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Abstract
Background
Mortality from acute bacterial meningitis (ABM) in sub-Saharan African adults and adolescents exceeds 50%. We tested if Goal Directed Therapy (GDT) was feasible for adults and
adolescents with clinically suspected ABM in Malawi.
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Materials and methods
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Sequential patient cohorts of adults and adolescents with clinically suspected ABM were
recruited in the emergency department of a teaching hospital in Malawi using a before/after
design. Routine care was monitored in year one (P1). In year two (P2), nurses delivered protocolised GDT (rapid antibiotics, airway support, oxygenation, seizure control and fluid
resuscitation) to a second cohort. The primary endpoint was composite mean number of
clinical goals attained. Secondary endpoints were individual goals attained and death or disability from proven or probable ABM at day 40.
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Results
563 patients with suspected ABM were enrolled in the study; 273 were monitored in P1; 290
patients with suspected ABM received GDT in P2. 61% were male, median age 33 years
and 90% were HIV co-infected. ABM was proven or probable in 132 (23%) patients. GDT
attained more clinical goals compared to routine care: composite mean number of goals in
P1 was 055 vs. 157 in P2 GDT (p<0001); Death or disability by day 40 from proven or
probable ABM occurred in 29/57 (51%) in P1 and 38/60 (63%) in P2 (p = 019).
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Conclusion
Nurse-led GDT in a resource-constrained setting was associated with improved delivery of
protocolised care. Outcome was unaffected.
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www.isrctn.com ISRCTN96218197

Introduction
Worldwide, acute bacterial meningitis (ABM) in adults and adolescents is associated with substantial mortality and morbidity [1–4]. Prompt treatment of suspected ABM with parenteral
antibiotics is routinely recommended and is associated with improvements in outcome in
Europe and the United States [5–10]. The highest incidence of ABM with the poorest outcomes occurs in sub-Saharan Africa (SSA), [11, 12] 50–70% of adults with ABM die compared
to 20–30% in better resourced settings [2, 13, 14]. Interventions including dexamethasone and
glycerol have shown benefit in richer countries, but have failed to improve outcomes from
ABM in Africa [14–17].
Improvements in outcome from sepsis using protocolised, goal directed therapy (GDT)
have been reported [18, 19], leading to internationally accepted sepsis guidelines [20, 21].
GDT as an approach for management of suspected ABM has not been tested, little data exists
from studies of GDT for life-threatening infection in resource-limited environments [22, 23].
We postulated that GDT might be beneficial for adult patients with ABM, by effectively targeting resources in this constrained setting to reduce in-hospital delay and optimise clinical
management. We conducted a study of a resource-appropriate, clinical care bundle for the
management of suspected ABM in adults and adolescents at a large teaching hospital in Blantyre, Malawi. The primary endpoint was the composite mean number of clinical goals
achieved. Secondary endpoints were proportions of individual goals achieved; and death or
disability from proven or probable ABM at day 40.

Methods
Patients
Adults and adolescents over the age of 14 years were screened at triage in the adult emergency
and trauma centre (AETC) at Queen Elizabeth Central Hospital, Blantyre, Malawi and referred
directly to the study team if the inclusion criteria for suspected ABM were met: temperature
>38˚C or <35.5˚C, with one or more clinical features of meningitis: severe headache, neck
stiffness, photophobia, confusion, coma or seizures [24]. Exclusion criteria were age <14
years, known terminal illness, alternative source of infection, primary sepsis without meningism or severe head injury.
All patients were assessed by an AETC physician, underwent lumbar puncture if no contraindications existed [25] and received antibiotics (IV ceftriaxone 2g BD). ABM was defined as
proven (positive CSF Gram’s stain, culture or retrospective PCR for causative organisms, irrespective of other CSF findings), or probable (negative microbiology with acute history and
CSF pleocytosis of >50 cells/mm3 or clumped cells with >50% neutrophils or >50% lymphocytes with prior antibiotics and biochemical evidence of meningitis, CSF: Blood glucose ratio
of <0.4, raised CSF protein >0.5g/L) [25].
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ABM was excluded at 72 hours if CSF was culture negative without evidence of inflammation, CSF testing for cryptococcal (culture and or CrAg) was positive, or a clinical diagnosis of
TB meningitis was assigned. Neither Gene-Expert Rif-TB or culture for TB were available.
Shock was defined as per the 2008 surviving sepsis guidelines (tachycardia >100 bpm, mean
arterial blood pressure <70mmHg, systolic blood pressure <90mmHg, blood lactate >4
mmol/L, capillary refill time of >2 seconds, skin mottling) [26].
All patients gave verbal assent for initial inclusion [27]; patients with proven or probable
ABM gave written informed consent. If patients were not able to provide either assent or consent, a nominated patient guardian gave consent.

Study design
We recruited two sequential cohorts of adults and adolescents with suspected ABM on admission to hospital over two years in a before/after design. Start and finish times were planned to
ensure seasonal meningitis peaks were captured in each cohort. During the first phase (P1, January 2012-October 2012), the study team observed routine clinical care delivered in the first
six hours and identified potential therapeutic goals, no additional intervention was made. In
the second phase (P2, December 2012-October 2013), study nurses identified potential therapeutic goals and delivered a targeted care bundle over six hours. Delivery of the interventions
in line with the goals identified (by routine care in P1 and then protocolised care in P2) was
monitored over six-hours; all patients were transferred to ward-based care. The minimum
clinical goal expected for all patients was delivery of parenteral antibiotics within one hour of
admission. Data collection and non-care bundle procedures were identical in both phases.
Randomisation and blinding were not done [28, 29]. Formal sample size calculations were not
done for this non-randomised feasibility study, clinical efficacy was a secondary endpoint, no
data exist on which to base effect size estimates of GDT for ABM. Based on previous incidence
data, the study aimed to recruit 100 patients with proven/probable ABM to each cohort.

