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Summary

Background Brain infections pose substantial challenges in diagnosis and management and carry high mortality and
morbidity, especially in low-income and middle-income countries. We aimed to improve the diagnosis and early
management of patients admitted to hospital (adults aged 16 years and older and children aged >28 days) with
suspected acute brain infections at 13 hospitals in Brazil, India, and Malawi.

Methods With hospital stakeholders, policy makers, and patient and public representatives, we co-designed a multifaceted
clinical and laboratory intervention, informed by an evaluation of routine practice. The intervention, tailored for each
setting, included a diagnostic and management algorithm, a lumbar puncture pack, a testing panel, and staff training. We
used multivariable logistic regression and interrupted time series analysis to compare the coprimary outcomes—the
percentage of patients achieving a syndromic diagnosis and the percentage achieving a microbiological diagnosis before
and after the intervention. The study was registered at ClinicalTrials.gov (NCT04190303) and is complete.

Findings Between Jan 5, 2021, and Nov 30, 2022, we screened 10462 patients and enrolled a total of 2233 patients at
13 hospital sites connected to the four study centres in Brazil, India, and Malawi. 1376 (62%) were recruited before the
intervention and 857 (38%) were recruited after the intervention. 2154 patients (96%) had assessment of the primary
outcome (1330 [62%] patients recruited pre-intervention and 824 [38%)] recruited post-intervention). The median age
across centres was 23 years (IQR 6—44), with 1276 (59%) being adults aged 16 years or older and 888 (41%) children
aged between 29 days and 15 years; 1264 (59%) patients were male and 890 (41%) were female. Data on race and
ethnicity were not recorded. 1020 (77%) of 1320 patients received a syndromic diagnosis before the intervention,
rising to 701 (86%) of 813 after the intervention (adjusted odds ratio [aOR] 1-81 [95% CI 1-40-2-34]; p<0-0001). A
microbiological diagnosis was made in 294 (22%) of 1330 patients pre-intervention, increasing to 250 (30%) of
824 patients post-intervention (aOR 1-46 [95% CI 1-18-1-79]; p=0-00040). Interrupted time series analysis confirmed
that these increases exceeded a modest underlying trend of improvement over time. The percentage receiving a
lumbar puncture, time to appropriate therapy, and functional outcome also improved.

Interpretation Diagnosis and management of patients with suspected acute brain infections improved following
introduction of a simple intervention package across a diverse range of hospitals on three continents. The intervention
is now being implemented in other settings as part of the WHO Meningitis Roadmap and encephalitis control
initiatives.
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Introduction

Brain infections such as meningitis and encephalitis are

a major cause of mortality and morbidity, with
disproportionately large impact in low-income and

middle-income countries (LMICs).' Improved diagnosis
and optimal management are thus a focus of WHO
initiatives on defeating meningitis and reducing the
burden of encephalitis.** Challenges in diagnosis and
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Research in context

Evidence before this study

We searched PubMed and Cochrane CENTRAL from database
inception to May 31, 2024, for studies reporting intervention
packages for diagnosis or management of patients with acute
brain infections, with no language restrictions, using a
predefined search strategy including the terms “bundle”,
“package”, and “intervention”, in combination with one of the
following: “complex”, “multifaceted”, “system”, “service”, or
“quality”. We found six relevant studies, with publication dates
ranging from 1998 to 2023; these mostly focused on single
countries (predominantly high income), age groups, or
syndromes, and thus did not have broad applicability. While
some improvements in outcomes were reported, only

two studies targeted both diagnosis and management, and
none were generalisable across low-income and middle-income
countries.

Added value of this study

We developed a simple, context-informed, multifaceted clinical
and laboratory intervention, in collaboration with local and
national policy makers and patient, public, and hospital
stakeholders, to improve diagnosis and management of
patients with suspected acute brain infections in 13 hospitals

management include delays in performing a lumbar
puncture to confirm a brain infection syndromic
diagnosis,** ensuring the right cerebrospinal fluid (CSF)
and other pathogen-specific tests are performed,”® and
starting appropriate antimicrobial therapy’ Even with
augmented testing of patients in a research setting,
microbiological diagnosis is made in at most one-third of
patients,” which restricts the ability to choose appropriate
treatment.

The challenges in brain infection diagnosis and
management, cut across multiple elements of hospital
care, require multifaceted and complex interventions."
Such interventions have been attempted in higher-income
settings with varying results. These have included single-
country studies employing lumbar puncture packs,” a
meningitis care bundle,” and a training-focused
management intervention.” In LMICs there have been a
small number of studies focused on specific syndromes or
target populations, but no attempt to improve care more
broadly.*”® 1In other conditions (eg, surgical site
infections),” multifaceted interventions have had a major
effect on outcomes in LMICs; for example, an intervention
combining various infection prevention measures and
operating room discipline significantly reduced the risk of
surgical site infections in five hospitals in Africa.”

To improve the diagnosis and early management of
patients with suspected acute brain infections, we
designed, implemented, and evaluated a tailored
multifaceted intervention in hospitals in Brazil, India,
and Malawi.

in Brazil, India, and Malawi. The intervention included a
diagnostic and management algorithm, a lumbar puncture
pack, testing panel, and staff training. It improved the
percentage of patients with a syndromic diagnosis and the
percentage with a microbiological diagnosis (the two co-
primary outcomes) across the three countries. Improvements
were observed in secondary outcomes focusing on management
and functional measures. Numbers needed to treat for
achievement of an additional diagnosis were favourable.

