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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



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 CNSils 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 CNSlIs, 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



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 | 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 Il 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 Il 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 VIl is a concluding chapter that summarises the key findings from the thesis

and their implications.
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Chapter | — 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 Africa®.

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 for?.

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 Africa®®. 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 prevalence®?®. 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) programmes®1°, Cryptococcal disease alone accounts for 15% of HIV-associated deaths

worldwide, and approximately 75% of these cases occur in sub-Saharan Africa3*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 diagnostics!?%. 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 antibiotics?®, large numbers of suspected CNSls in the region do not have a
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confirmed diagnosis®**2°. 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 rates?!.

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
CNSls 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 settings??. 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 strategies??.
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 mortality?>. 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 meningitis?*~
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 section?®. 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 hours?®. 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 meningitis3°. 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 minutes3!. The success of CrAg and to a lesser extent Xpert
MTB/RIF Ultra demonstrates that expanded diagnostic capacity for the investigation of suspected

CNSl 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 overstated3%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 settings343>,
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 | 1 hour Cheap Interpretation is operator | Available in most
determine bacterium dependent microbiology
morphology Rapid laboratories
Relatively simple to perform
Less affected by antibiotic
administration than culture
Culture Culture for bacterial and | Variable Easy to perform Prior antibiotic administration | Available only in larger
fungal pathogens, and TB decreases culture yield centres
1-10 days for | Gives information on
bacterial and fungal | antimicrobial sensitivities Results may take several days/
cultures weeks
6 weeks for TB
culture
Ziehl- Staining for acid-fast bacilli 1 hour Cheap Low sensitivity Available only in larger
Neelsen centres
staining Highly operator dependent
Cryptococcal | Rapid diagnostic test that | 15 min Highly sensitive Does not distinguish between | Widely available and can
antigen detects presence of active or previously treated | be performed at bedside
lateral flow | Polysaccharide on Cheap infection
cryptococcus cell wall
assay
Easy to use even with limited
laboratory infrastructure/staff
training
India Ink Staining of capsule of | 15 min Sensitive Does not distinguish between | Available in most
cryptococcus neoformans active or previously treated | microbiology
Cheap infection laboratories
Operator dependent

Table 1: Description of commonly used investigations in the diagnosis of meningoencephalitis3¢3’
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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 CNSI3®*3, 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
Botswanal*14161844-46 Trigls 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 samples®?. 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 setting®’. 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 study*®. 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 sensitivity304°.

Pathogen(s) Total Cryptococcal Tuberculous
meningitis meningitis
(n=117)
(n=54) (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 +VzZV 1 0 0
CMV + Toxoplasma 1 0 0
gondii
BK virus 1 0 0
Enterovirus 0 0 0
Negative 58 26 0

= Xpert positive = EBV = Toxoplasma gondii = JC virus = V2/ = CMV = No defined aetiology

u Normal CSF profile = Bacterial meningitis » Unknown meningitis

» Cryptococcus un Insufficient sample
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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 20124, 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 | 1 pathogen Number | 2 Pathogens Number | 3 Pathogens Number of | 4 pathogens Number of cases
CSF of cases of cases cases
prevalence
Cryptococcus  19.3% Cryptococcus 35 EBV/TB 11 EBV/TB/ICV 1 Cryptococcus/TB/ 1
(64/331) VZV/CMV
JC virus 6.0% JC virus EBV/ICV EBV/TB/Cryptococcus
(20/331)
3.9% EBV/CMV EBV/JCV/CMV
(13/331)
HSV-1 1.5% HSV-1 Cryptococcus/CMV 2
(5/331)
HSV-2 Cryptococcus/TB
TB/CMV
TB/VZV
JCV/HSV-1
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Totals

271
pathogens

36/6%
121/331

16.9%
(56/331)

3%
(10/331)

0.6%
(2/331)

Table 2: Confirmed pathogens identified from Siddiqgi et al**.
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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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ABSTRACT

Introduction: Central nervous system infections (CNSI) disproportionately affect individuals in low-
resource settings where diagnosis is challenging; large proportions of patients never receive
a confirmed microbiological diagnosis resulting in inadequate management and high mortality. The

- ) - . i . . e KEYWORDS
epidemiclogy of CNSI varies globally and conventional diagnostics deployed in resource-limited set- Meningitis; central nervaus
tings have significant limitations, with an urgent need for improved diagnostic strategies. system infection;

Areas covered: This review describes molecular platforms and other novel diagnostics used in the
diagnosis of CNSI that are applicable to resource-limited settings. An extensive literature search of
Medline and PubMed was performed. The emphasis is on investigations targeting infections of rele-
vance to resource-limited settings either due to variation in regional CNS| epidemiclogy or due to
increased prevalence in patients with immunosuppression. This includes commercially available multi-
plex PCR platforms, mycobacterial PCR platforms, and rapid diagnostics tests. To offer a framework for
the optimal implementation in clinical settings, existing evidence highlighting the advantages and
limitations of available platforms is reviewed.

Expert opinion: The implementation of molecular platforms and other novel diagnostics has the
potential to transform CNSI diagnosis in resource-limited settings, with several examples of successful

diagnostics; molecular
diagnostics; polymerase
chain reaction; resource-
limited; low- and middle-
income country

rollout of novel diagnostics such as Xpert MTB/RIF Ultra and cryptococcal antigen testing.

1. Introduction

Central nervous system infections (CNSI) lead to a significant
burden of morbidity and mortality globally [1-4]. The burden
of CNSl is highest in resource-limited settings where outcomes
are often poor due restricted access to healthcare during
acute infection and few resources to support survivors with
long-term neurological sequelae [1,5]. Diagnosis of CNSI is
challenging, and a large proportion of patients never receive
a confirmed microbiological diagnosis, particularly in resource-
limited settings where access to modern diagnostic platforms
is limited [6,7]. The epidemiclogy of CNSI in resource-limited
settings is therefore poorly understood making presumptive
diagnosis and empirical treatment challenging. There is also
significant regional variation in pathology. Japanese encepha-
litis, leptospirosis, scrub typhus and Streptococcus suis are
important causes of CNSI in South-east Asia but rarely encoun-
tered in Europe or North America [8]. Meningococcal menin-
gitis predominates in the meningitis belt of Africa extending
from Senegal to Ethiopia with epidemics of meningococcal
meningitis occurring in the dry season with attack rates as
high as 1% of the population in major epidemics [9]. In much
of Africa, HIV has drastically altered CNSI epidemiology with
cryptococcal and tuberculous meningitis now being the most
commonly-encountered pathogens in the region [10,11].

However, the prevalence of other central nervous system
opportunistic infections associated with advanced HIV disease
such as Toxoplasma gondii and JC virus is largely unknown
outside of resource-rich settings. Patients with CNSIs who do
not receive a diagnosis have an unacceptably high mortality.
Data from Botswana demonstrated a 40% mortality at 10
weeks in patients with a CSF pleccytosis but no confirmed
microbiological diagnosis after investigation with conven-
tional techniques, indicating the presence of widespread
pathology that needs enhanced diagnostic infrastructure in
place to inform treatment decisions and improve out-
comes [12].

Standard diagnostic investigations for suspected CNSls in
resource-limited settings are usually restricted to CSF micro-
scopy, culture and sensitivity, Gram, Ziehl-Neelsen, and India
ink stains, and cryptococcal antigen (CrAg) testing. However,
in many locations even these routine investigations may be
unavailable. CSF culture requires significant technical skill
from the operator and considerable resources including dedi-
cated laboratory space, specialized agars, centrifuges, and
incubators to be performed effectively. In addition, culture
techniques can take up to a week for fungal and bacterial
culture and up to 6 weeks for culture of Mycobacteria tuber-
culosis and therefore have limited impact on immediate
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Article highlights

» Central nervous system infections continue to cause significant mor-
bidity and mortality in low-resource settings with a substantial pro-
portion of patients never receiving a confirmed diagnosis largely due
to limitations in access to novel and molecular diagnostics. There is
an urgent need to implement improved diagnostic platforms tailored
to local epidemiology in resource-limited settings.

Multiplex PCR platforms have the potential to improve diagnostic

capability in resource-limited settings and have been successfully

implemented in laboratories with little to no experience of using
molecular diagnostics but financial constraints often limit their use.

+ Tuberculous meningitis (TBM) is a leading cause of central nervous
system infections in resource-limited settings however limitations in
the diagnosis in TBM persist. Although Xpert MTB/RIF Ultra is
a notable advancement in the diagnosis of TBM it remains insuffi-
ciently sensitive to exclude TBM.

+ Although metagenomic sequencing costs remain high they have
decreased in recent years and the COVID-19 pandemic has resulted
in significantly expanded sequencing capacity. Strategic, targeted use
of metagenomic sequencing on CSF samples has the potential to
identify rare or novel pathogens and guide analyte selection in
multiplex PCR panels deployed in resource-limited settings.

clinical decision-making. Whilst these standard investigations
have a role in the diagnosis of meningitis, with the notable
exception of CrAg, they all have significant limitations; there
is an urgent need to improve diagnosis of CNSI in resource-
limited settings.

Rapid molecular diagnostic platforms tailored to local
epidemiology have the potential to significantly enhance
diagnostic capabilities and are well suited for use on cere-
brospinal fluid (C5F) samples. Contamination of CSF during
sample collection is relatively uncommon, disease processes
are usually caused by a single pathogen (other than in
patients with significant immunosuppression) and commaon
inhibitors of nucleic acid amplification are usually not pre-
sent in CSF [13]. As a result their implementation in high-
resource settings has redefined diagnostic strategies for
CNSI [14]. However, in resource-limited settings there are
significant challenges to widespread implementation of
molecular diagnostics. In sub-Saharan Africa, due to high
HIV-prevalence, cryptococcal and tuberculous meningitis
are the most common causes of CNSI. Cryptococcal menin-
gitis is not reliably diagnosed through current nucleic acid
amplification technigques (MAAT) as most fungi have dense
cell walls that are difficult to breakdown resulting in
decreased yield from traditional DNA extraction technigues
[15]. Due to low bacillary burdens in CSF, tuberculous
meningitis has historically been challenging to diagnose
using molecular platforms but some more modern plat-
forms have improved sensitivity. Co-infections remain rare
but have been increasingly reported in immunosuppressed
patients, requiring a broader range of targeted investiga-
tions for suspected CNSI [11,16,17]. There are additional
structural challenges such as unreliable power supplies,
limited access to cold chain shipping and storage, and
cost considerations. Despite these challenges, there are
examples of successful implementation of nowvel diagnostic
platforms for the investigation of suspected CNSI in
resource-limited settings. Cryptococcal antigen testing is
now the leading modality used to diagnose cryptococcal

meningitis and Xpert MTB/RIF Ultra has emerged as an
increasingly useful tool in the investigation of tuberculous
meningitis (TBM), although it remains insufficiently sensitive
to rule out TBM [17].

One of the primary barriers to widespread adoption of
molecular diagnostics in resource-limited settings is finan-
cial. Although the cost of molecular diagnostics has
decreased over the recent years, and discretionary pricing
is available in resource-limited settings for some platforms
such as Xpert MTB/RIF Ultra, they remain relatively expen-
sive to implement and maintain. Understanding the advan-
tages and limitations of these platforms, and how they can
be optimally implemented as part of locally-appropriate
diagnostic algorithms, is crucial to maximize their clinical-
and cost-effectiveness.

To conduct this narrative review a list of low- and middle-
income countries defined by the world bank was compiled,
termed ‘LMIC PubMed/Medline (1946 to 2023) were
searched for: [LMIC] AND [meningitis.mp. or exp Meningitis/
or exp Encephalitis/or encephalitis.mp. or meningoencephali-
tis.mp. or exp Meningoencephalitis/or central nervous system
infections.mp. or exp Central Nervous System Infections/]
AND [exp Molecular Diagnostic Techniques/or exp Rapid
Diagnostic Tests/or polymerase chain reaction.mp. or exp
Polymerase Chain Reaction/or exp Metagenomics/or metage-
nomic sequencing.mp or sequencing.mp or diagnostics.mp or
diagnosis.mp]

This review aims to describe novel and molecular platforms
used in the diagnosis of CNSI that are applicable to resource-
limited settings. To provide context for their optimal use in
clinical settings, existing evidence highlighting the advantages
and limitations of available platforms is reviewed, covering con-
ventional CSF investigations, soluble markers of fungal and
mycobacterial infection, and antigen detection techniques. The
focus is on pathogen-specific investigations of particular impor-
tance in resource-limited settings either due to significant varia-
tions in CNSI epidemiology from resource-rich settings or due to
increased prevalence in patients with immunosuppression.
Finally, commercially available multiplex PCR platforms are dis-
cussed, focusing on their use in resource-limited settings.

2. Conventional CSF investigations
2.1. Microscopy

It provides a cell count and differential that gives initial guidance
on the underlying pathogen based on the predominant white
blood cell type seen in the CSF. Neutrophilic pleocytosis is
typically seen more in bacterial meningitis and lymphocytic
pleocytosis in viral and tuberculous meningitis [18]. The test
requires laboratory infrastructure and training and must be per-
formed quickly to prevent degeneration of cells. Interpretation is
not always straightforward as there is often overlap in patterns
of cell differential, for example late presentations of bacterial
meningitis can be lymphocytic and early presentations of TBM
neutrophilic. In addition, CSF white cell counts can vary with age,
race, and immune status [19,20]. Despite its limitations cell count
and differential remain crucial first-line investigations that allow
other results to be contextualized.
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2.2. Gram stain

It is used to classify bacteria based on morphology and cell
wall properties. It is quick, relatively inexpensive, and less
affected by antimicrobial administration than culture.
However, the sensitivity is poor (10-90% depending on organ-
ism) and is highly operator dependent [21,22].

2.3. India ink stain

It is used to identify encapsulated yeasts, primarily
Cryptococcus neoformans. Like gram stain it is rapid, inexpen-
sive and highly operator dependent. The sensitivity is superior
to gram stain, around 70-80% [23], but it cannot distinguish
between active and past treatment as it will stay positive even
after successful treatment. Therefore positive results must be
interpreted in the correct clinical context.

2.4. Culture

CSF culture for bacteria can yield a result in 24-48 hours
depending on the organism and pathogen burden, but results
can take over a week. Time to result is usually longer in fungal
cultures and most cultures are incubated for up to 10days.
Culture remains the gold standard in diagnosis of bacterial
meningitis although it is only positive in 70-85% of bacterial
meningitis cases [24]. It is currently the only readily available
diagnostic modality that provides reliable information on anti-
microbial susceptibility from CSF samples. Culture sensitivity is
affected by prior antimicrobial administration and sterile CSF has
been reported within the first 2 hours of administration of anti-
biotics in meningococcal meningitis and 4 hours in pneumococ-
cal meningitis [25]. However, depending on the pathogen
culture may still be beneficial up to 2 days after antibiotics [14].

2.5. C5F protein

Raised CSF protein is a nonspecific finding that can be sug-
gestive of CNSI. However, There are multiple non-infectious
causes of raised CSF protein such as hemorrhage, malignancy,
and Guillain-Barre syndrome. Neonates and children under 1
year old also have higher CSF protein levels than adults.
Access to biochemistry in resource limited settings is often
limited to larger hospitals.

2.6. CSF glucose

Ideally used as a ratio with plasma glucose where a low ratio
or absolute value is suggestive of active infection. Classically
TBM causes extremely low glucose levels. Access to plasma
glucose is often restricted in resource-limited settings but
bedside tests are also available.

3. Soluble markers
3.1. Beta-D-glucan

Beta-D-glucan (BDG) is a polysaccharide component of the cell
wall of multiple fungi including Candida species, Histoplasma
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species, Coccidioides species and Aspergillus species. It is
widely used on blood in high-resource settings to diagnose
or monitor treatment progress in invasive fungal infections.
However, it is not specific to a particular fungal species and
several factors can lead to false-positive in serum such as
hemodialysis, antibiotics, and surgical gauzes although limited
data exists on false-positive in CSF [26,27]. A systematic review
evaluated its use on CSF and found sensitivity varied by
species and organism-specific testing was still warranted in
patients with a raised BDG [28]. lts main strengths are that it
has a faster turnaround time than fungal cultures and has the
potential to monitor treatment progress in BDG-producing
fungi.

3.2. Galactomannan

Galactomannan is most commonly found in the cell wall of
Aspergillus species and is used in a similar fashion to BDG in
the diagnosis and monitoring of aspergillosis mostly in serum.
False-positive from antibiotics are seen in serum and slow-
growing fungal infections can lead to false-negative. Based on
serum cutoff values, CSF galactomannan was shown to have
a sensitivity of 100% in the diagnosis of CNS aspergillosis with
a specificity of 70% [29]. It is not widely used in CNSI diag-
nostics in resource-limited settings.

3.3. Adenosine deaminase

Adenosine deaminase (ADA) is an enzyme involved in the
metabolism of purines that plays a crucial role in the differ-
entiation and proliferation of lymphocytes. Increased ADA
activity is associated with conditions that involve a cell-
mediated response including TB. ADA testing to diagnose
TBM has been widely considered in low-resource settings
but its utility remains unclear due to an inability to determine
optimal cutoff values for use on CSF and a significant number
of infectious and noninfectious conditions apart from TBM
causing elevated ADA [30-32].

4, Antigen testing
4.1. Cryptococcal meningitis

Cryptococcal antigen (CrAg) is a polysaccharide found on the
cell wall of Cryptococcus species. There are several commer-
cially available CrAg lateral flow assays (LFA) but by far the
most used is the IMMY CrAg LFA; an immunochromatographic
dipstick that has revolutionized the diagnesis of cryptococcal
meningitis worldwide. It is cheap, does not require significant
laboratory capacity and can give results in 15 minutes. In HIV-
positive patients it has a sensitivity of 98.8% in CSF; superior to
both India ink and culture [33,34]. Data from HIV-negative
patients is limited but the incidence of cryptococcal meningi-
tis in HIV negative patients is increasing mostly due to more
widespread use of immunosuppressive therapies. A recent
systematic review demonstrated a similar sensitivity in CSF in
HIV-negative patients, 99% [33]. A key limitation to CSF CrAg
testing is that it is unable to differentiate between active and
treated infection. Newer CrAg LFAs allow semi quantification
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of CrAg titer that may predict disease burden and culture
positivity thereby mitigating one of the limitations of CrAg
LFA. Further studies are needed to determine if semi quanti-
fication of CrAg titers could also be useful to determine dis-
ease severity and potentially inform management [35]. False-
negative in both CrAg LFA and semiquantitative CrAg LFA can
occur in high fungal burdens due to the prozone effect,
although this can be overcome with serial dilutions.

4.2. Bacterial meningitis

Latex agglutination tests have been employed to detect com-
mon bacteria causing CNSI. They provided only a small
increase in sensitivity above culture and required significant
laboratory infrastructure and cold chains which restricted their
use in resource-limited settings [22]. Similar lateral flow immu-
nochromatographic technologies to CrAg testing have been
developed to detect the presence of a number of bacteria.
Primarily these target Streptococcus pneumoniae and Neisseria
meningitidis and have been used more widely than latex
agglutination tests. The Abbott BinaxNOW Streptococcus pneu-
moniae antigen card and BioSpeedia Pneumospeed both have
sensitivities and specificities over 90% for the detection of 5.
pneumoniae [36]. Rapid diagnostic tests that can detect
N. meningitidis are crucial for surveillance and early detection
of meningococcal disease in the meningitis belt as despite the
introduction of large-scale vaccination programmes outbreaks
of meningococcal meningitis still occur [37]. The LFA
BioSpeedia Meningospeed detects the five serogroups in cur-
rently licensed meningococcal vaccines, serogroups A, C, W,
X and Y. It has a sensitivity of 92.7% and can partially differ-
entiate between serotypes, which is potentially beneficial for
monitoring of vaccination strategy success [37].