Follow up
All enrolled patients were followed up for 48 hours. Patients with proven or probable ABM
were followed up daily to in-hospital death or discharge, then contacted weekly by telephone
until clinical review at day 40. Patients with an alternative diagnosis to bacterial meningitis
were excluded at 72 hours and not followed up. Travel expenses were reimbursed for follow up
to a value of MK 500 (2012 exchange rate: USD 2).

Intervention
The clinical care bundle intervention was based on the UK Resuscitation Council’s guidelines
for emergency interventions 2010, UK bacterial meningitis guidelines 2005, the Surviving Sepsis guidelines 2008, and 2006 sub-arachnoid haemorrhage guidance [7, 26, 30, 31]. All components were adapted for resource-limited environments. Where possible, the clinical care
bundle was designed to correct physiological abnormalities associated with poor outcome
from either ABM or sepsis [1, 2, 32–34]. The care bundle was delivered over a six hour time
period, and comprised the following clinical goals: clinical review and delivery of parenteral
ceftriaxone within one hour of registration, airway support with nasopharyngeal airway if GCS
<8, head tilt to 30 degrees if GCS <11, oxygen via nasal cannulae if saturations <94%, fluid
resuscitation as per 2008 surviving sepsis guidelines with Ringer’s lactate if clinical features of
shock present, transfusion with packed red cells if haemoglobin <60mg/dL, control of acute
seizure activity with parenteral diazepam or phenobarbitone, and correction of hypoglycaemia
with oral or parenteral dextrose if blood glucose <4.0mmol/L.
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Study objectives, endpoints and adverse events
The primary objective of the study was to assess the feasibility of GDT for suspected ABM in a
single hospital in SSA. The secondary objective was to determine if any effect on clinical outcome was observed in a sub-set of patients with proven or probable ABM. To assess the primary objective, the number of goals identified and achieved were recorded for each patient
with suspected ABM. The primary endpoint was the composite mean number of goals
achieved at six hours in patients with suspected ABM. This was determined as follows: in each
cohort patients were grouped by numbers of potential goals identified; proportions of goals
achieved to those identified were calculated. Weighted means of the total number of goals
identified and achieved were formulated; composite mean numbers of goals achieved at six
hours were derived.
Secondary endpoints were: proportions of individual goals achieved in patients with suspected ABM and death or disability (defined by 2 points on the modified Rankin score, mRS
[35]) at day 40 in patients with proven or probable ABM. A priori planned sub-group analyses
in patients with proven or probable ABM were also undertaken.
Monthly aggregated data, including unexpected adverse events, were sent to the chief
investigators, two independent study physician-observers and the study statistician for
safety monitoring. If any of these bodies determined concerns regarding increasing harm to
study participants compared to historical data, a meeting to determine if the study should
be stopped or paused was to be called.

HIV testing
All patients were offered testing for HIV following national guidelines, surviving patients were
counselled and tested before discharge. When HIV testing kits were not available, discharged
patients were strongly advised to seek community testing, pseudo-anonymous testing using
study numbers was done on retained samples at the end of the study. Patients newly diagnosed
with HIV infection were started on co-trimoxazole prophylaxis and referred according to the
national guidelines.

Laboratory methods
CSF analyses were done at the externally quality assured MLW Laboratory [36]. CSF was cultured on blood and chocolate agar for 48 hours at 37˚C; subculture, identification and antibiotic sensitivities were done according to BSAC guidelines [37]. Aerobic blood culture samples
were cultured in the BacTec1 system for 5 days. CSF biochemistry was determined using the
Beckman-Coulter1 analyser. Bacterial DNA was extracted as previously described [38] multiplex real-time PCR for Haemophilus influenzae, Streptococcus pneumoniae and Neisseria
meningitidis was done using Fast Track Diagnostics kits (FTD, Netherlands). Point of care testing included blood glucose (Accu-chek, Aviva diagnostics), CSF cryptococcal antigen lateral
flow assay (IMMY, New York, USA), haemoglobin (Hemocue), HIV antibodies (BioRad1
Genie HIV 1&2), (Determine™ HIV 1&2 Abbott) and CSF/blood lactate (Lactate-pro1,
Habidirect).

Statistical analysis and data management
Data were entered in parallel onto paper case record forms and digitally using the REDCap
data system (REDCap, Vanderbilt University, USA). Data were exported from REDCap into
SPSS statistics version 20 (IBM statistics USA). Graphs were generated using GraphPad Prism
version 6.
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Outcomes were analysed on an intention to treat basis. All statistical tests were two tailed,
p <0.05 determined statistical significance. 95% confidence intervals are presented for Odds
and Rate Ratios. Comparisons of proportions of goal identified and achieved were calculated
using Fisher’s exact test and logistic regression. Composite means were calculated using Poission regression.
Kaplan-Meier survival plots were performed to compare survival curves between the observational group and the goal directed therapy group. Statistical comparison was done using the
non-parametric Wilcoxon Log rank test. Logistic regression was used to model associations
between clinical outcomes and risk factors while controlling for confounding.

Ethics
Institutional review board ethical approval was obtained both from the College of Medicine
Research and Ethics Committee of the University of Malawi (P.01/10/980, January 2011), and
the Liverpool School of Tropical Medicine Research Ethics Committee, UK (P10.70, November 2010). A protocol amendment was approved by both committees, dated December 2011,
lowering the age of recruitment from 18 years to 14 years, to facilitate the inclusion of adolescents with meningitis.
The full study protocol is available dx.doi.org/10.17504/protocols.io.j5kcq4w
(S1 File), S2 File TREND checklist for trial reporting.

Results
Patient demographics and clinical features
Between January 2012 and October 2013, 628 patients were screened across both cohorts (Fig
1). Eleven patients did not meet screening inclusion criteria and were not included, a further
54 patients meeting the screening inclusion criteria declined verbal assent for inclusion in the
study. Five hundred and sixty-three patients with suspected ABM were included and followed
for 72 hours across the cohorts (Fig 1); 273 patients in P1 and 290 patients in P2.

