the number of patients with confirmed bacterial CNSI was 

approximately tripled. However, 84% of patients with confirmed bacterial CNSI were already receiving 

appropriate antibiotic therapy prior to the release of FilmArray-ME results and therefore the results 

did not change immediate management, although whether the planned duration of antibiotics was 

extended following FilmArray-ME results is not known. FilmArray-ME allowed the rapid detection of 

viruses in routine care but not all viruses included on the FilmArray-ME panel are of direct clinical 

relevance. Despite a limited evidence base for their use most clinicians would consider it appropriate 

to treat patients with antivirals following the detection of HSV-1, HSV-2 and VZV in CSF, particularly in 

the context of immune suppression. Therefore, these detections are relevant and directly influence 

clinical management. The detection of enterovirus and parechovirus should usually prompt cessation 

of antibiotics and so should also be considered a clinically relevant result that impacts patient 

management. The detection of the two other viruses found on the FilmArray-ME panel, CMV and HHV-

6, are of less certain clinical relevance and would not change clinical management in the majority of 

cases. CMV and HHV-6 made up 15.1% (93/616) of all FilmArray-ME detections in the IPD meta-

analysis in Chapter III and 9.8% (31/316) of all diagnoses in BNMS and HarMenAeS in Chapter VI. The 

vast majority of these detections would not have directly influenced clinical management as they do 

not usually represent acute infection. The clinical significance of their detection and the contribution 
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of CMV and HHV-6 to disease in this population is therefore unclear. Furthermore, negative FilmArray-

ME results did not always lead to cessation of antiviral therapy despite a lack of indication. Antiviral 

therapy was continued despite a negative FilmArray-ME result in 62% of patients who received 

antivirals in BNMS/HarMenAeS. These data suggest that additional education regarding the 

interpretation of FilmArray-ME results is needed to optimise antimicrobial stewardship efforts. As 

such, whilst FilmArray-ME increased the number of patients with a confirmed microbiological 

diagnosis the true clinical impact of FilmArray-ME does not mirror the absolute number of detections 

of CNS pathogens in CSF and this should be considered during subsequent health economic and 

implementation analyses. 

 

Conversely the impact of Xpert MTB/RIF was far more clearly defined. The prevalence of TBM was 

very high in patients with inflammatory CSF, 19% in those with a CSF pleocytosis or abnormal CSF 

biochemistry and rising with increased CSF white cell count to 30% in those with CSF white cell counts 

over 100 cells/mm3. These results contrast with national data from Botswana presented in Chapter IV 

showing comparatively low rates of TB diagnosis made in routine care. Amongst patients with a 

positive Xpert MTB/RIF result from CSF analysis 39 patients received anti-tuberculous treatment and 

in 62% of these patients treatment initiation was triggered by a positive CSF Xpert MTB/RIF result. 

Over half of patients with a positive Xpert MTB/RIF died in hospital in the prospective cohorts despite 

prompt universal TB testing being performed on all CSF samples from patients with suspected CNSI. 

Mortality data is not available for the national data however outside of BNMS/HarMenAeS trial 

settings where TB testing is only performed upon clinician request, diagnosis and appropriate 

treatment is likely to have been significantly more delayed inevitably leading to increased mortality. 

These data suggest that the introduction of TB testing into routine care would increase the number of 

TB cases diagnosed. Alternatively, TB testing could be performed only on samples with a negative CSF 

CrAg test. This would likely represent a more clinically- and cost-effective approach given the high 

burden of cryptococcal meningitis and low prevalence of cryptococcal and tuberculous co-infection. 
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In resource-limited settings with high TBM prevalence Xpert MTB/RIF likely represents the most 

practical investigation for suspected TBM as the turnaround time of mycobacterial culture is too slow 

to influence management and microscopy techniques are usually very insensitive. However, even 

when universal testing was performed in BNMS/HarMenAeS additional interventions are still needed 

to reduce the very mortality. One approach could be that given the high TB prevalence and that TB 

treatment was often only initiated after the confirmation of TBM diagnosis early, empiric anti-

tuberculous treatment should be considered alongside or even in place of antibiotic therapy whilst a 

diagnosis is sought. Furthermore, the imperfect sensitivity of Xpert MTB/RIF likely missed a significant 

proportion of TBM cases with an additional 15 patients having probable TBM based on a uniform case 

definition highlighting the need for additional TBM diagnostics that can reliable diagnose TBM and 

reiterating the low threshold clinicians should have to start anti-tuberculous treatment.  

 

Toxoplasma gondii PCR and syphilis testing were performed retrospectively and therefore their impact 

on clinical decision-making was not assessed. Amongst those tested 5% of patients had T. gondii 

detected in CSF but very few patients were treated empirically suggesting Toxoplasmic encephalitis 

was rarely considered in differential diagnoses despite these data suggesting a relatively high 

prevalence. In-hospital mortality was low in patients with a positive T.gondii PCR despite the majority 

not receiving targeted treatment. However, mortality data beyond hospital discharge is lacking and 

therefore the impact of T.gondii CSF detection on longer term prognosis is not understood. Given the 

high prevalence improving access to T.gondii testing or integrating it as an analyte on multiplex 

platforms for use on CSF would allow a greater epidemiological understanding of the burden and 

significance of T.gondii CNSI. 

 

Despite the limitations described enhanced diagnostics nearly doubled the number of patients with a 

potential CNS pathogen detected on CSF and in a large proportion of patients this will have led to 

improvements in management. There is also an argument for their use beyond the individual patient. 
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Epidemiological data on CNSI in Southern Africa remains limited and continued surveillance of CNSI 

epidemiology with robust diagnostics is necessary to monitor for progress in vaccination strategies 

and allocation of limited resources. They will also serve as a platform for clinician and microbiological 

scientist development. Clinicians and scientists often learn experientially through the confirmation or 

exclusion of diagnoses from results of investigations. For clinicians managing complex patients in the 

face of constant diagnostic uncertainty is challenging and often disheartening. Whilst these data 

suggest education in interpretation of results could be improved, the increase in confirmation of 

suspected diagnoses will have reinforced diagnostic skills amongst doctors and microbiological 

scientists. Ultimately, establishing whether implementing a package of enhanced diagnostics in 

Southern Africa is feasible will come down to cost however these data show that is sufficient funds 

are allocated then adoption of these platforms would improve diagnostics approaches.  

 

Computed tomography prior to LP was associated with an increased time to diagnostic LP and 

initiation of appropriate treatment. Local guidelines on when to perform a CT were poorly adhered to 

and international guidelines from low HIV-prevalence settings would not be practical to implement. 

An association with CT prior to LP and mortality was not demonstrated but there was no increase in 

mortality amongst patients with an indication for CT based on local guidelines who did not have a CT 

prior to LP. These data suggest that CT had a limited role in the investigation of patients with suspected 

CNSI. Most hospitals in Southern Africa do not have a CT meaning patients often need to be 

transferred to referral hospitals adding further costs and delays to management. These data whilst 

having significant limitations may be able to contribute to more regionally- and context-specific 

guidelines on when to perform CT prior to LP that would aid clinician decision-making in low-resource, 

high HIV-prevalence settings. 

 

Although these data show a clear improvement in the diagnosis of CNSI following expansion of 

diagnostic capacity it is important to recognise that additional considerations will be needed to 
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improve outcomes in patients with CNSI in resource-limited, high HIV-prevalence settings. The failure 

to accurately and rapidly diagnose patients with CNSI is not solely the result of limited diagnostic 

capability and whilst outside the scope of this thesis additional factors both in diagnostic pathway and 

in the management of patients need to be addressed to improve diagnosis and ultimately outcomes. 

Delayed presentation to hospital can occur due to poor transport infrastructure, financial constraints, 

societal pressures requiring senior family pressures to guide individual healthcare decisions or limited 

health literacy and subsequent failure to seek timely medical advice. All these need tailored 

interventions to improve access to healthcare beyond improvement in diagnostics. Furthermore, 

improvements in diagnostics need to be performed in conjunction with improved access to treatment. 

Whilst molecular diagnostics allowed the detection of organisms that would not have been detected 

with conventional diagnostics alone appropriate treatments, such as intravenous antivirals, were not 

always readily available. In addition, healthcare workers were often unfamiliar with these treatment 

options would therefore need appropriate education to allow prompt intervention as a result of 

improved diagnostics. In addition, supportive care in hospitals in Botswana and Zimbabwe is very 

limited. Basic nursing needs are often not fully met due to staffing constraints and capacity in higher 

dependency wards for deteriorating patients is extremely limited. Therefore to have a meaningful and 

sustainable impact on outcomes of CNSI all of these factors will need to be addressed. 

 

Implications for future research 

 

Whilst these data demonstrate the benefit of introducing enhanced diagnostics into the investigation 

of CNSI in high HIV-prevalence settings, identifying how best to integrate them into care will require 

robust health economic and implementation science data to support widespread uptake of these 

platforms.  
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The optimal clinical choice for implementation would be to have widespread access to molecular 

platforms however this is unlikely to be feasible due to financial constraints. Therefore, modelling 

other options will be needed to guide use in routine care. These options for implementation could 

include only using molecular diagnostics on a subset of patients with other diagnoses excluded or 

employing them as part of a surveillance network at sentinel sites to provide epidemiological data to 

guide empiric treatment elsewhere.  

 

Molecular diagnostic platforms are expensive, but their introduction may have cost benefits 

elsewhere that may make their implementation more economically viable and identifying these may 

facilitate their introduction. Empiric antimicrobial use, including expensive antivirals, was relatively 

common in BNMS/HarMenAeS. It may be possible to offset the cost of consumables required for 

diagnosis against reduced antimicrobial use when negative PCR results are available and analyses from 

high-resource settings have supported this approach. Data from Ethiopia demonstrated a reduction 

in the use of antimicrobials with the implementation of BioFIRE although robust health economic data 

were not presented. However, in BNMS and HarMenAeS even after introduction of FilmArray-ME 62% 

of patients who received antivirals did not have a virus detected on CSF, suggesting additional 

education regarding indications for antivirals would be needed before implementing this approach. 