5. Mycobacterial testing

Tuberculous meningitis (TBM) is the most severe form of
tuberculosis (TB) and is a leading cause of meningitis in
resource-limited, high HIV-prevalence settings [4,17,38,39].
A modeling study estimated that 164,000 people developed
tuberculous meningitis in 2019, with 70% of the global inci-
dence occurring in South-East Asia and Africa. TBM occurs in
1.5% of tuberculosis cases in HIV-negative patients and up to
5% of cases in HIV-positive adults and carries a significant
mortality with approximately 78,000 deaths globally in 2019.
Early diagnosis is crucial to avoid poor outcomes but due to
inadequacies in current diagnostics approximately 59% of
patients with TBM died without a confirmed diagnosis and
therefore patients are often either treated empirically on clin-
ical suspicion alone with no understanding of potential anti-
microbial resistance or do not receive appropriate anti-
tuberculous therapy at all [4,40].

5.1. Conventional diagnostics for tuberculous meningitis

The routinely available investigations in resource-limited set-
tings to detect Mycobacterium tuberculosis in CSF are micro-
scopy with Ziehl-Neelsen (ZN) stain and culture for

M. tuberculosis. Microscopy with ZN staining is the cheapest
and most rapid form of smear microscopy available to identify
M. tuberculosis. It can be performed with less laboratory infra-
structure than culture for M. tuberculosis and is widely used for
pulmonary samples in both high-resource and resource-
limited settings. However, the sensitivity of ZN staining on
paucibacillary samples such as CSF is poor with estimates on
CSF as low as 9% [41,42]. However considerably higher sensi-
tivity of microscopy with ZN staining has been reported in
centers where samples are analyzed by skilled microscopists
for a minimum of 30 minutes suggesting the sensitivity is
highly operator dependent [43].

TB culture using solid or liquid media remains the gold
standard for TBM diagnosis despite significant limitations.
The limit of detection for TB culture is approximately 10
CFU/m| and has a sensitivity of 30-60% [17,44]. To produce
a positive result, it requires viable bacteria to be present in
a sample and can take up to 6 weeks to produce a positive
result meaning it cannot inform immediate treatment deci-
sions [17,43].

5.2. Molecular diagnostics for mycobacterium
tuberculosis

In 2010, the WHO approved Xpert MTB/RIF (Cepheid, US.A)
for use in pulmonary and extrapulmonary samples [38]. Xpert
MTB/RIF is a cartridge-based, fully automated system that
allows the rapid detection of M. tuberculosis and associated
rifampicin resistance through nucleic acid amplification of the
rpoB gene, a region that has been demonstrated to be highly
predictive of rifampicin resistance [17]. The test provides
a marked improvement in accessibility to TB diagnostics and
turnaround time when compared to culture with results avail-
able in under 2 hours. However, the sensitivity of Xpert MTB/
RIF is dependent on multiple factors including sample type,
CSF volume, prior centrifugation and the patient’s HIV status
[44]. A large multicentre study in 2018 performed across
Indonesia, South Africa and Vietnam evaluated the perfor-
mance of Xpert MTB/RIF, Ziehl-Neelsen stain and CSF culture
of 618 adults with suspected TB meningitis [4]. Xpert MTB/RIF
was positive in 95 out of 379 patients with diagnosis of TB
based on a uniform case definition [4]. The sensitivity of Xpert
MTB/RIF assay was 25.1% (95% Cl 21.0-29.7%) and specificity
72.3% (95% Cl not reported) when compared with culture [4].
A meta-analysis from 2021 included studies performed in both
resource-limited and resource-rich settings and compared the
use of Xpert MTB/RIF on CSF against a composite reference
standard. 14 studies were included with a total of 2203 parti-
cipants and it demonstrated a pooled sensitivity 42.3% (95%
Cl 32.1 to 52.8) and pooled specificity of 99.8% (95% Crl 99.3
to 100.0) [45]. As such, whilst Xpert MTB/RIF provided some
improvements in TBM diagnosis above conventional investi-
gations there remained significant limitations and it was insuf-
ficiently sensitive to be implemented as a reliable standalone
test for the diagnosis of TBM.

Xpert MTB/RIF Ultra is now the current initial diagnostic test
for TBM recommended by WHO in 2017 [38]. Similar to Xpert
MTB/RIF, Xpert MTB/RIF Ultra provides semiquantitative cate-
gories and information on rifampicin resistance. Xpert MTB/RIF
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Ultra has incorporated two additional PCR targets (156110 and
151081), alongside a fully nested real time PCR assay and
a DNA reaction chamber twice the size of Xpert MTB/RIF.
These changes combine to allow Xpert MTB/RIF Ultra to
have a lower limit of detection than Xpert MTB/RIF, 16 CFU/
ml vs 114 CFU/ml respectively, an almost a 7-fold improve-
ment [17,38]. Furthermore, the melting temperature-based
analysis increases the accuracy of rifampicin resistance detec-
tion using four probes that identify rifampicin resistance muta-
tions in the rpoB gene. The entire process takes less than one
and a half hours thus producing faster and more accurate
results [17,38,43].

Most data surrounding the use Xpert MTB/RIF Ultra in
resource-limited settings have been generated from two
large prospective ftrials. The first study from Vietnam rando-
mized 205 adults with suspected TBM to testing with either
Xpert MTB/RIF and Xpert MTB/RIF Ultra [43]. Using a uniform
case definition as a reference standard Xpert MTB/RIF Ultra
was not superior to Xpert MTB/RIF, sensitivities were 39.6%
(95% ClI 27.6 to 53.1) and 47.2% (95% Cl 34.4 to 60.3) for Xpert
MTB/RIF and Xpert MTB/RIF Ultra respectively. The sensitivity
of both assays was higher in HIV positive patients but there
remained no improvement of Xpert MTB/RIF Ultra over Xpert
MTB/RIF. Xpert MTB/RIF Ultra did perform better in samples
with a lower bacillary load and in those who had started
treatment [43].

The second study conducted in Uganda analyzed CSF sam-
ples from 204 patients with Xpert MTB/RIF Ultra, Xpert MTB/
RIF and mycobacterial growth indicator tube culture 196 of
whom were HIV positive [17]. The sensitivity was significantly
higher in Xpert MTB/RIF Ultra compared to Xpert MTB/RIF and
MGIT culture against ‘probable’ and ‘definite’ categories within
the uniform clinical definition. The sensitivities were 55.6%
(95% Cl 44.0 to 70.4%) for Xpert MTB/RIF, 61.4% (95% Cl 45.5
to 75.6) for MGIT culture and 76.5% (95% Cl 62.5 to 96.2) for
Xpert MTB/RIF Ultra [17]. Individuals with ‘possible’ TBM based
on a uniform case definition were not included as this cate-
gory is less specific in patients with HIV co-infection due to the
broad differential in patients with advanced immunosuppres-
sion. Importantly 36% of positive Xpert MTB/RIF Ultra were in
the lowest semiquantitative detection category which corre-
lates to <100 CFUs/ml. This would be below the limit of
detection for Xpert MTB/RIF and potentially also TB culture
highlighting a potential population in whom Xpert MTB/RIF
Ultra is of particular benefit.

The difference in performance of Xpert MTB/RIF Ultra in
these studies is likely due to difference in sample handling,
CSF volume submitted for analysis, HIV co-prevalence and
study design (specimens were divided for use across all mod-
alities in the Uganda study and randomized to individual
analysis in the Vietnam study) [46]. A meta-analysis including
both these studies and two others demonstrated a pooled
sensitivity of 82.7% (95% Cl 45.7 to 77.0) and 42.3% (95% CI
32.1 to 52.8) against a composite reference standard for Xpert
MTB/RIF Ultra and Xpert MTB/RIF respectively®*,

These studies all suggest that although Xpert MTB/RIF Ultra
is a significant improvement it remains insufficiently sensitive
to exclude TBM with a negative result. The Uganda study
reported nine adults with a negative Xpert MTB/RIF Ultra
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that had clinical features and CSF results highly suggestive of
TBM with one adult having macroscopic features suggestive of
TBM on postmortem [17]. As such Xpert MTB/RIF Ultra results
should be interpreted in the context of clinical presentation,
surrogate investigations suggestive of TBM such as routine
CSF analysis, imaging and local TB epidemiology.

5.3. Lateral flow lipoarabinomannan assays

Xpert MTB/RIF Ultra does have some additional limitations
beyond its imperfect sensitivity. These include the need for
a reliable power source, |laboratory infrastructure and staff
training. Lateral flow lipoarabinomannan assays (LAM) are
well established for use in the urine to detect a constituent
part of the cell wall of the TB bacillus in patients with TB.
A recent meta-analysis demonstrated that a newly developed
TB-LAM assay, SILVAMP TB-LAM, has a superior sensitivity
compared to the most widely used assay Alere Determine TB
LAM, when used to diagnose pulmonary and extrapulmonary
TB in HIV-positive adults [47]. SILVAMP TB-LAM combines
a pair of high-affinity monoclonal antibodies for
M. tuberculosis-specific LAM epitopes and has a silver-
amplification step to improve band visibility and detect LAM
at concentrations 30 times lower than Alere Determine TB
LAM. Previous trials using Alere Determine TB LAM on CSF to
diagnose TBM have not been promising but there is encoura-
ging data from Uganda investigating the use of SILVAMP TB-
LAM [48]. In a prospective cohort study of 101 adults, includ-
ing 95 HIV-positive patients, 34 participants had definite TBM
and 24 had probable TBM. Amongst the 58 individuals with
definite or probable TBM, 30/58 tested positive with SILVAMP
TB-LAM compared to 32/58 for Xpert MTB/RIF Ultra. Against
a uniform case definition, SILVAMP TB-LAM had a sensitivity
comparable to Xpert MTB/RIF Ultra of 52% (95% Cl 38-65%)
and 55% (95% Cl 42-68%) respectively [49]. However, due to
manufacturing challenges the availability of this test has been
severely limited. A newer version has been recently released
but is awaiting validation.

5.4. Truenat MTB and MTB plus

Truenat MTB assay (Molbio Diagnostics, India) is a chip-based
nucleic acid amplification platform originally developed to
meet the requirements of Indian primary health centers for
near point-of-care TB testing [50]. It is portable and battery
operated therefore useful in remote locations, and able to
operate at temperatures up to 40°C. A second-generation
platform is now in circulation, Truenat MTB Plus. The test
takes approximately 2 hours but is broken down in to three
discrete states, DNA extraction, M. tuberculosis detection and
rifampicin resistance testing. A study conducted in 2018 in
India compared Truenat MTB Plus with Xpert MTB/RIF Ultra
using CSF. Truenat MTB Plus had an overall sensitivity of
78.7%, while Xpert MTB/RIF Ultra had an overall sensitivity of
67.6% in diagnosing probable and definite TBM [50]. Although
the sensitivity was comparable to Xpert MTB/RIF Ultra in the
study, rifampicin resistance detection was inferior, with 10
rifampicin resistant cases missed by Truenat MTB Plus [50].
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6. Targeted testing for selected single pathogens
6.1. Progressive multifocal leukoencephalopathy

John Cunningham Virus (JCV) is the cause of progressive
multifocal leukoencephalopathy (PML) a demyelinating disor-
der that prior to the rollout of ART in North American and
European communities, affected up to 5% of patients with
advanced HIV. PML is usually caused by the reactivation of
latent JCV in immunocompromised patients due to conditions
such as HIV or the use immunomodulatory agents [51-53].
Alongside classic PML, immune reconstitution inflammatory
syndromes (IRIS) associated with PML are increasingly recog-
nized. This results from the reversal of profound immunosup-
pression, such as a rapid rise in CD4 following ART initiation or
cessation of immunosuppressive drugs such as natalizumab in
multiple sclerosis [54]. The clinical features of PML are highly
heterogenous and diagnosis can only be confirmed with
a positive JCV PCR from CSF or brain biopsy alongside sup-
portive imaging and clinical features, or typical neuropatholo-
gic findings. Whilst older PCRs had a sensitivity of
approximately 75% modern PCRs have a sensitivity of over
95% and have prognostic value, with higher CSF JCV DNA
loads shown to be associated with poorer outcomes [53,55].
Despite improvements in PCR sensitivity, it is still possible to
have a negative PCR with clinical and radiological features
compatible with PML. As such PML diagnosis remains challen-
ging and consensus guidelines have suggested repeating
a lumbar puncture and JCV PCR if the first is negative. Even
with adequate resources the diagnosis of PML is often delayed
with the median time to diagnosis reported as 74 days in
a single US center [55,56].

The epidemiology of PML in resource-limited settings is
poorly understood. Prevalence estimates are more difficult to
establish as molecular diagnostics are less readily available
and therefore the diagnoses of PML are often based on clinical
or radiological features which are less specific than JCV PCR
[57,58]. This has led to significant variability in the frequency
of reported PML in previous studies performed in resource-
limited settings. Retrospective data from India and Brazil
described PML in 2.8% and 0.3% of HIV positive patients
respectively [59]. Whilst these differences might be related to
genetic or viral factors it more likely reflects the limitations in
availability of reliable diagnostics. When JCV PCR testing has
been implemented programmatically on CSF samples it has
demonstrated similar or higher PML prevalence when com-
pared to pre-ART studies from U.5.A./Europe. Over 15% of CSF
(19/121) samples in South Africa and 6% (20/331) of samples
in Zambia were positive for JCV on PCR [10,60]. To allow
emerging treatment options for PML to be best utilized in
resource-limited settings expanded JCV testing capacity or
inclusion in multiplex PCR panels will be necessary [61]).

6.2. Cerebral toxoplasmosis

Toxoplasma gondii is an obligate intracellular protozoan which
causes toxoplasmosis, a commen self-limiting condition in
immunocompetent individuals. However, in patients with
immunosuppression toxoplasma can reactivate; most

commonly causing cerebral toxoplasmesis in patients not
receiving ART and appropriate toxoplasma prophylaxis [62,63].

Approximately 30% of the world's population is estimated
to be infected with T. gondii and the highest burden of
T. gondii infection in individuals with HIV is in lower income
countries with 87.1% of HIV and T. gondii co-infections being
in s5A [64]. In resource-limited settings cerebral toxoplasmo-
sis is usually diagnosed presumptively based on compatible
clinical features and imaging, and positive toxoplasma serol-
ogy when available. PCR techniques exist but their use is
mostly limited to resource-rich settings. The sensitivity esti-
mates of available PCRs is broad due to the highly hetero-
genous PCR methods used for the detection of toxoplasma,
with estimates between 50-98% [65]. These includes using
different primer sets, DNA targets, and hybridization probes
[66]. Furthermore, pre-analytic steps such as different extrac-
tion technigues and administration of anti-toxoplasma treat-
ment also influence assay performance making comparisons
between PCR modalities challenging. PCR targets have
evolved over recent years with the most recently proposed
target being the GRA7 gene. This region is expressed during
all infectious stages of the parasite’s lifecycle and has been
shown to have superior sensitivity to previous targets [67].
A study in Zambia using an older target, B1 gene, identified
no cases of Toxoplasma amongst 331 HIV positive adults [10].
Accurate, reliable and more accessible platforms are needed
to diagnose toxoplasma. Loop-mediated isothermal amplifi-
cation (LAMP) techniques to detect T. gondii have been
developed with some promise but there is limited data
from CSF. They present a more portable, rapid diagnostic
test that requires less infrastructure and may be practical in
resource-limited settings.

6.3. Japanese encephalitis

Japanese encephalitis virus (JEV) is a vector borme Flavivirus
transmitted by Culex spp mosquitoes. JEV is endemic in most
of Asia and some areas in the Western Pacific with more
recent detection of the virus in Australia [68,69]. It is the
most important cause of viral encephalitis in Asia with an
estimated 68,000 cases each year with 20,000 deaths [68].
The majority of JEV infections occur in children living in rural
areas when JEV-infected mosquitoes feed on humans rather
than swine, their principal amplifying host.

Diagnosis is typically made through the detection of anti-
JEV IgM antibodies in blood or CSF. However cross reactivity of
immune-assays targeting flaviviruses is well-described [70].
This is of particular relevance for dengue virus that is co-
endemic in the region and exhibits similar seasonality to JEV.
In some cases, vaccination against JEV can lead to prolonged
IgM detection further challenging diagnostic certainty when
relying on immune-assay testing alone [71]. Direct detection
of JEV RNA would provide a valuable indication of infection as
it would be able to overcome some limitations of immune-
assay based testing and allow improved specificity. However
widespread use of JEV PCR assays has been challenging due to
the low sensitivity of currently available techniques, a short
period of JEV viremia and low CSF concentrations of JEV in
infected humans [70,71].
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6.4. Neurosyphilis

The WHO estimated the prevalence of syphilis to be 1.1% in Asia
and 4-6.5% in Africa in 2016 [72]. Neurosyphilis is relatively rare
but is more commonly seen in patients living with HIV with
neurosyphilis described in 3% of all cases of syphilis [73,74]. The
laboratory diagnosis of neurosyphilis remains imperfect and relies
upon a high index of clinical suspicion alongside the presence of
a CSF pleocytosis or elevated protein and a combination of non-
treponemal or treponemal tests [75]. The introduction of a PCR for
T. pallidum was hoped to improve syphilis diagnostics however
sensitivity estimates so far have been relatively modest.
A systematic review reported the sensitivity of PCR for definite
neurosyphilis of between 40-70% compared to reference testing
for neurosyphilis [76]. A commercially available immunochroma-
tographic test, DPP Chembio syphilis assay, has been trialed with
some early success demonstrating a sensitivity of 80% against
a reference standard of reactive CSF-Venereal Disease Reference
Laboratory that improved with treatment [77]. At present the
diagnosis of neurosyphilis remains reliant on a combination of
multiple testing modalities and careful dinical interpretation.

7. Multiplex PCR assays

Multiplex polymerase chain reaction (PCR) panels can reduce the
time to diagnosis, test for a number of pathogens that would not
be detected through routine analysis alone and increase sensi-
tivity above conventional techniques whilst using smaller sample
volumes. Until recently the only commercially available multiplex
PCR platform for use on CSF was BioFIRE FilmArray-Meningitis
/Encephalitis panel (bioMerieiux, France) which has been proven
to be effective in the diagnosis of CNSl in a number of large-scale
trials in resource-rich settings [78,79]. In 2022 QIAGEN introduced
the QlAstat-Dx meningitis/encephalitis panel that has recently
been shown to have a comparable sensitivity to BioFIRE
FilmArray-Meningitis/Encephalitis (FilmArray-ME) for analytes
included in both panels [80]. Both panels use 200 uL of neat
CSF with no need for prior extraction and results are available
in under 1.5hours; analytes included in both panels are
described in Table 1 [81].

Studies from resource-limited settings have solely used the
FDA-approved FilmArray-ME that tests for 14 common CNS
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pathogens, the major studies are outlined in Table 2 [11,16,82-
86]. FilmArray-ME was successfully implemented in multiple
laboratories which often had little to no experience of using
molecular diagnostics. In all studies FilmArray-ME increased the
diagnostic yield of CSF analysis and in some cases viral patho-
gens were detected in the CSF for the first time in routine clinical
practice. The number of bacterial meningitis diagnoses made
was also increased above traditional culture technigues.
FilmArray-ME has also been used to differentiate cerebral malaria
by excluding other CN5I in pediatric febrile neurological presen-
tations in malaria endemic areas [16,87]. Whilst the overall sensi-
tivity of FilmArray-ME was high in all studies there was some
reported intrapanel variation between the sensitivity of analytes
with the performance of Cryptococcus neoformans/gattii being
poorer than other analytes in FilmArray-ME, particularly in low
fungal burden cryptococcal meningitis [16]. There was only one
positive Cryptococcus neoformans/gattii tested in the comparison
of QlAstat-Dx meningitis/encephalitis to FilmArray-ME, so no
reliable conclusions regarding diagnostic sensitivity for this
pathogen can yet be made [52]. In contrast to high-resource
settings where the diagnosis of cryptococcal meningitis is often
opportunistic the sensitivity of the cryptococcus analyte is of
particular importance in high HIV-prevalence settings where
cryptococcal meningitis is the most common cause of CNSL
Multiplex PCR testing should not be performed in isolation in
patients with suspected cryptococcal meningitis due superior
accuracy of CrAg testing.

