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The neurocritical care of tuberculous meningitis
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Tuberculous 1s the

Wo rlma mana ement objectives are
intracerebral

complications (e: and

cr1t1cally 1ll patients w1th tuberculous meningitis is poor and many patients do not have access to neurocritical care
units. Invasive intracranial pressure monitoring is often unavailable and although

-how promise, further evidence for their use is required. Optimal management regimens of neurological
Compcaons s il 2 o o o o which

remain to be elucidated. Advances in the field of tuberculous meningitis predominantly
focus on diagnosis, inflammatory processes, and antituberculosis chemotherapy. However, clinical trials are required

nd often causes critical illness with
and optimising cerebral perfusion, while
However, the evidence base guiding the care of

to provide robust evidence guiding the most effective supportive, therapeutic, and neurosurgical interventions for
tuberculous meningitis that will improve morbidity and mortality.

Introduction

Mycobacterium tuberculosis is responsible for a
10 million new cases of tuberculosis and

Tuberculous

of the disease, - or severely
patients (panel 1).* Tuberculous menin
disproportionately affects children and those with
infection.” Clinical onset of tuberculous meningitis is
and is " Treatment of the

and

certain. obstructing intracerebral
inflammatory lesions result in
which leads to clinical neurological deterioration, coma,
and death.

Advances in the field of tuberculous meningitis in-
clude standardisation of tuberculous meningitis clini-
cal research methods (such as collection of datasets and
outcome reporting)," improved diagnosis,” increased
understanding of host genetic influence on intracerebral
inflammation and survival,*” and identification of first-
line antituberculosis treatment regimens.** Yet, critical
illness caused by tuberculous meningitis is an area that
requires further research. No guidelines exist for the
management of critical illness associated with tuberculous
meningitis, and the evidence base for treatment is poor.
Studies of critically ill patients with tuberculous menin-
gitis are largely retrospective, observational, and contain
small patient numbers," with paediatric data particularl

antly involving adults showin
neurological h is

tuberculous meningitis presents specific clinical chal-
lenges, in particular the detection and management of
raised intracranial pressure and brain ischaemia.” Further
research to optimise supportive care and neurosurgical
interventions is required to improve functional outcomes
of patients with tuberculous meningitis.”

In this Review, we focus on aspects relevant to the
neurocritical care of patients with tuberculous meningitis,
with general diagnosis and treatment reviewed elsewhere.’

disease is leni,thy and optimal drug regimens are un-

We start by discussing causes of critical illness, focusing
on causes that occur earliest and those which contrib-
ute most to mortality and morbidity. We then describe
complications in disease progression, including those
arising from treatment. We then discuss supportive
management, followed by medical, and then surgical
management. We conclude by suggesting future research
directions and proposing clinical trials that are required to
improve outcomes from critical illness arising from the
disease.

Causes of critical illness in tuberculous meningitis

Coma in tuberculous meningitis is associated with raised

intracranial pressure.” A sustained intracranial pressure of
*is considered abnormal in adults,”
although pressure changes have not been correlated with
prognosis in patients with tuberculous meningitis and the
true incidence of raised intracranial pressure in patients
with tuberculous meningitis is uncertain. The reduction
of cerebral blood flow in conditions of raised intra-
cranial pressure, after limits of compensatory changes are
reached, is an unproven mechanism in the disease. The
normal intracranial pressure range in children is lower
than in adults and depends on age?

at either the

s), or at the

hydrocephalus),**
and is the most common cause of raised intracranial
pressure in patients with tuberculous meningitis.” In
two studies of adolescents (older than age 14 years) and
adults with tuberculous meningitis in India, 109 (52%) of
209 patients and 52 (65%) of 80 patients had baseline

25,26

MRI images consistent with hydrocephalus.?* Most
patients e .

The two types of hydrocephalus increase intracranial

ressure and manifest clinically with - -
_ or - neurological deficits, or both.

Cerebral oedema® and tuberculoma formation” could also
elevate intracranial pressure in patients with tuberculous
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Panel 1: Pathophysiology of tuberculous meningitis

Tuberculous meningitis results from th

to the brain,
and bacterial-into
space.” An insidious onset of non-specific
prodromal symptoms followed by a slowly progressive
meningitis makes diagnosis challenging, with a wide range of
differential diagnosis, especially in patients with
co-infection.? Delayed diagnosis and treatment lead to poor

outcomes,*and inflammatory pathways are not comiletely

understood. In patients with HIV co-infection, is
ssocintedwith R o
neutrophils drive inflammation in tuberculous meningitis is
unclear. is thought to contribute
to the poor prognosis associated with tuberculous

meningitis.’ Inflammatory pathways and adjunctive
anti-inflammatory therapies have been reviewed elsewhere.’

meningitis. Severe ischaemic strokes can cause brain shift
and raise intracranial pressure,” although such events
are not well described for patients with tuberculous
meningitis. Seizures,” fever, impaired ventilation, and
hyponatraemia, which are symWptoms frequently ob-
served in tuberculous meningitis, might raise intracranial
pressure to a critical level, resulting in brain injury.’

is the
in patients with 7
The exact of cerebral infarction associ-
ated with tuberculous meningitis is although
and necrosis secondary to surroundin
basal exudate are thought to contribute to

are most commonly affected,” with resulting
although subcortical white matter infarcts have
also been reported in patients with tuberculous menin-
gitis.” ﬂ is common, vasospasm is uncommon,
and complete vessel occlusion of major arteries is unusual,
but has been reported in patients with tuberculous
meningitis.*”? Two MRI studies in adults with tuberculous
meningitis showed in 40 .%) of
114 patients® and 34 (67%) of 51 patients.” A systematic
review of six studies including 843 children with tuber-
culous meningitis showed that cerebral infarction was
present in 255 children at admission.” Impaired cerebral
perfusion leads to ischaemia, cerebral infarction, and
raised intracranial pressure.’ is the most

clinical consequence of cerebral infarction due
to tuberculous meningitis.®* The range of neurological
complications resulting from cerebral infarction associated
with tuberculous meningitis has not been studied in detail
over the past 10 years, and the effect of irreversible
neurological disability on feeding, pneumonia, pressure
damage, and thrombosis remains unknown.