Another approach to reduce cost of implementation may be replacing components of conventional 

CSF analysis with FilmArray-ME. CSF culture requires significant laboratory infrastructure and 

technical skill for a comparatively low diagnostic yield and could potentially be replaced with a 

multiplex PCR such as FilmArray-ME. If FilmArray-ME was performed in place of CSF culture in 

BNMS/HarMenAeS then 9 cases of bacterial meningitis would have been missed but 33 more cases of 

bacterial CNSI would have been diagnosed compared to conventional diagnostics alone. Amongst the 

patients with culture positive bacterial CNSI that would not have been detected on FilmArray-ME 7/9 

were on empiric antibiotics prior to CSF analysis and so this intervention would not have altered their 

management. Bacterial susceptibility data would have been captured and this may be an important 
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limitation to this approach. Given the variations in diagnostic yield between populations 

demonstrated in the prospective cohorts perhaps the most clinically- and cost-effective approach 

would be to direct interventions at higher yield groups through the use of a targeted diagnostic 

algorithm. In this case cheaper, more-accessible tests for common CNSI in the region such as CrAg for 

cryptococcal meningitis and Xpert RIF/MTB for TBM would be used to exclude these conditions before 

more expensive tests such as FilmArray-ME were introduced. Whilst this may increase the diagnostic 

yield and decrease cost of implementation our cohort had a number of co-detections that would have 

been missed if this approach had been applied. Data generated through the two prospective cohorts 

alongside local healthcare costing data could be used to model the associated costs, cost-

consequences and cost-effectiveness of varied implementation strategies. These data could be 

presented to key policymakers to demonstrate the nominal costs of implementing diagnostic 

strategies for CNSI in high HIV-prevalence settings. This health economic analysis is planned to start 

using data generated from BNMS/HarMenAeS and existing costing data from other meningitis studies 

in Central/Southern Africa. 

 

Robust implementation science data is also essential to support health economic data. This work is 

currently underway and uses a composite of data sources including quantitative data already collected 

such as sample turnaround time and impact on clinical decision-making and qualitative data from 

interviews with laboratory staff, clinicians and other relevant stakeholders to define the barriers and 

facilitators to more widespread adoption. Interviews, tailored to individual disciplines, are being used 

to learn from experiences of those who worked with molecular diagnostics in routine clinical practice 

and also to gain a greater understanding of how healthcare staff used and interpreted the data 

generated by these platforms. For example, whilst most doctors place sufficient trust in a positive 

result on BioFIRE FilmArray-ME to alter clinical management the majority interviewed do not feel that 

they are able to reliably exclude a diagnosis with a negative result. This is evidenced by the BNMS and 

HarMenAeS data where there were persistent failures to stop antiviral treatment with negative 
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BioFIRE FilmArray-ME results. These insights into how clinicians perceive new diagnostics and 

therefore the potential training needs required in conjunction with implementation are crucial to 

maximise the impact of the platforms. Qualitative interviews have been performed with doctors, 

laboratory staff and managers at both sites and transcription of these data and subsequent analysis 

of these data is due to begin.  

 

Current practice in routine care in the majority of Southern Africa is often syndromic management of 

CNSI based on a number of clinical and laboratory parameters. This approach is necessitated by a lack 

of available resources to accurately diagnose CNSI. If the costs of enhanced diagnostics were 

considered too high for widespread implementation comparison of diagnostic-driven approaches 

compared to syndromic-based management may be warranted. Learning from the experiences of 

syndromic-based management used in the treatment of sexually-transmitted infections would be 

crucial. In particular, establishing surveillance systems to monitor for emerging antimicrobial 

resistance would be essential to prevent the development of resistant strains that would be extremely 

challenging to treat in settings where access to basic antimicrobials is often limited.  

 

This work was primarily focussed on enhancing laboratory analysis of CSF to improve the diagnosis of 

CNSI. Other microbiological samples, including blood cultures or sputum, can also support the 

diagnosis of CNSI. There is significant overlap between conventional techniques used in analysis of 

CSF and non-CSF samples and therefore the same limitations apply to analysis of all sample types with 

diagnostic yield from any culture being limited and highly operator dependent, and phenotypic 

identification of organisms often being inaccurate. Similarly, the expansion of molecular diagnostic 

capacity for non-CSF samples would likely have comparable benefits to those seen following the 

introduction of enhanced diagnostics in BNMS and HarMenAeS. Molecular platforms exist for use on 

non-CSF samples such as BioFIRE Blood Culture Identification Panel or automated platforms, such as 

VITEK 2, that can simultaneously provide information on identification and sensitivity of pathogens 
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cultured from any sample are rarely available in resource-limited settings. These platforms can be 

used on a range of sample types, but blood would likely be the most suitable and data from high 

resource-settings has demonstrated the relatively high diagnostic yield of blood cultures in CNSI. 

Blood culture samples are typically collected more promptly than CSF culture and therefore less likely 

to be affected by prior antimicrobial administration. Whilst this approach may afford increased 

sensitivity not all positive blood cultures in patients with a syndrome consistent with CNSI will be 

causative and this will need to be correlated clinically. However, the main advantage of using these 

platforms above CSF-specific tests is that if the platforms can be used on both CSF and non-CSF 

samples to provide a diagnosis for CNSI they represent a more cost-effective approach than targeted 

CSF testing. Studies evaluating the impact of molecular platforms on non-CSF samples to improve CNSI 

diagnosis could provide valuable insights in to whether these platforms should be prioritised for 

integration into routine care above targeted CSF analysis.  

 

Although molecular diagnostic platforms can effectively diagnose a broad range of pathogens they 

have some important limitations. They are costly, need a reliable electricity supply and often require 

significant laboratory experience. The development of an affordable, true point of care, rapid 

diagnostic test ideally able to detect multiple potential CNS pathogens simultaneously is urgently 

needed to have a greater impact in low-resource settings. Additional analyses of bio-banked samples 

containing known pathogens is crucial to facilitate research into rapid diagnostic tests. Samples 

collected from the Botswana National Meningitis Survey and Harare Meningitis Aetiology Study have 

been stored and could be used to contribute towards development as a part of a wider collaboration. 

 

Conclusions  

 

Despite extensive ART coverage in high HIV-prevalence Southern Africa there remains a significant 

burden of CNSI predominantly affecting people with HIV that are challenging to diagnose and carry 
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significant mortality. These data clearly demonstrate that platforms are available to improve the 

diagnosis of CNSI in high HIV-prevalence settings. In particular, integration of TB testing into routine 

care was a highly effective intervention revealing a significant prevalence of microbiologically-

confirmed TB meningitis in the region that has not been previously described. Based on these data, 

considerations should be made to integrate TB testing into routine investigation of CSF in high HIV-

prevalence settings and advocating for early, empiric treatment of suspected TBM when diagnostics 

are not available.  

 

Nationwide surveillance of cryptococcal meningitis as a metric to identify the burden of advanced HIV 

disease in Botswana identified a hard-to-reach population of working-age males with advanced HIV 

disease, a population that will need novel strategies to ensure optimal engagement with HIV care 

cascades. These data further highlight the importance of ongoing development of CNSI diagnostics 

that have the potential to generate robust surveillance data that can have benefit beyond those 

patients undergoing investigation for CNSI. 

 

Despite the increase in patients with a confirmed diagnosis resulting from the introduction of 

enhanced diagnostic platforms there remains a significant proportion of patients with presumed CNSI 

without a diagnosis. There is an ongoing need for further development and implementation of novel 

diagnostic platforms in high HIV-prevalence settings to reduce mortality from CNSI. 
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Appendix I – Protocol Botswana National Meningitis Survey 

 
Study Protocol 

 

Study: The Botswana National Meningitis Survey. Protocol 2: Prospective Enhanced Meningitis 

Surveillance 

 

Version: Study Protocol V5.2 (11th March 2022) 

 

Principal Investigators:  

Dr Joseph Jarvis, Consultant Physician and Epidemiologist, Botswana Harvard Partnership and 

University of Botswana 

Ms Margaret Mokomane, Senior lecturer, University of Botswana 

Dr Madisa Mine, Head, National Health Laboratory 

 

Co-Investigators: 

Kelebeletse O. Mokobela, Chief Medical Laboratory Scientist, Nyangabwe Referral Hospital 

Laboratory 

Dr Mark Tenforde, Centers for Disease Control (CDC)  

Dr Mooketsi Molefi, Lecturer, University of Botswana 

Dr Tiny Masupe, Lecturer, University of Botswana 

Dr Keatlaretse Siamisang, Research Doctor, University of Botswana  

Dr Ezekiel Gwakuba, Research Doctor, Princess Marina Hospital 

Dr Chris Williams, Research Doctor, Botswana Harvard Partnership 

Dr Tiny Mazhani, Paediatric Neurology Specialist, Princess Marina Hospital  

Dr James Milburn, Research Doctor, Botswana Harvard Partnership and University of Botswana 

Ms Kwana Lechiile, Laboratory scientist, Botswana Harvard Partnership 

Ms Goitseone Thamae, Laboratory scientist, Botswana Harvard Partnership 

Mr Tichaona Machiya, Head of Microbiology Princess Marina Hospital 
Dr Tshepo Leeme, Research Doctor, Botswana Harvard Partnership 

 

Summary:  

The Botswana National Meningitis Survey (Protocol 2) aims to establish a prospective surveillance 

system in Botswana to capturing laboratory data from all cerebrospinal fluid specimens examined in 

public sector microbiology laboratories in Botswana. An enhanced meningitis surveillance network will 

be established at sentinel sites in Botswana with enhanced molecular diagnostic testing, plus pathogen 

detection and deep sequencing studies, coupled with clinical outcome data, to definitively determine 

the aetiology and outcomes of meningitis in Botswana. These data will be used to monitor the incidence 

of meningitis, assess the impact of interventions such as expanded ART roll out with the “test and treat” 

strategy on cryptococcal meningitis incidence, and determine the effectiveness of vaccination 

programmes (e.g. pneumococcal and HiB vaccination). The network will also serve as a platform for 

laboratory validation studies of affordable and practical novel meningitis diagnostics for use in 

Botswana with the potential for near patient or point-of-care use. 
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1. Aim 

To establish an enhanced prospective meningitis surveillance network in Botswana (a) providing 

detailed epidemiological and aetiological information to guide clinicians in meningitis management, 

(b) providing public health specialists with an invaluable tool to assess the efficacy of public health 

interventions aimed at reducing meningitis incidence and guide effective resource allocation, and (c) 

creating a uniquely powerful platform to validate novel diagnostic assays with the potential to transform 

meningitis diagnosis in Botswana. 