Suspected ABM
Median age of patients with suspected ABM was 32 years (range 14–82) in P1 and 35 years
(14–90) in P2, 48% and 40% respectively were female (Table 1). Rates of HIV co-infection
where test results were available were high; 134/146 (91%) in P1 and 146/165 (88%) in P2. In
patients with known HIV co-infection, 102/134 (76%) and 96/146 (66%) respectively were taking antiretroviral therapy (ART).
No marked differences in clinical presentation between the two cohorts were observed in
patients with suspected ABM (Table 1, S1 Table). In P2, patients were more likely to be older,
have higher rates of acute seizures, cranial nerve palsies and photophobia, and have a WHO
stage 3 or 4 defining condition. (S1 Table). The commonest clinical diagnoses in patients with
suspected ABM were proven/probable ABM, bacterial sepsis, cryptococcal meningitis and TB
meningitis (S2 Table).

Proven or probable ABM
135 participants (24%) met CSF inclusion criteria for proven or probable ABM, 71 in P1 and
61 in P2, three patients declined informed consent and were excluded, 132 were followed
up. 113 had a bacterial pathogen proven on laboratory testing (S3 Table), 22 additional participants were defined as probable ABM. The characteristics of proven/probable cases were
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Fig 1. Enrolment of all participants with suspected bacterial meningitis.
https://doi.org/10.1371/journal.pone.0186687.g001

similar (S4 Table), Malawi Adult Meningitis Scores (MAMS) [39] were similar, median
MAMS = 157 (95% CI 132–182) in P1 and 149 (110–190) p = 0.61.

Attainment of clinical targets in patients with suspected ABM
The achievement of goals in the two cohorts of patients with suspected ABM is shown in
Table 2. The composite mean number of goals identified was the same across the cohorts: P1
2.59 (SE 0.148), in P2 2.52 (0.177), RR 1.027 (95% CI 0.85–1.23), p = 0.77. GDT substantially
increased the composite mean number of identified goals achieved in patients with suspected
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Table 1. Baseline characteristics of all screened study participants with suspected bacterial meningitis.
Characteristic
Female (no. %)

Phase 1
N = 273

Phase 2
N = 290

P-value*
0.08

130 (48)

117/290 (40)

32 (14-82)

35 (14–90)

0.02

134/146 (91)

146/165 (88)

0.46

WHO HIV stage 3/4 (no. %)

166/267 (62)

148/288 (51)

0.01

Antiretroviral therapy (no. %)

102/134 (76)

96/146 (66)

0.11

242/273 (88.6)

261/290 (90)

0.68

Age - years (Median, range)
HIV co-infection (no. %)

Headache (no. %)
Admission Seizures (no. %)

72/273 (26)

61/290 (21)

0.13

Neck stiffness (no. %)

161/272 (59)

138/290 (48)

0.007

Photophobia (no. %)

58/273 (21)

91/290 (31)

0.01

Cranial nerve palsy (no. %)

1/259 (0.4)

11/290 (4)

0.007

Moribund on admission (no. %)†

25/269 (9)

15/290 (5)

0.07

Clinical evidence of pneumonia (no. %)

24/271 (9)

40/290 (14)

0.08

Focal neurology (no. %)

20/270 (7)

26/289 (9)

0.54

Pre-illness modified Rankin Score 2 (no. %)

26/271 (9.5)

24/290 (8)

0.65

Acute seizures (no. %)

13/237 (5.5)

46/282 (16)

<0.001

Focal neurology (no. %)

20/270 (7)

26/289 (9)

0.54

*Univariate significance of differences between two phases
†expected to die within 24 hours of admission on hospital due to catastrophic presenting clinical features
https://doi.org/10.1371/journal.pone.0186687.t001

ABM from 0.55 (SE. 0.10) in P1 to 1.57 (0.12) in P2, rate ratio (RR) 2.39 (95% CI 2.3–5.1)
(p<0.001).
The most frequent number of goals identified was two (114 patients in P1 and 126 patients
in P2) and greater than three goals identified was unusual (Table 2). As the number of goals
identified increased, greater proportions of goals were achieved in P2 GDT cohort compared
to P1.
GDT led to significant improvements in time to administration of antibiotics, airway insertion, head tilts and the use of oxygen (Table 3). Time from admission to clinical review was the
same in both cohorts (median 35 minutes range 15–120 minutes), patients in P2 were significantly more likely to receive parenteral antibiotics within one hour (OR 9.6 95% CI 5.5: 16.9
p<0.001). GDT significantly increased the volumes of parenteral fluid administered (median
volume in P1 = 750ml (IQR 500–750), increased to 1500ml (900-2200mls) in P2 (p = <0.001).
Table 2. Achievement of goals in patients with suspected bacterial meningitis.
Phase 1
n = 273

Phase 2
n = 290

Rate ratio
(95% CI)

p-value

Goals identified (Mean, s.e.)

2.59 (0.148)

2.52 (0.177)

1.03 (0.86, 1.23)

0.773

Goals achieved (Mean, s.e)

0.55 (0.102)

1.57 (0.128)

2.4 (2.3, 5.1)

<0.001

Goals identified per patient (no.)