A tuberculoma is the result of granulomatous inflam-
mation forming space-occupying brain lesions, after
metastatic seeding of M tuberculosis to the CNS.” Tuber-
culomas are the most common cause of

with

* A systematic review’ of seven studies includ-
ing 1056 children with tuberculous meningitis showed
that tuberculomas were present in 112 children at
admission, compared with 15 (13%) of 114 HIV negative
adults with tuberculous meningitis in a randomised
controlled trial (RCT),” indicating that they play a role in

both paediatric and adult cases of tuberculous meningitis.”
Mberculomas might cxer local mass effet on brain

tissue, causing compression of cerebral ventricles, leading
to headache, vomiting, decreased consciousness, focal
neurological signs, and seizures.” Tuberculomas can have
a severe effect on outcome and might cause severe
disability.

Hyponatraemia can develop at any time during treatment

of tuberculous meningitis. Hyponatraemia is classified as
E.nmol/L.34 In one

when sodium falls
study of adults and children with tuberculous meningitis,
34 h of 76 individuals had hyponatraemia, and 8 (11%
atients had sodium values below 120 mmol/L.*

re considered the most likely
causes of hyponatraemia in patients with tuberculous
meningitis and could overlap;® yet the of
hyponatraemia remains i In

salt renal sodium loss could be mediated by
whereas in the syndrome of in-
appropriate antidiuretic hormone secretion,
secretion occurs of serum or
circulating * Diagnosis is confounded by varying
definitions of cerebral salt wasting and the syndrome of
inappropriate antidiuretic hormone secretion and simi-
larity of electrolytes and osmolality values.” Hypona-
traemia occurs with brain injury* and
Hyponatraemia
with acute sodium changes particularly
harmful for patients.* Hyponatraemia causes headache
and confusion (seizures and coma when severe)* and
predicts i in patients with HIV and
tuberculous meningitis.”

Paradoxical reactions are when
- of tuberculosis occur anti-

tuberculosis % These reactions are com-

monly considered an
to i or dying their pathogenesis is poorly

understood.® In a study of patients with tuberculous
meningitis in India (mean age 30 years), 44 (31%) of
141 patients developed a paradoxical reaction.” These

cerebral
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? Paradoxical reactions contribute

to critical illness of patients with tuberculous menin-
gitis, with clinical features including headache, altered
vision, and seizures.” Neuroimaging findings include
enhancing basal exudates, new or worsening tuber-
culomas, and optochiasmatic or spinal arachnoiditis.”
Paradoxical changes might cause mass effect and obstruct
CSF,* raising intracranial pressure.

and is often revealed

commencing chemotherapy.
concentrations indicate a greater likelihood
of development.” Lumbosacral disease is most com-
mon,” and urinary retention is often the first presenting

symptom.

Drugs
Critical illness can result from or be exacerbated by side-

effects of antituberculosis chemotherapy and interactions
with other drugs (table 1. Dragindaced Ierkiniary 1 e
i drug-associated adverse event of anti-
tuberculosis chemotherapy," with severe symptoms such

as vomiting and abdominal pain. Drug reactions affect-
ing neurological status might confound monitoring of

risk, and both isoniazid and fluoro-
quinolone treatments might cause disorders.

Antituberculosis drug
Tuberculosis caused by M tuberculosis that is resistant to
first-line antituberculosis drugs is becoming increasingly
common worldwide' and increases the risk of treatment
failure and death. Tuberculous caused by

bacteria - to at least rifampicin and isoniazid
(ie, multi-drug resistance) is ﬂ unless second-

line drugs are administered early.” Prevalence of multidrug
i in tuberculous meningitis is about in
Europe® and 12% in China.” Mono-isoniazid resistance is
more common (nine [6%] of 142 cases in the European
study®) and is associated with worse outcomes, although
its effect on treatment response is less than that of
resistance.” The of current
tests, which can detect M tuberculosis
(eg, in and the
taken to obtain
testing information, means that determining whether
drug resistance is causing or contributing to critical illness
caused by tuberculous meningitis is extremely challenging.

Young children and individuals with-co-infection

Specific risks apply to young children and individuals
h is i

with HIV.
individuals with and tuberculous

might develop, presenting as
logical symptom afer e

therapy.® Neurological manifestations of include
ﬂ brain radiculo-
myelitis, and spinal ' The effect of
HIV co-infection on the pharmacokinetics of first-line
antituberculosis chemotherapy is uncertain; a systematic
review of 27 studies was unable to conclude a clear effect.”
Antiretroviral therapy is complicated b

and drug-
in patients
with

tuberculosis* (in which widespread
dissemination of M tuberculosis occurs) andﬂ

infections in could complicate critical
illness further. Very young children (younger than age
1year) are highly susceptible to M tuberculosis, and might
present acutely and deteriorate rapidly” Hydrocephalus
is particularly common in children, affecting 931 of
1088 children with tuberculous meningitis in a systematic
review of nine studies.’