The cost of multiplex PCR panels will be a barrier to more
widespread implementation but data from Ethiopia suggests
that multiplex PCR testing decreased antibiotic use which
would mitigate some of the increased cost [83]. Furthermore,
diagnostic yield varied between studies which had heteroge-
nous inclusion criteria suggesting the use of these platforms
could be targeted to higher yield groups as part of a clinically-
and cost-effective diagnostic algorithm.

8. Metagenomic sequencing

Most novel diagnostics used in CNSI are pathogen-specific and
therefore rely on the current paradigm of the treating clinician
instigating investigations for a specific pathogen. In contrast,

Table 1. List of pathogens detected in BioFIRE FilmArray-Meningitis/Encephalitis and QIAstat-dx meningitis/Encephalitis panel.

BioFIRE Filmrray-Meningitis QlAstat-Dx Meningitis/

Potential CNS pathogen Classification (genome type) Jencephalitis Encephalitis
Escherichia coli K1 Bacterium [DMA} X X
Haemophilus influenzae Bacterium [DMNA} X X
Listeria monocytogenes Bacterium (DMA} X X
Mycoplasma pneumonia Bacterium (DNA} X
Neifsseria meningitidis Bacterium (DMA) X X
Streptococcus agalacticae Bacterium {DMA} X X
Streptococcus pneumaoniae Bacterium (DMA} X X
Streptococcus pyogenes Bacterium (DMA} X
Cytomegalovirus Herpesvirus (DNA) X

Herpes simplex wirus 1 Herpesvirus (DMA) X X
Herpes simplex virus 2 Herpesvirus (DNA) X X
Human herpesvirus 6 Herpasvirus (DNA) X X
Enterovirus Picornavirus (RMA) X X
Human parechovirus Picormavirus (RMA) X X
Varicella zoster virus Herpasvirus (DNA) X X
Cryptococcus neoformans/gattii Yeast (DMA) X X
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Table 2. Major studies implementing BioFIRE FilmArray-ME in resource-limited settings in which data on BioFIRE FilmArray-ME could be disaggregated. Diagnostic
yield displayed excludes PCR detection of Cryptococcus neoformans that was concordant with conventional techniques (e.g. CSF CrAg testing) with higher
sensitivity. This was to display a more representative diagnostic yield as some of the larger studies in Uganda included a high proportion of HIV-positive patients

with cryptococcal meningitis.

Number of
samples analyzed

Criteria for CSF analysis with BioFIRE
FilmArray-ME diagnostics

Rhein et al, 2016 [82] HIV positive individuals with 69
Uganda suspected CNSI 25 negative for
ayploCoccosis
44 positive for
ayptococcosis
Barnes et al, 2018 [83] Any patient with suspected CNSI 218
Ethiopia 216 negative for
ayptococcosis
2 positive for
ayptococcosis
Tarai and Das, 2019 Any patient with suspected CNSI 969
[85] 962 negative for
India rypLococcosis
7 positive for
cryptococcosis®
Ellis et al, 2019 [11).  HIV positive individuals with 45
Uganda suspected CNSI and negative C5F 45 negative for
Crig and negative Xpert MTB/RIF ryptococcosis
Ultra 0 positive for
ayploCcoccosis
Pefiata et al, 2020 [86] Any patient with suspected CNSI 638
Colombia 637 negative for
ayptococcosis
11 positive for
ayptococcosis
Bridge et al., 2021 [16] HIV positive adults with suspected 258 baseline/
Uganda NSl admission
106 with negative CSF Crig and samples
negative Xpert MTB/RIF Ultra 106 negative for
152 with positive CSF CrAg ayptococcosis
Any child with suspected CNSI 152 positive for
ryptococcosis
Debbagh et al, 2023 Any patient with suspected CNSI 1z
[84] admitted to intensive care unit 111 negative for
Morocco ayptococcosis
1 positive for
ryptococcosis

Mumber of patients
with multiple

Diagnostic yield of molecular
diagnaostics (excluding
pathogens detected Cryptococcus PCR
in CSF detections)

2 T%

Maost commonly
detected pathogens

2.9% Varicella zoster
virus

2.9% Cytomegalovirus

1.4% Human
herpesvirus-6

2.3% Human
herpesvirus-6

1.4% Herpes simplex
wvirus-1

0.9% Enterovirus

2.4% Enterovirus

1.0% Varicella zoster
virus

0.9% Herpes simplex
wirus-1

4.4% Herpes simplex
wirus-1

All other detections
occurred at same
frequency

2.5% Streptococcus
pneumoniae

1.6% Herpes simplex
wirus-1

1.3% Varicella zoster
wirus

26 21.3% in HIV positive adults 4.7% Human

7.1% in children herpesvirus-6

43% Cytomegalovirus

4.3% Sireptococcus
Dneumoniae

1 9.6%

2 17.8%

3 13.5%

] 17.1% 8.0% Streptococcus
pneumoniae

3.6% Herpes simplex
wirus-1

2.7% Haemophilus
influenzae

*3 negative CSF Crig tests. Cryptococcosis diagnosed through India ink or culture.

sequencing and identification of all nucleic acid in a dlinical
sample, termed metagenomic sequencing for DNA sequen-
cing and metatranscriptomic sequencing for RNA, offers an
unbiased, hypothesis-free diagnostic approach for diagnosing
neurcinvasive pathogens which has been employed in
resource-rich settings [88,89]. Data is now emerging from
resource-limited settings where it has been used to detect
pathogens that would have been missed through conven-
tional diagnostic approaches [90,91].

The majority of metagenomic sequencing has been per-
formed on short-read sequencing platforms manufactured by
lllumina, focusing on DNA fragments of less than 250 bp.
However, long-read sequencing technologies are now becom-
ing more commonplace with sequencers manufactured by
Oxford Nanopore Technologies (ONT) and Pacific Biosciences
sequencing long fragments of DNA (1,000 to 100,000 base
pairs) [92]. ONT sequencers are of particular interest in
resource-limited settings as they have potentially faster turn-
around times, are easily transportable and the smaller sequen-
cers have relatively low power consumption [93]. While short

read sequencing remains the highest throughput sequencing
technology with the lowest error rate, recent improvements in
long-read sequencing mean that there are now comparable
error rates in the data of both [94]. A previous advantage of
short-read sequencing was the easy-to-use computational
tools that were dedicated to the analysis of short read data
only. However, pipelines such as Chan Zuckerberg ID (CZ ID)
can now analyze data from ONT thereby simplifying the inter-
pretation of the data and detection of pathogens, making this
technology more accessible to countries without high-level
analytical support [95].

The cost of metagenomic sequencing remains prohibitively
high for routine diagnostics in resource-limited settings.
However it has fallen over recent years with the expansion
of DNA sequencing technologies and will continue to do so.
The COVID-19 pandemic, and external funding opportunities,
also greatly increased the sequencing capacity in many
resource-limited countries. Therefore, despite financial chal-
lenges, targeted use of metagenomic sequencing on CSF
samples to identify rare or novel pathogens could be
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a crucial tool to inform routine PCR diagnostics and pathogen
selection for multiplex panels.

9. Conclusion

Resource-limited settings are disproportionally affected by
CNS| and prompt, accurate diagnosis is required to reduce
morbidity and mortality. The diagnosis of CNSI in resource-
limited settings is challenging due to an often poor under-
standing of regional epidemiology, high HIV-prevalence result-
ing in a broad differential and a reliance on traditional
techniques that have poor sensitivity.

Molecular testing is widely used for CNSI diagnosis in
resource-rich settings. Whilst these tests have markedly
improved CNSI diagnosis certain tests have important limita-
tions, such as the inability of currently available TB diagnostics
to exclude TBM with a negative test. These need to be fully
understood by clinicians to be successfully implemented.

The majority of molecular testing for CNSI in resource-
limited settings is performed in trial settings and access out-
side of this is limited. This is mostly due to the cost of the
platforms and cost-effectiveness data is lacking to support
more widespread implementation. Cost-effectiveness data
and involvement of policymakers is needed to identify how
best these platforms can be used to improve the diagnosis of
CNSI in resource-limited settings [12].

10. Expert opinion

CNSls remain a major cause of morbidity and mortality in
resource-limited settings and improved diagnostic platforms
are urgently needed to provide rapid actionable results that
can inform immediate treatment decisions and improve out-
comes. Technologies exist that could improve diagnosis of
CNSI in resource-limited settings but many are not widely
used. Whilst there are multiple challenges unique to
resource-limited settings that prevent widespread rollout of
novel and molecular diagnostics, there are a number of
success stories that demonstrate it is feasible. The primary
constraint to greater adoption in resource-limited settings is
financial; optimal use of these platforms potentially lies in
clinically- and cost-effective algorithms tailored to local CNSI
epidemiology. One example of an algorithm that would be
relevant to high HIV-prevalence settings would be initial CSF
testing with CrAg, if this is negative then analysis with Xpert
MTB/RIF Ultra, and multiplex PCR testing performed on
those samples still without a diagnosis. Whilst selective test-
ing of patients as part of a diagnostic pathway that stops
once a positive result is received is cost-effective there is
a potential for missed co-infections and further data are
therefore needed to identify which patients could be safely
excluded. If diagnostic algorithms for investigation of CNSI
were introduced, more extensive testing at sentinel sites as
part of surveillance networks would still be required to
identify changes in local CNSI epidemiology that may impact
the clinical effectiveness of diagnostic algorithms. These net-
works would also be able to provide important epidemiolo-
gical data that could inform future multiplex PCR panel
adjustments to allow inclusion of analytes of local
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epidemiological importance. For example, the addition of
JCV and Toxoplasma gondii in high HIV-prevalence settings
and M. tuberculosis in TB endemic areas to multiple PCR
panels would likely increase their clinical utility and cost-
effectiveness.

Significant advancements in CNSI diagnostics have been
made, but a number of pathogen-specific investigations still
remain imperfect. In particular, the diagnosis is TBM remains
challenging. Whilst Xpert MTB/RIF Ultra represents a notable
progression it cannot be used in isolation and is unable to
exclude TB. As such continued research and development in
new diagnostics is crucial to reduce mortality from CNSI
worldwide.
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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
CNSl 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 lll

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 9t 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 areas?.
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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 targets®. 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 care®.

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 introduction’. 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. | 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, | 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. | 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 | 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 2022°. 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 2021, 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 consumables!®. As such, the healthcare system remains heavily reliant on donations and
a strictly-enforced user fee policy for services to account for the deficit'*!2. 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 facilities'?. Viral load testing has been
decentralised and second and third-line ART are available at national ART treatment centres'#®,
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 load?®.
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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
at Princess

suspected CNSI

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.

Patient Name:

BIOFIRE RESULT: POSITIVE. ENTEROVIRUS RNA DETECTED.

There is no antiviral treatment of central nervous system infections due to
enterovirus and these are generally self-resolving.

(NOT DETECTED: No HSV 1/2, VZV, parechovirus, CMV, HHVS, Listeria, E. coli,
Group B Streptococcus, Neisseria meningitides, Streptococcus pneumoniae,
Haemophilus influenzae, or Cryptococcus neoformans/gattij nucleic acid detected)
ENTERED BY:

ENTERED DATE: ENTERED TIME:

Patient Name:

BIOFIRE RESULT: POSITIVE - VARICELLA ZOSTER VIRUS DNA DETECTED
IV Acyclovir is used for treatment of CNS infections due to VZV.

(NOT DETECTED: No HSV 1/2, parechovirus, enterovirus, CMV, HHVS,
Listeria, E. coli, Group B Streptococcus, Neisseria meningitides,
Streptococcus pneumoniae, Haemophilus influenzae, or Cryptococcus
neoformans/gattii nucleic acid detected.)

ENTERED BY:

ENTERED DATE: ENTERED TIME:

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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years old

CSF sample received from patient >16

]

Check total volume of CSF submitted for
analysis check if multiple containers
Ensure to check if multiple containers for
the same patient

!

!

CSF sample received from
patient <16 years old

Additional CSF not
collected from children
as part of study

>10mls total CSF volume | | 8-10mis total CSF volume | | 5-7.9mls total CSF volume | | <5ml total CSF volume
¥ . ¥
Aliquot 3mls of unspun Aliquot 3mls of unspun Contact study doctor to Contact study doctor to
CSF for additional CSF for additional PCRs collect more CSF. If more collect more CSF. If more
analysis and storage CSF collected then CSF collected then
calculate combined calculate combined
2mls Routine 2mls Routine volume of both samples volume of both samples

microbiology
0.2mis BigFire,

5mls GeneXpert (see
notes) — If additional CSF
available add to
GeneXpert analysis

microbiology

0.2mls BioFire

3-5mls GeneXpert (see
notes)

and follow guidelines for
larger volumes. Whilst
awaiting additional CSF
use:
2mls Routine microbiology
0.2mls BioFire

If no more CSF available
divide remaining CSF as
follows:

Aliguot 2mls of unspun
CSF for additional analysis

1-3mls of sample for
GeneXpert (see notes)

and follow guidelines for
larger volumes. Whilst
awaiting additional CSF
use:
1-2mls Routine
microbiology
0.2mls BioFire

If no more CSF available
remove remaining CSF in
the order below:
Aliquot 1-2mls of unspun
CSF for additional analysis

Remainder of sample for
GeneXpert (see notes)

Remove CSF for the
following investigations
in the order below:

1-2mls Routine
microbiology
0.2mis BioFire
Aliquot 2mls of unspun
CSF for additional
analysis
Use 2-3mls of sample for
GeneXpert (see notes)

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.




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 -80°C.

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 Ill - 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 sequelae'?. Large proportions of
patients presenting with CNSI never receive a microbiologically confirmed diagnosis and this is
associated with significant mortality3~. 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 antibiotics®®. 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 meningitis?,
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 resistance®2,
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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 settings3-6, 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 predominate>®'’. 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 8-2* (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

Enterovirus Haemophilus influenzae neoformans/Cryptococcus gattii
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 datal8-20.24,

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'lvoire/ OR (Cote d'lvoire or Cote
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dlvoire 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 reviews?.

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 Study setting | Adult HIV | CSF analysis performed* Criteria for CSF analysis with | Number of
period prevalence FilmArray-ME baseline/admission
Country at time of samples analysed
study with FilmArray-ME
Hospital name (aged 15-
Hospital 49)
category
Botswana National | May 2017- | Botswana 22.8% in | CSF cell count and differential Any inpatient without age restriction | 628
Meningitis Survey: | Aug 2018 2017 presenting with signs and symptoms
Protocol 2. Princess Protein of suspected CNSI with a CSF sample
Marina taken as part of routine care
Hospital Glucose
Tertiary CrAg LFA
hospital
Gram and India ink stains
Bacterial and fungal cultures
Botswana National | March Botswana 16.4% in | CSF cell count and differential Any inpatient without age restriction | 661
Meningitis Survey: | 2022- 2022 presenting with signs and symptoms
Protocol 3. ongoing Princess Protein of suspected CNSI with a CSF sample
Marina taken as part of routine care
Hospital Glucose
Tertiary CrAg LFA
hospital

Gram and India ink stains

Bacterial and fungal cultures
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Barnes et al, 2018 March Ethiopia 1% in 2017 | CSF cell count and differential Any inpatient without age restriction | 218
2017-June presenting with signs and symptoms
2017 Jimma Protein of suspected CNSI with a CSF sample
University taken as part of routine care
New molecular tools Specialised Glucose
for meningitis Hospital
diagnostics in Ethiopia Gram stain
— a necessary step Tertiary
towards improving hospital Bacterial and fungal cultures
antimicrobial
prescription On clinician request:
CrAg LFA
India ink stain
Rhein et al, 2016 January Uganda 6.1% in | All samples: HIV positive adults >18 years old with | 69
2014-May 2014 suspected CNSI as part of ASTRO-cm
Diagnostic 2014 Mulago CrAg LFA pilot trial
performance of a National
multiplex PCR assay for Referral On CrAg negative samples only:
meningitis in an HIV- Hospital
infected population CSF cell count and differential
Tertiary
hospital Protein
Glucose
Gram stain
Bacterial and fungal cultures
Ellis et al, 2019. March Uganda 5.9% in | All samples: HIV positive adults >18 years old with | 45
2015- 2016 suspected CNSI as part of ASTRO-cm
The Changing Mulago CrAg LFA trial
epidemiology of HIV- National
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associated adult | September | Referral On CrAg negative samples only: | Stepwise diagnostic algorithm | 842 HIV positive
meningitis, Uganda | 2017 Hospital implemented. FilmArray-ME | adults screened.
2015-2017 CSF cell count and differential performed on patients with negative | 733 excluded.
and CSF CrAg and Xpert MTB/RIF Ultra
Protein 45/109 patients
Mbarara suitable for analysis
Regional Gram stain with FilmArray-ME
Referral received testing
Hospital Bacterial and fungal cultures due to limitations in
test availability.
Tertiary
hospitals
Bridge et al, 2021 September | Uganda 5.7% in | CSF cell count and differential HIV positive adults >18 years with | 300
2016-April 2018 suspected CNSI as part of ASTRO-cm
Evaluation of the | 2019 Mulago Protein trial
BioFIRE FilmArray-ME National
Meningitis/Encephalitis Referral Glucose Children age 0-17 vyears with
panel in an adult and Hospital and suspected CNSI
pediatric Uganda Mbarara CrAg LFA
population Regional
Referral Gram stain
Hospital
Bacterial and fungal cultures
Tertiary
hospitals
Harare Meningitis | September | Zimbabwe 11.0% in | CSF cell count Any adult inpatient >18 presenting | 398
Aetiology Survey. | 2022 2022 with signs and symptoms of
Unpublished ongoing Parirenyatwa Protein suspected CNSI with a CSF sample
Hospital taken as part of routine care
Glucose
Tertiary
hospital CrAg LFA
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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: | Prospective cohort study | Consecutive enrolment of participants with clear inclusion criteria as part of | Low
Protocol 2 routine practice
and
Botswana National Meningitis Survey:
Protocol 3
(aggregated IPD included in analysis)
Barnes et al, 2019 Prospective cohort study | Consecutive enrolment of participants with clear inclusion criteria as part of | Low
routine practice
Ethiopia
HIV testing performed infrequently, and CrAg testing performed only on clinician
request
Rhein et al, 2015 Prospective cohort study | Risk of selection bias - Excluded HIV negative patients and patients who had | Medium
with retrospective | clinician directed positive TB test due to biosafety concerns.
Uganda testing of stored samples
FilmArray-ME testing performed retrospectively therefore may not influence
treatment decision and therefore impact outcome
Ellis et al, 2019 Prospective cohort study | Potential selection bias. Excluded HIV negative patients or HIV positive patients | Medium
with positive CrAg or CSF Xpert Ultra
Uganda
Bridge et al, 2019 Prospective cohort study | Variable inclusion criteria. Medium
Uganda 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
Harare Meningitis Aetiology Survey Prospective cohort study | Consecutive enrolment of adults. Risk of selection bias Children <18 years old | Low

excluded

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
(1QR 42-220) cells/mm?3in 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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Bacteria detected with routine investigations and
not on FilmArray-ME :

8 Coagulase negative staphylococcus

4 Klebsiella pneumoniae

2 Escherichia coli

2 Pseudomonas aeruginosa

1 each of Acinetobacter baumannii, Citrobacter
spp, Enterobacter spp, Enterococcus spp, Proteus
mirabilis, Salmonella spp, Staphylococcus aureus,
Unidentified gram-negative organism and
Unidentified gram-positive organism

Bacteria detected with routine investigations and
FilmArray-ME:

11 Streptococcus pneumoniae

9 Gram positive cocci not isolated on culture and
positive on PCR for Streptococcus pneumoniae

1 Haemophilus influenzae

1 Gram negative rod not isolated on culture and
positive on PCR for Haemophilus influenzae

1 Escherichia coli

1 Neisseria meningitidis

Bacteria detected with FilmArray-ME and not
routine investigations:

37 Streptococcus pneumoniae

9 Neisseria meningitidis

5 Haemophilus influenzae

4 Escherichia coli

2 Streptococcus agalactiae

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% Cl 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 Botswana Ethiopia Uganda Zimbabwe
(n=2242) (n=1289) (n=218) (n=337) (n=398)
Demographics
Age category, % (n)
Neonate 0-28 days 12.0% (270) 12.0% (155) 52.8% (115) - -
Infant 1-23 months 11.7% (262) 15.9% (205) 19.3% (42) 4.5% (15) -
Child 2-14 years 5.8% (131) 6.8% (88) 8.3% (18) 7.4% (25) -
Adult >14 years 68.0% (1525) 61.3% (790) 18.4% (40) 88.1% (297) 100 (398)
Unknown 2.4% (54) 3.9% (51) 1.4% (3) - -
Sex, % (n)
Female 44.9% (1007) 45.9% (592) 42.2% (92) 41.3% (139) 46.2% (184)
Male 54.4% (1219) 52.9% (682) 57.8% (126) 58.7% (198) 53.5% (213)
Unknown 0.7% (16) 1.2% (15) - - 0.25% (1)
Adult HIV details
Adult HIV status, % (n)
Positive 73.6% (1123) 69.2% (547) 30.0% (12) 96.0% (285) 70.1% (279)
Negative 17.8% (271) 24.8% (196) 37.5% (15) 2.7% (8) 13.1% (52)
Unknown 8.6% (131) 6.0% (47) 32.5% (13) 1.4% (4) 16.8% (67)
Median CD4 If HIV positive,
cells/mm? (IQR) 93 (28-318) 212 (60-435) 6 (6-14) 28 (9-71) 86 (42-220)
Proportion of adults living with HIV 0 o o o 0
with CDA <200 cells/mm? 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) (1QR)

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 18.5% (414) 13.0% (168) 2.8% (6) 49.6% (167) 18.3% (73)
alone, % (n)
3'?rg‘)"°ses with FilmArray-ME alone, 22.7% (508) 15.6% (201) 9.2% (20) 52.2% (176) 27.9% (111)

(1]
Diagnoses with routine and 26.4% (592) 18.8% (242) 9.6% (21) 60.2% (203) 31.7% (126)
FilmArray-ME, % (n) e = o e e
Diagnoses with routine analysis alone
excluding cryptococcal meningitis, % 2.9% (66) 4.1% (53) 1.8% (4) 0.3% (1) 2.0% (8)
(n)
Diagnoses with routine and
FilmArray-ME excluding cryptococcal 10.3% (231) 9.5% (123) 8.7% (19) 9.5% (32) 14.3% (57)
meningitis, % (n)

EX 33 H

Inflammatory CSF*** with no 60.6% (234/386) | 66.4% (146/220) 81.3% (13/16) 37.4% (34/91) 69.5% (41/59)

diagnosis (routine only), % (n/N)

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)

85



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
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Number of detections 55 14 13 13 38 29 10 9 10 2 65 358 22 1657 54
Age distribution
13.6
Neonates (0-28 days), 3.6% 143% 7.7% i 7.9% i 10.0% i i ) i i % 15.6% i
% (n) (2/55) (2/14) (1/13) (3/38) (1/10) (3/2 (259/1657)
2)
31.6% 18.2
Infant (1-23 months), % 9.1% 35.7% 77% (12'/3; 40.0% 11.1% 50% 7.7% % 13.6% 1.9%
. (o] = = -
(n) (5/55) (5/14) (1/13) ) (4/10) (1/9) (1/2) (5/65) (4/2 (226/1657) (1/54)
2)
13.6
Paediatrics (2-14 years), 3.6% 21.4% i i 5.3% i 20.0% 11.1% 11.1% i 6.2% 0.3% % 6.8% 3.7%
% (n) (2/55) (3/14) (2/38) (2/10)  (1/9) (1/9) (4/65) (1/358) (3/2 (112/1657) (2/54)
2)
54.5
0, o) o) 0, (o) (o) 0,
s seyeors, % | sasn 2sen S w5 IO g gy gpox sox 26 BT S, com s
(n) (46/55)  (4/14) 13/13 (3/10) (7/9) (8/9) (1/2) (12/
) ) ) ) ) 7) )
22)
3.3%
o) - - - - - - - - - - - - - -
Age unknown, % (n) (54/1657)
Sex
0, 0, 0, o) o) 0,
Female, % (n) éi/GS/; 42.8% 385% 38.5% (3195/53/; (3171/92/; 30.0% 33.3% 40% é17/56/; ( 13257./53/;8 31.8% 46.8% (223/65/:1
e ) (6/14) (5/13) (5/13) ) ) (3/10) (3/9) (4/10) ) ) (7/22) (881/1657) )
0, 0, 0, 0, 0, 0, 0,
Male, % (n) (E;61/45/; 57.1% 61.5% 61.5% (3:33/53/; 8-28/12/; 70.0% 66.7% 60% 100% (532:3/56/; (26';:‘1.;13/;8 (?li/ZZ/; 52.4% (5;71;‘5/:’1
7 (8/14) (8/13) (8/13) (7/9) (6/9) (6/10) (2/2) (988/1657)

)

)

)

)

)

)

)
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21.1% 0.9%
0 - - - - - - - - -
Unknown, % (n) (8/38) (15/1657)
HIV characteristics of
adult population
333
0, 0, 0, 0, 0, 0,
HIV positive, % (n) 95.7%  75%  81.8% &2%’3 (8158'/72/; (8296/72/; 100% 85.7% 33.3% 100% (7452'75/; (3165'73/;7 %  64.9% (127'/25/;
P a (44/46)  (3/4)  (9/11) ) ) ) (3/3) (6/7) (3/9) (1/1) ) ) (4/1  (650/1001) )
2)
58.3
. 2.2% 18.2% 48%  3.5% 14.3%  55.6% 161%  11% % 23.9%  2.0%
HIV negative, % (n) - - - -
(1/46) (2/11) (1/21)  (1/29) (1/7)  (5/9) (9/56)  (4/357) (7/1 (239/1001) (1/51)
2)
8.3
HIV status unknown, % | 2.2%  25.0%  95%  69% C11a% 89%  22% % 112%  5.9%
(n) (1/46)  (1/4) (2/21)  (2/29) (1/9) (5/56)  (8/357) (1/1 (112/1001) (3/51)
2)
46.2% 524%  50.1% o0 36.2%
Noton ART (either ARV | 43.2%  66.7% 333% 53.8% 444% 0o S00% 667% 100% oo Dol % 4L1% o
naive or defaulted) (19/a9)  (2/3)  (3/9) (7/13) (8/18) 6/6) (/3 @y T4 (as/es0) )
)
64 21 75 46 566 212 365 136 78 30
2
CD4 count (IQR) tomsay @ B (- Ge s @2 @ @ ) e S @n (o
275)  129)  133)  185) 1121) 347)  688) 340) 180) 63)
0, 0, 0, 0, 0, 0,
CD4 countknown if HIV | 50.0%  33.3% 44.4%  69.2% (7123'/212 (4162'/22/; 66.7% 833% 66.7% 100% a(;'/i/; (262?8?3/;’15 (735/2’ 58.9% (2?(’)';34/;
positive, % (n) (22/a8)  (1/3)  (4/9) (9/13) ) e s 3wy ) ). (383/650)
CSF Findings
318
o 49.2% 29.6%
WCCpleocytosis (using |  218%  14.3% 69.2% 153% 237% 3L0% 300% 666% 80% 100% o 265% % 9% e,
age criteria) (12/55)  (2/14) (9/13) (2/13) (9/38) (9/29) (3/10) (6/9) (8/20) (2/2) TV (95/358) (7/2 (131/1657) )
2)
2.13
. 058 039 093 058 033 101 031 143 199 155 051 (05 0.42
;S;dzgtg&()g/d”' (0.30-  (0.19- (0.60- (0.20- (024- (0.60- (0.15- (10-  (1.0- 1('?)3 039-  (027- 9 2(2'_40279) (0.24-
107)  084) 160) 096) 066) 199) 058 184) 3.70) 3700 1.07) 411 7 0.86)

)
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2.97

2.59 311 370  2.60 254 340 357 139 150 1.0 2.30 (0.6 2.14
;S; d?;ﬁc(féi)(mmov Ul (173- (265- (280- (078 (210 (233 (2.65- (0.89- (1.24- 0('_0)4 004 (150-  0- 833‘_42 by L7
3.40) 4.05) 4.40) 292) 3.90) 4.07) 4.15) 3.49) 232) 1.83) 3.17) 401 U 2.97)
)
Cryptococcus co-
detection 273%  7.1% 15.4% 30.8% 23.7% 24.1% 10.0% 11.1% ) 10.8% o/a ) o/ o/a
(routine or enhanced (14/55) (1/14) (2/13) (4/13) (9/38) (7/29) (1/10) (1/9) (7/65)
diagnostics)
Outcome
o) 0, 0, o) 0, o) 0,
pischarged alive S0.9% 64 6LS% 38S% (Ol (00 T00% 100% 800% 100% Ll i i oo
(28/55)  (9/14) (8/13) (5/13) ) ) (7/10)  (9/9) (8/10) (2/2) ) ) ) 7 )
0, 0, 0, 0,
N 27.3%  21.4% 15.4% 46.2% 18.4% 27.5% 10.0% ) 10.0% ) (21‘;'76/; ( 1311'/83/;8 (253//2" 12.1% é2375/51
i’ Y (15/55)  (3/14) (2/13) (6/13) (7/38) (8/29) (1/10) (1/10) ) ) 5y (200/1657)
o o o o o o o o 15.4% 0 9% o o
Unknown 21.8%  143% 23.1% 15.4% 5.3% 17.2% 20.0% ) 10.0% ) (10/65 10.1% /2 16.4% 11.1%
(12/55)  (2/14) (3/13) (2/13) (2/38) (5/29) (2/10) (1/10) ) (36/358) )" (271/1657)  (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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Number of Diagnostic yield through Diagnostic yield with Relative increase in
Patient group patients routine testing alone addition of FilmArray-ME diagnoses
18.5% 26.4% 0
Overall 2242 (414/2242) (592/2242) 42.7%
Age category
1.5% 3.7% 0
Neonates (0-28 days) 270 (4/270) (10/270) 146.7%
3.8% 13.8%
1-2 262 263.29
Infants (1-23 months) 6 (10/262) (36/262) 63.2%
. 6.1% 15.3% 0
Children (2-14 years) 131 (8/131) (20/131) 150.3%
25.7% 34.0% 0
Adults (>14 years) 1525 (392/1525) (524/1525) 32.3%
HIV status
6.6% 11.8%
i >1 271 .89
HIV negative adults (>14 years) 7 (18/271) (32/271) 78.8%
. . 3.6% 4.9% o
HIV negative and UNinflammatory CSF 214 (8/224) (11/224) 36.1%
- 32.4% 42.1% o
HIV positive adults 1123 (364/1123) (473/1123) 29.9%
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5.6% 18.7%
HIV iti | i A 7 233.99
positive adults and negative CrAg 39 (41/739) (138/739) 33.9%
HIV positive, negative CrAg and 3.3% 14.7%
536 345.59
UNinflammatory CSF (20/598) (88/598) g
HIV positive, negative CrAg and 14.9% 35.5% 0
inflammatory CSF 141 (21/141) (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
cmyv 27.3% (15/55)
Enterovirus 21.4% (3/14)
- 0,
HSV-1 15.4% (2/13) Virus 25.3%
HSV-2 41.2% (6/13) (41/162)
HHV-6 18.4% (7/38)
vzv 27.5% (8/29)
Escherichia coli 10% (1/10)
Haemophilus o
influenzae 0% (0/9)
Neisseria meningitidis 10% (1/10)
Bacteria 19.8%

Streptococcus (23/116)

. 0% (0/2)
agalactiae
Streptoco.ccus 24.6% (16/65)
pneumoniae
Other bacteria 25.0% (5/20)
Cryptococcus o
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

Cryptococcus spp & Streptococcus pneumoniae

Cryptococcus spp & VZV

Cryptococcus spp & HSV-2

Streptococcus pneumoniae & CMV

Neisseria meningitidis & VZV

Coagulase negative Staphylococcus spp & HHV-6

Coagulase negative Staphylococcus spp & CMV

Cryptococcus spp & Escherichia coli

Cryptococcus spp & Enterovirus

Cryptococcus spp & Haemophilus influenzae

Cryptococcus spp & HSV-1

Cryptococcus spp & HSV-1 & HSV-2

Enterovirus & HSV-2

Proteus spp & CMV

RiR[R[R[R[R[R[R[R[NW|w (N|N|O

Total

Ul
B

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 techniques?®.

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 unclear?®?’. 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 disease?’. 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 CSF?%2°, 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 relevance?’:3%, 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 CNSl 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
burdens'>2%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 closely3%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 here3*. 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 203536,
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 mortality®.

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 CNSl 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% ClI 13.4-16.7) cases/100,000 person years in 2015 to 7.4 (95% ClI
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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Immunodeficiency Virus Program Success During the
Treat All Era: An Analysis of National Data in Botswana
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Background. Cryptococcal meningitis (CM) causes substantial mortality in African countries with a high prevalence of human
immunodeficiency virus (HIV), despite advances in disease management and increasing antiretroviral therapy (ART) coverage.
Reliable diagnosis of CM is cheap and more accessible than other indicators of advanced HIV disease burden such as CD4
testing or investigation for disseminated tuberculosis; therefore, monitoring CM incidence has the potential to serve as a
valuable metric of HIV programmatic success.

Methods. Botswana national meningitis surveillance data from 2015 to 2022 were obtained from electronic health records. All
electronic laboratory records from cerebrospinal fluid samples analyzed within government healthcare facilities in Botswana were
extracted from a central online repository. Adjustments for missing data were made through triangulation with prospective cohort
study datasets. CM case frequency was enumerated using a case definition and incidence calculated using national census data.

Results. A total of 1744 episodes of CM were identified; incidence declined from 15.0 (35% confidence interval [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. However, the rate of decline slowed
following the introduction of universal treatment in 2016. The highest incidence was observed in men and individuals aged 40-44
years. The proportion of cases diagnosed through cryptococcal antigen testing increased from 35.5% to 86.3%.

Conclusions. CM incidence has decreased in Botswana following expansion of ART coverage but persists at a stubbornly high
incidence. Most cases are now diagnosed through the cheap and easy-to-use cryptococcal antigen test, highlighting the potential of
using CM as key metric of program success in the Treat All era.

Keywords. cryptococcal meningitis; advanced HIV disease; opportunistic infections; Botswana,

Cryptococcal meningitis remains the most common cause of
meningitis in sub-Saharan Africa, typically affecting patients
with advanced human immunodeficiency virus (HIV) disease
{AHD]) [1]. Despite widespread expansion of antiretroviral thera-
py (ART) programs, modeled estimates suggest that although
there has been some reduction in global incidence of cryptococcal
meningitis, it remains a major cause of mortality among people
with HIV (PWH], accounting for 19% of all HIV-related deaths
globally [1]. However, very few countries collect reliable statistics
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on cryptococcal meningitis incidence. Therefore, the impact of
World Health Organization (WHO) universal HIV treatment
(Treat All) guidelines introduced in 2016 and subsequent expan-
sions in ART coverage on the incidence of opportunistic infec-
tions (Ols) such as cryptococcal meningitis is not known.
Botswana has been at the forefront of ART programming in
Africa; it was the first African country to offer free ART to cit-
izens in 2002 at a time when the national HIV prevalence was
=25% [2], and a series of innovative HIV care models were im-
plemented including the adoption of universal treatment in
2016 [3]. Under the Treat All strategy, any person who tested
positive for HIV should be started on treatment, regardless of
CD4 count or viral load, and in 2022 Botswana became one of
the first countries globally to report reaching the Joint United
Nations Programme on HIV/AIDS (UNAIDS) 95-95-95 tar-
gets. In the context of such extensive ART coverage, the inci-
dence of AHD and the rates of Ols such as cryptococcal
meningitis would be expected to decline. However, adult HIV
prevalence rates remain high at 18.6% in those aged 15-49 years
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in 2021 [4], and presentations with AHD remain common
through late diagnosis or disengagement with treatment [5-
8]. Previous data from Botswana demonstrated that cryptococ-
cal meningitis incidence initially fell following widespread ART
rollout in the mid-2000s but plateaued between 2010 and 2014
[9], with the 2013-2014 cryptococcal meningitis incidence in
Botswana comparable to pre-ART rates in neighboring South
Africa. More recent data from South Africa demonstrated that
the incidence of cryptococcal disease varies between regions,
with some districts reporting an increase in incidence from
2018 to 2019 [10], highlighting that even in countries with
high levels of ART coverage there remains a significant popula-
tion of individuals developing AHD and associated Ols.
Cryptococcal meningitis is an important and potentially ac-
cessible metric to assess the performance of national HIV pro-
gram success, although to date it has not been widely utilized
due to the lack of established data collection systems. The ma-
jority of individuals who develop cryptococcal meningitis will
present to healthcare facilities, and the disease can be easily
and reliably diagnosed using cheap, highly sensitive, and
easy-to-use cryptococcal antigen (CrAg) lateral flow assays.
The IMMY CrAg lateral flow assay (IMMY, Norman,
Oklahoma) is widely used in Botswana and can be performed
in <15 minutes without significant laboratory infrastructure
or training [11]. This is in marked contrast to many other indi-
cators of AHD, such as CD4 count testing, which requires exten-
sive laboratory infrastructure [12], or other indicator diseases
such as disseminated tuberculosis or pneumocystis pneumnonia
(PCP), where there is a lack of sensitive diagnostics, often
considerable diagnostic uncertainty clinically, and a large pro-
portion of disease in the community rather than healthcare fa-
cilities, making accurate case ascertainment difficult [13, 14].
To explore the utility of cryptococcal meningitis surveillance
in assessing the impact of national HIV programs, and to estab-
lish the impact of the Treat All strategy introduction in 2016 on
cryptococcal meningitis incidence in the high-HIV-prevalence
setting of Botswana, we analyzed 8 years of routine national
laboratory data from the Botswana Ministry of Health and
Wellness electronic medical record systems alongside data re-
garding ART coverage from the National ART Programme.

METHODS

Study Design

The Botswana National Meningitis Survey is an ongoing men-
ingitis surveillance network utilizing routine national data to
monitor trends in the etiology of central nervous system infec-
tions in Botswana [15]. Periodic review of national electronic
laboratory records of cerebrospinal fluid samples (CSF) collect-
ed between 1 January 2015 and 31 December 2022 was under-
taken. Between 2015 and 2022, CSF analysis was performed at
government laboratories linked to 25 healthcare facilities: 2 re-
ferral hospitals, 7 district hospitals, and 16 primary hospitals.

Universal healthcare, including CSF analysis and CrAg testing,
is provided for free to Botswana citizens. Routine analysis of
CSF samples in Botswana should consist of macroscopic exam-
ination and cell count with differential if white cell count is
=10 cells/pL. The sample is centrifuged and Gram and India
ink stained, and culture is performed on the sediment using
Sabouraud dextrose, blood agar, and chocolate agar. CrAg test-
ing is performed on uncentrifuged CSF samples from all adult
patients >18 years of age and upon request for pediatric cases.
However, these tests are reliant on receipt of sufficient volume
of CSF and adequate supply of consumables. Therefore not all
tests are performed on all samples. Laboratory records from
laboratories performing CSF analysis are uploaded on to a na-
tional electronic health record system, the Integrated Patient
Management System (IPMS). All CSF samples with results
stored on IPMS were extracted from a centralized online repos-
itory in collaboration with the Botswana Ministry of Health and
Wellness. There are 3 private hospitals that do not report to
IPMS and therefore data from these hospitals were not cap-
tured. In 2014, based on a comprehensive nationwide surveil-
lance study, the private sector accounted for 7.4% of all
samples [16]. We have assumed that the proportional public/
private workload has remained constant and applied this figure
as an adjustment to our estimates. One hospital linked to a min-
ing development did not report results to IPMS. This hospital
had between 11 and 14 cases of cryptococcal meningitis annu-
ally from the same nationwide data; we applied an additional
2.5% uplift to incidence estimates to account for this.