 

 

2. Objectives 

1. To establish a nationwide meningitis surveillance system capturing laboratory data from all 

cerebrospinal fluid specimens examined in public sector microbiology laboratories in 

Botswana. 

2. To establish an enhanced meningitis surveillance network at sentinel sites in Botswana with 

enhanced molecular diagnostic testing, plus pathogen detection and deep sequencing studies, 

coupled with clinical outcome data, to definitively determine the aetiology and outcomes of 

meningitis in Botswana. 

3. To perform laboratory validation studies of affordable and practical novel meningitis 

diagnostics with the potential for near patient or point-of-care use. 

 

 

3. Background 

The Botswana National Health Laboratory (NHL) is expanding its current remit to become a National 

Public Health Laboratory. A key component of this new mandate is to perform national disease 

surveillance. Such surveillance is essential for rational health care planning and to guide appropriate 

allocation of human and material resources. Effective infectious disease surveillance also enables rapid 

recognition and response to outbreaks and epidemics, allows emergence of drug resistance to be 

detected and contained, and provides real-time data to assess the effectiveness of national infectious 

disease control and treatment programmes. 

 

Meningitis is one of the most severe infectious diseases, associated with very high mortality rates and 

serious sequelae1-3. Treatment is complex, often requiring prolonged hospital stays, intensive supportive 

treatments, and intravenous antimicrobial agents, placing a large burden on health care services. With 

the advent of the HIV epidemic in southern Africa meningitis has become one of the most common 

opportunistic infections in HIV-infected individuals, and a leading cause of death in HIV-infected 

cohorts, accounting for up to 30% of all mortality4,5. The aetiology of meningitis has also changed 

markedly with the HIV-epidemic. Cryptococcal meningitis accounts for the majority of laboratory 

confirmed cases, the proportion of bacterial meningitis due to Streptococcus pneumoniae has increased, 

and the incidence of TB meningitis has risen 3,6. Mortality rates from all types of meningitis in the 

context of HIV co-infection are high, with acute mortality rates approaching 50% in cryptococcal, 

pneumococcal, and TB-meningitis in the southern African region1-3.  

 

This unacceptably high mortality is in large part due to delays in diagnosis and the initiation of effective 

treatment. One of the key reasons for these delays is the inadequacy of current diagnostic tests. With 

standard diagnostics between 50-70% of meningitis cases do not receive a definitive microbiological 

diagnosis, making effective management very difficult6,7. And in the absence of robust epidemiological 

data about meningitis aetiology, evidence-based decisions regarding empiric treatment are impossible. 
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We have recently undertaken a 15-year nationwide retrospective meningitis surveillance study (The 

Botswana National Meningitis Survey, protocol 1 ETHICS). Data from almost 30,000 cerebrospinal 

fluid (CSF) samples have been collected, and are currently being analysed. Preliminary data shows that 

cryptococcal meningitis remains the most frequently diagnosed cause of adult meningitis in Botswana; 

and in keeping with prior studies, approximately 30-50% of patients with laboratory evidence of 

meningitis (on the basis of raised white cell counts and abnormal protein and glucose levels) do not 

receive a confirmed microbiological diagnosis.  

 

Following on from this, in collaboration with the NHL, we are planning to establish a prospective 

meningitis surveillance network in Botswana. Utilising the data collection systems put in place during 

the retrospective study we will collate all CSF study results processed in the public sector laboratory 

network. These data will be used to monitor the incidence of meningitis, assess the impact of 

interventions such as expanded ART roll out with the “test and treat” strategy on cryptococcal 

meningitis incidence, and determine the effectiveness of vaccination programmes (e.g. pneumococcal 

and HiB vaccination). In additional, at sentinel sites we plan to put in place an enhanced surveillance 

system, incorporating in-country detailed molecular testing to ascertain meningitis aetiology in culture 

negative cases. Sample bio banking will enable detailed pathogen discovery testing in cases with no 

confirmed diagnosis to provide a comprehensive description of the aetiology of meningitis in this 

setting, and will also enable validation studies of novel diagnostic technologies aimed at improving 

meningitis diagnosis in Botswana.    

 

Overall, the enhanced prospective surveillance network will provide detailed epidemiological and 

aetiological information to guide clinicians in meningitis management; provide public health specialists 

with an invaluable tool to assess the efficacy of public health interventions aimed at reducing meningitis 

incidence and guide effective resource allocation; and create a uniquely powerful platform to validate 

novel diagnostic assays with the potential to transform meningitis diagnosis in Botswana. 

 

 

4. Methods 

Nationwide meningitis surveillance: There are currently 30 public sector laboratories, operating under 

NHL supervision, that process all CSF samples in Botswana (aside from small numbers processed in 

three private laboratories – see appendix 1). Since early 2015, all of the NHL laboratories have entered 

data directly into the electronic medical records system, IPMS. A system of querying the IPMS database 

has been established in the Monitoring and Evaluation (M&E) Department of the Ministry of Health 

and Wellness (MoHW), enabling central reporting of all CSF data for the retrospective Botswana 

National Meningitis Survey (BNMS) protocol 1. This reporting system will continue to be utilized for 

the prospective meningitis surveillance, with weekly collation of meningitis statistics at the M&E 

department of the MoHW. In addition, sites will be requested to provide a monthly paper return to the 

NHL listing any CSF samples not captured on IPMS due to internet down-time. Data collected will be 

the same as that collected for the BNMS protocol 1, and is listed in appendix 2.  To comply with the 

Ministry of Health (MoHW) Data Management Policy 2014, any personal identifying variables from 

IPMS will not be removed from Ministry premises for analysis. They will be used only to facilitate 

linkage of records. These personal identifiers will be removed and all data fully anonymised prior to 

the database being permitted to leave the MoHW for further analysis. As with the retrospective BNMS 

protocol 1, we will triangulate IPMS data with the death registry at the Department of Civil and National 

Registration, Ministry of Labour and Home Affairs, to determine mortality rates. 
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Enhanced prospective surveillance: The enhanced prospective surveillance is planned for seven sites 

(the two tertiary referral centres, and five secondary level hospitals, see appendix 1) that between them 

process over 80% of all CSF samples in Botswana. The enhanced surveillance will consist of four 

elements. 

1. Extended real-time molecular diagnostics. A panel of enhanced diagnostics will be put in place 

for all CSF samples processed at the sentinel sites, consisting of cryptococcal antigen screening, 

TB gene-Xpert and culture, PCR for common bacteria and viruses and a TB-LAM assay 

(Fujifilm SILVAMP TB-LAM). These will all be standard diagnostic tests approved for use on 

CSF. Where possible, these will be performed on site, but due to resource limitations, certain 

tests such as TB culture and PCR will be performed centrally at the NHL in Gaborone. Results 

will be reported to the clinicians providing care to the patients. The full panel of tests is 

dependent on receipt of a sufficient volume of CSF, thus all tests may not be performed an all 

patients. In such cases, the routine tests mandated by the NHL Standard Operating Procedures 

will be prioritized; the patient will also be approached to seek consent to perform an additional 

lumbar puncture if a diagnosis has not been made through routine investigation. The utility of 

the available tests is dependent on sufficient volumes of CSF. In particular, the sensitivity of 

TB gene-Xpert has been shown to increase with larger volumes of CSF8,9. As such the 

additional CSF collected will be used both to perform additional tests described below as well 

as increasing the potential diagnostic yield of those investigations available locally that may 

directly inform decision-making surrounding patient care. CSF samples and bacterial and 

fungal isolates will be archived for repeat testing if required and quality assurance monitoring. 

To fully maximise the clinical utility of the multiplex PCR we will collect blood samples from 

the small number of patients with HHV-6 detected in the CSF to exclude the condition of 

chromosomally integrated HHV-6. From the previous BioFIRE analyses we detected HHV-6 

in 13 patients and would anticipate similar numbers.  

 

To help support the longer-term use of these diagnostics in Botswana we will also collect 

qualitative data through in-depth interviews or surveys surrounding meningitis diagnostics 

from key stakeholders, including medical doctors, laboratory staff and leadership teams, in the 

management and healthcare provision of patients with meningitis. We hope this will identify 

important barriers and facilitators to implementation of improved meningitis diagnostics and 

provide data to support more widespread use outside of clinical trials. 

2. Pathogen detection and deep sequencing analysis.  In samples where a definitive diagnosis has not 

been reached using the above methodology, residual CSF will be archived at -80C for microarray 

testing and deep sequencing to attempt to identify the causative organism. These may be known 

pathogens that are missed by standard molecular testing due to low pathogen burdens or prior antibiotic 

exposure, or unusual or novel pathogens not usually associated with meningitis. Such analyses can 

currently only be performed at a very limited number of specialised centres worldwide. Samples will 

therefore be transported to one of these centres for analysis (either at the University of Pennsylvania, 

or University College London). It is hoped that over the next few years the capacity to perform these 

type of analyses will be developed within the region (initially in either South Africa or at a Wellcome 

Trust funded regional sequencing hub in Malawi), however such capacity is unlikely to be available in 

Botswana in the near future. To ensure local capacity development, local investigators will be involved 

in these analyses and trained in the relevant techniques at the specialised centres. Appropriate Material 

Transfer Agreements will be put in place in all instances where shipment to overseas institutions is 

required. 

3. Novel diagnostic evaluation. Laboratory evaluations of promising novel meningitis diagnostics that 

have the potential for near-patient or point-of-care use, and are likely to be affordable and practical in 
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the southern African setting, will be performed using residual CSF collected at the sentinel surveillance 

sites. These new tests will be evaluated against the current standard diagnostics, and the molecular 

assays described in elements 1) and 2), using standard laboratory diagnostic evaluation techniques. 

These analyses will be performed in the laboratory in Gaborone. All patient management decisions will 

be made on the basis of the currently approved diagnostic tests. Currently, we propose to test two 

candidate diagnostics with potential to markedly improve meningitis diagnostics in Botswana (see 

appendix 3). Details of all further tests to be evaluated will be submitted to the IRB as amendments for 

approval prior to diagnostic evaluation. 