Implications of all the available evidence

This study shows that a package of simple enhancements to
usual care improved diagnosis and management of patients
with suspected acute brain infections presenting to hospitals in
low-income and middle-income countries. With the
involvement of national and international policy makers from
the outset, the intervention is already feeding into national
practice guidelines and WHO meningitis and encephalitis
initiatives, and was designed to be scaled up internationally.
The approach is also being adapted to improve diagnosis of
other severe infection syndromes, and to support detection of
emerging infections.

Methods

Study design and setting

We conducted this multicentre before-versus-after
intervention study in 13 hospitals organised through
four centres of the National Institute for Health and Care
Research (NIHR) Global Health Research Group on
Acute Brain Infections; the Oswaldo Cruz Foundation
(Fiocruz), Recife, Brazil; the National Institute of Mental
Health and Neuro Sciences, Bangalore, India; the
Christian Medical College, Vellore, India; and the
Malawi-Liverpool-Wellcome Trust Clinical Research
Programme and Kamuzu University of Health Sciences
in Blantyre, Malawi. We chose Brazil, India, and Malawi
to encompass a diverse range of hospitals from countries
on different continents with different World Bank
income strata (upper-middle, lower-middle, and low,
respectively) in order to maximise the generalisability of
our findings. Of the 13 hospitals, six (46%) were located
in urban areas and seven (54%) were in rural or semi-
rural areas; nine (69%) were public hospitals and
four (31%) were private non-profit institutions. Six
hospitals (46%) provided secondary care and seven (54%)
offered tertiary care; two of these seven exclusively
provided specialist referral services. The number of
inpatient beds ranged from 70 to 2250.

During the pre-intervention phase current practice was
described using quantitative and qualitative observation
of the in-hospital journeys of patients and their CSF
samples, assessments of hospitals’ laboratory capacity
and capability to diagnose brain infections, and simple
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descriptive analyses of patient data (appendix 1 pp 1-2;
appendix 2 p 2). These findings informed the intervention
design (appendix 2 p 3), which was developed in
collaboration with an .independent advisory panel, a
patient and public involvement (PPI) panel comprising
representatives from each country, and local and national
policy makers—the latter of whom ensured only changes
deemed sustainable were implemented. The study was
approved by local and national ethics committees, plus
the University of Liverpool Central University Research
Ethics Committee (approval number 5350). Main ethical
approval numbers are shown in appendix 1 (p 37). This
study is registered with ClinicalTrials.gov (NCT04190303)
and is complete.

Participants

Adults aged 16 years and older and children older than
28 days presenting to study hospitals with suspected
acute brain infection (meningitis, encephalitis, or both)
were screened. Patients were considered eligible if they
had an illness duration of less than 4 weeks, and had at
least three of the following features (or two features, in
the absence of an alternative explanation apparent on
initial clinical assessment): fever or history of febrile
illness; headache; signs of meningeal irritation (neck
stiffness, photophobia, or a bulging or tense fontanelle);
an altered mental state (including new confusion,
disorientation, coma, or inability to talk); one or more
new seizures; or new focal neurological findings.
Additionally, patients not meeting these criteria could be
enrolled on clinical suspicion of acute brain infection
without an alternative explanatory diagnosis. Patients
were excluded if they had an indwelling ventricular,
meningeal, or Dbrain implant; had undergone
neurosurgery in the preceding 12 months; or had a
simple febrile seizure.” All patients or their legal
representatives provided written informed consent or
assent in accordance with Good Clinical Practice and
each country’s ethics committee regulations, using
forms incorporating input from our PPI panel.

Procedures

To describe current practice and inform intervention
design, we first collected sociodemographic, clinical,
laboratory, imaging, and outcome data for all patients
on REDCap (Vanderbilt University, Nashville TN,
USA).® As we did not plan to analyse subgroups or
design the intervention based on race or ethnicity,
these data were not recorded. Detailed real time
analysis of journeys of patients from presentation to
discharge, and patient CSF samples from collection to
test results, were performed on at least eight patients
per hospital, with space to include more patients if
possible. We ensured important subgroups of patients
were included in these journey observations, including
age (children older and younger than 12 months and
adults), sex (with self-reported options of male or

female), HIV status, and how and when the patient
presented to hospital. Full criteria are shown in
appendix 1 (p 5). Data were collected with a bespoke
tool designed with input from our PPI panel
(appendix 1 p 6). Hospital laboratory capability to
diagnose brain infections was assessed by a specialist
team using a bespoke tool based on the WHO
Laboratory Assessment Tool and Essential Diagnostics
List.®* Integrated results from this exercise were
presented to an intervention working group, including
hospital stakeholders, who used a systematic process to
design the intervention with oversight from a cross-
centre team, PPI panel, policy working group, and
external advisory panel (appendix 1 pp 1-2, 7-9).

We introduced three core intervention components,
tailored to each hospital's needs. First, a clinical
algorithm providing decision support for diagnosis and
management of patients with possible acute brain
infection (appendix 2 p 4); second, a lumbar puncture
pack to assist with optimal collection, transport, and
storage of CSF specimens (appendix 2 p 5); and third, a
microbiological testing panel using new or existing
diagnostic tests, based on brain infection pathogen
epidemiological data for each country and the laboratory
capacity assessments (appendix 2 pp 6-8). These
components were supported by training and mentoring
of staff, facilitated by hospital brain infection champions
who were nominated by each hospital to facilitate and
advocate for the improvements in care. The pathogen
detection panel used a stepwise approach which
prioritised treatable and common pathogens, with
support for clinical interpretation being provided in real
time by the intervention team. The incremental cost to
the health-care system of each additional resource
(including human, material, and capital resources)
required for the intervention was documented. We
followed the EQUATOR template for intervention
description and replication (TIDieR) guidelines for
intervention description, including making our tools
available on a website to allow replication and
adaptation.”