Phase 1 Goals achieved / no. identified (%)

Phase 2 Goals achieved no. (%)

Odds ratio (95% CI)

p-value

1

12/74 (16)

20/65 (30)

2.4 (1.1, 5.6)

0.031

2

18/114 (16)

52/126 (41)

5.8 (2.3,14.7)

<0.001

3

5/49 (10)

36/50 (72)

36.1 (3.6,354)

0.002

4

0/26 (0)

7/30 (23)

NA

-

5

0/7 (0)

4/12 (33)

NA

-

6

0/2 (0)

0/6 (0)

NA

-

7

0/1 (0)

0/1 (0)

NA

-

https://doi.org/10.1371/journal.pone.0186687.t002
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Table 3. Attainment of individual goals in patients with suspected bacterial meningitis.
Goal

Phase 1
Goals achieved no. (%)

Phase 2
Goals achieved no. (%)

p- value

Airway placement if patient unconscious

0/26 (0%)

14/20 (70%)

<0.001

Head tilt if patient semi-conscious or unconscious

0/41 (0%)

52/52 (100%)

<0.001

Delivery of ceftriaxone within 1 hour

16/239 (7%)

119/290 (41%)

<0.001

Oxygen saturation >94% by 6 hours

185/207 (89%)

253/268 (94%)

0.057

Resolution of clinical features of shock* by 6 hours

89/165 (46%)

99/182 (54%)

0.92

Control of acute seizures by six hours

29/31 (93.5%)

51/54 (94%)

1.0

Transfusion of severe anaemia in emergency department

0/8 (0%)

8/19 (42%)

0.04

Blood glucose >4.0 mmol/L by 6 hours

Not done

5/11 (40%)

NA

* Clinical shock defined as: heart rate of >100 beats per minute, systolic hypotension of <90mmHg or mean arterial blood pressure of <70mmHg, capillary
refill time of >3 seconds, blood lactate of >4mmol/L or tachypnoea >25 breaths/minute
https://doi.org/10.1371/journal.pone.0186687.t003

Attainment of clinical goals in proven or probable bacterial meningitis
As in the entire study cohort, composite target analysis showed that GDT substantially
achieved higher proportions of clinical goals identified in patients in this group compared to
routine care (S5 and S6 Tables).

Clinical outcome of patients with suspected, proven or probable ABM
Case fatality rates (CFR) at 48 hours in all patients with suspected ABM was 31/273 (11%) in
P1 and 43/290 (15%) in P2 (p = 0.31). CFR at 48 hours in proven/ probable ABM were substantially higher, 20/71 (28%) in P1 and 22/61 (36%) P2 (p = 0.33). Fourteen patients in P1 and
one patient in P2 were lost to follow up between discharge and day 40. At day 40, CFR in
proven or probable ABM with known outcome was 28/57 (49%) in P1 and 38/60 (63%) in P2
(p = 0.13). Right-censored survival analysis did not reveal a difference between the two phases
(Fig 2).
Using a composite end-point of death or disability (mRS 2), GDT was associated with significantly higher rates of poor outcome at Day 10 (33/71 (46%) in P1 vs. 44/61 (72%) in P2;
p = 0.004) (S7 Table), no differences were observed at day 40 (29/57 (51%) in P1 vs. 38/60
(63%) in P2; p = 0.19) (S7 Table).

Discussion
We show that GDT for suspected ABM in an emergency department in sub-Saharan Africa is
feasible and is associated with improved delivery of protocolised care. In line with recent studies of sepsis care bundles from Uganda, Zambia and Tanzania; adherence to the care bundle
was good and patients received more interventions, particularly antibiotics and parenteral fluids [22, 23] [40]. Although a secondary outcome in a non-randomised study, the equipoise
between routine clinical care and GDT in our study was not anticipated.
Patient characteristics in both phases of the study were similar, MAMS scores were not different between the groups in proven/probable meningitis [2, 36]. Early antibiotic therapy, airway support, seizure control and basic resuscitation for clinical shock are considered best
practice in bacterial meningitis [21, 25], evidence exists from observational studies associating
early antibiotic therapy with improved outcome [41]. Indeed, using data from earlier studies
of ABM in Malawi, we have shown associations between clinical delay, abnormal physiology
and a poor outcome, which are potentially amenable to GDT [2].
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Fig 2. Survival curve of patients with proven or probable bacterial meningitis.
https://doi.org/10.1371/journal.pone.0186687.g002

Care bundles are widely used for the management of sepsis in resource-rich settings, where
reports of improvements in outcome have been variable. The Rivers 2001 trial demonstrated a
substantial improvement in mortality from sepsis using an aggressive protocol with perfusion
targets based on central venous lactate [18]. Recently, three large multi-centre randomised trials (PROCESS, PROMISE and ARISE) reported no difference in sepsis outcomes between Rivers protocol GDT, modified GDT, and routine care [42–44]. All three reported a significantly
lower mortality rates (CFR 18–20%) across all groups including routine care at follow up, compared to Rivers (CFR 46% with routine care and 30% with GDT) [42–44]. Meta-analyses of
randomised GDT trials in sepsis have been limited by significant heterogeneity across study
designs, but show no clear outcome benefit for GDT [45, 46]. Most recently, a detailed analysis
of 19 998 patients enrolled in over 4000 studies of GDT suggested that GDT may be associated
with increased mortality in patients with high-disease severity [47]. Reasons for the discrepancies in mortality between the earlier and later studies are unclear but widespread incorporation
of sepsis guidelines into the standardised care may have improved overall sepsis outcomes
through emphasising early administration of antibiotics [47, 48].
The lack of efficacy of GDT and adjunctive therapies such as dexamethasone and glycerol
[14] [15] in ABM in Malawi and other similar settings may in part be due to patients presenting late in the evolution of their disease and therefore no longer amenable to intervention.
However, ABM patients present with a range of disease severities suggesting that outcome
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improvements remain possible. Our recent analyses of the glycerol trial data suggest that
the reported adverse effects of glycerol were particularly marked in ABM patients predicted to have a good outcome [36]. It is possible that GDT benefitted only some patient
sub-groups or indeed was harmful in those with severe disease [47]. Patients in the GDT
group received more clinical interventions including parenteral fluids, due to the bundled
nature of the intervention we cannot demonstrate if an individual component was harmful. All GDT sepsis studies from SSA have reported mixed outcomes, a study in Zambia
was stopped early due to increased mortality in a sub-set of patients with hypoxaemic
respiratory failure [22]. GDT was reported to improve outcomes from sepsis in Uganda in
a non-randomised study, but no overall effect was reported in a mixed population of ICU
patients in Tanzania [23, 40].
Limitations of our study include notable absences from our bundle including high flow
oxygen and intensive care support [26]. To test GDT delivery, we had a higher nurse: patient
ratio than is routine. We did not randomise patients following recommendations from the
Medical Research Council (UK), randomisation is associated with risks of selection, allocation
and concealment biases in single site studies [29, 49]. The study was carefully designed to minimise biases, patients were well matched. The observational design and loss of patients to follow up in this resource-limited setting limits definitive conclusions regarding the lack of
efficacy of GDT on outcome [50].
The safety of translating GDT protocols from resource-rich settings where patients have
access to considerably more human and therapeutic resources to settings in sub-Saharan
Africa must be re-assessed. We suggest that while the principle of protocolised clinical intervention in SSA may be correct, lack of on-going monitoring, access to mechanical ventilation
and critical care nursing may mitigate any benefit of GDT for both sepsis and ABM [22, 23, 34,
51, 52]. Data from large, randomised studies are required.