F of critically ill
tuberculous meningitis

The continuous monitoring of physiological variables
(temperature, respiratory rate, pulse, and blood pres-
sure) should be the standard of care in critical illness,
although this is probably hard to achieve in resource-
limited settings. In this Review, we focus on additional
monitoring specific to tuberculous meningitis, and
discuss the most basic (and most available) non-invasive
monitoring methods first, followed by the invasive
techniques (table 2).

patients with

Clinical assessment and basic bedside monitoring
Clinical assessment and basic bedside monitoring can
sometimes be the only available monitoring techniques
in some resource-limited settings. The Glasgow Coma
Scale is easy to learn, reliable with training, and rec-
ognised internationally.” In children younger than age
5 years, in whom verbal and motor abilities are less
developed, a modified Glasgow Coma Scale might be
more suitable. The use of the Glasgow Coma Scale to
monitor treatment response might be confounded by
intubation, sedative drugs, and pre-existing neurological
conditions (such as dementia or psychiatric disorders).”

Coma Scale and
signs to categorise disease severity.” A high
tuberculous meningitis grade at presentation predicts
mortality regardless of HIV status.”
recommended in critically ill individuals with
who are ® although the role of this tool in

monitoring of critically ill patients with tuberculous
meningitis is unclear.

ultrasound uses a low frequency
transducer, placed on the scalp, to determine cerebral
blood flow velocity in the basal arteries of the brain, with
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Therapeutic role in
tuberculous meningitis

Primary adverse effect

Drug interactions

Additional adverse effects

Rifampicin First-line antituberculosis  Induces cytochrome 3A4
therapy enzyme*
Isoniazid First-line antituberculosis  Inhibits cytochrome 3A4

therapy enzyme®

Antiretroviral therapy drugs
(including non-nucleoside reverse
transcriptase inhibitors and
protease inhibitors), reduces serum
concentrations; benzodiazepines,
substrates for cytochrome 3A4

Phenytoin, higher serum
phenytoin concentrations in slow

Drug-induced liver injury;
hypersensitivity including
Stevens-Johnson syndrome; renal
failure; adrenal insufficiency;
haemolysis; cytopenia

Drug-induced liver injury; seizures;
psychiatric disorders; toxic

Pyrazinamide

hydrochloride,
gatifloxacin)

Corticosteroids
(eg, dexamethasone)

Adjunctive
antiinflammatory drug  risk of gastrointestinal

to hospital*

Aspirin Anti-platelet and
antithrombotic agent bleeding tendencies

established

Acetazolamide Reduces|CSF|production

First-line antituberculosis  Drug induced liver injury*

therapy
Ethambutol First-line antituberculosis ~ Ocular toxicity difficult to
hydrochloride therapy

detect in comatose patients’  critically ill patients with

Fluoroguinolones -ine _threshold15
W antituberculosis therapy

Associated with an increased  Aspirin, adverse effect of

bleeding in patients admitted ~treatment effect of aspirin
Increased gastrointestinal
Might cause hyponatraemia,  Overlapping treatment effect

or exacerbate hypotraemia of  profile with fludrocortisone;
tuberculosis meningitis®

acetylators;* benzodiazepines,
substrates for cytochrome 3A4

epidermal necrolysis;
Stevens-Johnson syndrome;
pancreatitis; haemolysis; cytopenia
No interactions relevant to
critically ill patients with
tuberculous meningitis

Hypersensitivity, including urticaria

No interactions relevant to Hypersensitivity, including
Stevens-Johnson syndrome;
thrombocytopenia; leucopenia;

renal failure

tuberculous meningitis

No interactions relevant to

Drug-induced liver injury; seizures;
critically ill patients with H

psychiatric disorders;

tuberculous meningitis prolongation; epidermal
necrolysis; Johnson
syndrome; haemolysis;
renal failure

Adrenal insufficiency on
discontinuation; psychosis;
infections

corticosteroids overlaps with

Corticosteroids, treatment effect of Hypersensitivity
aspirin overlaps with adverse effect
of corticosteroids

Electrolyte imbalance; renal failure;
extensive adverse effects and drug
increased metabolic acidosis and interactions
neurological effects with

concomitant aspirin; interactions

with anti-convulsants

Table lz-commonly used during_oftuberculous meningitis

intracranial pressure possibly inferred from changes in
the pulsatility index.” Transcranial Doppler ultrasound
has been used to detect vasculopathy in patients with
tuberculous meningitis,* although its value in quantifying
intracranial pressure is uncertain given that changes in
partial pressure of carbon dioxide or blood pressure could
alter blood flow and pulsatility index, independently of
changes in intracranial pressure.” A study of 20 children
from South Africa showed that pulsatility index could not
reliably predict intracranial pressure in children with
tuberculous meningitis.*

Optic nerve sheath diameter ultrasound is a potentially
quick, easy, and safe method for early intracranial pressure
detection. The optic nerve is surrounded by a dural sheath
that |distends| in its retrobulbar segment under elevated
intracranial pressure. Optic nerve sheath appearances
can be recorded and distension measured (figure 1). In
patients with tuberculous meningitis, higher optic nerve
sheath diameter measurements have been associated with
raised intracranial pressure.”® No data yet exist to support
the use of optic nerve sheath diameter measurement in

guiding management, measuring treatment response,
or improving outcomes in patients with tuberculous
meningitis.