Outcomes

The coprimary outcomes were achievement of a
syndromic  diagnosis, and achievement of a
microbiological diagnosis. Criteria for these diagnoses
were predefined and piloted by the study team in
simulated patients and the first 20 patients recruited in
each centre, and assessors’ judgements were calibrated
before use in this study. Syndromic diagnosis criteria
were adapted from existing definitions for brain
infection syndromes.”** Microbiological diagnosis was
classified as confirmed, probable, or possible, based on
criteria modified from earlier work.”* Each patient was
assessed by two independent investigators, masked
from each other’s assessment (appendix 1 pp 2-3,
10-17).
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Secondary outcomes were the percentages of patients
who had a lumbar puncture; time to lumbar puncture;
percentage of CSF samples undergoing appropriate basic
tests (CSF cell count microscopy and tests for protein,
glucose, bacterial culture, and paired blood glucose);
all-cause mortality at 30 days; length of stay in hospital;
time to appropriate empirical and definitive anti-infective
therapy (as defined by two independent assessors using
country-specific  and  pathogen-specific  criteria
[appendix 1 pp 18-26]); quality of life at 30 days and at
discharge from hospital using the EQ-5D-Y questionnaire
for children (aged 8-15 years) and EQ-5D-3L for adults
over 16 years;”* and functional outcome at discharge and
30 days, assessed using the Liverpool Outcome Score.”
All questionnaires were administered in a language in
which the patient or their representative was fluent.

Process measures were used to assess fidelity and
coverage of the intervention, including the percentage of
patients having PCR or serological tests for any pathogen
and the percentage of patients having tests for key
pathogens in the first step of the pathogen panel.

Statistical analysis

Qualitative patient and CSF sample journey observation
data were analysed by at least two investigators using a
modified framework approach to identify facilitators and
challenges to optimal care.” Descriptive statistics were
used to summarise quantitative journey data. The
integrated results, with comparison across hospitals and
centres, were presented to the study group and hospital
stakeholders and policy makers to inform design of the
intervention.

For the primary outcomes the analysis included a
comparison of percentage of patients diagnosed before
versus after the intervention, as well as interrupted time
series analysis.” Multilevel multivariable logistic
regression models were developed for the overall pooled
dataset (ie, including all four centres), and for each study
centre. Two models were made. The first calculated the
odds ratio (OR) with 95% CIs for achievement of a
diagnosis before versus after the intervention, with
adjusted ORs (aORs) incorporating multiple specific
covariates that could influence the likelihood of achieving
a diagnosis (appendix 1 pp 3-5). The second model
estimated the probability of a step change (immediate)
and slope change (sustained) in diagnosis achievement
due to the intervention, with aORs and p values for each
(appendix 1 pp 3-4). Additional predefined subgroup
analyses were performed for the larger subgroups.

Similar models were developed for secondary
outcomes that were measured in percentages. For time-
to-event outcomes, Kaplan-Meier curves were made,
followed by multivariable Cox proportional hazards
regression, with resulting univariate and adjusted
hazard ratios (aHRs) and 95% Cls; death was included
as a competing risk in the time-to-discharge model.
Quality of life utility values were calculated using the

EQ-5D-3L and EQ-5D-Y questionnaires using the UK
EQ-5D-3L value set in the eq5d package in
R (version 4.3.1), with results as mean difference and
95% CI, and a p value obtained using a two-sample t test.
The lowest score in any domain of the Liverpool
Outcome Score, in which 1 represents death and
5 represents full recovery, was analysed using ordinal
logistic regression, with resulting aOR and 95% CI for a
higher score post-intervention. As for primary outcomes,
secondary outcomes were analysed for the overall dataset
and for individual centres, and regression models used
predefined covariates relevant for each outcome
(appendix 1 pp 4-5). Process measures were compared
pre-intervention versus post-intervention using 2 tests.

The total cost of the intervention per centre was
averaged across patients. Where there was a significant
increase in the percentage of patients achieving a
diagnosis, we calculated the number needed to treat
(ie, the number of patients [95% CI] who would need to
receive the intervention to achieve one additional
diagnosis), and reported number needed to treat for
harm and for benefit where relevant. All cost measures
were calculated for individual centres and were reported
in US$, using exchange rates on Dec 17, 2023.

Sample size was calculated using the coprimary
outcome of microbiological diagnosis achievement. The
percentage of patients with suspected acute brain
infection receiving a microbiological diagnosis pre-
intervention was estimated to be 25%, based on
availability of diagnostics at included sites and a review
of the literature. We set a post-intervention target
percentage of 45%, on the basis that this was a plausible
percentage based on published results of previous
studies,”* and that this would be compelling enough to
justify a change in practice. Assuming monthly
assessment timepoints, 80% statistical power, an o value
of 0-05, and a 1:1 ratio between the number of pre-
intervention and post-intervention patients, with
8 months of observation per recruitment phase, a
monthly recruitment of 55 patients would be required,
resulting in a total of 450 patients pre-intervention and
450 patients post-intervention in each centre. This was
calculated using previously published Stata code.”

Statistical analyses for all predefined outcomes were
performed in R version 4.3.1. To validate the analyses of
the coprimary outcomes, two statisticians who were
masked to each other’s code and results performed the
analyses in parallel, one using SAS version 9.4M8 and
the other using R version 4.3.1.

Role of the funding source
The funder had no role in study design, data collection,
data analysis, data interpretation, or writing of the report.