Conclusion
Nurse-led GDT for suspected ABM is feasible in a resource-limited environment in sub-Saharan Africa. The use of interventions, tested in resource-rich settings, in SSA must be very carefully considered, given the substantial differences in populations, associated complications,
worse outcomes and lack of access to on-going intensive care support. Better understanding of
the pathophysiology and causes of mortality from meningitis in adults and adolescents in SSA
is required to support the further design and testing of resource-appropriate ABM-specific
interventions.

Supporting information
S1 File. Study protocol.
(DOCX)
S2 File. TREND checklist for trial reporting.
(PDF)
S1 Table. Physiological and laboratory characteristics on admission of all screened patients
with suspected bacterial meningitis.
(DOCX)
S2 Table. Final diagnoses of all screened patients with suspected bacterial meningitis.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0186687 October 27, 2017

10 / 15

Goal directed therapy for suspected bacterial meningitis

S3 Table. Summary of CSF and blood culture results for all screened participants with suspected bacterial meningitis.
(DOCX)
S4 Table. Baseline characteristics of study participants with proven or probable bacterial
meningitis.
(DOCX)
S5 Table. Composite achievement of clinical targets between Phase 1 and 2 for proven or
probable bacterial meningitis.
(DOCX)
S6 Table. Clinical targets achieved by phase for patients with proven or probable bacterial
meningitis at the end of 6 hours.
(DOCX)
S7 Table. Outcome of patients with suspected bacterial meningitis; and patients with
proven or probable bacterial meningitis.
(DOCX)

Acknowledgments
The authors would like to thank the patients, guardians, nursing and medical staff of the adult
emergency and trauma centre of QECH, and the MLW laboratory and data teams, particularly
Kenneth Bagumira for their support of the study. We would like to acknowledge the support
of the study physician-observers, Professors Tim Peto (University of Oxford, UK) and Johnston Kumwenda (University of Malawi) for regularly reviewing the data and providing timely
feedback. We thank Professor Mike Levin (Imperial College, UK) for his advice and support.
Dr Emma Wall had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.
MM co-analysed the study data, reviewed and edited the manuscript.
BF assisted with study design, and supervised all data analysis, performed poission regression analysis. RH and DL supervised data analysis.

Author Contributions
Conceptualization: Emma C. Wall, Brian Faragher, Robert S. Heyderman, David G. Lalloo.
Data curation: Emma C. Wall, Mavuto Mukaka, Veronica S. Mlozowa, Malango Msukwa,
Robert S. Heyderman, David G. Lalloo.
Formal analysis: Emma C. Wall, Mavuto Mukaka, Brian Faragher, Robert S. Heyderman,
David G. Lalloo.
Funding acquisition: Emma C. Wall, Robert S. Heyderman, David G. Lalloo.
Investigation: Emma C. Wall, Brigitte Denis, Veronica S. Mlozowa, Khumbo Kasambala, Theresa J. Allain, Robert S. Heyderman, David G. Lalloo.
Methodology: Emma C. Wall, Mulinda Nyrienda, Theresa J. Allain, Robert S. Heyderman,
David G. Lalloo.
Project administration: Emma C. Wall, Veronica S. Mlozowa, Malango Msukwa, Khumbo
Kasambala, Mulinda Nyrienda.
Resources: Mulinda Nyrienda, Robert S. Heyderman, David G. Lalloo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186687 October 27, 2017

11 / 15

Goal directed therapy for suspected bacterial meningitis

Software: Mavuto Mukaka, Malango Msukwa.
Supervision: Mulinda Nyrienda, Theresa J. Allain, Brian Faragher, Robert S. Heyderman,
David G. Lalloo.
Validation: Brian Faragher, Robert S. Heyderman, David G. Lalloo.
Writing – original draft: Emma C. Wall, Robert S. Heyderman, David G. Lalloo.
Writing – review & editing: Emma C. Wall, Mavuto Mukaka, Brigitte Denis, Malango
Msukwa, Khumbo Kasambala, Mulinda Nyrienda, Theresa J. Allain, Brian Faragher, Robert
S. Heyderman, David G. Lalloo.

References
1.

van de Beek D, de Gans J, Spanjaard L, Weisfelt M, Reitsma JB, Vermeulen M. Clinical features and
prognostic factors in adults with bacterial meningitis. The New England journal of medicine. 2004; 351
(18):1849–59. Epub 2004/10/29. https://doi.org/10.1056/NEJMoa040845 PMID: 15509818.

2.

Wall EC, Cartwright K, Scarborough M, Ajdukiewicz KM, Goodson P, Mwambene J, et al. High Mortality
amongst Adolescents and Adults with Bacterial Meningitis in Sub-Saharan Africa: An Analysis of 715
Cases from Malawi. PloS one. 2013; 8(7):e69783. Epub 2013/07/31. https://doi.org/10.1371/journal.
pone.0069783 PMID: 23894538.

3.