Lumbar puncture

Lumbar puncture and CSF analysis are essential for
diagnosis of tuberculous meningitis and can be used to
assess treatment response, provide opening pressure
measurement, and enabling air encephalography. CSE
opening pressure is [elevated in approximately half of
adult tuberculous meningitis cases,” although no evi-
dence yet supports opening pressure as a predictor of
intracranial pressure or outcome in patients with tuber-
culous meningitis. Low pretreatment leucocyte numbers
and |CSF |glucose concentrations have been |associated
with i@ from tuberculous meningitis,” and CSF
glucose concentrations [rise with |successful treatment.
However, the value of repeated assessments of CSF
opening pressure, glucose concentrations, and leucocyte
numbers in defining clinical management and prognosis
has not yet been studied.

www.thelancet.com/neurology Published online May 17, 2019 http://dx.doi.org/10.1016/ $1474-4422(19)30154-1
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Advantages

Disadvantages

Non-invasive

Glasgow Coma Scale

CT brain imaging
at most large centres; fast procedure

MRI brain imaging

pathologies

Transcranial Doppler ultrasound Safe procedure

Optic nerve sheath diameter

Intraventricular catheters,
intraparenchymal pressure
transducers, subarachnoid bolts,

and epidural transducers CSF drainage

Well known internationally; generally reproducible; easy  Broad tool for assessment; unlikely to identify subtle changes
to learn; and effective for regular assessment*®

Identifies hydrocephalus and large mass lesions; available ~ Role in identifying raised intracranial pressure uncertain;

Likely to identify intracranial cause of neurological
deterioration in patients with tuberculous meningitis;
good sensitivity for detecting pathological features of
tuberculous meningitis; can detect acute infarcts with
diffusion weighted imaging; multiple imaging sequences  transit; might require anaesthesia in young patients
available allowing targeted detection of specific

Ultrasound machines available at many centres; fastand ~ Requires knowledge of normal population values for

ultrasound safe procedure
Invasive
Lumbar puncture Single pressure measurement (opening pressure) well

recognised; equipment widely available; allows CSF
drainage; allows air encephalogram to be performed centres

Gold standard for intracranial pressure monitoring;
continuous monitoring; allows rapid detection of
intracranial pressure changes; ventricular catheters allow

in clinical status; influenced by reversible (drugs such as
sedatives) and irreversible factors (cranial nerve palsies) so
sensitivity will change with time; cannot be applied to
children younger than age 5 years®

might not identify subtle changes in intracranial pressure;
often requires contrast; radiation exposure

Role in identifying raised intracranial pressure uncertain; time
consuming; might be unavailable, or MRI machine could be
located off site with patient transfer to machine time
consuming and high risk of patient deterioration during

Value in quantifying intracranial pressure is uncertain, but
useful to detect vasculopathy in patients with tuberculous
meningitis;*® only measures cerebral blood flow in major
vessels in Circle of Willis, which might change (via changes in
partial pressure of carbon dioxide or mean arterial pressure)
independently of intracranial pressure;” user dependent

comparison; not for continuous monitoring; role yet to be
defined in management, but a study of 25 patients with
tuberculous meningitis showed promising results*®

Association with intracranial pressure changes uncertain;
continuous pressure measurement available only at specialist

Risks of infection and bleeding;* available only at specialist
centres; costly

Table 2: Methods of_ patients with tuberculous meningitis

Invasive intracranial monitoring devices

Gold standard intracranial pressure monitoring is in-
vasive and can be done at [intraventricular, intraparen-
chymal, and |epidural sites.” Haemorrhage and infection
are rare risks of intracranial device insertion, and devices
should not be inserted in individuals with coagulopathy
or at sites of local infection.* Intraventricular access
allows CSF drainage, sampling, and drug administra-
tion.” Descriptions of intracranial pressure monitoring
in patients with tuberculous meningitis are scarce,
and whether intracranial pressure monitoring guides
treatment regimen or improves outcomes is uncertain.

Biomarkers|of brain injury

Biomarkers of neuronal injury offer a potential future
approach to quantifying and monitoring brain pathology.
Brain pathologies result in leakage of proteins into the
CSF where they can be measured, or into the bloodstream
through an impaired blood-brain barrier.® A study of
blood-brain barrier function and CSF biomarkers of CNS
injury in 66 adults and children with brain infections
in Laos found blood-brain barrier leakage and higher
amounts of glial fibrillary acidic protein in the 11 adults
with tuberculous meningitis than was observed in the

patients with other brain infections (except bacterial
meningitis).® An increasing concentration of CSF bio-
markers of neuronal and glial injury over time was
associated with worse outcome in a study of 44 paediatric
patients with tuberculous meningitis and hydrocephalus
in South Africa.” Biomarkers represent a potential future
method to monitor treatment response and predict
outcome; however, further research is required to de-
fine optimal concentration ranges of biomarkers for
clinical use.

Brain|imaging

Brain imaging allows identification of the causes| (hydro-
cephalus, tuberculous masses, cerebral oedema) and
consequences (brain shift and ischaemia) of raised
intracranial pressure. Baseline brain imaging can alter
immediate management if hydrocephalus is found, and
follow-up brain imaging is recommended for patients
with worsening symptoms.” No evidence supports routine
follow-up brain imaging in patients who recover back to
neurological baseline from tuberculous meningitis. Brain
CT can identify dilated ventricles, mass effects, infarctions,

and inflammatory exudates. The detrimental effects of
brain irradiation from CT during brain injury remain

www.thelancet.com/neurology Published online May 17,2019 http://dx.doi.org/10.1016/ $1474-4422(19)30154-1
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A 030cm B 0.54cm

unknown. Brain MRI has no radiation risks and provides
higher resolution of M tuberculosis-associated brain
pathology than does CT, although it is expensive, time

Vitreous body of the eye

{

Swelling of optic nerve head

Retrobulbar bulge

l 3 - in optic nerve sheath
.’