Dhata capture in the electronic IPMS system is not 100% com-
plete due to intermittent power outages, as well as poor internet
connectivity or maintenance (known as “downtime”). In periods
of IPMS downtime, results are disseminated locally on paper re-
cords. To correct for this incomplete coverage, data from the na-
tional referral hospital, Princess Marina Hospital (PMH),
Gaborone, were used to triangulate the underestimation of cryp-
tococcal meningitis cases due to periods of [PMS downtime.
Comprehensive prospective data including all paper downtime
records were collected from every patient with CSF submitted
to PMH in 2022, which accounts for approximately 40% of all
CSF samples analyzed in Botswana. In this prospective cohort,
34 cases of cryptococcal meningitis were diagnosed, 31 of which
were identified on [PMS, an underestimation of 8.8%. As PMH
is the national referral hospital in Botswana and has more robust
information technology infrastructure than smaller regional or
district hospitals where there will be a larger amount of CSF results
reported on paper not captured in this study, cryptococcal menin-
gitis case frequency and incidence rates were inflated by a conser-
vative 10% to account for this underestimation.

Cryptococcal Meningitis Case Definition
A case of cryptococcal meningitis was defined as a positive
CSF India ink stain, positive CSF culture for Cryptococcus
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neoformans, and/or positive CSF CrAg. As CSF analysis can be
repeated on patients with cryptococcal meningitis for manage-
ment of raised intracranial pressure, when >1 CSF sample was
analyzed for an individual patient, an episode was defined as a
positive CSF sample >14 days apart from a previous positive
sample. Positive samples <14 days from each other were con-
sidered part of the same episode.

Data Analysis

The number of cases were enumerated using the case defini-
tion. Patient age and sex were described using frequencies, per-
centages, or median and interquartile range (IQR) as
appropriate. 2011 and 2021 census data were used to calculate
cryptococcal meningitis incidence. A linear increase in popula-
tion across intervening years was assumed to determine yearly
cryptococcal meningitis incidence. Breakdown of population
by sex is currently not available for the 2022 census; therefore,
the same proportion of males and females from the 2011 census
was assumed across all years, UNAIDS Spectrum model data
were used to determine HIV prevalence and number of individ-
uals receiving ART. The 95% confidence intervals (Cls) for in-
cidence of cryptococcal meningitis were derived using the exact
binomial method. Linear regression analysis was performed to
assess the relationship between ART coverage among PWH
and cryptococcal meningitis incidence.

The frequency of cryptococcal meningitis case diagnosis
at the 2 national referral hospitals (PMH and Nyangabgwe
Referral Hospital, Francistown) was compared before and
after the introduction of Treat All in June 2016 using data
shared from the previous national analysis [9]. This longitu-
dinal analysis was restricted to the 2 referral hospitals as these
were the only sites with comprehensive longitudinal data pre-
2015.

Interrupted time series analysis was performed to assess the
effect of Treat All as an intervention to decrease cryptococcal
meningitis case frequency. Yearly cryptococcal meningitis
case frequency data were smoothed using a moving average
and Newey-West standard errors for coefficients were estimat-
ed by ordinary least squares regression. The intervention cut-
point was set at 1 January 2017 to allow a lead-in time of 6
months for patients to be established on ART following the
change in the national ART program strategy.

Ethical Approvals

The study was performed with the support of the Botswana
Ministry of Health and Wellness. Institutional review board ap-
proval was in place from the Health Research Development
Committee (Botswana Ministry of Health and Wellness),
London School of Hygiene and Tropical Medicine, and
University of Botswana, and local approval was obtained
from the study’s sentinel site (PMH).

RESULTS

A total of 1744 episodes of cryptococcal meningitis were iden-
tified occurring in 1440 individuals between 2015 and 2022
(Table 1). In patients diagnosed with cryptococcal meningitis,
84.5% (1217/1440) had a single episode of cryptococcal menin-
gitis and 15.4% (223/1440) had 2 or more episodes. The median
time between first and second episode was 48 days (IQR, 19-
130 days). The median age at diagnosis was 38.9 years (IQR,
33.1-45.5 years) with more cases in males (938/1440 [65.1%)])
than females; 44.2% (770/1744) of all cryptococcal meningitis
cases were diagnosed in 1 of the 2 national referral hospitals
and 33.2% (579/1744) were diagnosed in district hospitals.
The remainder were diagnosed either in primary hospitals,
clinics, or hospital linked to mining developments.

The estimated national incidence of cryptococcal meningitis
in Botswana approximately halved between 2015 and 2022
(15.0 [95% CI, 13.4-16.7] cases/100 000 person-years and 7.4
[95% CI, 6.4-8.6] cases/100000 person-years, respectively)
(Figure 1A}). In PWH, the incidence of cryptococcal meningitis
decreased from 92.0 (95% CI, 82.2-102.6) cases/100 000
person-years in 2015 to 49.1 (95% CI, 42.2-57.0) cases/100 000
person-years in 2022 (Figure 1B). The incidence of cryptococcal
meningitis decreased in both males and females between 2015
and 2022 (Figure 1C). Incidence remained nearly 3-fold higher

Table 1. Description of Basic Demographics and CD4 Count of Patients
With Cryptococcal Meningitis and Cryptococcal Meningitis Diagnoses
in Botswana by Month

Me. (%) or

Variable Madian (IQR)
Age at diagnosis® (n = 1439/1440)

Median {IQR) 38.9 (33.1-45.5)
Sex’ {n = 144001440}

Male 538 (65.1)

Farnale 502 (34.9]
CD4 count at diagnaosis, cellsful (closest result within

& ma of LP) [n = 844/1744)

Median {IQR) 48 (23-107)
Month of diagnosis® (n= 17441744}

January 143 (8.2

Fabruary 126 (7.21

March 164 (2.4

April 157 (9.00

May 149 (8.5)

Juna 125 (7.2)

July 152 (8.7

August 166 (8.9

September 136 (7.8

Detober 169 (8.7

November 149 (8.5

December 118 (6.8

For COd testing the closest result 1o the date of cryptococcal meningitis diagnosss wes
reported if it wes within a &-month window of the disgnosis of cryptococcal meningitis.

Abbrewiations: 10R, interguartile ranga; LP, lumbar punciura
"De-duplicated to represent individual patients rather than epizodes
“Diata from all episcdes including relapses.
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receiving antiretroviral therapy [dotted ling). B, Incidence of cryptococcal meningitis/100 000 PY of observation in PWH between 2013 and 2022 with 95% Cls. UNAIDS
estimate of total numbers of PWH {unbroken black line) and number of people receiving antiretroviral therapy (dotted linel. C, Incidence of cryptococcal meningitis/100
000 PY of observation by sex between 2015 and 2022 with 95% Cls. D, Incidence of cryptococcal meningitis/100 000 PY of observation by age category in 2022

in males in 2022, with 11.2 cases/100 000 person-years in males
and 4.0 cases/100 000 person-years in females. Peak incidence by
age was between 40 and 44 years (Figure 1D). Linear regression
analysis of the association between cryptococcal meningitis inci-
dence and proportion of PWH on ART showed that for every 5%
increase in ART coverage, we observed a decrease in cryptococ-
cal meningitis incidence of 2.5 cases/100 000 person-years.

The frequency of cryptococcal meningitis cases at the 2 na-
tional referral hospitals decreased between 2004 and 2022
(Figure 2). There was no significant decline in the case frequen-
cy of cryptococcal meningitis at the point of Treat All introduc-
tion, with a change in case frequency of 9.5 (95% CI, —1.4 to
20.3; P =.082) observed. The rate of decline in cryptococeal
meningitis cases/year before the intervention date of 1
January 2017 was —13.0 cases/year (95% CI, —13.9 to —12.1;
P < 001). The rate of decline after the intervention date was
—6.2 cases/year (95% CI, —8.5 to —3.9; P < .001). The test for
interaction between intervention period and time provided
strong evidence that the rate of decline after the intervention
date was lower than before (P < .001).

The proportions of cryptococcal meningitis diagnoses made
through the 3 most common diagnostic modalities (India ink,
culture, and CrAg testing) available in Botswana are displayed

in Figure 3. CrAg testing became the most used modality, with
the proportion of diagnoses made through CrAg testing in-
creasing from 35.5% in 2015 to 86.3% in 2022.

DISCUSSION

Robust national cryptococcal meningitis incidence estimates
from Botswana, an African country with high HIV prevalence,
demonstrate that cryptococcal meningitis incidence has de-
clined since 2015 with the narrowing ART treatment gap, but
this rate of decline in cryptococcal meningitis incidence has
slowed despite increasing ART coverage following the rollout
of universal treatment in 2016. While individual patient-level
data are lacking to make direct causal observations, our data
demonstrated that the incidence of cryptococcal meningitis
was significantly associated with the proportion of patients
on ART. Patients presenting with cryptococcal meningitis in
Botswana typically had a CD4 count <50 cells/pL, highlighting
that a hard-to-reach population, with an overrepresentation of
working age males, remains at risk of cryptococcal meningtis
usually due to late diagnosis or cycling out of treatment services
due to the failure of services to effectively engage and retain this
group. Providing effective care for this group will require novel
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predicted trends in cryptococcal meningitis cases pre- and postintervention.
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Year

Frequency of cryptococcal meningitis cases at the 2 national referral hospitals between 2004 and 2023. Interrupted time series analysis was used to generate

treatment strategies and enhanced Ol screening and prevention
to reduce presentations with AHD and associated Ols.

While the incidence of cryptococcal meningitis continued to
decline after 2017, the rate of decline slowed compared to the
period before 2017, In contrast, we might have expected to
see the ongoing impact of universal HIV treatment to increase
the rate of decline in cryptococcal meningitis incidence during
this period. It is likely that during that period the coronavirus
disease 2019 (COVID-19) pandemic adversely affected HIV
care, as demonstrated in other countries where service utiliza-
tion was decreased in a number of diseases [17, 18]. Botswana
had one of the highest reported mortality rates from
COVID-19 in Africa, and access to healthcare including HIV
services was challenging due to COVID-19-related restrictions
[19]. As such, it is possible that interruptions to HIV care dur-
ing the peak of the COVID-19 pandemic prevented further de-
cline in cryptococcal meningitis incidence, and continued
monitoring is necessary to establish the true impact of universal
treatment.

We have demonstrated the potential for cryptococcal menin-
gitis to be a key metric for monitoring HIV program success in
the Treat All era using national laboratory data from a
high-HIV-prevalence country. Botswana is uniquely placed in
the region to conduct nationwide surveillance of AHD presen-
tations with cryptococcal meningitis due to a robust electronic
health record system where patients are linked through a na-
tional identification number. These data show that continued
presentations with AHD in Botswana are common even with
widespread ART coverage. Patients presenting with AHD
have increased mortality compared to those who do not present
with AHD, and monitoring and addressing excess mortality
from AHD is crucial to inform program success [20, 21].
However, capturing these data is often challenging. Accurate
mortality data are lacking as very few high-HIV-prevalence

countries have reliable systems in place to track mortality or
cause of death. Furthermore, AHD is often not identified, as
a reliance on WHO clinical staging alone misses a high propor-
tion of patients with AHD [22], and since the advent of Treat
All, routine preinitiation CD4 count testing has not been prior-
itized. CD4 testing requires significant laboratory infrastruc-
ture and regular supply of consumables, which, since donor
funding for CD4 testing has been cut, are often not available.
Therefore, other indicators of AHD are necessary. Screening
for Ols such as disseminated tuberculosis or PCP is difficult
as diagnoses cannot be made confidently on clinical findings
alone and available diagnostics are often costly or insensitive.
Cryptococcal meningitis can be diagnosed using the affordable,
highly sensitive CrAg test and in contrast to other Ols, most
cases of cryptococcal meningitis will be seen in healthcare facil-
ities, making case number ascertainment easier. Our data con-
firm that the majority of cryptococcal meningitis cases are now
diagnosed through CrAg testing, making cryptococcal menin-
gitis a cheap and accessible metric for AHD surveillance and
valuable indicator HIV program success.

There are some important limitations to the study, We de-
tived incidence estimates solely from data stored on electronic
health records, and not all results will be uploaded to this
system due to interruptions in connection to the database
or the testing facility reporting results to clinicians through
a different modality. Although we used existing, reliable da-
tasets to triangulate for this underestimation and account for
this using conservative percentage uplifts in our estimates,
this undercounting may not have been fully corrected for,
and our corrections add an additional degree of uncertainty
to our estimates. Some individuals will not seek medical care
or die before being diagnosed with cryptococcal meningitis.
Further underestimation may occur as some facilities are un-
able to reliably diagnosis cryptococcal meningitis due to a
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Figure 3. Yearly variation in cryptococcal meningitis diagnoses made through different diagnostic modalities. Group definitions are as follows: Diagnosed by cryptococca
antigen (CrAg): positive cergbraspinal fluid (CSF) CrAg; India ink testing and culture positivity not accounted for. Diagnosed by culture: positive CSF culture for Cryptococcus
neoformans. CSF CrAg testing either negative or not performed; India ink testing not accounted for. Diagnosed by India ink: positive CSF India ink stain. CSF CrAg and culture

both negative or not performed.

lack of clinical equipment such as lumbar puncture needles
or laboratory reagents, including CrAg kits, to test for cryp-
tococcal meningitis. As such, the estimates presented here are
likely at the lowest range of cryptococcal meningitis incidence.
ART coverage estimates were derived from UNAIDS Spectrum
model data and we were unable to confirm the accuracy of these
data as we did not capture ART status data. Cryptococcal men-
ingitis case numbers were enumerated using a 2-week interval
between lumbar punctures. While this cutoff has been used
previously, CSF CrAg positivity can persist for >2 weeks, so
in a small number of cases there may be some ambiguity as
to whether a positive CSF CrAg represents a new infection,
CSF CrAg testing is more sensitive than culture and India
ink; the increased utilization of CSF CrAg to diagnose crypto-
coccal meningitis during the study period may have resulted in
the detection of cases that would have otherwise been missed
through India ink and culture alone. Therefore, lower estimates
of cryptococcal meningitis incidence may have been observed

in those years when the majority of cryptococcal meningitis
cases were diagnosed through India ink or culture. While there
was an association between ART coverage and cryptococcal
meningitis incidence, the impact of other interventions such
as CrAg screening programs have not been accounted for.
CrAg screening was introduced in Botswana in 2016, but ini-
tially limited to small pilot programs in the capital city, with
wider rollout not occurring until 201%; given that our data
are restricted to CSF testing results, we were unable to account
for the impact of blood CrAg screening programs, which may
have also contributed to a decline in cryptococcal meningitis
incidence, particularly in the last 2-3 years of observation.
Analyses to determine the reach and impact of CrAg screening
programs in Botswana are in progress.

Monitoring and understanding of mortality from AHD
forms an important part of HIV programming, but mortality
data are often lacking and many indicators of AHD are either
inaccessible due to cost or infrastructure, insensitive, or used
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on predominantly outpatient populations, making data collec-
tion more difficult. Cryptococcal meningitis incidence persists,
disproportionately affecting key populations despite excellent
ART coverage. Cryptococcal meningitis surveillance is there-
fore a potentially reliable and accessible metric that could be ex-
panded to be a key monitoring marker to evaluate HIV
program success.
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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 facilities®. This is likely a
significant underestimation resulting from limited testing for TBM with data from neighbouring South
Africa TBM comprised 25% of diagnoses?. 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 1%t 2016 — 31t 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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The Impact of GeneXpert Cerebrospinal Fluid Testing
on Tuberculous Meningitis Diagnosis in Routine Care
in Botswana
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Background. Tuberculous meningitis (TBM) disproportionately impacts high-HIV prevalence, resource-limited settings
where diagnosis is challenging. The GeneXpert platform has utility in TBM diagnosis, but uptake remains limited. In Botswana,
before the intreduction of GeneXpert, tuberculosis (TB) testing was only available through mycobacterial culture at the
National TB Reference Laboratory. Data describing routine use of Xpert MTB/RIF for cerebrospinal fluid (CSF) testing in
resource-limited settings are scarce.

Methods. Electronic records for patients with CSF tested in government facilities in Botswana between 2016 and 2022 were
obtained from a central online repository as part of ongoing national meningitis surveillance. Samples were excluded from
1 site where Xpert MTB/RIF is performed universally. The proportion receiving TB-specific investigation on CSF and the
number positive for Mycobacterium tuberculosis following increased Xpert MTB/RIF capacity were determined.

Results. 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 analysis with Xpert MTB/RIF from 0.9% (11/1288) to 23.2% (161/693). There was
an overall decline in the annual number of CSF samples analyzed, but the proportion with microbiologically confirmed TBM
increased from 0.4% to 1.2%. The proportion of samples tested for TB that were collected from health care facilities >100 km
from the National TB Reference Laboratory increased with Xpert MTB/RIF rollout from 65.9% (87/132) to 78.0% (494/633).

Conclusions. In Botswana, access to TB culture is challenging in remote populations; more accessible near-patient testing using
Xpert MTB/RIF increased the number of patients receiving TB-specific testing on CSF and the number of confirmed TBM cases.

Keywords. TB meningitis; Ultra; Xpert MTB/RIF.

Globally, 19%-5% of people affected by tuberculosis (TB) have
tuberculous meningitis (TBM). TBM is often associated with
severe immunosuppression, specifically in the context of ad-
vanced HIV. Long-term sequelae are frequent, and the mortal-
ity of TBM is unacceptably high (up to 50% in adults),
remaining unchanged for the past 2 decades [1, 2].
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Diagnosis of TBM is difficult due to the paucibacillary nature
of disease in cerebrospinal fluid (CSF). Limits of detection dif-
fer greatly between smear microscopy (10 000 colony-forming
units [CFU]/mL), nuclear acid amplification testing (NAAT)
including Xpert MTB/RIF and Xpert MTB/RIF Ultra (20-150
CFU/mL), and mycobacterial culture (1-10 CFU/mL) [3, 4],
with sensitivity of smear microscopy, NAAT, and culture for
diagnosis of TBM from CSF ranging between 9%-33%, 47%—
76%, and 50%-70%, respectively [5, 6]. Time to result from
the more sensitive tests is also highly variable. Results from
Xpert MTB/RIF are available in 1-2 hours, whereas culture
can take up to 6 weeks to yield a result, meaning it cannot in-
form immediate management decisions. In low-resource set-
tings where the majority of TBM cases occur, diagnosis is
further challenged by limited availability of culture and molec-
ular diagnostics. As a result, patients are often empirically treat-
ed for TBM based on clinical presentation and CSF protein,
glucose, and cell count, frequently resulting in inappropriate
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or unnecessary treatment [7]. Furthermore, in advanced HIV,
TBM can present with atypical clinical and CSF findings, po-
tentially delaying recognition of TBM and initiation of treat-
ment [8]. Delayed TBM treatment increases morbidity,
adverse neurological sequelae, and mortality.

Easily accessible, rapid, and sensitive diagnostics are essen-
tial for improving outcomes from central nervous system infec-
tons [9]. Xpert MTB/RIF run on the GeneXpert platform was
endorsed by the World Health Organization (WHO) for the di-
agnosis of pulmonary TB in 2011 following a large multinational
clinical validation study [10]. In the 2013 policy update, the
WHO made a strong recommendation based on very low-quality
evidence that Xpert MTB/RIF should be used in preference to
conventional microscopy and culture as the initial diagnostic
test for CSF specimens from patients suspected of having TBM
[11]. This recommendation was extended to Xpert MTB/RIF
Ultra in 2017 [12]. Xpert MTB/RIF, and subsequently Xpert
MTB/RIF Ultra, has been rolled out across many countries in
Southern Africa including Botswana, where in many places it
has replaced smear microscopy as the primary TB diagnestic in
the context of pulmonary TB. However, data on its use for diag-
nosing extrapulmonary TB, especially TBM, are scarce [13-15].

We analyzed 6 years of national data from Botswana, a low-
resource, high-HIV prevalence setting, to evaluate the impact
of Xpert MTB/RIF rollout on the number of CSF Xpert
MTB/RIF examinations, the number of microbiologically con-
firmed MTB diagnoses, and the characteristics of patients in-
vestigated for TBM.