Edmond K, Clark A, Korczak VS, Sanderson C, Griffiths UK, Rudan I. Global and regional risk of disabling sequelae from bacterial meningitis: a systematic review and meta-analysis. The Lancet infectious
diseases. 2010; 10(5):317–28. Epub 2010/04/27. https://doi.org/10.1016/S1473-3099(10)70048-7
PMID: 20417414.

4.

Peltola H. Burden of meningitis and other severe bacterial infections of children in africa: implications
for prevention. Clinical infectious diseases: an official publication of the Infectious Diseases Society of
America. 2001; 32(1):64–75. Epub 2000/12/12. https://doi.org/10.1086/317534 PMID: 11112673.

5.

Tunkel AR, Hartman BJ, Kaplan SL, Kaufman BA, Roos KL, Scheld WM, et al. Practice guidelines for
the management of bacterial meningitis. Clinical infectious diseases: an official publication of the Infectious Diseases Society of America. 2004; 39(9):1267–84. Epub 2004/10/21. https://doi.org/10.1086/
425368 PMID: 15494903.

6.

Fitch MT, van de Beek D. Emergency diagnosis and treatment of adult meningitis. The Lancet infectious
diseases. 2007; 7(3):191–200. Epub 2007/02/24. https://doi.org/10.1016/S1473-3099(07)70050-6
PMID: 17317600.

7.

Heyderman RS. Early management of suspected bacterial meningitis and meningococcal septicaemia
in immunocompetent adults—second edition. The Journal of infection. 2005; 50(5):373–4. Epub 2005/
07/02. PMID: 15991345.

8.

Harnden A, Ninis N, Thompson M, Perera R, Levin M, Mant D, et al. Parenteral penicillin for children
with meningococcal disease before hospital admission: case-control study. BMJ. 2006; 332
(7553):1295–8. Epub 2006/03/24. https://doi.org/10.1136/bmj.38789.723611.55 PMID: 16554335;
PubMed Central PMCID: PMC1473085.

9.

Booy R, Habibi P, Nadel S, de Munter C, Britto J, Morrison A, et al. Reduction in case fatality rate from
meningococcal disease associated with improved healthcare delivery. Archives of disease in childhood.
2001; 85(5):386–90. Epub 2001/10/23. https://doi.org/10.1136/adc.85.5.386 PMID: 11668100;
PubMed Central PMCID: PMC1718959.

10.

Ninis N, Phillips C, Bailey L, Pollock JI, Nadel S, Britto J, et al. The role of healthcare delivery in the outcome of meningococcal disease in children: case-control study of fatal and non-fatal cases. BMJ. 2005;
330(7506):1475. Epub 2005/06/25. https://doi.org/10.1136/bmj.330.7506.1475 PMID: 15976421;
PubMed Central PMCID: PMC558454.

11.

Okike IO, Ribeiro S, Ramsay ME, Heath PT, Sharland M, Ladhani SN. Trends in bacterial, mycobacterial, and fungal meningitis in England and Wales 2004–11: an observational study. The Lancet infectious diseases. 2014; 14(4):301–7. Epub 2014/02/11. https://doi.org/10.1016/S1473-3099(13)70332-3
PMID: 24508198.

12.

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global and regional mortality
from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet. 2012; 380(9859):2095–128. Epub 2012/12/19. https://doi.org/10.
1016/S0140-6736(12)61728-0 PMID: 23245604.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186687 October 27, 2017

12 / 15

Goal directed therapy for suspected bacterial meningitis

13.

de Gans J, van de Beek D. Dexamethasone in adults with bacterial meningitis. The New England journal of medicine. 2002; 347(20):1549–56. Epub 2002/11/15. https://doi.org/10.1056/NEJMoa021334
PMID: 12432041.

14.

Scarborough M, Gordon SB, Whitty CJ, French N, Njalale Y, Chitani A, et al. Corticosteroids for bacterial meningitis in adults in sub-Saharan Africa. The New England journal of medicine. 2007; 357
(24):2441–50. Epub 2007/12/14. https://doi.org/10.1056/NEJMoa065711 PMID: 18077809.

15.

Ajdukiewicz KM, Cartwright KE, Scarborough M, Mwambene JB, Goodson P, Molyneux ME, et al. Glycerol adjuvant therapy in adults with bacterial meningitis in a high HIV seroprevalence setting in Malawi:
a double-blind, randomised controlled trial. The Lancet infectious diseases. 2011; 11(4):293–300. Epub
2011/02/22. https://doi.org/10.1016/S1473-3099(10)70317-0 PMID: 21334262.

16.

Molyneux EM, Kawaza K, Phiri A, Chimalizeni Y, Mankhambo L, Schwalbe E, et al. Glycerol and acetaminophen as adjuvant therapy did not affect the outcome of bacterial meningitis in malawian children.
The Pediatric infectious disease journal. 2014; 33(2):214–6. Epub 2013/10/19. https://doi.org/10.1097/
INF.0000000000000122 PMID: 24136368.

17.

Molyneux EM, Walsh AL, Forsyth H, Tembo M, Mwenechanya J, Kayira K, et al. Dexamethasone treatment in childhood bacterial meningitis in Malawi: a randomised controlled trial. Lancet. 2002; 360
(9328):211–8. PMID: 12133656.

18.

Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A, Knoblich B, et al. Early goal-directed therapy in
the treatment of severe sepsis and septic shock. The New England journal of medicine. 2001; 345
(19):1368–77. Epub 2002/01/17. https://doi.org/10.1056/NEJMoa010307 PMID: 11794169.

19.

Barochia AV, Cui X, Vitberg D, Suffredini AF, O’Grady NP, Banks SM, et al. Bundled care for septic
shock: an analysis of clinical trials. Critical care medicine. 2010; 38(2):668–78. Epub 2009/12/24.
https://doi.org/10.1097/CCM.0b013e3181cb0ddf PMID: 20029343.

20.