Tapering of optic
nerve sheath

consuming, and might require transfer of a critically ill
patient to a hospital with MRI.** By contrast, enhanced
fluid attenuated inversion recovery MRI, removal of CSF
enhancement (and removal of enhancement of normal
vessels and meninges) might show inflammation and
leptomeningeal changes more clearly than does CT.”
Retrospective data show that both CT and MRI have a role
in detecting brain pathoogy associated with tuberculous
meningitis.” In a study of 26 adults and children with
tuberculous meningitis, magnetic resonance angiography
identified blood vessel abnormalities in 11 (42%) of
26 patients,” suggesting a future role of this imaging
technique in monitoring of tuberculous meningitis.

Management of critically ill patients with
tuberculous meningitis

This section on management of critical illness starts with
supportive management, followed by medical, and then
surgical management (panel 2).

General patient management

Supportive care is critical in tuberculous meningitis, yet
few data exist to guide management. With control of
intracranial pressure a priority, supportive care aims
to optimise patient position and parameters such as
temperature, haemoglobin, and glucose concentrations,
and avoid complications of prolonged critical illness such
as ventilator associated pneumonia and pressure area
damage (panel 3). Fever is associated with worse out-
comes in patients with severe neurological injury of
multiple causes,” and an increased 1-year mortality in
HIV-negative individuals with tuberculous meningitis.’
Cerebral metabolic rate and oxygen demand fall with
body temperature,” and a role for therapeutic hypothermia
in neuroprotection has been explored. RCTs showed that
therapeutic hypothermia was associated with increased
mortality in patients with severe bacterial meningitis,”
and worse functional outcomes in patients with_trau-
matic brain injury;”* however, no trials have investigated
therapeutic hypothermia in patients with tuberculous
meningitis.

Figure 1: Use of optic nerve sheath diameter ultrasound in critically ill
patients with tuberculous meningitis

Optic nerve sheath diameter ultrasound is a simple, non-invasive tool that

shows potential to screen individuals with tuberculous meningitis for raised
intracranial pressure.” (A) Optic nerve sheath diameter ultrasound image of

the left eye from an adult patient with Medical Research Council grade 2
tuberculous meningitis (GCS 11-14, or GCS 15 with focal neurological signs)
and raised intracranial pressure. This image was taken at diagnosis of
tuberculous meningitis, on the first day of antituberculosis chemotherapy.

At the posterior aspect of the globe, a short narrow horizontal line represents
swelling of the head of the optic nerve. Retrobulbar distension of the optic
nerve sheath can be seen, with a subsequent tapering of the optic nerve sheath
proximally. (B) Identical to (A) with the addition of measuring calipers, showing
retrobulbar distension of the optic nerve sheath measured at 0-3 cm from the
posterior aspect of the globe of the eye (A-A calipers), and the diameter of the
optic nerve sheath (caliper B, diameter 0 -54 cm).
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Raised intracranial pressure contributes to poor outcome
in patients with tuberculous meningitis. Intracranial
pressure reduction strategies derive from evidence
acquired in other causes of brain injury. We summarise
potential strategies for optimising intracranial pressure
and preserving brain perfusion in critically ill indivi-
duals with tuberculous meningitis (figure 2). Supportive
therapies include optimisation of patient position for
CSF and cerebral venous drainage, avoidance of hyper-
thermia and hypotension, control of seizures, and appro-
priate mechanical ventilation. Drug therapies include
acetazolamide for reducing CSE production, adjunctive
anti-inflammatory therapy, and antituberculosis chemo-
therapy. Furthermore, sodium management, hyperosmolar
therapy, and neurosurgical strategies (endoscopic third
ventriculostomy [ETV] and ventriculoperitoneal [VP]
shunting) are also potential treatment strategies.

Airway protection and respiratory failure

In two studies, 53 (70%) of 76 adults and children® and
63 (70%) of 90 adults® with tuberculous meningitis,
admitted to an intensive care unit, required mechanical
ventilationl However, optimal ventilation strategies in
patients with tuberculous meningitis are unknown.
Neuromuscular blockade could allow more efficient con-
trol of oxygenation, hyperventilation, and positive end-
expiratory pressure, and limit coughing, with the overall
result of avoiding surges of intracranial pressure; but no
data support its routine use in patients with traumatic
brain injury” or those with tuberculous meningitis.
Hypocarbia and hypercarbia have detrimental effects on
cerebral blood flow and intracranial pressure in patients
with tuberculous meningitis” No evidence supports
the use of hyperventilation for intracranial pressure
management in patients with tuberculous meningitis.