4. Clinical outcome assessment. The final element of the enhanced surveillance will be collection of 

data regarding the clinical management and outcome of meningitis cases. Routinely collected clinical 

data only will be retrieved from the patient notes to ascertain clinical diagnosis, treatment given, and 

clinical outcomes of the patients (whether they are discharged home alive or die in the hospital). In 

addition, where additional details surrounding the clinical presentation are required we would seek 

consent to consult with the patient to gather any outstanding information. Data will be abstracted by 

study data capturers and entered into a fully anonymised database, linked to CSF results by unique 

sample identifiers. 

 

 

5. Study Population, Sample Size, and Statistical Analysis 

The Nationwide meningitis surveillance study will include all patients undergoing lumbar puncture 

(LP) with CSF analysis at any health facility in Botswana from January 2016 onwards. There are no 

exclusion criteria. We do not have a pre-selected or known sample size but rather intend to include all 

patients meeting the above criteria. Based upon historical data, we estimate approximately 2500 CSF 

samples will be processed annually. The enhanced prospective surveillance study will include all 

patients undergoing lumbar puncture (LP) with CSF analysis at the seven sentinel surveillance sites. 

Data will be analysed using simple descriptive statistics as indicated (median and interquartile range, 

percentile, etc.), and categorised by site and causative organism. For the diagnostic evaluations, 

anticipating a 95% sensitivity of the novel assays when tested against the gold reference standards 

(combined culture plus molecular diagnostic), at a 

95% significance level with a precision of +/- 2.5%, a sample including 292 confirmed cases would be 

required for each evaluation. Based on historical data, we expect to achieve these numbers over 2 to 3 

years of prospective surveillance. 

 

 

6. Ethical Issues and Protection of Human Subjects. 

Where feasible, this study uses only routinely collected programmatic samples and data and the 

surveillance activities fall under the standard remit of a National Surveillance Laboratory. However, to 

maximise the utility of the available investigations larger amounts of CSF than what has been routinely 

collected may be required. In instances where the volume of CSF collected as part of standard care is 

insufficient to perform all relevant analysis, patients will be approached to seek consent for additional 

lumbar punctures. All individual patient data will be de-identified for analysis or publication, and data 

maintained in a secure, password-protected database only accessible to authorized study personnel. Full 

confidentiality will be maintained, with no analysis or reporting of identifiable patient data. This study 

poses minimal risk to research participants. 

 

 

7. Timeline 
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Data collection started in January 2016. The surveillance activities are open ended. Continuing approval 

will be sought annually. 

 

8. Funding 

The nationwide surveillance activities are based on routine work performed and funded by the National 

Health Laboratory and Ministry of Health. The diagnostics study is funded in part through an NIH 

CFAR pilot award to Dr Jarvis, and through additional discretionary research funds held by Dr Jarvis 

through the Botswana-UPenn Partnership. Additional funding for ongoing surveillance activities has 

been obtained through a personal fellowship award to Dr Jarvis and will receive support in kind from 

the NHL.  
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Appendix II – Protocol Harare Meningitis Aetiology Study 

 

Study: Harare Meningitis Aetiology Study 

 

Version: Study protocol v1.8 

 

Chief Investigator: 

Professor Joseph Jarvis, NIHR Global Health Professor. Botswana Harvard AIDS Institute 

Partnership and London School of Hygiene and Tropical Medicine.  

 

Co-Principal Investigators: 

Dr Gift Ngwende, University of Zimbabwe Faculty of Medicine and Health Sciences. 

Professor Chiratidzo Ndhlovu, Specialist Physician and Nephrologist, University of 

Zimbabwe Faculty of Medicine and Health Sciences. 

 

Co-Investigators: 

Dr Lenon Gwaunza, Neurologist, Neurodiagnostic Centre, Harare Zimbabwe 

Ms Kathryn Boyd, Laboratory scientist. University of Zimbabwe and London School of 

Hygiene and Tropical Medicine. 

Dr James Milburn, Clinical Research Fellow. Botswana Harvard AIDS Institute Partnership 

and London School of Hygiene and Tropical Medicine. 

 

Summary: 

The Harare Meningitis Aetiology Study aims to establish a prospective meningitis 

surveillance system at Parirenyatwa Hospital capturing clinical and laboratory data from 

routinely-collected cerebrospinal fluid specimens examined in microbiology laboratories in 

addition to data from enhanced diagnostics performed on a smaller subset of samples. An 

enhanced meningitis surveillance system will be established in the Internal Medicine Unit, 

UZ-Faculty of Medicine & Health Sciences consisting of enhanced molecular diagnostic 

testing, plus pathogen detection and deep-sequencing studies coupled with clinical outcome 

data, to definitively determine the aetiology and outcomes of meningitis in the region. These 

data will be used to monitor the incidence of meningitis, assess the impact of interventions 

such as expanded ART roll out with the “test and treat” strategy on cryptococcal meningitis 

incidence, and determine the effectiveness of vaccination programmes (e.g. pneumococcal 

and HiB vaccination). The surveillance system will also serve as a platform for laboratory 

validation studies of affordable and practical novel meningitis diagnostics for use in 

Zimbabwe with the potential for near patient or point-of-care use. 

 

1. Aim 

To establish an enhanced prospective meningitis surveillance system at a large referral hospital 

in Harare (a) providing detailed epidemiological and aetiological information to guide 

clinicians in meningitis management, (b) providing public health specialists with an invaluable 

tool to assess the efficacy of public health interventions aimed at reducing meningitis incidence 
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and guide effective resource allocation, and (c) creating a platform to validate novel diagnostic 

assays with the potential to transform meningitis diagnosis in Zimbabwe. 

 

2. Objectives 

1. To establish a meningitis surveillance system capturing routinely-collected clinical data 

from adult patients with suspected central nervous system (CNS) infections and 

laboratory data from all cerebrospinal fluid specimens from adult patients examined 

in the public sector microbiology laboratories at Parirenyatwa Hospital. 

2. To create an enhanced meningitis surveillance system in the Internal Medicine Unit at 

Parirenyatwa Hospital through the development of an enhanced diagnostic algorithm 

for CSF analysis in those patients with suspected CNS infection. Through a combination 

of routine investigation, enhanced molecular diagnostic testing, plus pathogen 

detection and deep sequencing studies, coupled with clinical outcome data, we aim to 

definitively determine the aetiology and outcomes of meningitis in the region. 

3. To perform laboratory validation studies of affordable and practical novel meningitis 

diagnostics with the potential for near patient or point-of-care use. 

 

3. Background 

 

Meningitis is one of the most severe infectious diseases, associated with very high mortality 

rates and serious sequelae1–3. Treatment is complex, often requiring prolonged hospital stays, 

intensive supportive treatments, and intravenous antimicrobial agents, placing a large burden 

on health care services. With the advent of the HIV epidemic in southern Africa meningitis has 

become one of the most common opportunistic infections in HIV-infected individuals, and a 

leading cause of death in HIV-infected cohorts, accounting for up to 30% of all mortality4,5. 

The aetiology of meningitis has also changed markedly with the HIV-epidemic. Cryptococcal 

meningitis accounts for the majority of laboratory confirmed cases, the proportion of bacterial 

meningitis due to Streptococcus pneumoniae has increased, and the incidence of TB meningitis 

has risen3,6,7. Mortality rates from all types of meningitis in the context of HIV co-infection are 

high, with acute mortality rates approaching 50% in cryptococcal, pneumococcal, and TB-

meningitis in the southern African region1–3.  

 

This unacceptably high mortality is in large part due to delays in diagnosis and the initiation of 

effective treatment. One of the main reasons for these delays is the inadequacy of current 

diagnostic tests. A key finding from a national retrospective surveillance study conducted in 

neighbouring Botswana from 2000-2014, was that of 8759 patients with abnormal 

cerebrospinal fluid (CSF) findings, 3750 (43%) did not have any microbiological diagnosis on 

standard laboratory testing8. Unpublished data from a study of 1355 CSF samples completed 

in 2019 also from Botswana demonstrated a similar pattern of diagnostic uncertainty. 283 

patients had a CSF pleocytosis however 110 of these patients with a CSF pleocytosis did not 

have confirmed microbiological diagnosis despite multiplex PCR for common CNS pathogens 

being performed on 743 of these samples and Xpert® MTB/Rif Ultra on 165 alongside routine 

CSF analysis. The absence of a definitive microbiological diagnosis makes effective 
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management of this patient group very difficult6,9. In the absence of robust epidemiological 

data about meningitis aetiology, evidence-based decisions regarding empiric treatment are 

impossible. These challenges in patient management are reflected in the mortality rates of these 

individuals without a confirmed microbiological diagnosis which is over 40% at 10 weeks 

indicating the presence of serious underlying pathology which needs appropriate diagnosis and 

treatment to improve outcomes8. 

 

In both Botswana studies described above, most of the patients with cellular CSF had a 

lymphocytic predominance and we strongly suspect that the majority of these were due to TB 

meningitis (TBM). Despite this, very few patients had microbiologically confirmed TBM (3 out 

of 165 patients tested positive on Xpert® MTB/Rif Ultra) but much larger numbers are treated 

empirically. The relatively low diagnostic yield for TBM was felt to be in a large part due to 

the small volumes of CSF analysed, typically 0.5-1.0mls. Promising findings from Uganda on 

the sensitivity of Xpert® MTB/Rif Ultra for the diagnosis of TB meningitis (TBM) suggest that 

larger volumes of CSF increase the diagnostic yield for TBM10. However, clinicians frequently 

collect very limited amounts CSF thereby restricting the utility of this test. Furthermore, local 

evidence supporting the analysis of larger volumes of CSF for Xpert® MTB/Rif Ultra will likely 

influence this practice and improve the diagnosis of TBM in the region.  

 

Developing novel diagnostic modalities for TB meningitis remains an important area of 

research to improve outcomes. Lateral flow lipoaribomannan assays (LAM) are well 

established for use in the urine to detect a constituent part of the cell wall of the TB bacilli in 

patients with TB. A recent meta-analysis demonstrated that a newly developed TB-LAM assay, 

SILVAMP TB-LAM (FujiLAM), has a superior sensitivity compared to Alere Determine TB LAM 

(AlereLAM), currently the most widely used assay, when used to diagnose pulmonary and 

extrapulmonary TB in HIV-positive adults11. Encouraging data from Uganda investigating the 

use of FujiLAM on CSF to diagnose TB meningitis demonstrated a sensitivity comparable to 

Xpert® MTB/Rif Ultra, 52% and 55% respectively12. FujiLAM has several advantages over 

Xpert® MTB/Rif Ultra including a faster turnaround time, no need for additional materials 

and limited training needed to perform the test. This represents an interesting development 

that warrants further investigation before more widespread use.    