METHODS

The Botswana National Meningitis Survey is an ongoing men-
ingitis surveillance network monitoring trends in the etiology
of central nervous system infections in Botswana. Botswana
is an upper middle-income county in Southern Africa with
an estimated HIV prevalence of 18.6% in adults aged 15-49
and an annual TB incidence of 235 per 100,000 in 2021 [16].
Compared with neighboring countries, Botswana has a rela-
tively robust health care infrastructure, where 85% of the pop-
ulation live within 5km of a health care facility [17]. Xpert
MTB/RIF was initially introduced in Botswana between
October 2012 and June 2013 at 13 centers as part of a research
study using a stepped-wedge design [18]. Xpert MTB/RIF
capacity was subsequently expanded following a donation
from the World Bank. Currently 39 health facilities have
GeneXpert platforms on site, including all 26 referral, district,
and primary hospitals. In Botswana, the use of Xpert MTB/
RIF on CSF has been advocated in national HIV/TB guidelines
since 2016. Analysis of CSF using Xpert MTB/RIF and, since
2019, Xpert MTB/RIF Ultra was performed in 20 of these hos-
pitals during the study period. Other tests advocated for use on
CSF in the 2016 guidelines were microscopy, cell count and

Table 1. Laboratory Standard Procedures for Analysis of Cerebrospinal
Fluid [19]

Tests performed on all samples:
* Macroscopic examination
= Tatal cell count using Neubauer counter
= Cantrifugation of CSF at 3000 revolutions par minute for 3 min followed
by gram stain, India ink stain, differential count (if CSF white call
count >10/mm%), and culture using the sedimeant on:
¢ Sabouraud dextrose agar {incubation 10 d)
o Shesp blood agar (incubation 72 h)
¢ Chocaolate agar (incubation 72 h)
Additional tests performed on all adult CSF samples
= Cryptococcal antigen testing (IMMY Lateral Flow Assay)
Additional tests performed on request:
= Acid-fast bacilli sraar
= TE culture on Bactec 960 Mycobactenum Growth Indicator Tube (MGIT)
autormated culture system
= Xpart MTE/RIF Ultra

Abbreviations: C5F, cerebraspinal fluid; TB, tuberculosis

differential, CSF biochemistry, India ink stain, TB culture,
and extended fungal culture. During the study period, manu-
facturer guidance for the use of Xpert MTB/RIF on CSF was
followed. Data regarding whether the Xpert MTB/RIF or
MTB/RIF Ultra was used during the transition period in
2019/2020 were not available; the terminology Xpert MTB/
RIF is used throughout the manuscript to denote testing with
either version. Culture for Mycobacterium fuberculosis is only
performed at the National Tuberculosis Reference Laboratory
(NTRL) in the capital, Gaborone.

Institutional review board approval was granted by the
Health Research Development Council (HRDC reference num-
ber 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). This
study used only retrospective, routine laboratory data; there-
fore, a waiver of informed patient consent was obtained.

Laboratory records from all laboratories performing CSF
analysis are uploaded to a national electronic health record sys-
tem termed the Integrated Patient Management System
(IPMS). All CSF samples with results stored on IPMS from
samples collected between January 1, 2016, and December 31,
2022, were extracted from an enline repository in collaboration
with the Botswana Ministry of Health and Wellness. The details
of the CSF analysis are described in Table 1. Samples from pa-
tients admitted to the national referral hospital in Gaborone
were excluded from the analysis because universal Xpert
MTB/RIF Ultra testing and TB culture of CSF samples were in-
troduced in 2021 as part of a research study. Data on standard
CSF evaluation, TB-specific data, and HIV-related data were
extracted as separate data sets from the online repository and
merged through deterministic linkage of laboratory records us-
ing unique patient identifiers, either a 9-digit national identifi-
cation number or a hospital identification number. Results
were then de-duplicated before analysis.
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Data were analyzed using STATA, version 16.0. Patient
demographics, CSF test results, and HIV-related data were
described using frequencies, percentages, or medians and
interquartile ranges (IQRs), as appropriate. Clinical and CSF
characteristics were compared for those patients who under-
went investigation for TBM and those who did not using the
Wilcoxon rank-sum test for medians and the chi-square test
for proportions. Comparisons were also made between patients
who underwent TB investigation before and after the scale-up
of Xpert Ultra capacity. The cutoff chosen for this was 2020,
when Xpert MTB/RIF consistently became the most commonly
used modality for investigating for TBM in Botswana and the
more sensitive Xpert MTB/RIF Ultra had replaced the original
Xpert MTB/RIE. Maps were made using R, with geospatial data
of TB analysis plotted using the tmap package.

Study outcomes were the number and proportion of CSF
samples undergoing TB-specific investigations (microscopy,
TB culture, or Xpert MTB/RIF) and the number and propor-
tion of positive results from TB-specific investigations. All
semiquantitative results from CSF analysis with Xpert MTB/
RIF were considered positive.

RESULTS

Between January 1, 2016, and December 31, 2022, a total of
6934 CSF samples were investigated, of which 1114 (16.1%)
were investigated using TB-specific investigations: 787 Xpert
MTB/RIF, 340 smear microscopies, and 177 mycobacterial cul-
tures (Table 2). Although there was an overall decline in the to-
tal number of CSF samples received for analysis during the
study period from 1288 in 2016 to 693 in 2022, the number
of patients receiving TB-specific analyses increased from 58/
1288 (4.5%) in 2016 to 201/693 (29.0%) in 2022, largely due
to an increase in Xpert MTB/RIF, which comprised 15.5% of
all tests performed in 2016 and 78.1% in 2022 (Figure 1).
Although the test positivity rate of mycobacterial culture was
highest (8.0%) compared with Xpert MTB/RIF (6.7%) and
smear microscopy (1.2%), more samples were tested using
Xpert and more microbiologically confirmed TBM diagnoses
were made by Xpert MTB/RIF: 53 positive Xpert MTB/RIF
tests compared with 14 mycobacterial cultures and 4 positive
smears (Table 2).

Patients whose CSF was investigated with a TB-specific in-
vestigation had a higher median age (39.1 vs 35.2 years) and
higher HIV prevalence (61.3% vs 51.0%) compared with those
who did not have TB-specific investigations. The group that
had TB-specific investigations also had higher rates of CSF
pleocytosis, raised CSF protein >1 mg/mL, and an extraneural
sample positive for M. tuberculosis.

Laboratory characteristics from patients who underwent TB
testing between 2016-2017 and 2020-2022 were compared to
assess the impact of scaling up the use of Xpert MTB/RIF on

CSF in Botswana. In the group that underwent testing between
2016 and 2017, the proportion of those tested who were HIV
positive (70.5%) was higher than in 2020-2022 (58.6%).
Among those patients who received testing between 2016 and
2017, there was a higher proportion of patients with a CSF pleo-
cytosis >100 cells/mL and lymphocytic predominance in cellu-
lar CSF.

There was significant regional variability in the number of
CSF samples submitted for analysis and the proportion that un-
derwent testing with a TB-specific investigation (Figure 2).
Hospitals from the 3 largest urban centers in Botswana outside
the capital, Francistown, Maun, and Molepolole, submitted the
highest proportion of CSF samples for TB-specific investiga-
tion, 21.3%-61.3%, 5.4% (43/796) of which were positive.
Smaller hospitals tended to send fewer samples and to send a
lower proportion of these samples for TB investigation; 8.4%
of samples from smaller hospitals received TB testing, with
7.8% (25/320) of these being positive. Samples collected
>500 km from NTRL were significantly less likely to receive
TB culture than those collected in facilities <500 km from
NTRL, 0.4% (4/917) compared with 2.9% (173/6017), and sig-
nificantly more likely to be analyzed with Xpert MTB/RIF
21.8% (200/917) vs 9.8% (590/6017) (Table 3). The proportion
of samples tested for TB that were collected from health care
facilities >100 km from NTRL increased with the rollout of
Xpert MTB/RIF, from 65.9% (87/132) in 2016-2017 to 78.0%
(494/633) in 2020-2022 (P < .01) (Table 2).

DISCUSSION

This study, using robust national surveillance data from
Botswana, demonstrates relatively low rates of investigation
for TBM, even after the introduction of Xpert MTB/RIF testing.
Over time, the rollout of Xpert MTB/RIF increased the propor-
tion of CSF samples undergoing investigation with TB-specific
tests, and this increased the overall number of microbiological -
ly confirmed TBM diagnoses. Between 2016 and 2022, 16.1% of
CSF samples had investigations for TBM, and 13.9% were test-
ed using relatively sensitive cultures and/or Xpert MTB/RIF. In
comparison, the cheap, easy-to-use, and widely available CSF
cryptococcal antigen lateral flow (CrAg) assay was used on
63.9% of these CSF samples. The difference in cost might in-
form this discrepancy to some extent. CrAg costs ~$2 and
Xpert MTB/RIF Ultra 87.97; therefore, CrAg testing is per-
formed more indiscriminately on CSF samples. However, the
major cause of limited TB-specific testing is likely to be due
to the small numbers of clinicians initiating investigation for
TB. This highlights the potential for expanding diagnostic cov-
erage for TBM if a cheaper, more rapid, easy-to-use, and true
point-of-care test for TB becomes available. There are extreme-
ly limited data describing the routine use of Xpert MTB/RIF in
the context of TBM in resource-limited settings. Botswana is

GeneXpert for Diagnosis of TBM in Botswana » OFID » 3

FZOE 18qola0) 7 U0 15anb Aq HOCER/ J/EETERI0MG/L L/epiLe plLo/Wos dnoailuepesi) sdljy WO papeojumog

123



Downloaded from hitps: facademic.oup.com/ofid/article/1 1/9/ofaed B9/7 743304 by guest on 24 October 2024

SSISOPORGN] g | TPy Fusd SO0 457 o By

DY0dS-01 BANSO UM, SR

AIH/ALIN VB 10 /g LN Uady Injssacong

'] [E'E8] 108l [L'Zgl e
L8] 89 [v'E6] EROL FLLL ES VEL LB FL ZaL Bl ¥ 18'86) DEE VEE VEED L2 8
(0'F) %) (58] [5'9) l5'es) [¥'2) l546]
B [0°08) EBL Loz L ¥EL LaL [4 14 LE L o v EED 414
(L] (o] [L'E8l 1oLl 10061 oot
wL [vEB) DLL S8L EL LSL raL L & oL o £ L4 Lig Lehz
[6'8) 1£'8) (€' L8] (LAl 15'£8) [E2) 1£'£6)
[£4 [L'L6) S22 LV BL 88l a0e v 8Z [42 L EV Ly 698 ozoE
[#'2l 1621 [L'L6] 15°21 15'L 6] oLl
§ (%'¢6) 902 Lz r EEL LEL L GE ar o 0L 0L L50L 6LOZ
(L) ] lezsl 8'8) [z'L8l (] lgs)
LL [6'LB) SZL BEL L ] L& E LE vE L BF 6% EZLL BLOZ
(L) (0986) 15°G) IL+6] i0°8) lvzsl (oot
£ LL vl L ol Ll Z EZ 14 o 85 84 EEZL LL0E
[9°8] [t LB] IE'£2) £z [0'52) [0'5£) (el
§ €4 a5 £ a LL L £ ¥ L I0°86) &% &¥ BEZL a0z
(361 "o (28] oM (3] 'O [36] oM oM (3] ‘oM [36] oM oM [36] oM [36] oM oM pazAEUY
‘BAIsng op ‘aaeben ‘pELLIGLE ‘NS0 “ajeban ‘pELLLIGE ‘NS0 ‘e jeban ‘pELLLIOEY ‘BAmElg ‘e jeban mRLOpE]  sB|dWES 450
|B100 |E100 |E100 €10 L 10O [E10L
457 ue uoieBisanu) eiyn ainyn: gl Adoasooy

ZZ07 Pue g10Z usam)ag euemsiog u sajdwes 4§79 uo pauucpaq suaneBysaau] ayoadg-g) jo sinsay 'z 2qe)

4 « OFID « Milburn et al

124



Hm

um = -
| ’
WD /
i /
§ /
k-]
§
E
2
00
200
o
0 21 x18 o1 2 xn 0z
[ R4 21 " pers ed Na B ape: L] [
Figure 1.

|

O
0%

™

(3
0%
6

0%
0%

uMieresccpyanly

l‘!

,a

5

xn 0z
“:l:-ll.'\'ﬁx n

II-
218

Wi et u.vm :u

v o

l(n ® only

e 1 enly W Culbuse B Xpert s Mlicroscopy, cults, & Xpar

A, Number of CSF samples analyzed each year in Botswana, 20162022, with the proportion receiving TB-specific investigation represented in black. Samples

from Princess Marina Hospital, Gaborone, were excluded as universal Xpert MTE/RIF Ultra was implemented since 2020. B, Yearly variation of the proportion of TB-specific
investigations performed on CSF each year excluding Princess Marina Hospital, Gaborone, 2016—2022. Abbreviations: CSF, cerebrospinal fluid; TB, tuberculosis.

almost uniquely placed to generate these data as a low-resource,
high-HIV prevalence Southern African country where routine-
ly collected data are available through electronic health records
and patients can be linked through a national identification
number.

Previous epidemiological data on adult meningitis etiology
in Botswana between 2004 and 2015 reported that cases of
TBM only accounted for 1% of all microbiologically confirmed
diagnoses nationwide. This contrasted with data from neigh-
boring South Africa, where 25% of adult central nervous system
infections were microbiologically confirmed as TBM [8, 20].
While TB incidence in South Africa is more than double that
of Botswana, this is unlikely to explain a 25-fold difference in
confirmed TBM diagnosis among people presenting with cen-
tral nervous system infections. A more likely explanation is un-
der investigation for TBM in Botswana as TB culture is only
available in the capital, Gaborone, up to 1000 km away from
some clinics, and Xpert MTB/RIF was not routinely performed
on CSF in 2004-2015.

TB-specific testing was more likely to be performed when
clinical features suggestive of TBM such as immunosuppres-
sion and pleocytosis were present. However, in the period
between 2020 and 2022 there was a trend toward more wide-
spread testing and an increase in test positivity from 6.1% to
7.0%. This suggests that the threshold for clinicians to order
TB-specific tests was reduced, likely due to easier access
through decentralization of TB testing and more widespread
use of Xpert MTB/RIF Ultra, which, unlike culture, can deliver
immediate results that influence treatment decisions. TB cul-
ture, which was the most sensitive test used for diagnosis of
TBM pre-Xpert MTB/RIF, was only performed on 4 CSF sam-
ples collected >500 km from NTRL in the 7 years of observa-
tion, indicating access barriers. While we have focused on the

impact of Xpert MTB/RIF, TB culture remains a key compo-
nent of investigation for TB meningitis. Sensitivity estimates
are higher than Xpert MTB/RIF Ultra, and culture can provide
information on antimicrobial susceptibility. However, limited
CSF volumes often restrict multiple analyses, and rapid tests
that can immediately inform clinician decision-making are of-
ten prioritized.

The total number of CSF samples submitted for analysis an-
nually declined during the study period, from 1288 in 2016 to
693 in 2022. A plausible explanation for this is improved anti-
retroviral therapy (ART) coverage, reducing the number of pre-
sentations with suspected central nervous system infections.
Botswana is a leader in ART programming in Africa. It was
the first African country to offer free ART to its citizens and
has recently become one of the first countries globally to sur-
pass the UNAIDS 95-95-95 targets, with recent data demon-
strating a decline in the number of cryptococcal meningitis
cases [21].

This study has several limitations. Detailed individual
patient-level data were not available, including data on changes
to management from the results of TB-specific investigations.
Some patients may have already been treated empirically
when results became available, and therefore the impact of
test positivity on management is not known. While this study
was not designed to report TBM incidence in Botswana but
rather to describe the changes in TB-specific investigation fol-
lowing the rollout of Xpert MTB/RIF, the frequency of TBM di-
agnosis is likely underestimated in our study for several
reasons. First, electronic data capture was not complete due
to unreliable internet connectivity and power interruptions,
and during these periods results were disseminated locally on
paper. These paper records were not captured as part of this
analysis, and triangulation against other reliable datasets
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Figure 2. Geospatial size and frequency representation of the number of CSF samples analyzed in government health care facilities in Botswana and the proportion that
undergo TB testing in Botswana. Abbreviations: CSF, cerebrospinal fluid; TB, tuberculosis.

demonstrated that they accounted for up to 10% of all labora-
tory records. Private hospitals and 1 hospital linked to a mining
development do not upload data to the electronic IPMS, and
data from these sites were not captured. We also are unable
to comment on any intersite variation regarding pre-analytical
processing of CSF that may have impacted the yield of Xpert
MTB/RIF such as sample volume or prior centrifugation.

In addition to potential missed diagnoses resulting from our
study methodology including only electronic records, all currently
available TBM investigations have imperfect sensitivity, and fur-
thermore a significant proportion of patients will never receive

any TB-specific investigation for TBM. As such, TBM case fre-
quency will be markedly under-reported, and due to limited clin-
ical data in our data set, we were unable to reliably utilize uniform
clinical case definitions for TBM to attempt to correct for this.
Despite some encouraging trends toward increased testing
for TBM in patients presenting with suspected central nervous
system infections, the rates of investigation remain compara-
tively low despite excellent Xpert MTB/RIF availability. This
study demonstrates that the introduction of decentralized rapid
molecular testing for TBM with relatively modest sensitivity in-
creased the rate of TB-specific investigations and the number of
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microbiologically confirmed TBM diagnoses. Whether the in-
crease in diagnoses translates into improved patient outcomes
is currently unknown.
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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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Background. The role of computed tomography (CT) before lumbar puncture (LP) is unclear, with limited evidence for a
causal link between LP and cerebral herniation or for the ability of CT to identify individuals at risk of herniation. The risks of
LP delay or deferral are potentially greater in high-HIV prevalence, resource-limited settings; we analyzed data from such a
setting to determine the impact of CT on time to LP and treatment, as well as mortality.

Methods.  Adults with suspected central nervous system (CNS) infection were enrolled prospectively into the Botswana National
Meningitis Survey between 2016 and 2019. Inpatient mortality and clinical data including time of treatment initiation and CT were
captured from medical records. Associations between preceding CT and outcomes were assessed using logistic regression.

Results.  LPswere performed in 711 patients with suspected CNS infection; 27% had a CT before LP, and 73% were HIV positive.
Time from admission to LP and time from admission to appropriate treatment were significantly longer in patients who had a CT
before LP compared with those who did not (2.8 hours and 13.2 hours, respectively). There was some evidence for treatment delays
being associated with increased mortality; however, there was no significant difference in mortality between those who had or did not
have CT.

Conclusions. Patients who had a CT had delays to diagnostic LP and initiation of appropriate treatment; although treatment
delays were associated with increased mortality, our observational study could not demonstrate a causal association between
delays in diagnosis and treatment introduced by CT and mortality.

Keywords. central nervous system infection; computed tomography; HIV; meningitis; neuroimaging.

Central nervous system (CNS) infections are a major cause of
morbidity and mortality globally, with the highest disease burdens
in resource-limited settings [1]. Rapid diagnosis and initiation of
treatment are essential to improve CNS infection outcomes [2].
Lumbar puncture (LP) is the key investigation for guiding man-
agement. However, clinicians are often reluctant to perform LPs
due to concerns about precipitating cerebral herniation in patients
with increased intracranial pressure (ICP) [3-5].
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Computed tomography (CT) is often requested before per-
forming LPs to identify imaging appearances that may contrain-
dicate LP. Evidence supporting the association between LP and
cerebral herniation is limited, and while a temporal association
has been demonstrated, no clear causal relationship has ever
been established. There is no evidence that CT performed before
LP improves outcomes in patients with suspected CNS infection
[6, 7], and it is unclear whether CT accurately predicts those at
risk of herniation or raised ICP; normal CT findings have been
seen in up to 80% of bacterial meningitis cases with brainstem
herniation [3, 8-10]. Furthermore, CT before LP has been
shown to delay diagnostic LP, often resulting in administra-
tion of antimicrobials before LP and a subsequent reduction
in yield from cerebrospinal fluid (CSF) culture (6, 11, 12].