Dellinger RP, Carlet JM, Masur H, Gerlach H, Calandra T, Cohen J, et al. Surviving Sepsis Campaign
guidelines for management of severe sepsis and septic shock. Critical care medicine. 2004; 32(3):858–
73. Epub 2004/04/20. 00003246-200403000-00038 [pii]. PMID: 15090974.

21.

Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. Surviving Sepsis Campaign:
international guidelines for management of severe sepsis and septic shock, 2012. Intensive care medicine. 2013; 39(2):165–228. Epub 2013/01/31. https://doi.org/10.1007/s00134-012-2769-8 PMID:
23361625.

22.

Andrews B, Muchemwa L, Kelly P, Lakhi S, Heimburger DC, Bernard GR. Simplified severe sepsis protocol: a randomized controlled trial of modified early goal-directed therapy in Zambia. Critical care medicine. 2014; 42(11):2315–24. Epub 2014/07/30. https://doi.org/10.1097/CCM.0000000000000541
PMID: 25072757; PubMed Central PMCID: PMC4199893.

23.

Jacob ST, Banura P, Baeten JM, Moore CC, Meya D, Nakiyingi L, et al. The impact of early monitored
management on survival in hospitalized adult Ugandan patients with severe sepsis: a prospective intervention study*. Critical care medicine. 2012; 40(7):2050–8. Epub 2012/05/09. https://doi.org/10.1097/
CCM.0b013e31824e65d7 PMID: 22564958; PubMed Central PMCID: PMC3378757.

24.

Brouwer MC, Thwaites GE, Tunkel AR, van de Beek D. Dilemmas in the diagnosis of acute communityacquired bacterial meningitis. Lancet. 2012; 380(9854):1684–92. Epub 2012/11/13. https://doi.org/10.
1016/S0140-6736(12)61185-4 PMID: 23141617.

25.

McGill F, Heyderman RS, Michael BD, Defres S, Beeching NJ, Borrow R, et al. The UK joint specialist
societies guideline on the diagnosis and management of acute meningitis and meningococcal sepsis in
immunocompetent adults. The Journal of infection. 2016; 72(4):405–38. Epub 2016/02/05. https://doi.
org/10.1016/j.jinf.2016.01.007 PMID: 26845731.

26.

Dellinger RP, Levy MM, Carlet JM, Bion J, Parker MM, Jaeschke R, et al. Surviving Sepsis Campaign:
international guidelines for management of severe sepsis and septic shock: 2008. Critical care medicine. 2008; 36(1):296–327. Epub 2007/12/26. https://doi.org/10.1097/01.CCM.0000298158.12101.41
PMID: 18158437.

27.

Maitland K, Molyneux S, Boga M, Kiguli S, Lang T. Use of deferred consent for severely ill children in a
multi-centre phase III trial. Trials. 2011; 12:90. Epub 2011/04/02. https://doi.org/10.1186/1745-6215-1290 PMID: 21453454; PubMed Central PMCID: PMC3077324.

28.

Council MR. Developing and evaluating complex interventions. London: Medical Research Council;
2008.

29.

Campbell NC, Murray E, Darbyshire J, Emery J, Farmer A, Griffiths F, et al. Designing and evaluating
complex interventions to improve health care. BMJ. 2007; 334(7591):455–9. Epub 2007/03/03. https://
doi.org/10.1136/bmj.39108.379965.BE PMID: 17332585; PubMed Central PMCID: PMC1808182.

30.

Council UR. Advanced Life Support guidelines 2010 2010 [cited 2014]. Available from: http://www.
resus.org.uk/pages/Guide.htm.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186687 October 27, 2017

13 / 15

Goal directed therapy for suspected bacterial meningitis

31.

Molyneux AJ. Changes in the treatment of patients with subarachnoid haemorrhage following publication of the International Subarachnoid Aneurysm Trial. Clinical Neurology & Neurosurgery. 2006; 108
(2):115–6. Epub 2005/12/15. https://doi.org/10.1016/j.clineuro.2005.10.015 PMID: 16352390.

32.

Arnold RC, Shapiro NI, Jones AE, Schorr C, Pope J, Casner E, et al. Multi-Center Study of Early Lactate
Clearance as a Determinant of Survival in Patients with Presumed Sepsis. Shock. 2008. Epub 2008/12/
09. https://doi.org/10.1097/SHK.0b013e3181971d47 PMID: 19060782.

33.

Townsend SR, Schorr C, Levy MM, Dellinger RP. Reducing mortality in severe sepsis: the Surviving
Sepsis Campaign. Clinics in chest medicine. 2008; 29(4):721–33, x. Epub 2008/10/29. https://doi.org/
10.1016/j.ccm.2008.06.011 PMID: 18954706.

34.

Jacob ST, Lim M, Banura P, Bhagwanjee S, Bion J, Cheng AC, et al. Integrating sepsis management
recommendations into clinical care guidelines for district hospitals in resource-limited settings: the
necessity to augment new guidelines with future research. BMC medicine. 2013; 11:107. Epub 2013/
04/20. https://doi.org/10.1186/1741-7015-11-107 PMID: 23597160; PubMed Central PMCID:
PMC3635910.

35.

Rankin J. Cerebral vascular accidents in patients over the age of 60. III. Diagnosis and treatment. Scottish medical journal. 1957; 2(6):254–68. Epub 1957/06/01. PMID: 13432842.

36.

Wall EC, Mukaka M, Scarborough M, Ajdukiewicz KMA, Cartwright KE, Nyirenda M, et al. Prediction of
Outcome From Adult Bacterial Meningitis in a High-HIV-Seroprevalence, Resource-Poor Setting Using
the Malawi Adult Meningitis Score (MAMS). Clinical infectious diseases: an official publication of the
Infectious Diseases Society of America. 2017; 64(4):413–9. https://doi.org/10.1093/cid/ciw779 PMID:
27927860; PubMed Central PMCID: PMCPMC5399948.