 

The introduction of multiplex PCR panels, such as BioFire FilmArray ME (Biomerieiux, 

France), that are able to detect a broad variety of common CNS pathogens has been performed 

in clinical trial settings in other African countries including Ethiopia, Uganda and 

Botswana7,13,14 and has demonstrated and incremental diagnostic yield above routine 

investigations. Despite the clinical benefit of molecular diagnostics in detecting pathology that 

would otherwise have been missed by routine CSF analysis, widespread implementation will 

be challenging in sub-Saharan Africa due to financial constraints and different implementation 

strategies may need to be explored. Furthermore, defining how FilmArray ME should fit in 

diagnostic algorithms in resource-limited settings to meet the needs of clinicians, laboratory 

staff and policy makers is yet to be determined. 
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Overall, this enhanced prospective meningitis surveillance system will provide detailed 

epidemiological and aetiological information to guide clinicians in meningitis management; 

provide public health specialists with an invaluable tool to assess the efficacy of public health 

interventions aimed at reducing meningitis incidence and guide effective resource allocation; 

and create a uniquely powerful platform to validate novel diagnostic assays with the potential 

to transform meningitis diagnosis in Zimbabwe. 

 

 

4. Methods 

 

Prospective meningitis surveillance 

 

All CSF specimens submitted for analysis from patients aged over 18 years old will be 

identified from laboratory records at Parirenyatwa Hospital.  

Data from routine CSF analysis requested by the treating physician and performed as standard 

of care for patients with suspected CNS infection will be collected. This data is readily 

available from patient notes and electronic record systems and we are requesting a waiver of 

consent to collect these routine and anonymised data (see ethics section below).  

Laboratory data will include microscopy and culture, cell count and differential, gram stain 

and india ink in addition to biochemical testing such as CSF protein and glucose. Where 

enhanced molecular testing has been already been performed by the public sector laboratory as 

part of routine care (such as cryptococcal antigen screening and Xpert® MTB/Rif Ultra) this 

data will also be collected. 

Routinely collected clinical data only will be retrieved from the patient notes to ascertain 

clinical diagnosis, treatment given, and clinical outcomes of the patients (whether they are 

discharged home alive or die in the hospital). 

 

Enhanced prospective meningitis surveillance 

 

1. Extended real-time molecular diagnostics. An algorithm of enhanced diagnostics will be 

developed for patients with suspected CNS infections. This will consist of initial cryptococcal 

antigen screening (if not performed as part of routine care), Xpert® MTB/Rif Ultra and TB 

culture, SILVAMP TB-LAM (FujiLAM) and additional antibody/antigen tests and PCR for 

common bacteria and viruses. These will all be standard diagnostic tests approved for use on 

CSF. Results will be reported to the clinicians providing care to the patients. The full panel of 

tests is dependent on receipt of a sufficient volume of CSF, thus all tests may not be performed 

an all patients. In such cases, the routine tests requested by the treating physician and/or 

mandated by the public sector laboratory will be prioritized; the patient will also be approached 

to seek consent to perform an additional lumbar puncture if a diagnosis has not been made 

through routine investigation. The utility of the available tests is dependent on sufficient 

volumes of CSF. In particular, the sensitivity of TB Gene-Xpert has been shown to increase 

with larger volumes of CSF10,15. As such the additional CSF collected will be used both to 

perform additional tests described below as well as increasing the potential diagnostic yield of 
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those investigations available locally that may directly inform decision-making surrounding 

patient care. CSF samples and bacterial and fungal isolates will be archived for repeat testing 

if required and quality assurance monitoring. 

2. Pathogen detection and deep sequencing analysis. In a subset of samples including those 

where a definitive diagnosis has not been reached alongside a number of positive controls, 

residual CSF will be archived at -80C for microarray testing and deep sequencing to attempt 

to identify the causative organism. As part of this project, a novel long read metagenomics 

sequencing assay will also be developed and optimised using a MinION nanopore sequencer 

to be used on selected samples to confirm diagnoses or test for causative pathogens in samples 

in which we do not gain a diagnosis using the techniques described above. These may be known 

pathogens that are missed by standard molecular testing due to low pathogen burdens or prior 

antibiotic exposure, or unusual or novel pathogens not usually associated with meningitis. Such 

analyses can currently only be performed at a limited number of specialised centres worldwide 

i.e. outside Zimbabwe. Fully anonymised samples will therefore be transported to the London 

School of Hygiene and Tropical Medicine for analysis. It is hoped that over the next few years 

the capacity to perform these types of analyses will be developed within the region. To ensure 

local capacity development, the local investigator, Kathy Boyd, will be involved in these 

analyses and trained in the relevant techniques in London, and is obtaining a PhD through this 

and related studies. Appropriate Material Transfer Agreements will be put in place in all 

instances where shipment to overseas institutions is required. 

3. Novel diagnostic evaluation. Laboratory evaluations of promising novel meningitis 

diagnostics that have the potential for near-patient or point-of-care use, and are likely to be 

affordable and practical in the southern African setting, will be performed using residual CSF 

collected at the sentinel surveillance sites. These new tests will be evaluated against the current 

standard diagnostics, and the molecular assays described in elements 1) and 2), using standard 

laboratory diagnostic evaluation techniques. All patient management decisions will be made 

on the basis of the currently approved diagnostic tests.  

4. Clinical outcome assessment. The final element of the enhanced surveillance will be 

collection of data regarding the clinical management and outcome of meningitis cases. 

Routinely collected clinical data will be retrieved from the patient notes to ascertain clinical 

diagnosis, details of cranial or extra-cranial imaging performed, treatment given, and clinical 

outcomes of the patients (whether they are discharged home alive or die in the hospital). In 

addition, where additional details surrounding the clinical presentation are required we would 

seek consent to consult with the patient to gather any outstanding information. Data will be 

abstracted by study data capturers and entered into a fully anonymised database, linked to CSF 

results by unique sample identifiers. 

 

Evaluation of meningitis diagnostic practices 

 

Feasibility and acceptability of the implementation of molecular diagnostics will be assessed 

using multiple data sources. We will focus on key domains relevant to this work within the 

Consolidated Framework for Implementation Research (CFIR). Acceptability of 

implementation and approaches to meningitis diagnosis amongst key stakeholders, such as 

laboratory staff, clinicians and policy makers from within the hospital and the Ministry of 
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Health, will be assessed using interviewer-administered questionnaires. These questionnaires 

will be tailored to each discipline being interviewed and will consist of numeric scales to 

assess the interviewee’s level of agreement with each statement alongside less structured 

areas to allow the interviewee to expand on each statement.  

 

Data on objective metrics including run success rate and timings of specimen collection and 

result release will be captured to calculate turnaround time. Any sample that is not processed 

due to insufficient CSF volume for analysis or if it is heavily blood stained will be recorded. 

Data on time to clinician awareness and subsequent change in management will also 

captured. 

 

A micro-costing approach will be used to estimate the current costs of conducting routine 

CSF analysis at Parirenyatwa Hospital to estimate an average cost of CSF analysis per 

patient. Costs will be gathered from the provider perspective Ministry of Health. Recurrent 

costs (i.e. staff time, consumables), capital costs (i.e. major equipment, building 

infrastructure) together with time and motion studies will be included. Using the data 

gathered, we will then estimate the normative costs of implementing molecular diagnostics at 

Parirenyatwa Hospital (including commissioning costs).  

 

 

5. Study Population, Sample Size, and Statistical Analysis 

This meningitis surveillance study will include all patients aged over 18 years old undergoing 

lumbar puncture with CSF analysis at Parirenyatwa Hospital. Apart from age there are no other 

exclusion criteria. We do not have a pre-selected or known sample size but rather intend to 

include all patients meeting the above criteria. Not all patients will be included in the enhanced 

surveillance if a diagnosis is obtained from routine CSF analysis and there is sufficient clinical 

information in the patient notes. 

Data will be analysed using simple descriptive statistics as indicated (median and interquartile 

range, percentile, etc.), and categorised by causative organism. For the diagnostic evaluations, 

anticipating a 95% sensitivity of the novel assays when tested against the gold reference 

standards (combined culture plus molecular diagnostic), at a 95% significance level with a 

precision of +/- 2.5%, a sample including 292 confirmed cases would be required for each 

evaluation. 

 

6. Ethical Issues and Protection of Human Subjects. 

Where feasible, this study uses only routinely collected clinical information and data from CSF 

analysis. For the portions of the research study that will involve only the collection or study of 

existing data, documents, records, pathological specimens, or diagnostic specimens, and use of 

validated and approved tests, being performed and run for their standard indication providing 

a clinical diagnostic service, a waiver of consent is requested. The information will be recorded 

by the investigators in such a manner that subjects cannot be identified, directly or through 

identifiers linked to the subject, meeting standard criteria for consent waivers as laid out in 

GCP and other comparable regulation, for example the Health and Human Services criteria for 

waiver of consent (HHS.gov, 45 CFR 46.101(b)): 
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• The research involves no more than minimal risk to the subjects; 

• The waiver or alteration will not adversely affect the rights and welfare of the subjects; 

• The research could not practicably be carried out without the waiver or alteration; and 

• Whenever appropriate, the subjects will be provided with additional pertinent 

information after participation (45 CFR 46.116(d)). 

 

However, to maximise the utility of the available investigations larger amounts of CSF than 

what has been routinely collected may be required. In instances where the volume of CSF 

collected as part of standard care is insufficient to perform all relevant analysis, patients will 

be approached to seek consent for additional lumbar punctures. If additional clinical detail is 

required beyond what is recorded in the patient’s notes consent will also be sought for further 

consultation with the patient.  

 

All individual patient data will be de-identified for analysis or publication, and data maintained 

in a secure, password-protected database only accessible to authorized study personnel. Full 

confidentiality will be maintained, with no analysis or reporting of identifiable patient data. 