Antituberculosis chemotherapy

The use of antituberculosis chemotherapy in patients with
tuberculous meningitis has been reviewed elsewhere’
and only aspects relevant to critically ill patients with
tuberculous meningitis are discussed in this Review.
Rifampicin, isoniazid, pyrazinamide, and ethambutol are
first-line agents for drug-susceptible tuberculosis,” with
9-12 month regimens common for patients with tuber-
culous meningitis.* Prompt treatment and avoidance of
therapy interruptions are essential to reduce mortality
from tuberculous meningitis.” Optimal drug doses and
administration routes are unknown, especially in critically
ill patients, although some evidence has shown that high
rifampicin doses (>10 mg/kg, normal dose is 10 mg/kg per
day, up to a maximum of 600 mg per day) administered
intravenously might improve outcomes.* Severely ill indi-
viduals who are unable to swallow can receive |crushed
antituberculosis medications via an enteral feeding tube,
yet no data exist confirming that this approach achieves
adequate intracerebral drug concentrations. Intravenous
preparations might be preferable, if available, although

Panel 2: Case study

A 30-year-old man was admitted to a hospital in Ho Chi Minh City, Vietnam, with a
2-week history of fever, headache, and meningism. He had no relevant past medical
history. Glasgow Coma Scale score was 15, and the only abnormal neurological sign was a
right sixth cranial nerve palsy. Serum sodium was 117 mmol/L and liver function tests
were normal. An HIV test was positive, CD4 count was 17 cells per pL, and a chest x-ray
was normal. CSF analysis revealed 304 white blood cells (73% neutrophils), protein was
2.01 g/L, glucose was 0-72 mmol/L (paired serum glucose was 4-75 mmol/L), and lactate
was 7-7 mmol/L. Acid-fast bacilli were seen on CSF smear microscopy and a CSF
GeneXpert test was negative. CT (appendix) and MRI brain imaging with contrast were
normal. Tuberculous meningitis was diagnosed and first-line oral antituberculosis
chemotherapy was initiated (rifampicin, isoniazid, pyrazinamide, and ethambutol, at
weight appropriate doses). Adjunctive dexamethasone was used, initially at 0-4 mg/kg
per day, with weekly tapering. Reduced serum osmolality, inappropriately high urine
osmolality, elevated urinary sodium, and hypovolaemia were consistent with cerebral salt
wasting, and hypertonic saline was administered to correct circulating volume and serum
sodium concentration. Antiretroviral therapy was not immediately started because of the
risk of neurological immune reconstitution inflammatory syndrome.

2 weeks after starting antituberculosis chemotherapy, the patient’s condition had
improved. The cranial nerve palsy had resolved, serum sodium had recovered to

130 mmols/L with correction of hypovolaemia, and hypertonic saline therapy had been
stopped. A decision was made to commence antiretroviral therapy (tenofovir, lamivudine,
and efavirenz). After 5 days, the patient developed a headache and began vomiting.
Glasgow Coma Scale score remained at 15. Brain CT with contrast did not reveal focal
lesions, although cerebral ventricles had slightly increased in size (appendix). After 5 days,
the Glasgow Coma Scale score acutely fell to 11 (eyes open to speech,

inappropriate words, localising motor response). MRI brain imaging with contrast
showed substantially enlarged cerebral ventricles (appendix) with a tuberculoma
compressing the fourth ventricle outlet. Antituberculosis chemotherapy was
administered via a nasogastric tube, and high dose intravenous dexamethasone was
initiated. A decision was made in conjunction with the patient’s family and neurosurgical
team not to proceed with neurosurgical intervention. The following day, the Glasgow
Coma Score fell to 7 and the patient underwent endotracheal intubation and mechanical
ventilation. Supportive care and medical therapy were continued. 2 days later, the patient
had a cardiac arrest and died.

evidence is scarce, and no intravenous pyrazinamide
preparation exists. Interruptions to first-line antituber-
culosis chemotherapy could be necessary if drug-induced
liver injury occurs, although the transaminase thresholds
for stopping drugs, and the timing of their reintroduction,

have not yet been defined by RCTs.

Anti-inflammatory treatment

Adjunctive corticosteroids, given from the start of anti-
tuberculosis drug treatment, reduce mortality from tuber-
culous meningitis, at least in the short term (less than
2 years after treatment initiated).* Their benefit in HIV
co-infection is uncertain and is the objective of an ongoing
RCT in Vietnam and Indonesia (NCT03092817).* The
optimal dose and administration route, and whether
prednisolone and dexamethasone are equally effect-
ive, remain unknown. Correct use of corticosteroids
following the start of antituberculosis drug treatment in
the management of complications causing neurological
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Panel 3:-and evidence gaps in the supportive care of critically ill patients with tuberculous meningitis

Infection control and reducing potential in-hospital

Mycobacterium tuberculosis transmission

. ight be required in patients with
concomitant

+ Respiratory isolation in critical care is challenging when
patients require constant monitoring from staff

on tuberculosis
given that periodic breaks to this closed circuit to allow
suction might induce coughing

Head-of-bed elevation to reduce intracranial pressure

« Elevating the head end of a bed is known to aid venous
drainage and shifts CSF extracranially, but might also lower
mean arterial pressure

»  Optimal head-of-bed elevation in patients with tuberculous
meningitis has not been studied

Maintaining_concentrations

+ Hyperglycaemia and hypoglycaemia adversely affect the
brain during critical illness; however, optimal glucose control
is not known”*

Treating anaemia to ensure optimal tissue oxygenation

+ Haemoglobin is important for optimal oxygen delivery in
patients at risk of ischaemia, and optimal transfusion
thresholds have not been determined in patients with
tuberculous meningitis

Controlling and reducing-
»  Whether treating fever in patients with tuberculous

meningitis improves outcomes is not known
« No randomised controlled trials have yet described therapeutic
hypothermia in patients with tuberculous meningitis

deterioration and critical illness is unclear. Despite weak

evidence,

as they can reduce cere-
bral oedema. They are often used in the treatment of
neurological deterioration caused by expanding brain
tuberculomas® and for immune reconstitution inflam-
matory syndrome in patients with HIV.® Occasionally,
tuberculomas do not respond to corticosteroids, with per-
sistence or progression of symptoms associated with

phase 3 trials are planned to assess the effect of adjunctive
aspirin administered with dexamethasone on brain
infarcts and mortality.”