Results
Between Jan 5, 2021, and Nov 30, 2022, we screened
10462 patients and enrolled a total of 2233 patients at
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13 hospital sites connected to the four study centres
in Brazil, India, and Malawi (figure 1). Of the 2233 patients,
1376 (62%) were recruited before the intervention and
857 (38%) were recruited after the intervention.
2154 patients (96%) had assessment of the primary
outcome (1330 [62%] patients recruited pre-intervention
and 824 [38%] recruited post-intervention). Due to the
COVID-19 pandemic the study was interrupted, with a
resulting reduction in recruitment and a shorter post-
intervention phase, the effect of which was greater in
Brazil and Malawi compared with the centres in India.
Of the 2154 total patients, 1448 patients (67%) were
enrolled in the two centres in India (751 [35%] in
Bangalore and 697 [32%)] in Vellore), 397 patients (18%)
were enrolled in Brazil, and 309 (14%) were enrolled in
Malawi (table 1). The median age across centres was
23 years (IQR 6-44), with 1276 (59%) being adults aged
16 years or older and 888 (41%) children aged between
29 days and 15 years, which was similar across centres
(54-67%). The majority of patients were male (1264 [59%)]
vs 890 [41%] female), resided in an urban area
(1183 patients [55%]), and were transferred to a study
hospital from another hospital (1220 patients [57%)]),
although only 526 (24%) of 2150 had documentation of
receiving antimicrobial therapy before presenting at

the study hospital. 202 patients (10%) of the
2094 with available data had HIV infection at
presentation.

From the 2137 patients with complete data on clinical
features, the most common clinical presentations across
centres were possible meningoencephalitis (755 [35%)])
and possible encephalitis (748 [35%]; defined in
appendix 1 p 11). The majority of patients (1377 [64%)]
of 2152) presented within 7 days of illness onset;
1787 patients (83%) of 2154 had fever and 1613 (75%) had
an altered mental state. Other common clinical features
included 1106 patients (51%) with headache, 996 (46%)
with seizures, and 873 (41%) with focal neurological signs;
936 (44%) of 2137 patients with available data presented
with features of meningeal irritation. These findings were
broadly similar for patients before and after the
intervention, but differed between study centres (table 1):
Malawi had more patients presenting within 7 days and
with encephalopathy than other centres, and had higher
HIV prevalence; Malawi and Bangalore had fewer patients
residing in urban areas; transfer from another hospital
was more common in Brazil and Bangalore; and previous
treatment was most common in Bangalore.

Overall, a brain infection syndromic diagnosis was
achieved in 1428 (66%) of 2154 patients, among whom
meningoencephalitis was the most common confirmed
syndrome (629 [44%)] of 1428), followed by encephalitis
(561 [39%]) and meningitis (159 [11%]); a non-brain
infection syndrome was diagnosed in 293 (14%) of
2154 patients (appendix 2 p 22).

The total percentage of patients receiving a syndromic
diagnosis increased significantly from 1020 (77%) of

5957 patients screened 4505 patients screened
for eligibility for eligibility
pre-intervention post-intervention
4581 excluded 3648 excluded
2629 did not meet 2928 did not meet
inclusion criteria inclusion criteria
1128 met two inclusion 556 met two inclusion
criteria but had an criteria but had an
> alternative diagnosis P alternative diagnosis
432 met an exclusion 83 met an exclusion
criterion criterion
356 declined or unable to 76 declined or unable to
obtain consent obtain consent
36 other reasons 5 other reasons
A v
| 1376 enrolled 857 enrolled
46 excluded 33 excluded
18 enrolled in error 4 enrolled in error
2 enrolled in another 1 request for withdrawal
study mandating from treating clinician
> withdrawal P 26 data inadequate for
22 data inadequate for assessment of a primary
assessment of a primary outcome
outcome 2 other reasons
4 other reasons
A 4 A4
| 1330 analysed* 824 analysed*

Figure 1: Study profile

*A further ten patients who were enrolled pre-intervention and 11 patients who were enrolled post-intervention
had inadequate data for assessment of syndromic diagnosis, resulting in 1320 pre-intervention patients and

813 post-intervention patients being included in the analysis for that outcome.

1320 before the intervention to 701 (86%) of 813 after the
intervention (aOR 1-81 [95% CI 1-40-2-34]; p<0-0001;
table 2). When hospital was included as an additional
variable in the analysis, the effect remained similar
(1-65 [1-24-2-18]; p=0-00049; appenix 2 p 23). Most of
the increased diagnoses were of brain infection
syndromes, from 62% pre-intervention to 73% post-
intervention (825 of 1330 to 603 of 824; appendix 2 p 22).
The interrupted time series analysis showed an increase
in the slope of the percentages diagnosed per month, on
top of a modest underlying trend of improvement over
time (p=0-027; figure 2, table 2).

The most common confirmed or probable
microbiological diagnoses were Orientia tsutsugamushi
(scrub typhus) in the Indian centres, Streptococcus
pneumoniae in Brazil, and Cryptococcus neoformans in
Malawi. Overall, bacteria were more commonly identified
than other pathogens, with Mycobacterium tuberculosis
and S pneumoniae diagnoses being made in all centres
(appendix 2 pp 10, 16). Some viruses were only diagnosed
post-intervention:  adenovirus, chikungunya, cyto-
megalovirus, Epstein—Barr  virus, enterovirus,
polyomavirus 2 (also known as John Cunningham [JC]
virus) and West Nile virus. M tuberculosis and
C neoformans were more common in patients with HIV,
whereas O tsutsugamushi and S pneumoniae were more
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aOR=adjusted odds ratio. OR=0dds ratio. *Statistically significant change.