This study poses minimal risk to research participants. 
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Appendix III – Consent forms for additional CSF collection and consultation – Botswana 

 
Information for Participants 

 
Study title: The Botswana National Meningitis Survey. Protocol 2: Prospective Enhanced 
Meningitis Surveillance 

 
Why am I being asked to volunteer? 

You are being invited to take part in a research study. Your participation is voluntary which means 

you can choose whether or not to participate. Before you decide it is important for you to understand 

why the research is being done and what it will involve. Please take time to read the following 

information carefully and to talk to others about the study, if you wish. Ask us if there is anything that 

is not clear or if you would like more information. Take time to decide whether or not you wish to 

take part. 

 
1. What is the purpose of the study? 
The Botswana national meningitis survey is a project aiming to find out the cause of 
meningitis in Botswana. Meningitis is a potentially life-threatening disease caused by 
infection of the of the membranes and/or cerebrospinal fluid (CSF) surrounding the brain and 
spinal cord from a wide range of germs. It can affect anyone of any age and can cause long-
lasting effects and the treatment depends on what germ is causing the meningitis. Meningitis 
is diagnosed by a lumbar puncture (or spinal tap) which is a procedure where a needle is 
inserted in to your back below the level of your spinal cord to collect some fluid which can be 
analysed in the laboratory. To process the samples effectively, or perform additional tests, 
occasionally we need to perform an additional lumbar puncture.  
 
2. Why have I been chosen? 
Your doctor is concerned you have meningitis but we have not identified the germ that is 
causing the infection. To perform additional tests we need another sample of CSF. The extra 
CSF would be used to perform any available, relevants tests that have not already been 
done. This may allow us to get an accurate diagnosis and alter your treatment. Some of the 
CSF taken during the same proceedure would also be sent to another laboratory for more 
detailed testing to identify the germ causing the meningitis. This testing would look for genes 
that we know belong to certain germs through a type of testing caused metagenomics. This 
test takes much longer and it is unlikely that any results from this test would affect your 
treatment. We hope that the information from this type of testing will help patients in the 
future. 
 
3. Do I have to take part? 
It is up to you to decide to join the study. Participation is voluntary. We will describe the study 
and go through this information sheet. If you agree to take part, we will then ask you to sign a 
consent form. You are free to withdraw at any time, without giving a reason. 
 
4. What will happen to me if I take part? What am I being asked to do? 
We are asking to perform a lumbar puncture (or spinal tap) to take an extra sample of CSF 
to perform additional tests. Some of these tests may give information that may change 
management however some of them may not. We hope this information will benefit future 
patients with the same condition.  
 
The doctor will perform a lumbar puncture and they will go through the details of how the 
procedure will be performed with you. It is a commonly performed procedure with very few 
serious complications. Potential risks are described later on. 
 
5.   What will happen to any samples I give? 
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The CSF sample you give will be stored at the Botswana Harvard AIDS Institute Partnership 
in Gaborone, Botswana. We will then perform tests locally to look for common germs 
including certain bacteria, Tuberculosis and a fungus called Cryptococcus. If we do not get a 
positive result from these tests which we are able to do in Gaborone we will send some of 
the CSF for further tests to look for the genes of germs causing the meningitis. In line with 
international guidelines, samples will be stored for up to fifteen years. Samples may be 
analysed outside of this country. Any such samples will have only an identification number 
and the results will be anonymous. There will be no way that you or your personal details 
can be identified from these samples.  
 
6. Expenses and payments 
There will be no payment for your contribution today.  
 
 
7. What are the possible disadvantages and risks of taking part? 
Lumbar punctures are commonly performed proceedures with very few serious 
complications. There are however some risks associated and these are described below: 

• Headache – between 10-30% of patients will have a headache after a lumbar puncture 
that is worse on standing up. This usually resolves with simple analgesia (such as 
paracetamol), good hydration and drinking liquids with caffeine in (such as Coffee, 
Coca-Cola and certain Teas but not Rooibos). However if it does not settle you should 
seek advice from your doctor. 

• Infection – this is a rare complication after lumbar puncture. Your doctor will clean the 
area thoroughly and use sterile equipment to reduce any chance of infection 

• Bleeding – this is a rare complication after a lumbar puncture. Your doctor will check 
your blood to ensure that you are not at an increased risk of bleeding and will not 
proceed if this is the case 

• Back pain – pain around the site of lumbar puncture is common. It usually resolves 
with simple analgesia and rest. However if it does not settle you should seek advice 
from your doctor. 
 

8. What are the possible benefits of taking part? 
We may be able to diagnose the cause of your meningitis and this may alter your treatment 
depending on the result we find. We hope that your contribution will help improve the health 
of patients in the future. 
 
9.  Will my taking part in the study be kept confidential?  
Yes.  All information collected about you during the course of the research will be kept 
strictly confidential.   
Any information about you which leaves the clinic will have your name and address removed 
so that you cannot be recognised from it. 
 
10.  What will happen if I don’t want to carry on with the study? 
You are free to withdraw at any time, without giving a reason. This will not affect the care you 
receive at PMH. Any stored CSF samples that can still be identified as yours will be destroyed 
if you wish (please ask the study nurse or doctor). 
 
11.  What will happen to the results of the research study? 
The results of the study will be used to develop new ways to prevent, diagnose and treat 
meningitis. These results will be discussed with doctors, health policy makers and patient 
groups, and published in medical journals. Participants will not be identified in any reports or 
publications. 
 
12.  Who is funding the research?   
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The research is being funded by the National Institute for Health Research in the UK.  
 
13.  Who has reviewed the study?  
This study was given a favourable ethical opinion by the Health Research and Development 
Council Research Ethics Committee. 

 
14.   Contact Details 
For additional information about this study and for questions regarding your participation you 
can contact Dr Tshepo Leeme 7298 5111 or Miss Tumalano Sekoto 3903540 ext119The 
ethical oversight of clinical studies in Botswana is performed by the Health Research and 
Development Council (HRDC) of the Ministry of Health. They can be contacted at: 
 
HRDC, Head of Health Research Unit 
Ministry of Health 
Private Bag 0038 
Botswana 
Tel: (+267) 3914467 
Fax: (+267) 3914697 
 
 
 
You will be given a copy of the information sheet and a signed consent form to keep. 

 
Thank you for taking the time to read this sheet. 

INFORMED CONSENT FORM  
 
Full Title of Project: The Botswana National Meningitis Survey. Protocol 2: Prospective Enhanced 
Meningitis Surveillance 
 

Name of Principal Investigator: Prof J. N. Jarvis  

 Please 
initial box 

1. I confirm that I have read and understand the participant information sheet dated 12/3/20 
(version 1.0) for the above study. I have had the opportunity to consider the information, 
ask questions and have had these answered fully. 

 

2. I understand that my participation is voluntary and I am free to withdraw at any time, 
without giving any reason, without my medical care or legal rights being affected. 

 

3. I agree to have an additional lumbar puncture. I undertand why it is being performed and 
have had the relevant risks explained to me 

 

4. I agree for my samples to be transported abroad for additional testing if required  

5. I understand that any relevant sections of my medical notes, and data collected during 
the study may be looked at by responsible individuals from the Sponsor or from 
regulatory authorities where it is relevant to my taking part in this research. I give 
permission for these individuals to have access to my records.   

 

6. I agree to take part in the above study. 
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Name of Participant  
 

 
 
 

 Signature/Thumbprint  Date 

Name of Person taking 
consent 

 
 
 

 Signature  Date 

Principal Investigator 
 
 

 Signature  Date 
 

The participant is unable to sign.  As a witness, I confirm that all the information about the study was 
given and the participant consented to taking part. 

 
 
 
 

Name of Impartial 
Witness 

(if required) 
 

 Signature  Date 

1 copy for participant; 1 copy for Principal Investigator 
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Information for Participants 
 

Study title: The Botswana National Meningitis Survey. Protocol 2: Prospective Enhanced 

Meningitis Surveillance 

 
Why am I being asked to volunteer? 
You are being invited to take part in a research study. Your participation is voluntary which 
means you can choose whether or not to participate. If you choose not to participate, this will 
not affect your future care. Before you decide it is important for you to understand why the 
research is being done and what it will involve. Please take time to read the following 
information carefully and to talk to others about the study, if you wish. Ask us if there is 
anything that is not clear or if you would like more information. Take time to decide whether 
or not you wish to take part. 
 
1. What is the purpose of the study? 
The Botswana national meningitis survey is a project aiming to find out the cause of 
meningitis in Botswana. Meningitis is a potentially life-threatening disease caused by 
infection of the of the membranes and/or cerebrospinal fluid (CSF) surrounding the brain and 
spinal cord from a wide variety of germs. It can affect anyone of any age and can cause 
long-lasting effects and the treatment depends on what germ is causing the meningitis. 
Meningitis is diagnosed by a lumbar puncture (or spinal tap) which is a procedure when a 
needle  is inserted in to your back below the level of your spinal cord to collect some fluid 
which can be analysed in the laboratory. 
 
2. Why have I been chosen? 
Your doctor is concerned you have meningitis. We would like to discuss your case further 
with you to gather more detail on your symptoms, background and past medical history and 
also examine you if required.  
 
3. Do I have to take part? 
It is up to you to decide to join the study. Participation is voluntary. We will describe the study 
and go through this information sheet. If you agree to take part, we will then ask you to sign a 
consent form. You are free to withdraw at any time, without giving a reason. 
 
4. What will happen to me if I take part? What am I being asked to do? 
A member of the research team will complete a questionnaire with you that will go into detail 
about your case and how you became unwell. They may also need to examine you which 
will be similar to the assessment the admitting doctor carried out when you came into 
hospital. This information will be analysed alongside similar information from other patients 
to investigate the cause of meningitis in Botswana. It will be anonymous and people will not 
be able to tell that the information came from you. 
 
5. Expenses and payments 
There will be no payment for your contribution today.  
 
6. What are the possible disadvantages and risks of taking part? 
The duration of the assessment will vary from patient to patient but it may take some time to 
go through your case in detail. If you are feeling unwell this may be difficult to you. However 
you are able to stop at anytime and this will not affect your care. 
There are no significant risks associated with this additional consultation. 