-management

Data regarding the cause and timing of seizures in
patients with tuberculous meningitis is scarce, and their

Preventing deepvein thiombosis

+ The role of deep vein thrombosis prophylaxis in critically ill
patients with tuberculous meningitis, in which
corticosteroids and aspirin might add to the gastrointestinal
bleeding risk, has not been studied

+ The effect of head-of-bed elevation or general patient
positioning in patients with tuberculous meningitis on deep
vein thrombosis has not been studied

Protecting pressure areas

+ The effect of head-of-bed elevation or general patient
positioning on pressure area damage in patients with
tuberculous meningitis has not been studied

Ventilator-associated pneumonia prevention
« Mechanical ventilation is common in critical care tuberculous
meningitis*

+ Almosta of patients with tuberculous meningitis who
had mechanical

+ Ventilator-associated pneumonia prevention strategies are
uncertain in patients with tuberculous meningitis

Optimising-

+ Tuberculosis is a catabolic illness, yet no nutritional guideline
exists specifically for tuberculous meningitis

+ Alternative drug administration routes can be considered
when an oral route is unavailable in unconscious patients

incidence appears to vary substantially between popula-
tions. A study of 817 Vietnamese adults with tuberculous
meningitis showed that seizures occurred in 11 (3%) of
409 patients receiving standard antituberculosis chemo-
therapy.” Seizures were also reported in 8% of 515 HIV-
negative individuals and 13% of 93 HIV-positive
individuals (all older than age 14 years) with tuberculous
meningitis in Indonesia.® Conversely, a study of Indian
adults with tuberculous meningitis showed seizures in
27 (34%) of 79 patients, and abnormal EEG changes were
observed in 17 (85%) of 20 patients who had seizures and
EEG tests.® Early-onset seizures were associated with
cerebral oedema and meningeal irritation, whereas late-
onset seizures were associated with hydrocephalus,
cerebral infarction, and tuberculomas in patients with
tuberculous meningitis.” Seizure risk can be increased
by fluoroquinolone coadministration.”* The optimum
treatment of seizures in patients with tuberculous
meningitis has not been studied. Therapy is compli-
cated when cytochrome P450 induction and inhibition
alters concentrations of drugs metabolised by these
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| _management l——} ETV

Cerebral infarction

Head of bed elevation;
reduction of intracranial pressure

Fijpeiosmolattherapy;

reduce intracerebral
oedema; replace lost
volume in cerebral salt
wasting; correct serum
sodium concentration

o—

Lumbar puncture; measures opening
pressure, sample and drains CSF

» EVD

| Ensure appropriate oxygenation

Tuberculoma l

Mechanical ventilation

Haemoglobin

Ensure appropriate
brain perfusion

v

Blood pressure
control; avoid
hypotension

Temperature control;
avoid hyperthermia

Drug therapies
« Anti chemotherapy
« Anti therapy

« Sedation
« Anti-convulsants
. to reduce CSF production

Avoiding and reducing high intracranial pressure, and preserving brain perfusion and oxygenation in critically il individuals with tuberculous meningitis

is important. Little evidence exists specific to tuberculous meningitis; however, the strategies in this figure show the multiple potential ways in which the problem of
raised intracranial pressure and impaired brain perfusion can be approached. Surgical interventions labelled in red, disease processes labelled in blue, and other
interventions labelled in black. EVD=external ventricular drainage. ETV=endoscopic third ventriculostomy. VP=ventriculoperitoneal.

enzymes, and levetiracetam might be preferred to
prevent interactions with rifampicin in patients with
seizures.*

Hyponatraemia commonly accompanies critical illness
resulting from tuberculous meningitis, and cerebral salt
wasting and syndrome of inappropriate antidiuretic
hormone secretion are considered the most likely
causes.® An RCT compared intravenous and oral
sodium supplementation with or without fludrocortisone
(0-1-0-4 mg/day) in the treatment of 37 Indian adults
with hyponatraemia (<135 mEq/L) caused by cerebral salt
wasting associated with tuberculous meningitis.”

than intravenous and oral
salt supplementation alone (4 days vs 15 days), but did
influence or disability at 6 months.
was associated with
in two patients with hyponatraemia,
its discontinuation.” For
clinical
practice guidelines recommend as first-
line treatment,* although this approach has not been
investigated in patients with tuberculous meningitis.
Distinguishing the cause of hyponatraemia in patients
with tuberculous meningitis is difficult,® and

is potentiall because these patients are
often Assessment of intravas-
cular fluid status can guide therapy, with hypovolaemia
expected in patients with cerebral salt wasting, and
euvolaemia expected in patients with syndrome of
inappropriate antidiuretic hormone secretion.*
Meta-analyses of studies in

however, the choice of agent
requires individual patient consideration.*® Case reports
describe use of mannitol and hypertonic saline in patients
with tuberculous meningitis,”* but no comparative clini-
cal trials exist. Mannitol can promote hypovolaemia
(reducing cerebral perfusion pressure) through dehydra-
tion, and the osmotic gradient reversal upon stoppin
mannitol is