Despite lack of evidence for benefit, in resource-rich coun-
tries most patients have CT before LP; 94% of UK patients
had CT before LP, with only 17% having an indication based
on national guidelines [13]. This results in large amounts of po-
tentially unnecessary imaging, adding delays, and cost to
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management. In 2009, Sweden introduced guidelines limiting
the number of indications for CT in patients with suspected
CNS infection; a series of studies subsequently demonstrated
that prompt LP without preceding CT resulted in earlier treat-
ment initiation and more favorable outcomes in bacterial men-
ingitis [7, 14].

Several guidelines recommend when to perform CT in pa-
tients with suspected CNS infection based on clinical features
predicting the presence of radiological abnormalities [15-17].
However, most originate from countries with rapid access to
CT and do not consider the distinct challenges in resource-
limited settings where the burden of meningitis is greater and
mortality higher [1]; the need for prompt diagnosis and appro-
priate antimicrobial therapy is therefore crucial [18, 19]. High
HIV prevalence in many resource-limited regions widens the
differential diagnosis for suspected CNS infection, making di-
agnostic LP essential for guiding treatment, but also raises
the likelihood of pathology that may contraindicate LP. CT
availability is extremely constrained in resource-limited set-
tings, often only available in specialized hospitals, and even
then, with limited access. These factors mean the risk-benefit
balance of delaying LPs to perform CT is potentially very differ-
ent than in resource-rich settings. As such, adoption of guide-
lines from resource-rich countries may not be appropriate or
feasible and could result in unnecessary delay or deferral of
LP, leading to poorer outcomes [20].

Data from resource-limited high-HIV prevalence settings
describing the impact of CT on treatment delay and mortality
in suspected CNS infection are limited. We analyzed data from
a prospective cohort of adults presenting with suspected CNS
infection to a national referral hospital in Botswana, where
HIV prevalence in adults aged 15-49 is 18.6% [21], describing
the use of CT and determining the impact of CT on time to LP,
treatment initiation, and in-hospital mortality.

METHODS

Study Setting

The Botswana National Meningitis Survey is an ongoing men-
ingitis surveillance study [22]. Clinical and laboratory data are
collected prospectively from all patients with CSF submitted to
the microbiology laboratory at the national public referral hos-
pital, Princess Marina Hospital (PMH) in Gaborone. We ana-
lyzed data collected between November 2016 and September
2019. Botswana has a relatively well-resourced health care in-
frastructure compared with other low- and middle-income
countries in Sub-Saharan Africa, with CT available and provid-
ed free of charge to citizens at PMH.

Study Methodology
All adults aged 18 years or older with CSF submitted to the mi-
crobiology laboratory were included. Repeat LPs during the

same or a subsequent admission and LPs performed for reasons
other than suspected CNS infection were excluded. LPs were
performed by treating clinicians, and CSF analysis was per-
formed as previously described [23]. Patients were followed
by the study team during admission. Laboratory data including
timing of CSF collection were captured from laboratory re-
cords. Clinical data were recorded from the patients’ medical
notes and drug administration charts. Final diagnoses were as-
signed by 2 members of the study team (J.M./C.W.) based on
standardized case definitions (Supplementary Table 1), with ar-
bitration by J.N.]. in cases of disagreement. Appropriate CNS
infection treatment was defined as antibiotics (third-generation
cephalosporins or other accepted bacterial meningitis treat-
ment regimens) in confirmed or probable bacterial meningitis,
antifungal treatment with amphotericin B-based therapy in
confirmed cryptococcal meningitis, antituberculous therapy
in possible, probable, or definite tuberculous meningitis
(TBM) cases [24], and antiviral therapy in confirmed herpes
simplex virus (H5V)-1, HSV-2, or varicella zoster virus CNS
infection when there was clinical suspicion of encephalitis.

CT was performed upon the request of treating clinicians
with no input from the study team. CT timing was determined
from scan image time stamps, CT scanner electronic log, or pa-
tients’ medical notes. Published consensus guidelines for per-
forming CT before LP have been developed for PMH
(Supplementary Table 2) [25]. Reporting of CT scans was per-
formed by consultant physicians or by radiologists upon clini-
cian request. Potential contraindications to LP were defined as
lateral shift of midline structures, hydrocephalus, any intracra-
nial lesion regardless of size or mass effect, cerebral edema, or
intracranial bleed.

Patients were followed up to hospital discharge. The study
team had no role in the management of recruited patients.
All data were anonymized, linked through unique study ID
numbers, and uploaded onto a secure electronic data capture
system [26, 27].

Clinical and CSF characteristics were compared for patients
who received CT before LP and those who did not; continuous
variables were compared using Wilcoxon rank-sum testing and
categorical variables using the chi-square test for proportions.
Time to appropriate CNS infection antimicrobial initiation
was dichotomized at clinically meaningful time points depend-
ing on the pathogen. Multivariate regression analysis was per-
formed to determine associations between the key exposure of
interest (CT before LP) and outcome variables (time from
admission to LP and to appropriate CNS infection—targeted an-
timicrobial initiation, inpatient mortality). Sensitivity, specific-
ity, and positive and negative predictive values for the detection
of potential radiological contraindication to LP on CT were cal-
culated for 3 guidelines. To adjust for differences in the severity
of presentations, a composite value based on a standardized
scoring system that utilizes abnormalities in physiological
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parameters was included in adjusted analyses {(Supplementary
Table 3) [28]. Fundoscopy was infrequently performed, and
therefore papilloedema was not included in adjusted
Infectious Diseases Society of America (IDSA) guidelines for
this analysis.

Ethics

Institutional review board approval was in place from the
Health Research Development Council (Botswana Ministry of
Health and Wellness), London School of Hygiene and
Tropical Medicine, University of Botswana, and PMH.

RESULTS

Between November 2016 and September 2019, 861 LPs were
performed on adults at PMH; 144 repeat LPs and 6 LPs per-
formed for reasons other than suspected CNS infection were
excluded. Data from the remaining 711 adults with suspected
CNS infection were included for analysis (Figure 1).

Study Population

The median age (interquartile range [IQR]) was 39 (32-48)
years; 378/711 (53%) were male. HIV status was known in
669/711 (94.1%) patients, and 77% (519/669) of participants
with known HIV status were HIV positive (Table 1).

CT before LP was performed in 191/711 (26.9%) patients.
Those with CT before LP were more likely to have a reduced
Glasgow Coma Scale score, recent seizures, and focal neurolog-
ical deficits (Table 1). Age and sex were similar in those who did
and did not have CT, but those who had CT had a lower HIV

prevalence (66.9% [123/184] vs 81.7% [396/485]; P < .001).
There was no significant difference in the proportion of pa-
tients with pleocytosis between those who did and did not
have CT, and similar proportions received treatment for con-
firmed CNS infection or empiric antibiotics in both groups.
Based on local puidelines (Supplementary Table 2), an indi-
cation for CT before LP was present in 83.3% (159/191) of those
who had CT before LP and 50.4% (262/520) of those who did
not have CT; a smaller proportion of HIV-positive individuals
had an indication for CT before LP than patients who were not
HIV positive (58.4% [303/519] vs 71.3% [107/150]; P = .004).

Impact of CT on Time to LP and Treatment

CT before LP was associated with a longer median (IQR) dura-
tion from admission to LP (11.8 [7.0-44.2] hours compared
with 9.0 [4.6-25.0] hours; P=.004) (Table 2). Overall, there
was a longer delay from admission to appropriate CNS infec-
tion treatment (IQR) in patients who had CT before LP (32.1
[16.7-96.3] hours wvs 189 [11.1-44.1] hours; P=.05)
(Figure 2), and a greater proportion of patients received appro-
priate CNS infection-targeted antimicrobial treatment within
the first 24 hours if they did not undergo preceding CT
(58.5% vs 40.0%; P = .04) (Table 2).

TBM treatment was given in 54/71 patients with possible,
probable, or definite TBM based on a uniform case definition
[24] and no confirmed alternative CNS infection, no treatment
was given in 17 patients, and treatment status was unknown in
1 patient.

861 adults with LP
performed between
November 2016-September

2019

144 repeat presentations and repeat
LPs excluded

717 adults with first LP
performed between
MNevember 2016-September

2019

& patients excluded as the indication
for LP was not suspected CNSI

711 adults with first LP for |

first presentation of

suspected CNSI between
MNovember 2016-September

2019

L3
520 no computed
tomography
before lumbar puncture

Figure 1.

T
191 computed
tomography
befare lumbar puncture

Sereening, exclusion and analysis populations. Abbrewiations: CNEI, central nervous system infection; LP, lumbar puncture.
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Table 1. Clinical and Laboratory Char
Treatment During Admission

of Patients With Suspected CNS Infection and Proportion of Patients who Received Appropriate

All Patients Mo Preceding CT Before LP CT Performed Before LP
=711} in=520) in=181) P\alua

hedian age (IQR), v 39 (32-48) 39 (3247} 40 {32-54) 16
Male gender, Na. (%) 376 (53.2) 276 (83.1) 102 {83.4) a4
HIV positive, Ma. (%) 518 (77.6) 396 (81.7] 123 |66.9) =.001
hedian CD4 (IQR)," callsfmrm’ 150 (55-412} 172 149-3801 237 (80-480) 05
GCS

Mormal GCS (GCS 18] 362 (50.9) 301 (87.9 61131.9) <.001

Minimally impaired GCS (GCS 13-14) 195 (274} 127 (24.4) B8 (35.6) .003

Maoderately impaired GCS (GCS 9-12) 103 (14.5) 62 (11.9) 41{21.5) 001

Sewerely impaired GCS (GCS <8) 7.2 (51) 30 (5.8} 210110 .02
History of seizura, Mo, (%) 113 (15.9} 59111.4) B4 (28.3) <.001
Facal neuralagy, No. (%) 85 (13.4) 45 (8.7} 50 {26.2) <.001
|ndication for imaging before LP based on local guidelines, Na. (%1% 421 (59.2} 262 (50.4) 168 {83.3) <.001

{GCS <15 or history of seizure or focal neuralagy]
CSF pleacytosis, M. (%) 201 (28.3) 1586 130.00 45 (23 6} .08
First review by clinician outside of routine working hours (18000900, Mo (%) 321 (45.2) 217 141.7 104 (545} 17

Pyalues compare patients with no computed tomography performed before LP and patents with preceding computed tomography, caloulated using Wikcoxon rank-sum for medians and the

chi-square test for propertions. Pvalues <.06 are displayed in bold.

Abbreviations: CMS, central nervous systemn; C5F, cerebrospinal fluid; CT, computed tomography; GCS, Glasgow Coma Scala; IQR, interquartile range; LP, lumbar puncture.

“HIV status known in 889 petients; 485 with no CT before LP end 184 with CT before LP. One hundred nine new diegneses of HIV were mede on presentation to Princess Marine Hospitel,
21.2% (84/108) in patients with no CT before LP and 20.3% (25109 in those with CT befere LP.

ECD4 known in 385519 HiV-positive patieats.
“Based on consansus guidelings from Princess Mesina Hospetal, Gaborana [26].

Empiric CNS infection—targeted antibiotics were given in
81.1% of all cases regardless of final diagnosis, most commonly
third-generation cephalosporins (76.8% of all antibiotic pre-
scriptions) started at a median (IQR) of 8 (3.2-17.1) hours after
admission (before LP in 58.1% of patients), and time to appro-
priate antimicrobial treatment (IQR) was not significantly lon-
ger in patients with confirmed or suspected bacterial meningitis
who had preceding CT compared with those who did not (6.4
[1.2-8.2] hours vs 5.5 [1.9-8.9] hours; P = 87). Appropriate
treatment was initiated later in patients who underwent CT
with cryptococcal meningitis (32.7 [22.2-68.0] hours vs 22.1
[15.4-36.0] hours; P=.024) and TBM (128.1 [37.0-198.0]
hours vs 42.7 [17.7-112.3] hours; P = .09).

Impact of Treatment Delay on Mortality

Outcome was known for 687/711 (96.7%) patients; all-cause in-
hospital mortality was 27% (184/687). Mortality in patients
with a final diagnosis of CNS infection (Supplementary
Table 1) and a known outcome was 34.4% (56/163); mortality
was 27.5% (11/40) in those who received appropriate treatment
within 12 hours of admission and 35.8% (45/123) in those re-
ceiving treatment >12 hours after admission; however, this
did not reach statistical significance (adjusted OR, 1.66; 95%
CI, 0.66-4.18) (Table 3). Limiting analysis to individuals with
confirmed or probable bacterial meningitis, mortality in pa-
tients who received antibiotics within 12 hours after admission
was 30.4% (7/23), and it was 40.0% (2/5) in those receiving
treatment >12 hours after admission (adjusted OR, 2.22; 95%

Cl, 0.17-29.98); among those with cryptococcal meningitis,
mortality was 18.2% (2/11) in those treated within 12 hours
of admission and 32.4% (24/74} in those receiving treatment
>12 hours after admission (adjusted OR, 1.41; 95% CI, 0.24-
8.31), although these associations were not statistically signifi-
cant. Delays >24 hours from admission in starting antitubercu-
lous treatment were significantly associated with increased
mortality in patients with possible, probable, or definite
TBM, 48.4% (15/31) vs 23.5% (4/17; adjusted OR, 6.89; 95%
Cl, 1.01-46.99).

Impact of Preceding CT on Inpatient Mortality

Limiting the analysis to those with a final diagnosis of CN5 in-
fection, including those with CSF pleocytosis suggestive of CNS
infection but without definitive microbiology, inpatient mor-
tality for patients without an indication for preceding CT was
20% (21/105). In those patients without an indication for CT,
mortality was 18.2% (2/11) in patients who had CT compared
with 20.2% (19/94) in those without (adjusted OR, 0.92; 95%
CI, 0.17-4.81). For patients with an indication for CT before
LP, mortality was 41.2%; it was 41.7% (25/73) in those who
had CT compared with 41.0% (48/117) in those who did not
(adjusted OR, 1.01; 95% CI, 0.50-2.08).

Detecti

of Contraindications to Lumbar Puncture on CT

Potential radiological contraindications were identified on
24.5% (40/163) of CT scans performed before LP among those
patients with an available report. Among patients who had an
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Table 2. Comparison of Time to Treatment Among Patients who Did and Did Not Undergo CT Before LP

Mo Preceding CT CT Performed
All Patiants Before LP Bafore LP P
in=711} in =520} in=131} Value
Median time from admission te LP {IQR), h 9.8 9.0 1.8 004
5.6-29.9) [4.6-25.0 [7.0-44.2}
n=484 n=327 n=157
Iedian time to appropriate treatment (IQR), h 226 189 321 05
113.1-49.6) 11.1-44.1) (16.7-96.3)
n=168 n=123 n=45
MMedian time from admission to antibiotics in patients with confirmead | L 6.4 .87
bacterial meningitis or neutrophilic CSF pleoeytosis (IQR), h {1.4-8.3) {1.9-8.9) (1.2-8.2}
n=29 n=19 n=10
fedian time from admission to eryptococcal rmeningitis treatment (IQR), h 241 221 327 02
[16.3-38.5) 15.4-36.0 (22.2-68.0
n=488 =66 n=22
MMedian time fram admission to antituberculous treatment in patients with “possible,” 487 427 1281 .08
"probable,” or "definita” tuberculous meningitis and no alternative CNS infaction (18.4-128.2) (18.0-112.3) [37.0-128.0)
diagnasis (ICQR), h n=50 n=37 n=13
Appropriate treatrment started during admission, nfN (%) 188240 (78.8) 141/185 (76.2) 4B/58 (B7.3) Rili]
Appropriate treatmant administared in first 24 h of admission, % (r/i)° 536 585 400 .04
(90168 [72/123) (1&/45)

Pyalugs <06 are displayed in bold.

Abbreviations: CMS, central nervaus system; CT, cornputad tormography; HSY, herpes simplex virus; 10R, interquartile range; LP, lumbar puncture, V2V, varicalla 2oster virus.

“Appropriate trestment by organism: Crypiococcal meningitis treatment was given in 101/112 patients with cryptococcal meningitis, no treetment given in 9 patients, and treatrent stetus
unknawn in 8 patients. Antibiotics were given in 31031 in patients with confirrned or probable becterisl meningitia. Antiviral treatment was given in 3/3 patients with viral CMS infaction dus 1o
HEV-1, HEW-2, or W2, Thera wes 1 VD eryptococcal meningitis coinfection that received both cryptococcal meningitis treatment and antiviral treatment. The first treatmant given wes

cryptococcal meningitis reatment, and this was used for all analyses.

E0nly 1 patient with viral meningitis had time to treatment data svellable. This was includad in the time to eppeepnate treatment anelysis but not presented sepasately.

indication for imaging based on local guidelines, 25.7% (35/
136) had a potential radiographic contraindication to LP com-
pared with 18.5% (5/27) who did not have an indication for im-
aging (P=.43). There was a trend toward higher inpatient
mortality in the group with potential radiological contraindica-
tions when compared with the group without, 39.5% and
26.0%, respectively; however, this did not reach statistical sig-
nificance (adjusted OR, 2.02; 95% CI, 0.93-4.44) (Table 4).
Using data from all individuals undergoing CT, the sensitiv-
ity and specificity and positive and negative predictive values of
different guidelines in identifying potential radiological contra-
indications are described in Supplementary Table 4.

DISCUSSION

CT before LP in a high-HIV prevalence African setting led to
significant delays to diagnostic LP and initiation of appropriate
treatment. There was some evidence that delays in treatment
were associated with increased mortality in patients with con-
firmed CNS infection; however, we were unable to determine
a direct link between imaging and mortality, potentially due
to the observational nature of the study, with imaging request-
ed at the discretion of responsible clinicians, and significant
confounding by indication. Clinical criteria to determine the
need for CT before LP had poor sensitivity and specificity for
subsequent detection of radiological criteria that would poten-
tially contraindicate LP.

Our data are consistent with studies from high-income set-
tings showing that performing CT in individuals with suspect-
ed CNS infection delays LP and definitive diagnosis. However,
differences in CNS infection epidemioclogy in high-income set-
tings, with a predominance of bacterial and self-limiting viral
meningitis and a high frequency of empiric antibiotic adminis-
tration, mean that delays in LP are less likely to delay effective
treatment [10, 11, 14, 29], in contrast to settings where the spec-
trum of common CNS infections is broader, many requiring
specific treatments including TB therapy and antifungals. In
high-HIV prevalence settings in Sub-5aharan Africa, crypto-
coccal and TB meningitis account for 70%-90% of CNS infec-
tion, with bacterial meningitis accounting for only 8%-30%
[22, 30, 31], highlighting why context-specific guidance regard-
ing CT before LP is needed.

In our study, LPs were performed nearly 3 hours later in pa-
tients who had CT, with considerable knock-on delays in the
subsequent initiation of targeted antimicrobial therapy. The
impact of CT on treatment initiation time varied by condition,
with a degree of delay seen for all major pathologies. Empiric
antibiotics were administered to most patients, limiting the im-
pact of imaging on time to appropriate antimicrobials with
confirmed or probable bacterial meningitis; longer delays
were seen with antituberculous, antiviral, and cryptococcal
meningitis treatment, which are more complex and typically
only started once diagnostic information from LPs is available.
The delays to treatment initiation associated with CT in these
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Figure 2.  Kaplan-Meier analysis comparing receipt of appropriate antimicrobial treatment among patients with and without CT before LP in the first 24 hours after hospital
admission in patients with microbiologically confirmed CNS infection or TB meningitis diagnosed through a uniform case definition. Abbreviations: CNS, central nervous

system; CT, computed tomography; LP, lumbar puncture; TB, tuberculosis.

cases were considerably longer than could be accounted for by
simply the delays to LP. This may be due to hospital workflows
where treatment decisions are made on daily ward rounds; if
diagnostic information is unavailable at the initial postintake
rounds, then treatment decisions are deferred until the next
medical review, often the next day.