Pre- Post- Univariate analysis pre- Multivariable analysis pre-  Step change Slope change
intervention, intervention, intervention versus post- intervention versus post-
n/N (%) n/N (%) intervention intervention
OR (95% Cl) p value aOR (95%Cl)  pvalue aOR (95%Cl)  pvalue aOR (95%Cl)  aOR(95%Cl) pvalue
of pre- of post-
intervention intervention
slope slope
Syndromic diagnosis achieved
Bangalore, 325/379 (86%) 309/367 (84%) 0-89 0-55 130 0-34 0-38 0-21 110 1.22 013
India (0-59-132) (076-2-23) (0-08-173) (0-93-130)  (0-99-1.51)
Vellore, India ~ 390/450 (87%)  229/246 (93%)  2:07 0-011* 234 0-0048* 351 0-026* 099 0-90 0-68
(1-21-374) (130-4-21) (1-17-10-57) (0-91-1.07)  (0-70-1-16)
Brazil 220/285 (77%) 98/103(95%) 579 0.00025* 2.03 019 076 0.76 1.07 1.25 036
(2-48-16-93) (0:70-5-88) (0-13-4-33) (0-96-119)  (0-75-2-10)
Malawi 85/206 (41%) 65/97 (67%) 2-89 <0-0001* 141 0-35 2-09 0-26 102 0-82 0-48
(1.76-4-84) (0-69-2-89) (0-58-7-57) (0-93-112)  (0-59-115)
Overall 1020/1320 (77%) 701/813 (86%) 1-84 <0-0001* 1.81 <0-0001* 0-99 0-98 102 115 0-027*
(1-46-2-34) (1-40-2-34) (0-59-1-67) (0-98-1.07)  (1-02-1-29)
Microbiological diagnosis achieved
Bangalore, 79/380 (21%) 119/371 (32%) 1-80 0-00049* 1.60 0-018* 0-67 0-52 1.06 117 0-12
India (1:30-2:51) (1-08-2:35) (0-20-2-23) (0-93-120)  (1-01-1-36)
Vellore, India ~ 143/451 (32%) 86/246 35%) 116 038 114 0-45 0-82 0-57 1.05 1.01 024
(0-83-1-61) (0-81-1-62) (0-41-1-62) (0-99-111)  (0-87-1-16)
Brazil 28/290 (10%) 11/107 (10%) 1.07 0-85 0-50 0-12 1.89 0-48 0-99 0-68 0-14
(0-49-218) (0-21-1-19) (0-32-11-11) (0-87-1-12)  (0-47-1-00)
Malawi 44/209 (21%) 34/100 (34%) 1.93 0-015* 1.20 0-55 0-95 0-93 1.05 0-94 0-52
(113-3-28) (0-65-2-22) (0-27-3:28) (0-96-115)  (0-69-1-28)
Overall 294/1330 (22%)  250/824 (30%)  1.53 <0-0001* 146 0-00040* 0-88 0-58 1-05 1.06 0-026*
(1-26-1-87) (1-18-1.79) (0-57-1:37) (1-01-1.09)  (0-97-1-15)

Table 2: Primary outcome results by country and location pre-intervention and post-intervention

common in patients without HIV. Pathogens tested for
in the first step of the testing panel accounted for 78% of
confirmed and probable diagnoses.

For the four centres together, a significant increase in
microbiological diagnosis was observed, from 294 (22%)
of 1330 patients pre-intervention to 250 (30%) of 824 post-
intervention (aOR 1-46 [95% CI 1-18-1-79]; p=0-00040;
table 2). The slope of improvement increased significantly
post-intervention (p=0-026; figure 2). When adjusting
for hospital site, the before-versus-after increase
(1-33[1-07-1-65]; p=0-0089) and slope change (p=0-048)
remained similar. The before-versus-after increase also
remained significant when including possible causative
pathogens in addition to probable and confirmed
pathogens (517 [39%] of 1330 to 417 [51%] of 824, aOR
1-46 [95% CI 1-21-1-77]; p<0-0001). For patients with
HIV, 44 (39%) of 113 were diagnosed with a probable or
confirmed pathogen, which increased to 43 (48%) of 89
post-intervention.

When the primary outcomes were analysed for adults
and children as distinct subgroups, similar before-
versus-after analysis results were observed, for both
syndromic diagnosis (adults aOR 1-63, [95% CI
1.16-2-31], p=0-0055 and children 200 [1-35-2.97],
p=0-00055) and for microbiological diagnosis (adults
aOR1-36[1-03-1-78], p=0-028; children 1-58 [1-14-2- 20],

p=0-0063; appendix 2 p 23). When HIV infection was
added to the models as a covariate in a post hoc sensitivity
analysis, the results also remained similar (aOR 1-73
[95% CI 1-33-2-25] for syndromic diagnosis and
1-42[1-15-1-76] for microbiological diagnosis; appendix 2
p 23).