 
7. What are the possible benefits of taking part? 
There will be no direct benefit to you but we hope that your contribution will help improve the 
health of patients in the future. 
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8.  Will my taking part in the study be kept confidential?  
Yes.  All information collected about you during the course of the research will be kept 
strictly confidential.   
Any information about you which leaves the clinic/ward will have your name and address 
removed so that you cannot be recognised from it. 
 
9.  What will happen if I don’t want to carry on with the study? 
You are free to withdraw at any time, without giving a reason. This will not affect the care you 
receive at PMH.  
 
10.  What will happen to the results of the research study? 
The results of the study will be used to develop new ways to prevent, diagnose and treat 
meningitis. These results will be discussed with doctors, health policy makers and patient 
groups, and published in medical journals. Participants will not be identified in any reports or 
publications. 
 
11.  Who is funding the research?   
The research is being funded by the National Institute for Health Research in the UK.  
 
12.  Who has reviewed the study?  
This study was given a favourable ethical opinion by the Health Research and Development 
Council Research Ethics Committee. 

 
13.   Contact Details 
For additional information about this study and for questions regarding your participation you 
can contact Dr Tshepo Leeme 7298 5111 or Miss Tumalano Sekoto 3903540 ext119. The 
ethical oversight of clinical studies in Botswana is performed by the Health Research and 
Development Council (HRDC) of the Ministry of Health. They can be contacted at: 
 
HRDC, Head of Health Research Unit 
Ministry of Health 
Private Bag 0038 
Botswana 
Tel: (+267) 3914467 
Fax: (+267) 3914697 
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You will be given a copy of the information sheet and a signed consent form to keep. 
 

Thank you for taking the time to read this sheet. 
INFORMED CONSENT FORM  

 
Full Title of Project: The Botswana National Meningitis Survey. Protocol 2: Prospective Enhanced 
Meningitis Surveillance 
 

Name of Principal Investigator: Prof J. N. Jarvis  

 Please 
initial box 

1. I confirm that I have read and understand the participant information sheet dated 12/3/20 
(version 1.0) for the above study. I have had the opportunity to consider the information, 
ask questions and have had these answered fully. 

 

2. I understand that my participation is voluntary and I am free to withdraw at any time, 
without giving any reason, without my medical care or legal rights being affected. 

 

3. I agree to discuss my case with a member of the study team and for the information 
gathered evaluated anonymously as part of the study 

 

4. I understand that any relevant sections of my medical notes, and data collected during 
the study may be looked at by responsible individuals from the Sponsor or from 
regulatory authorities where it is relevant to my taking part in this research. I give 
permission for these individuals to have access to my records.   

 

5. I agree to take part in the above study. 
 

 
 
 
 

Name of Participant  
 

 
 
 

 Signature/Thumbprint  Date 

Name of Person taking 
consent 

 
 
 

 Signature  Date 

Principal Investigator 
 
 

 Signature  Date 
 

The participant is unable to sign.  As a witness, I confirm that all the information about the study was 
given and the participant consented to taking part. 

 
 
 
 

Name of Impartial 
Witness 

 Signature  Date 
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(if required) 
 

1 copy for participant; 1 copy for Principal Investigator 
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Appendix IV – Consent forms for additional CSF collection and consultation – Zimbabwe 

P. O. Box A 178 
Avondale 
HARARE, Zimbabwe 

 

INTERNAL MEDICINE UNIT 

Telephone: 263-4-791631 
Fax: 263-4-251017 
Telegrams: UNIVERSITY 

Unit Coordinator: Dr G.W. Ngwende, MMed (Medicine) UZ, FCP (ECSA), PD Clin Neurology 

(UCL)                                        Email:medicine@medsch.uz.ac.zw  
__________________________________________________________________________________________
__________ 
                              

FACULTY OF MEDICINE AND HEALTH SCIENCES    

UNIVERSITY OF ZIMBABWE  

                      

___________________________________________________________________________ 

                                           

Information for Participants 
 
Study title:  
Harare Meningitis Aetiology Survey 

 
Chief Investigator: 
Professor Joseph Jarvis, NIHR Global Health Professor. Botswana Harvard AIDS Institute 
Partnership and London School of Hygiene and Tropical Medicine.  
 
Co-Principal Investigators: 
Dr Gift Ngwende, Specialist Physician and Neurologist, University of Zimbabwe Faculty of 
Medicine and Health Sciences. 
Professor Chiratidzo Ndhlovu, Specialist Physician and Nephrologist, University of 
Zimbabwe Faculty of Medicine and Health Sciences. 
 
Co-Investigators: 
Ms Kathryn Boyd, Laboratory scientist. University of Zimbabwe and London School of 
Hygiene and Tropical Medicine. 
Dr James Milburn, Clinical Research Fellow. Botswana Harvard AIDS Institute Partnership 
and London School of Hygiene and Tropical Medicine. 
Dr Lenon Gwaunza, Neurologist, Neurodiagnostic Centre, Harare Zimbabwe 
 

Why am I being asked to volunteer? 
You are being invited to take part in a research study. Your participation is voluntary which 

means you can choose whether or not to participate. Before you decide it is important for you 

to understand why the research is being done and what it will involve. Please take time to 

read the following information carefully and to talk to others about the study, if you wish. Ask 

us if there is anything that is not clear or if you would like more information. Take time to 

decide whether or not you wish to take part. 
 
1. What is the purpose of the study? 

mailto:medicine@medsch.uz.ac.zw
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The Harare Meningitis Aetiology Survey is a project aiming to find out the cause of 
meningitis in Zimbabwe. Meningitis is a potentially life-threatening disease caused by 
infection of the linings of the brain and/or cerebrospinal fluid (CSF) surrounding the brain 
and spinal cord from a wide range of germs. It can affect anyone of any age and can cause 
long-lasting effects and the treatment depends on what germ is causing the meningitis. 
Meningitis is diagnosed by a lumbar puncture where a needle is inserted into your back 
below the level of your spinal cord to collect some fluid which can be analysed in the 
laboratory. To process the samples or to perform additional tests we may to perform an 
extra lumbar puncture.  
 
2. Why have I been chosen? 
Your doctor is concerned you have meningitis. We would like to perform additional tests that 
may either identify the germ causing meningitis in you or allow further analysis of CSF that 
will benefit patients with meningitis in the future. Some of these tests require larger amounts 
of CSF than others to be able to give accurate results and we currently do not have enough 
of your CSF to run all available tests. The extra CSF would be firstly be used to perform any 
available, relevant tests locally. These tests may allow us to get an accurate diagnosis if it is 
not known already and alter your treatment. Some of the CSF taken during the same LP will 
also be sent to another laboratory for more detailed testing to identify the germ causing your 
meningitis. This further testing will look for genes that we know belong to certain germs 
through a type of testing caused metagenomics. This test takes much longer and any results 
from this test will not affect your treatment. However we hope that the information from this 
type of testing will help other patients in the future. 
 
3. Do I have to take part? 
It is up to you to decide to join the study. Participation is voluntary. We will describe the 
study and go through this information sheet. If you agree to take part, we will then ask you to 
sign this consent form. You are free to withdraw from this study at any time, without giving a 
reason. 
 

4. What will happen to me if I take part? What am I being asked to do? 
We are asking to perform a lumbar puncture (LP) to take an extra sample of CSF to perform 
additional tests. We will take between 10-15mls of CSF, this is a safe volume as your body 
makes approximately 22mls of CSF each hour. Some of these tests may give information 
that may change your management however some of them may not. We hope this 
information will benefit future patients with the same condition.  
 
The doctor will perform a lumbar puncture and they will go through the details of how the 
procedure will be performed with you. It is a commonly performed procedure with very few 
serious complications. Potential risks are described later on. 
 
5.   What will happen to any samples I give? 
The CSF sample you give will be stored at the University of Zimbabwe, Faculty of Medicine 
and Health Sciences, Harare, Zimbabwe. We will then perform tests locally to look for 
common germs including certain bacteria, Tuberculosis and a fungus called Cryptococcus. If 
we do not get a result from these tests which we are able to do in Harare, we will send some 
of the CSF outside the country for further tests to look for the genes of germs causing the 
meningitis. In line with international guidelines, samples will be stored for up to fifteen years. 
Samples may be analysed outside of this country. Any such samples will only have an 
identification number and the results will not show your name. There will be no way that you 
or your personal details can be identified from these samples.  
 
6. Expenses and payments 
There will be no payment for your contribution today.  
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7. What are the possible disadvantages and risks of taking part? 
Lumbar punctures are commonly performed procedures with very few serious complications. 
There are however some risks associated and these are described below: 
Headache – between 10-30% of patients will have a headache after a lumbar puncture that 
is worse on standing up. This usually resolves with simple analgesia (such as paracetamol), 
good hydration and drinking liquids with caffeine in (such as Coffee, Coca-Cola and certain 
Teas but not Rooibos). However if this does not settle you should seek advice from your 
doctor. 
Infection – this is a rare complication after lumbar puncture. Your doctor will clean the area 
thoroughly and use sterile equipment to reduce any chance of infection 
Bleeding – this is a rare complication after a lumbar puncture. Your doctor will check your 
blood to ensure that you are not at an increased risk of bleeding and will not proceed if this 
is the case 
Back pain – pain around the site of lumbar puncture is common. It usually resolves with 
simple analgesia and rest. However if it does not settle you should seek advice from your 
doctor. 
 
8. What are the possible benefits of taking part? 
We may be able to explain the cause of your meningitis and this may alter your treatment 
depending on the result we find. We hope that your contribution will help improve the health 
of patients in the future. 
 
9.  Will my taking part in the study be kept confidential?  
Yes.  All information collected about you during the course of the research will be kept 
strictly confidential. The additional tests performed at Parirenyatwa Hospital will be shared 
with your doctors to allow them to make any changes to your medications if needed. 
  
Any information about you which leaves the clinic will have your name and address removed 
and you will be allocated a participant ID number so that you cannot be recognised from it. 
 
10.  What will happen if I don’t want to carry on with the study? 
You are free to withdraw at any time, without giving a reason. This will not affect the care 
you receive. Any stored CSF samples that can still be identified as yours will be destroyed if 
you wish (please ask the study nurse or doctor). 
 