Previous studies have demonstrated that delay to the admin-
istration of appropriate treatment is associated with increased
mortality [32-36]; antibiotic delays in bacterial meningitis sig-
nificantly increase unfavorable outcomes, and TBM treatment
delays beyond 3 days lead to a 70% mortality increase [35, 36).
Our data corroborated this, with delays of >24 hours to treat-
ment initiation in TBM being associated with a significant in-
crease in mortality on multivariate regression analysis.
Increased mortality with delays to initiation of therapy was
seen in other conditions, but our sample size was too small to
demonstrate significant effects.

We were unable to determine whether there was a causal link
between CT-induced delays in LP and treatment and increased
maortality due to limitations in our study design. We only included
patients who had an LP; therefore patients with suspected CNSin-
fection who did not have an LP due to CT findings would not be
captured, meaning we cannot comment on overall percentages of
individuals with imaging abnormalities in the population present-
ing with a clinical syndrome compatible with a CNS infection. The
selection of patients who received CT' was not random and was

chosen by the treating physicians based on clinical features; those
who underwent CT are likely to have presented with more severe
illness; although we tried to account for differences in disease se-
verity based on recorded variables and adjust for these in our anal-
yses, it is inevitable that several markers of severity will not have
been captured and fully accounted for, leaving residual confound-
ing by indication.

Guidelines on the use of CT in CNS infection management
in resource-limited settings are not widely available.
Although consensus guidelines have been published for our
study site, adherence was poor, with over half of those without
imaging having a guideline indication for CT. Furthermore,
these guidelines were poorly predictive of radiologic contrain-
dications. Most patients with an indication for CT who received
CT had no radiographic contraindication to immediate LP, and
18.5% of patients with no indication for imaging who had a CT
scan had a potential contraindication to LP. The sensitivity of
IDSA guidelines for detecting abnormalities in this cohort
would have been 95%, the highest among guidelines tested
[37]. However, using immunosuppression as an indication
for CT, as in the IDSA guidance, would be impractical to imple-
ment in Botswana, where 73% (519/711) of our study popula-
tion was known to be HIV positive. If IDSA guidelines were
followed appropriately, this would have meant an additional
446 patients would have had CT before LP in this cohort
(Supplementary Table 4) in a center where radiology is already
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Table 3. Table Describing Mortality in Patients who Received Appropriate Treatment for CNS Infection Within 12 Hours After Admission, Amphotericin

B-Based Treatment for Crypt I M

itis Within 12 Hours After Admission, and Appropriate Tuberculous Meningitis Treatment Within 24 Hours;

Logistic Regressions Analysis Adjusting for Age, Sex, Glasgow Coma Score, and Composite NEWS

Tirme Frorm Admission to Tharapy  Maortality, % (Na.)

Crude Odds Ratio for Maortality 195% Cl, PValue)

Adjusted Odds Ratio for Maortality (85% Cl, PValue)

Appropriate therapy for all CNS infection

Under 12 h 275 - -
11740}
Aftar 12 h 358 1.52 1.66
(45/123) (0.68-3.35, .29) (0.66-4.18, 28
Antibiotics in confirmed bacterial meningitis or prebable bactarial meningitis with neutrophilic pleacytosis and no confirmed CHS infection
Undar 12h 30.4
(7023
Over 12k 40.0 1.52 222
(245) (0.20-11.72, B8} (0.17-29.98, 55)
Amphotericin B-based cryptococcal meningitis treatmant
Under 12 h 18.2 - -
2h11)
Ovari2h 324 216 1.41
(2474} (0.43-10.88, .34) (0.24-8.31, )
Antitubereulaus treatment in patients with pessible, probable, or definite tuberculous marningitis
Undar 24 h 23.5 -
[EA
Qver 24 4B.4 308 6.89
{15431} (0.77-12.10, 10} {1.01-46.99, .05)

Abbreviation: CME, central narvous systam.

Table 4. Associations Between Clinical and Laboratory Features Included in National or International Guidelines, CSF Analysis, Final Diagnosis and
Mortality, and the Presence or Absence of Potential Radiological Contraindications to LP; Radiological Cl Defined as Presence of Hydrocephalus,
Intracranial Lesion, Cerebral Edema, Midline Shift or Intracranial Bleed; Patients Without a CT Report Were Not Included in the Analysis

Mo Radiclogical Cl to LP Identified

Patential Radiolagical Cl ta LP

on CT Head (n=123) Identified on CT Head (n=40) PValue

Final diagnasis of:

Cryptococcal meningitis, Mo (%) 16{13.00 5{12.5 a3

Pessible/probable/definite tuberculous meningitis, Mo. 81{7.3} §(22.5) fi )]

1%}

Viral meningitis, Ne. (%) 110.8} 2 {5) .09

Canfirmed or probable bacterial meningitis, Na. (%) 71{5.7} 2 {5) a7
Mertality 32M231(26.00 15/38 139.5

Crude OR for mortality, 1.88 {95% C|, 0.86-4.02) 1
Adjusted OR™ for mortality, 2.03 {95%: Cl, 0.93-4.44) .08

Cuteame data were missing for 2 patients.

Abbreviations: Cl, confidence intarval; C5SF, cerebrospinal fluid;, CT, computed tomography; LP, lurnbar puncture; OR, odds ratio.

*Adjusted for age and sax.

operating at maximum capacity. Increased CT scanning in pa-
tients with suspected CNS infection would also have significant
resource implications alongside potentially unnecessary delays
to LP and treatment.

People with HIV (PWH) were significantly less likely to have
an indication for CT based on local guidelines (or to undergo
CT), in contrast to most guidelines where immunosuppression
is an indication for CT. The relatively low level of CT being per-
formed among PWH might be explained by the high rates of
cryptococcal meningitis in this group [38]. Clinicians in
high-HIV prevalence settings recognize that prompt LPs are
a crucial, time-sensitive therapeutic intervention in

cryptococcal meningitis to reduce ICP and may be less likely
to request imaging when this is clinically suspected.

Our study had several further limitations. The standard of
reporting of CTs was variable and not always by radiologists;
as such, contraindications might have been under-recognized.
The radiological contraindications to LP used in this study were
pragmatically chosen to be easily identifiable by clinicians. Due
to the real-world nature of the data with imaging requested at
clinician discretion, and often not in line with local guidelines,
we cannot determine whether CT before LP could prevent ad-
verse consequences of LP; notably, it was observed that mortal-
ity was no different between the groups in our cohort with an
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indication for CT who did and did not undergo CT before LP.
The outcomes of individuals with suspected CNS infection who
had contraindications identified on CT and did not then under-
go LP are not known. Finally, this study was performed in a rel-
atively well-resourced hospital that has been involved in several
clinical trials for CNS infection; therefore, these findings may
not be generalizable to settings with additional resource
limitations.

The risk-benefit balance of CT before LP in suspected CNS
infections remains contentious. Our data demonstrate that per-
forming CT before LP in a low-resource, high-HIV prevalence
setting significantly increased time to diagnostic LP and time to
appropriate treatment, with no evidence that CT before LP was
associated with improved outcomes in individuals for whom
current guidelines would recommend imaging. These findings
need to be taken into consideration when developing context-
appropriate guidelines to support clinician decision-making.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.
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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

hypotension, hypoglycaemia)

Unexplained altered mental status not clearly caused by alternative diagnosis (e.g. hypoxia,

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 <90 91-100 101-110 111-219 >220
BP
RR <8 9-11 12-20 21-25 >25
Temp >37.5
02 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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guidelines

(GCS<15, HIV-
positive, history of
seizure or focal
neurology)

(95% ClI 83-99%)

(95% CI 3-12%)

(95% Cl 18-33%)

(95% 44-98%)

Sensitivity Specificity Positive predictive Negative predictive | Percentage of patients that would
value value meet criteria to require scan if
guidelines followed
Adjusted IDSA 95.0% 6.5% 24.8% 80% 89.6% (637/711)

Princess Marina
Hospital guidelines

(GCS<15, history of
seizure or focal
neurology)

87.5%

(95% Cl 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% Cl 23-54%)

74.0%

(95% Cl 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

146



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
settings®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, respectively®*. HIV has markedly
altered the epidemiology of CNSI and cryptococcal, tuberculous and pneumococcal meningitis are the
most commonly diagnosed causes of CNSI>=°. Conventional diagnostics have significant limitations and
if used in isolation result in large numbers of patients not receiving a diagnosis>’. 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 outcomes®.

Molecular diagnostics implemented in trial settings have been shown to increase diagnostic yield and
reduce the proportion of patients without a diagnosis!®'’. 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
greatest'>~!4, 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 diagnostics!#!®, 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 established®®.
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 Il 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 -80°C. 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 current®. Resulting sequenced reads were analysed for possible de novo
pathogens using krakenuniq metagenomic read classifier?°. The presence of known pathogens was
confirmed by read mapping to representative pathogen reference genomes using minimap22?.
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, REDcap??.
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/mm?3 (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 naive (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 definition?3. 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,
1in 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/mm?3 (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 naive 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/mm?3. 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 naive.

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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Botswana Zimbabwe

502 adults with FilmArray-ME 481 adults with FilmArray-ME
performed performed

327 HIV positive patients with Toxoplasma
gondii PCR performed

983 adults with FilmArray-ME performed

Excluded:
46 repeat presentations

"| 17 Failed FilmArray-ME

4 Excluded as CNS device in situ

_| 46 repeat lumbar puncture during same admission

4 Excluded as indication for LP not suspected CNSI

308 HIV positive patients with Xpert MTB/RIF
Ultra and Toxoplasma gondii PCR performed

FilmArray-ME performed

866 adults with first presentation of suspected CNSI with 186 patients with CSF RPR and CSF TPPA

performed

Xpert MTB/RIF Ultra not performed:
80 Insufficient CSF volume

5 Instrument malfunction

2 Sample unsuitable for analysis

Y

762 with Xpert MTB/RIF Ultra performed

A4

171 patients with Xpert MTB/RIF Ultra CSF

RPR and CSF TPPA performed

h 4

96 patients with FilmArray-ME, Xpert MTB/RIF Ultra, Toxoplasma gondii PCR and CSF TPHA/RPR performed

Figure 8 Screening, exclusion and analysis populations
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Total Botswana Zimbabwe
(n=866) (n=437) (n=429)
Demographics
. 41.0 41.1 40.7
Median age, years (IQR) (33.2-49.9) (33.9-51.6) (32.1-48.7)
46.0% 46.9% 45.0%
Female sex, % (n) (398)0 (205)0 (193)0
Clinical details
. 38.0% 31.6% 44.5%
Fever of history of fever (329) (138) (191)
. 39.8% 35.5% 44.3%
Neck stiffness (345) (155) (190)
0, 0, 0,
Altered mental status l(li;z? 1(120953 5(2167?
At least one of fever, neck stiffness or 74.9% 72.1% 77.9%
altered mental status (649) (315) (334)
Fever, neck stiffness AND altered mental 11.9% 8.7% 15.2%
status (103) (38) (65)
Median duration of symptoms prior to
10 (4-23 8(3-21 12 (7-28
presentation, days (IQR) ( ) ( ) ( )
o) o) (o)
Previous history of TB 1(1075) I&Z)A 1(252)A)

Co-morbidities (excluding TB)

None 79.8% (691) 73.2% (320) 86.5% (371)
1 15.7% (136) 20.1% (88) 11.2% (48)
2 or more 4.5% (39) 6.6% (29) 2.3% (10)
Abnormal neurolo 16.0% 24.0% 8.2%
gy (124) (92) (32)
GCS
Under 8 4.4% (38) 5.7% (25) 3.0% (13)
Under 15 47.7% (413) 47.6% (208) 47.8% (205)
Adult HIV details
77.1% 71.3% 83.7%
HH 0, *
HIV positive, % (n) (586) (288) (298)




0, o) 0,
HIV diagnosed on admission, % (n) 1(692)A) 1(542)6 1(65§f
Medi D4 If HIV iti Il 3
edian C positive, ce (lsclz:)T* 107 (40-263) 122 (47-350) 76 (34-217)
Proportion of adults living with HIV with 43.9% 47.6% 40.3%
CD4 <200 cells/mm3, % (n) (257) (137) (120)
0, o) 0,
Currently on ART, % (n) deggf EZOSST 5&&?
CSF Analysis
Median CSF volume submitted for
1 .5-12 8(4-11 1 -1
analysis, ml (IQR) 0(6.5-12) 8.8 ( ) 0(5-13)
21.69 26.8% 16.39
WCC pleocytosis >5 cells/mm3, % (n) (187? (11; (70)A
o) 0, o)
CSF Protein >1 mg/mL, % (n) l(iOZGf ?fzf 1(22)/)
12.6% 12.6% 12.5%
<2.2 L, 9
CSF Glucose mmol/mL, % (n) (109) (55) (54)
0, o) (o)
Inflammatory CSF, % (n) 2(309; 2(1276) z(oséf
Diagnoses with routine analysis alone, % 17.1% 16.5% 17.7%
(n) (148) (72) (76)
Diagnoses with routine analysis alone 2.5% 3.0% 2.1%
excluding cryptococcal meningitis, % (n) (22) (13) 9)
Dlagnos.es with routme.and enharrced - 33.1% 29.3% 37.1%
excluding metagenomic sequencing, % (287) (128) (159)
(n)
Inflammatory CSF*** with no diagnosis 69.1% 69.9% 67.9%
(routine only), % (n/N) (141) (86) (55)
Inflammat.ory CSF with no dlagn0.5|s 35.3% 43.1% 23.5%
(routine and enhanced - excluding (72) (53) (19)
MGS), % (n/N)
Outcome
. . 61.2% 59.0% 63.4%
Discharged alive (530) (258) (272)
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Died in hospital 27.9% 28.2% 27.7%
P (242) (123) (119)

Unknown 10.8% 12.8% 8.9%

(94) (56) (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, %

Relative increase, %

(n/N)
17.1 33.1
Sl (148/866) (287/866) 936
12.8 234
i 2.
Uninflammatory CSF (85/662) (155/662) 82.8
30.9 64.7
Infl F 109.4
nflammatory CS (63/204) (132/204)
. 5.2 18.4
HIV negative (9/174) (32/174) 253.8
HIV negative uninflammatory CSF 3.7 7-5 102.7
EEEE \ (5/134) (10/134) :
HIV negative Inflammatory CSF 10 >> 450.0
& ¥ (4/40) (22/40) '
. 22.5 39.9
HIV positive adult (132/586) (234/586) 77.3
17 30.1
- . 1
HIV positive uninflammatory CSF (74/436) (131/436) 77
38.7 68.7
HIV itive infl F 77.5
positive inflammatory CS (58/150) (103/150)
HIV positive with negative CSF 5.2 26.7 413.5
CrAg (24/461) (123/461) '

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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A B C = No diagnosis normal CSF
u Neurosyphilis
» Inflammatory no diagnosis
= Cryptococcal
u Bacterial
u Viral
= TBM
a Toxoplasma
u Co-detection
D l E l F .
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/mm?3
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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% 61.4% 10.6%
(242) (532) (92)
HIV neaative 25.9% 67.8% 6.3%
9 (45) (118) (11)
- 30.0% 64.2% 5.8%
HIV positive (176) (376) (34)
Uninflammatory CSF and no 22.9% 64.9% 12.2%
diagnosis (116) (329) (62)
Inflammatory CSF and no 25.0% 61.1% 13.9%
diagnosis (18) (44) (10)
Cryptococcal meningitis 35.1% 25.9% 9.0%
P 8 (39) (62) (10)
TB meningitis 51.0% 40.8% 8.2%
(25) (20) (4)
37.5% 57.5% 5.0%
Bacterial CNSI*
(15) (23) (2)
28.6% 66.7% 4.8%
Viral CNSI**
(12) (28) (2)
Toxoplasma gondii 10.0% 90.0% -
(1) (9)
0,
Neurosyphilis - 100% -
(2)
46.9% 46.9% 6.3%
Co-detection
(15) (15) (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 antimicrobials?*. 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
culture®. 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% Cl 13.4-16.7) cases/100,000 person-years in 2015 to 7.4 (95% Cl 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 Ill 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/mm?3. 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
CNSlI 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 | - Protocol Botswana National Meningitis Survey

Study Protocol

Study: The Botswana National Meningitis Survey. Protocol 2: Prospective Enhanced Meningitis
Surveillance

Version: Study Protocol V5.2 (11" 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 sequelae’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 mortality*®. 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¢. 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 region?,

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 difficult®’. 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
(Fuyjifilm 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 CSF®’. 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 -80°C 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 Il - 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 sequelae' 2. 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 mortality*®.
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®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 region®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 testing®. 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 difficult®®. 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 outcomes®.

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 TBM*°. 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 adults!!. 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% respectively®?. 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
Botswana’'3* 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 CSF%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

200



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 -80°C 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 MinlON 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 lll - 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 | 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 | 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 | 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 | take part? What am | 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 | 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:

e 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

e 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

e 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 | 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. | confirm that | have read and understand the participant information sheet dated 12/3/20
(version 1.0) for the above study. | 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 | am free to withdraw at any time,
without giving any reason, without my medical care or legal rights being affected.

3. | agree to have an additional lumbar puncture. | undertand why it is being performed and
have had the relevant risks explained to me

4. | 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. | give
permission for these individuals to have access to my records.

6. | agree to take part in the above study.
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Name of Participant Signature/Thumbprint Date

Name of Person taking Signature Date
consent
Principal Investigator Signature Date

The participant is unable to sign. As a witness, | confirm that all the information about the study was
given and the participant consented to taking part.

Name of Impartial Signature Date
Witness
(if required)

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 | 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 | 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 | have to take part?

Itis 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 | take part? What am | 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 | 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 | have read and understand the participant information sheet dated 12/3/20
(version 1.0) for the above study. | 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 | am free to withdraw at any time,
without giving any reason, without my medical care or legal rights being affected.

3. | 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. | 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. | give
permission for these individuals to have access to my records.

5. | agree to take part in the above study.

Name of Participant Signature/Thumbprint Date

Name of Person taking Signature Date
consent

Principal Investigator Signature Date

The participant is unable to sign. As a witness, | confirm that all the information about the study was
given and the participant consented to taking part.

Name of Impartial Signature Date
Witness
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(if required)

1 copy for participant; 1 copy for Principal Investigator

212



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 | 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?
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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 | 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 | 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 | take part? What am | 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 | 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 | 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
(MRC2Z) and the Research Council of Zimbabwe (RCZ2)

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. | confirm that | have read and understand the participant information sheet dated 1/12/21
(version 1.0) for the above study. | have had the opportunity to consider the information, ask
guestions and have had these answered fully.
2. I understand that my participation is voluntary and | am free to withdraw at any time,
without giving any reason, without my medical care or legal rights being affected.
3. | agree to have an additional lumbar puncture. | understand why it is being performed and
have had the relevant risks explained to me
4. | 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. | give permission for these
individuals to have access to my records.

6. | agree to take part in the above study.

Name of Participant Signature/Thumbprint Date
Name of Person taking Signature Date
consent

The participant is unable to sign. As a witness, | confirm that all the information about the study was
given and the participant consented to taking part.

Name of Impartial Signature Date
Witness
(if required)
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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 | 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
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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 | 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 | 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 | take part? What am | being asked to do?

A member of the research team will complete a questionnaire with you that will go into detalil
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 | have read and understand the participant information sheet dated(

.......... ) for the above study. | have had the opportunity to consider the information, ask

guestions and have had these answered fully.

2. I understand that my participation is voluntary and | am free to withdraw at any time,

without giving any reason, without my medical care or legal rights being affected.

3. | 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. | 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. | give permission for these

individuals to have access to my records.

5. | agree to take part in the above study.

Name of Participant Signature/Thumbprint Date
Name of Person taking Signature Date
consent

Principal Investigator Signature Date

The participant is unable to sign. As a witness, | confirm that all the information about the study was
given and the participant consented to taking part.

Name of Impatrtial Signature Date
Witness
(if required)

1 copy for participant; 1 copy for Principal Investigator
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