Results for secondary outcomes are summarised in
table 3 for the overall data, and for each centre
individually in appendix 2 (pp 17-19). Multiple secondary
outcomes improved post-intervention when combining
all four centres, in line with the observed increases in
diagnoses. The percentage of patients having a lumbar
puncture increased from 1055 (79%) of 1330 patients
pre-intervention to 733 (89%) of 824 patients post-
intervention (aOR 2-13 [95% CI 1-63-2-77]; p<0-0001),
with interrupted time series analysis confirming a
significant step change (p=0-00016). Time to lumbar
puncture shortened post-intervention from a median
13 h (IQR 3-41) to 9 h (3-28; aHR 1-34, 1.22-1-49;
p<0-0001; appendix 2 p 12). Time to appropriate
empirical therapy was significantly shorter post-
intervention: 977 (73%) of 1330 versus 673 (82%) of
824 patients received this on the day of, or the day after,
presentation (aHR 1-15 [95% CI 1-04-1-29]; p=0-0093,
appendix 2 p 13). Liverpool Outcome Score at discharge
just met statistical significance for higher values
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A Syndromic diagnosis—overall
100
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B Microbiological diagnosis—overall
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Figure 2: Achievement of the co-primary outcomes of syndromic diagnosis
and microbiological diagnosis

(A) Percentage of patients achieving a syndromic diagnosis, per month, pooled
across all centres. (B) Percentage of patients achieving a microbiological
diagnosis, per month, pooled across all centres. Dots represent percentages of
patients achieving a diagnosis in each month of recruitment. The blue line
represents the observed trend across these points. The shaded blue around this
line represents the 95% Cl around these percentages. The dashed red line
represents the counterfactual situation: a predicted trend assuming no
intervention was delivered, based on pre-intervention data. The shaded red
around this line represents the 95% Cl around these percentages. The vertical
dashed black line represents the timepoint at which the intervention was
implemented.

post-intervention compared with pre-intervention
(aOR 1-22[95% CI 1-00-1-49]; p=0-049). This improved
score  was confirmed at 30-day follow-up
(1-36 [1-08-1-71]; p=0-0088; table 3). While the median
score did not change pre-intervention versus post-
intervention, at discharge there was a modest increase
in patients achieving a good outcome (mild or no
disability) from 352 (36%) of 970 to 198 (39%) of 511,

and at follow-up the percentage of patients with a good
outcome was larger: 464 (59%) of 786 versus 270 (67%)
of 402. There was no significant difference in other
secondary outcomes in the overall dataset, including
mortality (table 3).

Centre-level analyses demonstrated improvements for a
range of different outcomes. For the coprimary
outcomes—syndromic diagnosis and microbiological
diagnosis—increases in the percentage of patients
achieving these two measures were observed in three of
the four centres (syndromic diagnoses improved in
Vellore, Brazil, and Malawi and microbiological diagnoses
improved in Bangalore, Vellore, and Malawi). In each
centre, either syndromic diagnosis or microbiological
diagnosis increased post-intervention, although the size of
the effect varied between centres (table 2). For the centres
with higher recruitment, this was associated with a
significant increase on multivariable analysis, for example
syndromic diagnosis in Vellore (2-34 [1-30-4-21];
p=0-0048) and microbiological diagnosis in the Bangalore
centre (1-60 [1-08-2-35]; p=0-018; table 2; appendix 2
pp 9, 11). Interrupted time series analysis also detected a
significant step increase for syndromic diagnoses in
Vellore.

Of the secondary outcomes, increases in the number of
lumbar punctures being performed was observed across
all centres; reduction in time to lumbar puncture was
observed in three of the four centres (appendix 2 p 12).
The percentage of patients receiving appropriate
empirical therapy on the day of, or the day after,
presentation increased in all centres, although the
medians remained the same; in Vellore this increase was
confirmed in the multivariable analysis (appendix 2 p 13,
18). Time to discharge from hospital was significantly
shorter post-intervention in Brazil, but not in other
centres (appendix 2 pp 17-19). EQ-5D scores increased in
Brazil at discharge and follow-up, but not in other
centres. Analyses for Liverpool Outcome Score suggested
an improvement post-intervention in Bangalore and
Brazil (appendix 2 p 19).

Process measures showed an increase in pathogen
tests pre-intervention versus post-intervention overall
and in each centre (all but one were significant
statistically; appendix 2 p 20): 433 (33%) of 1330 patients
versus 616 (75%) of 824 patients received any PCR test,
714 (54%) versus 677 (82%) received any serological test,
and 97 (7%) versus 499 (61%) received tests for priority
pathogens. Examples of pathogens diagnosed more
frequently post-intervention include O tsutsugamushi
from 14 (4%) of 380 to 41 (11%) of 371 and dengue from
two (1%) of 380 to ten (3%) of 371 in Bangalore; and
S pneumoniae with 12 (3%) of 451 pre-intervention versus
17 (79%) of 246 post-intervention in Vellore.

The average cost of the intervention per patient was
US$112 in Bangalore, $257 in Malawi, $291 in Vellore,
and $302 in Brazil (appendix 2 p 20). The number needed
to treat (ie, number of patients needing to receive the
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intervention in order to achieve one additional diagnosis)
was 11 patients (95% CI 8-18) for syndromic diagnosis
and 12 patients (8-22) for microbiological diagnosis.

Discussion

Our multifaceted intervention increased the percentage
of patients with suspected acute brain infections
achieving a syndromic diagnosis from 77% to 86% and a
microbiological diagnosis from 22% to 30% across a
variety of hospitals in Brazil, India, and Malawi. This
improvement was maintained when adjusting for
underlying trends and multiple potential confounders
and in our post hoc sensitivity analyses. While the
absolute increase in diagnosis was modest, especially for
syndromic diagnoses, this is true of most real-life studies
evaluating interventions delivered at a system level.*
There were also improvements in time to lumbar
puncture and time to appropriate empirical anti-infective
therapy. Functional outcome as measured using a
dichotomised Liverpool Outcome Score improved, but
the median remained unchanged, suggesting that any
improvement might have been small.