11.  What will happen to the results of the research study? 
The results of the study will be used to develop new ways to prevent, diagnose and treat 
meningitis. These results will be discussed with doctors, health policy makers e.g. Ministry of 
Health and Child Care and patient groups, and published in medical journals. Participants 
will not be identified in any reports or publications. 
 
12.  Who is funding the research?   
The research is being funded by the National Institute for Health Research in the UK.  
 
13.  Who has reviewed the study?  
This study has been reviewed by Joint Research Ethics Committee at the University of 
Zimbabwe and Parirenyatwa Hospital (JREC), Medical Research Council of Zimbabwe 
(MRCZ) and the Research Council of Zimbabwe (RCZ) 
 
14.   Contact Details 
For additional information about this study and for questions regarding your participation you 
can contact Professor Chiratidzo Ndhlovu (0772 412701 or 0712206313), Dr Gift Ngwende 
(0773303709) or Dr James Milburn (+267 76622296).  
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You will be given a copy of the information sheet and a signed consent form to keep. 
 

Thank you for taking the time to read this sheet. 
INFORMED CONSENT FORM  

 
 
Full Title of Project: Harare Meningitis Aetiology Survey  
 
Name of Principal Investigators: Prof J. N. Jarvis 
Co-Principal Investigators: Prof Chiratidzo Ndhlovu and Dr Gift Ngwende  
Lead study doctor: Dr James Milburn 

 Please 
initial box 

1. I confirm that I have read and understand the participant information sheet dated 1/12/21 
(version 1.0) for the above study. I have had the opportunity to consider the information, ask 
questions and have had these answered fully. 

 

2. I understand that my participation is voluntary and I am free to withdraw at any time, 
without giving any reason, without my medical care or legal rights being affected. 

 

3. I agree to have an additional lumbar puncture. I understand why it is being performed and 
have had the relevant risks explained to me 

 

4. I agree for my samples to be transported abroad for additional testing if required  

5. I understand that any relevant sections of my medical notes, and data collected during 
the study may be looked at by responsible individuals from the Sponsor or from regulatory 
authorities where it is relevant to my taking part in this research. I give permission for these 
individuals to have access to my records.   

 

6. I agree to take part in the above study.  

 
 
 
 

Name of Participant  
 
 
 
 

 Signature/Thumbprint  Date 

Name of Person taking 
consent 
 
 
 

 Signature  Date 

     
The participant is unable to sign.  As a witness, I confirm that all the information about the study was 
given and the participant consented to taking part. 

 
 
 
 

Name of Impartial 
Witness 
(if required) 

 Signature  Date 
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1 copy for participant; 1 copy 
 

YOU WILL BE OFFERED A COPY OF THIS CONSENT FORM TO KEEP. 
 
If you have any questions concerning this study or consent form beyond those 
answered by the investigator, including questions about the research, your 
rights as a research participant or research-related injuries; or if you feel that 
you have been treated unfairly and would like to talk to someone other than a 
member of the research team, please feel free to contact the Medical Research 
Council of Zimbabwe (MRCZ) on telephone (0242)791792 or  (0242) 791193 and 
cell phone lines 0784 956 128.   The MRCZ Offices are located at the National 
Institute of Health Research premises at Corner Josiah Tongogara and 
Mazowe Avenue in Harare.
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P.O. Box A 178  
Avondale  

HARARE, 
Zimbabwe 

 

INTERNAL MEDICINE UNIT                                    

Telephone: 2634-791631 
Fax: 263-4-251017 
Telegrams: UNIVERSITY 

Unit Coordinator: Dr G.W. Ngwende, MMed (Medicine) UZ, FCP (ECSA), PD Clin Neurology 

(UCL)                                        Email:medicine@medsch.uz.ac.zw  
__________________________________________________________________________________________
__________ 
                              

FACULTY OF MEDICINE AND HEALTH SCIENCES    

UNIVERSITY OF ZIMBABWE  

                      

___________________________________________________________________________ 

                                           

Information for Participants 
 
Study title:  
Harare Meningitis Aetiology Survey 

 
Chief Investigator: 
Professor Joseph Jarvis, NIHR Global Health Professor. Botswana Harvard AIDS Institute 
Partnership and London School of Hygiene and Tropical Medicine.  
 
Co-Principal Investigators: 
Dr Gift Ngwende, Specialist Physician and Neurologist, University of Zimbabwe Faculty of 
Medicine and Health Sciences. 
Professor Chiratidzo Ndhlovu, Specialist Physician and Nephrologist, University of 
Zimbabwe Faculty of Medicine and Health Sciences. 
 
Co-Investigators: 
Ms Kathryn Boyd, Laboratory scientist. University of Zimbabwe and London School of 
Hygiene and Tropical Medicine. 
Dr James Milburn, Clinical Research Fellow. Botswana Harvard AIDS Institute Partnership 
and London School of Hygiene and Tropical Medicine. 
Dr Lenon Gwaunza, Neurologist, Neurodiagnostic Centre, Harare Zimbabwe 
 
Why am I being asked to volunteer? 

You are being invited to take part in a research study. Your participation is voluntary which means 

you can choose whether or not to participate. If you choose not to participate, this will not affect your 

future care. Before you decide it is important for you to understand why the research is being done 

and what it will involve. Please take time to read the following information carefully and to talk to 

others about the study, if you wish. Ask us if there is anything that is not clear or if you would like 

more information. Take time to decide whether or not you wish to take part. 

 
1. What is the purpose of the study? 
The Harare Meningitis Aetiology Survey is a project aiming to find out the cause of 
meningitis in Zimbabwe. Meningitis is a potentially life-threatening disease caused by 
infection of the linings of the brain and/or cerebrospinal fluid (CSF) surrounding the brain 

mailto:medicine@medsch.uz.ac.zw
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and spinal cord from a wide variety of germs. It can affect anyone of any age and can cause 
long-lasting effects and the treatment depends on what germ is causing the meningitis. 
Meningitis is diagnosed by a lumbar puncture (or spinal tap) which is a procedure when a 
needle  is inserted in to your back below the level of your spinal cord to collect some fluid 
which can be analysed in the laboratory. 
 
2. Why have I been chosen? 
Your doctor is concerned you have meningitis. We would like to discuss your case further 
with you to gather more detail on your symptoms, background and past medical history and 
also examine you if required.  
 
3. Do I have to take part? 
It is up to you to decide to join the study. Participation is voluntary. We will describe the study and go 

through this information sheet. If you agree to take part, we will then ask you to sign a consent form. 

You are free to withdraw at any time, without giving a reason. 

 

4. What will happen to me if I take part? What am I being asked to do? 
A member of the research team will complete a questionnaire with you that will go into detail 
about your case and how you became unwell. They may also need to examine you which 
will be similar to the assessment the admitting doctor carried out when you came into 
hospital. This information will be analysed alongside similar information from other patients 
to investigate the cause of meningitis in Zimbabwe. It will be anonymous and people will not 
be able to tell that the information came from you. 
 
5. Expenses and payments 
There will be no payment for your contribution today.  
 
6. What are the possible disadvantages and risks of taking part? 
The duration of the assessment will vary from patient to patient but it may take some time to 
go through your case in detail. If you are feeling unwell this may be difficult to you. However 
you are able to stop at anytime and this will not affect your care. 
There are no significant risks associated with this additional consultation. 
 
7. What are the possible benefits of taking part? 
There will be no direct benefit to you but we hope that your contribution will help improve the 
health of patients in the future. 
 
8.  Will my taking part in the study be kept confidential?  
Yes.  All information collected about you during the course of the research will be kept 
strictly confidential.   
Any information about you which leaves the hospital laboratory for the study purposes will 
have your name and address removed and you will be allocated a participant ID number so 
that you cannot be recognised from it. 
 
9.  What will happen if I don’t want to carry on with the study? 

You are free to withdraw at any time, without giving a reason. This will not affect the care you 

receive.  

 
10.  What will happen to the results of the research study? 
The results of the study will be used to develop new ways to prevent, diagnose and treat 
meningitis. These results will be discussed with doctors, health policy makers and patient 
groups, and published in medical journals. Participants will not be identified in any reports or 
publications. 
 
11.  Who is funding the research?   
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The research is being funded by the National Institute for Health Research in the UK.  
 

12.  Who has reviewed the study?  
This study was given a favourable ethical opinion by the Medical Research Council of 
Zimbabwe 
 
13.   Contact Details 
For additional information about this study and for questions regarding your participation you 
can contact Professor Chiratidzo Ndhlovu on 0712206313/0772412701. The ethical 
oversight of clinical studies in Zimbabwe is performed by the Medical Reseach Council of 
Zimbabwe. They can be contacted at 20 Cambridge Road, Avondale, Harare. Tel: +242 
791792/791193/792747.  
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You will be given a copy of the information sheet and a signed consent form to keep. 

 

Thank you for taking the time to read this sheet. 
INFORMED CONSENT FORM  

 
Full Title of Project: Harare Meningitis Aetiology Survey  
 
Name of Principal Investigators: Prof J. N. Jarvis, Dr Lenon Gwaunza, Prof Chiratidzo Ndhlovu and Dr 
Gift Ngwende 
  
 Please 

initial box 

1. I confirm that I have read and understand the participant information sheet dated( 
………. ) for the above study. I have had the opportunity to consider the information, ask 
questions and have had these answered fully. 

 

2. I understand that my participation is voluntary and I am free to withdraw at any time, 
without giving any reason, without my medical care or legal rights being affected. 

 

3. I agree to discuss my case with a member of the study team and for the information 
gathered evaluated anonymously as part of the study 

 

4. I understand that any relevant sections of my medical notes, and data collected during 
the study may be looked at by responsible individuals from the Sponsor or from regulatory 
authorities where it is relevant to my taking part in this research. I give permission for these 
individuals to have access to my records.   

 

5. I agree to take part in the above study.  

 
 
 
 

Name of Participant  
 
 
 
 

 Signature/Thumbprint  Date 

Name of Person taking 
consent 
 
 
 

 Signature  Date 

Principal Investigator 
 
 

 Signature  Date 
 

The participant is unable to sign.  As a witness, I confirm that all the information about the study was 
given and the participant consented to taking part. 

 
 
 
 

Name of Impartial 
Witness 
(if required) 
 

 Signature  Date 

1 copy for participant; 1 copy for Principal Investigator 
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