37.

party BSoACBw. BSAC disc diffusion method for antimicrobial susceptibility testing 2001. Available
from: http://www.bsac.org.uk/susceptibility_testing/bsac_standardized_disc_susceptibility_method.
cfm.

38.

Wall EC, Gritzfeld JF, Scarborough M, Ajdukiewicz KM, Mukaka M, Corless C, et al. Genomic pneumococcal load and CSF cytokines are not related to outcome in Malawian adults with meningitis. The Journal of infection. 2014; 69(5):440–6. Epub 2014/07/01. https://doi.org/10.1016/j.jinf.2014.06.011 PMID:
24975177; PubMed Central PMCID: PMC4209731.

39.

Wall EC, Mukaka M, Scarborough M, Ajdukiewicz KM, Cartwright KE, Nyirenda M, et al. Prediction of
outcome from adult bacterial meningitis in a high HIV seroprevalence, resource-poor setting using the
Malawi Adult Meningitis Score (MAMS). Clinical infectious diseases: an official publication of the Infectious Diseases Society of America. 2016. Epub 2016/12/09. https://doi.org/10.1093/cid/ciw779 PMID:
27927860.

40.

Baker T, Schell CO, Lugazia E, Blixt J, Mulungu M, Castegren M, et al. Vital Signs Directed Therapy:
Improving Care in an Intensive Care Unit in a Low-Income Country. PloS one. 2015; 10(12):e0144801.
Epub 2015/12/24. https://doi.org/10.1371/journal.pone.0144801 PMID: 26693728; PubMed Central
PMCID: PMC4687915.

41.

Lepur D, Barsic B. Community-acquired bacterial meningitis in adults: antibiotic timing in disease course
and outcome. Infection. 2007; 35(4):225–31. Epub 2007/07/25. https://doi.org/10.1007/s15010-0076202-0 PMID: 17646915.

42.

Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld LA, Pike F, et al. A randomized trial of protocol-based care for early septic shock. The New England journal of medicine. 2014; 370(18):1683–93.
Epub 2014/03/19. https://doi.org/10.1056/NEJMoa1401602 PMID: 24635773.

43.

Peake SL, Delaney A, Bailey M, Bellomo R, Cameron PA, Cooper DJ, et al. Goal-directed resuscitation
for patients with early septic shock. The New England journal of medicine. 2014; 371(16):1496–506.
Epub 2014/10/02. https://doi.org/10.1056/NEJMoa1404380 PMID: 25272316.

44.

Mouncey PR, Osborn TM, Power GS, Harrison DA, Sadique MZ, Grieve RD, et al. Trial of early, goaldirected resuscitation for septic shock. The New England journal of medicine. 2015; 372(14):1301–11.
Epub 2015/03/18. https://doi.org/10.1056/NEJMoa1500896 PMID: 25776532.

45.

Lee WK, Kim HY, Lee J, Koh SO, Kim JM, Na S. Protocol-Based Resuscitation for Septic Shock: A
Meta-Analysis of Randomized Trials and Observational Studies. Yonsei medical journal. 2016; 57
(5):1260–70. Epub 2016/07/13. https://doi.org/10.3349/ymj.2016.57.5.1260 PMID: 27401660.

46.

Yu H, Chi D, Wang S, Liu B. Effect of early goal-directed therapy on mortality in patients with severe
sepsis or septic shock: a meta-analysis of randomised controlled trials. BMJ open. 2016; 6(3):e008330.
Epub 2016/03/05. https://doi.org/10.1136/bmjopen-2015-008330 PMID: 26932135; PubMed Central
PMCID: PMC4785309.

47.

Kalil AC, Johnson DW, Lisco SJ, Sun J. Early Goal-Directed Therapy for Sepsis: A Novel Solution for
Discordant Survival Outcomes in Clinical Trials. Critical care medicine. 2017; 45(4):607–14. https://doi.
org/10.1097/CCM.0000000000002235 PMID: 28067711.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186687 October 27, 2017

14 / 15

Goal directed therapy for suspected bacterial meningitis

48.

Nguyen HB, Jaehne AK, Jayaprakash N, Semler MW, Hegab S, Yataco AC, et al. Early goal-directed
therapy in severe sepsis and septic shock: insights and comparisons to ProCESS, ProMISe, and
ARISE. Crit Care. 2016; 20(1):160. Epub 2016/07/02. https://doi.org/10.1186/s13054-016-1288-3
PMID: 27364620; PubMed Central PMCID: PMC4929762.

49.

Campbell M, Fitzpatrick R, Haines A, Kinmonth AL, Sandercock P, Spiegelhalter D, et al. Framework
for design and evaluation of complex interventions to improve health. BMJ. 2000; 321(7262):694–6.
Epub 2000/09/15. PMID: 10987780; PubMed Central PMCID: PMC1118564.

50.

Schulz KF, Chalmers I, Hayes RJ, Altman DG. Empirical evidence of bias. Dimensions of methodological quality associated with estimates of treatment effects in controlled trials. JAMA: the journal of the
American Medical Association. 1995; 273(5):408–12. Epub 1995/02/01. PMID: 7823387.

51.

Maitland K, Kiguli S, Opoka RO, Engoru C, Olupot-Olupot P, Akech SO, et al. Mortality after fluid bolus
in African children with severe infection. The New England journal of medicine. 2011; 364(26):2483–95.
Epub 2011/05/28. https://doi.org/10.1056/NEJMoa1101549 PMID: 21615299.

52.

Glimaker M, Johansson B, Halldorsdottir H, Wanecek M, Elmi-Terander A, Ghatan PH, et al. Neurointensive treatment targeting intracranial hypertension improves outcome in severe bacterial meningitis:
an intervention-control study. PloS one. 2014; 9(3):e91976. Epub 2014/03/29. https://doi.org/10.1371/
journal.pone.0091976 PMID: 24667767; PubMed Central PMCID: PMC3965390.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186687 October 27, 2017

15 / 15