In addition to improving across the four centres
analysed as a whole, syndromic or microbiological
diagnosis also increased in each centre when analysed
individually. Adjusted analyses showed significant
increases in Bangalore for microbiological diagnosis and
Vellore for syndromic diagnosis; other increases were not
significant after adjustment for covariates in Brazil and
Malawi.  Other  outcomes showed  significant
improvements, and the direction of effect (ORs >1) was
similar across centres in most outcomes, although the
size of the effect varied between centres. This suggests
that the intervention was effective, and is probably
generalisable across LMIC settings, but sample size
limitations prevented this from being confirmed in
analyses adjusting for multiple variables, especially in the
centres in Brazil and Malawi which had lower recruitment.

A key attribute of the intervention, which probably
contributed to its effectiveness in different settings, was
that it was designed and implemented by local clinicians
and administrative leads themselves, based on published
literature and local knowledge. Core components were
simple, and included a clinical algorithm, a lumbar
puncture pack, and structured pathogen testing,
accompanied by short (from 1h to 1-5 days) training and
orientation to the intervention. This intervention package
is now being deployed more widely with tailoring to each
new hospital.

The increased number of diagnoses were likely the
result of improvements in key investigations such as the
number and speed of lumbar punctures, and increased
pathogen testing.” Several pathogens were detected more
frequently post-intervention. O tsutsugamushi, the cause
of scrub typhus, is recognised increasingly across
southeast Asia and is treatable. Few patients with CNS
scrub typhus have the classically described eschar, and so

rather than testing only when there is clinical suspicion,
we propose scrub typhus be included as a first-line test in
algorithms for diagnosing brain infections in endemic
countries.®”  Diagnosis of S pneumoniae and
M tuberculosis might have increased due to quicker
performance of lumbar punctures and more appropriate

Pre-intervention

Post-intervention

(n=1330) (n=824)

Lumbar puncture performed
Patients, n (%) 1055 (79%) 733 (89%)
Univariate OR (95% Cl) versus pre- NA 2-10 (1-63t0 2-72)
intervention
Univariate p value NA <0-0001
aOR (95% Cl) versus pre-intervention NA 213 (1-63t0 2-77)
Adjusted p value NA <0-0001
Step change versus pre-intervention*® NA 0-00016
Slope change versus pre-intervention* NA 0-081

Time to lumbar puncture, h
Median (IQR) 13 (3to41) 9 (3t028)
Univariate HR (95% Cl) versus pre- NA 138 (1-25t0 1-52)
intervention
Univariate p value NA <0-0001
aHR (95% Cl) versus pre-intervention NA 134 (1-22t0 1-49)
Adjusted p value NA <0-0001

Basic CSF tests performed—allt
Participants with all CSF tests performed, 448/1049 (43%) 324/730 (44%)
n/N (%)
Univariate OR (95% Cl) versus pre- NA 1-09 (0-90to 1-32)
intervention
Univariate p value NA 039
aOR (95% Cl) versus pre-intervention NA 0-93 (0-70t0 1-22)
Adjusted p value NA 0-59

Basic CSF tests performed—excluding paired blood glucoset
Participants with all CSF tests performed, 581/1049 (55%) 471/730 (65%)
n/N (%)
Univariate OR (95% Cl) versus pre- NA 1-47 (1-21t0 1-79)
intervention
Univariate p value NA 0-00010
aO0R (95% Cl) versus pre-intervention NA 1.02 (0:79t0 1-32)
Adjusted p value NA 0-88

Time to appropriate empirical therapy, days
Median (IQR) 0(0to1) 0(0to1)
Received on day of, or day after, presentation 977 (73%) 673 (82%)
Univariate HR (95% Cl) versus pre- NA 116 (1-04t0 1-29)
intervention
Univariate p value NA 0-0056
aHR (95% Cl) versus pre-intervention NA 1-15 (1-04 to 1-29)
Adjusted p value NA 0-0093

Time to appropriate definitive therapy, days
Median (IQR) 0(0to1) 0(0to1)
Univariate HR (95% Cl) versus pre- NA 0-88 (0-72t0 1.06)
intervention
Univariate p value NA 018
aHR (95% Cl) versus pre-intervention NA 0-97 (0-79t0 1.20)
Adjusted p value NA 0-79

(Table 3 continues on next page)
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Pre-intervention Post-intervention
(n=1330) (n=824)
(Continued from previous page)
Time to discharge from hospital, days
Median (IQR) 7 (4t013) 7(4t012)
Univariate HR (95% Cl) versus pre- NA 1-11 (1-00 to 1-23)
intervention
Univariate p value NA 0-041
aHR (95% Cl) versus pre-intervention NA 1.04 (0-94 to 1-14)
Adjusted p value NA 0-48
EQ-5D score at discharge 794 (60%) 396 (48%)
Mean (SD) 0-58 (0-47) 0-56 (0-47)
Mean difference (95% Cl) versus NA -0-02 (-0-08 to 0-03)
pre-intervention
pvalue NA 0-40
EQ-5D score at follow-up 668 (50%) 332 (40%)
Mean (SD) 0-76 (0-34) 079 (0:39)
Mean difference (95% Cl) versus pre- NA 0-02 (-0-02 to 0-07)
intervention
p value NA 032
Liverpool Outcome Score at discharge 970 (73%) 511 (62%)
Median (IQR) 3(2to5) 3(2to5)
Good outcome¥ 352/970 (36%) 198/511 (39%)
aOR (95% Cl) versus pre-intervention NA 1-22 (1-00 to 1-49)
Adjusted p value NA 0-049
Liverpool Outcome Score at follow-up 786 (59%) 402 (49%)
Median (IQR) 4(3to5) 4(3to5)
Good outcome, n/N (%)# 464/786 (59%) 270/402 (67%)
aOR (95% Cl) versus pre-intervention NA 136 (1-08 to 1.71)
Adjusted p value NA 0-0088
Mortality
Partients, n (%) 96 (7%) 58 (7%)
Univariate OR (95% Cl) versus pre- NA 0-98 (0-69 to 1-36)
intervention
Univariate p value NA 0-88
aOR (95% Cl) versus pre-intervention NA 0-99 (0-69 to0 1-41)
Adjusted p value NA 0-95
aHR=adjusted hazard ratio. aOR=adjusted odds ratio. CSF=cerebrospinal fluid. HR=hazard ratio. NA=not applicable.
OR=0dds ratio. *From interrupted time series analysis, performed only for outcomes measured as proportions, for
which a pre-intervention versus post-intervention comparison yielded a significant improvement. tOnly includes
patients who had a lumbar puncture; of these, data on appropriate tests were not available for six (1%) of
1055 patients pre-intervention and three (<1%) of 733 participants post-intervention. A Liverpool Outcome Score
of 4 or 5 was considered a good outcome.
Table 3: Secondary outcome results on the overall dataset

10

volumes and transport of CSF, all of which are known to
increase yield.®* Additionally the introduction or
systematic use of PCR tests (introducing testing for these
pathogens for the first time to some hospitals, where
culture is not available) probably contributed to the
improvements in number of diagnoses.

Some viruses, only diagnosed after the introduction
of the intervention, are of particular public health
importance: enteroviruses are long-standing causes of
devastating epidemics, while chikungunya has recently
emerged globally as a CNS pathogen.**

The increase in Liverpool Outcome Score observed
post-intervention was consistent with improved
diagnoses leading to better management, including
appropriate antimicrobial therapy. Even though the
neurological functional outcome score improved, the
overall effect appeared to be modest and the study was
not powered to investigate this nor the other downstream
outcomes of mortality and quality of life, which did not
change post-intervention.

One strength of our approach is that it led to an
improvement in diagnosis and early management of
adults and children (aged >28 days) with a range of brain
infection presentations across various hospital types in
countries representing each of the World Bank’s LMIC
groups. Previous studies of multifaceted interventions
for brain infections have focused on specific age groups
or syndromes, and have mostly been conducted in single
high-income countries with modest sample sizes. In
the UK, one single-centre study from our group showed
an improvement in CSF testing in patients with
suspected brain infections using a lumbar puncture
packy in another UK-based multicentre cluster-
randomised trial we could not demonstrate any benefit
from a training-focused package for improving
encephalitis management.” Two studies implementing a
care bundle for bacterial meningitis in adults reported
improvements in emergency management, with
one study from Italy describing a possible mortality
benefit, although without adjusting for recruitment over
several years;” and the other reported improved delivery
of protocols in Malawi, but did not demonstrate an effect
on diagnosis or clinical outcomes.* A multifaceted
intervention for improving diagnosis demonstrated
reduced mortality in adults living with HIV in Tanzania
and Cameroon, but not in Malawi.”

By involving hospital management staff, patient and
public representatives, and local and national policy
makers from the start, our intervention was designed
with feasibility and sustainability in mind. Many previous
studies of CNS infections in LMICs have increased the
diagnostic yield for study patients through extensive
microbiological investigations,®* or next-generation
sequencing,” but the investigations are not then available
subsequently for routine patient care.® Although giving
important information about the range of brain infection
aetiologies, these interventions do little to help the
management of future patients. In contrast, we only
included interventions that policy makers agreed would
be affordable beyond the end of the study, and we
embedded them into routine care to help ensure their
sustainability. While the absolute increases in diagnosis
were modest, the relative increase in microbiological
diagnosis of over one-third means that scale-up of the
intervention is likely to have a large effect at a population
level.

Although focused on brain infections, many elements
of our intervention, for example on sample transport and
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processing and laboratory capacity, will improve the
diagnosis of infections more broadly. Unusual clusters of
patients with brain infections can sometimes herald the
onset of emerging infections,”* that often occur in
LMICs with poor diagnostic capabilities. Our approach to
improving brain infection diagnostic capabilities should
be broadened to include other infection syndromes, thus
strengthening near-patient capacity for identifying
emerging infections in LMICs, as advised by WHO.”
Improving diagnosis of infections also enables focusing
of therapy, enhancing antimicrobial stewardship efforts
to address the global threat of antimicrobial resistance.

The study has some limitations. Its duration and
recruitment were affected by the COVID-19 pandemic,
resulting in an inability to achieve the planned sample
size in individual centres and overall. Despite this, the
study results proved to be significant statistically not only
with a before-versus-after comparison, but also using a
more stringent interrupted time series analysis. We were
able to assess up to 7 months after the intervention;
longerterm  sustainability =~ will need  further
reinforcement and refresher training, as with many
clinical care initiatives.

Our study has shown that improvements in brain
infection diagnosis and management in LMICs are
possible with simple optimisation of routine hospital
care. We delivered significant changes across the
four centres, even though the settings were quite
different; this underscores the generalisability of our
approach. There are now plans to roll out the intervention
to new centres and countries, supported by WHO’s
Defeating Meningitis by 2030 global roadmap, and its
initiative to reduce the burden of encephalitis.** The
Brain Infections Global Diagnostic Toolkit including
clinical algorithms, guidance on creating a lumbar
puncture pack and a pathogen testing panel, patient and
sample flow charts, and the laboratory capacity
assessment tool is now freely available on the Brain
Infections Global website, adaptable for local settings.
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