“which reduces the ability
of hypertonic saline to exacerbate raised intracranial
pressure. Rapid correction of hyponatraemia could result
in central pontine myelinolysis, which reduces the ability
of and would result in worsening of clinical neurological
state.*
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10

Differentiation o
ing hydrocephalus is

shows whether intrathecally injected
air can pass into the lateral ventricles of the brain,” yet is
rarely done. “ and
could have value in hydrocephalus treatment, but no
recent trials of medical treatment of communicating
hydrocephalus, with acetazolamide or other therapy, have
been done. Thus, optimal drug therapy for communicating
hydrocephalus is

intervention relieves high intra-
cranial pressure in hydrocephalus,
and be tried for hydrocephalus in
cases for which medical therapy is ineffective. The most
commonly used surgical procedures are

described in
detail elsewhere. EVD can temporarily relieve acutely
raised CSF pressure in patients who might not require

* ETV is technically more difficult in patients
with acute tuberculous meningitis than in other causes
of hydrocephalus because of the increased exudate in
the basal cisterns, and outcomes can improve when
the procedure is done at a later stage during disease
progression.”

ETV and VP shunting carry a of
alnd-91 and are only available in specialist

centres. An RCT comparing ETV versus VP shunting in
48 children (<18 years) with hydrocephalus associated
with tuberculous meningitis in India showed that ETV
was successful in ten (42%) of 24 patients, and VP
shunting successful in 13 (54%) of 24 patients.” Although
no significant difference in success was observed between
these two surgical techniques, the timing of the procedure
(days of anti-tuberculosis chemotherapy received) must
be considered along with procedural success and risks of
the procedure after the relevant number of days of
antituberculosis treatment. ETV and VP shunting were
compared in an observational study of 52 children
(<18 years)” with hydrocephalus associated with tuber-
culous meningitis in India. ETV was successful in
17 (65%) of 26 patients and VP shunting successful in
16 (62%) if 26 patients. Unsuccessful cases of both
techniques were linked to disease severity, emphasising
the challenges of surgically managing severe cases of
tuberculous meningitis.” An age of younger than 5 years
was significantly associated with VP shunt failure.” A
systematic review of 19 studies including 1038 patients
with hydrocephalus associated with tuberculous menin-
gitis concluded that high-quality data in adults for these
techniques are scarce.” Long-term outcomes in hydro-
cephalus associated with tuberculous meningitis are

worse in individuals with HIV,” although better outcomes
are suggested in those receiving antiretroviral therapy.”
Decision making between medical treatment of hydro-
cephalus, EVD, ETV, and VP shunting remains challeng-
ing and controversial.

Conclusions and future research

The of critically ill patients with_
is Conventional triggers for intensive

care unit admission (such as reduced Glasgow Coma

Scale score) might occur too late in the disease process,

and for tuberculous meningitis prognosis quickly worsens

once coma develops.

A management priority is to
monitor and safely reduce ﬂ pre-

serving brain perfusion while antituberculosis chemo-
therapy takes effect. The
associated with tuberculous meningitis might result from
the disease itself, its complications, or its treatment, all of
which can contribute to critical illness. eg,
could be present at diagnosis,”* or
after beginning antituberculosis chemotherapy.” RCTs are
required to provide an evidence base for the management
of critically ill patients with tuberculous meningitis. The
benefit of therapies that are effective in other conditions
such as hypertonic saline” remain to be proven in patients
with tuberculous meningitis. The development of a

proposed for those with
valuable.

Hydrocephalus, hyponatraemia, and supportive man-
agement are crucial areas to target for future research.
The between and
hydrocephalus is to guide ther-
apy. Future research should investigate the use of .
h to make this ﬂ whether this
practice is safe, affects therapy, and improves outcomes
are other aspects of further investigation. Paediatric
studies® have reported varying success with ETV and
VP shunting for treatment of hydrocephalus. RCTs of
acetazolamide with or without frusemide in the treat-
ment of communicating hydrocephalus are required. An
improved understanding of hyponatraemia’s patho-
physiology is important to guide care of patients with
tuberculous meningitis. The effects on patient outcome
of treating hyponatraemia, or further sodium reduction
after correction are not known.

For individuals receiving
the optimum saline concentration, total daily dose and
volume, and duration of therapy are unknown. Clinical
parameters to guide therapy—extracellular or intra-
vascular volume, serum sodium, or other parameters—
are uncertain. These could be assessed in future clinical
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trials, in which hypertonic saline is administered to
volume or sodium targets, and serum sodium, intra-
cranial pressure, and neurological outcome are endpoints.
The potential benefit and harm of fludrocortisone was
shown in a small study® and a larger trial is needed.

Evidence for supportive care specific to patients with
tuberculous meningitis is weak. Optimal infection control
strategies, nutrition, and pressure area care are unknown,
and further study is warranted. Head-of-bed elevation
angles should be studied as this practice reduces intra-
cranial pressure and less gastric secretions move into
lungs, which can cause ventilator-associated pneumonia.
Study endpoints could include pressure area damage
(sacral skin and tissue that ulcerates when patients are
bedbound for long periods), ventilator-associated pneu-
monia, and neurological outcomes (neurological disability
and mortality). Furthermore, the effect of seizure prophyl-
axis and thromboprophylaxis upon drug interactions,
seizures, venous thromboembolism, and gastrointestinal
bleeding needs to be assessed in prospective studies.
A supportive tuberculous meningitis care bundle con-
taining supportive strategies to follow and therapies to
administer could be created and studied. Ward round
checKlists specific to patients with tuberculous meningitis
could ensure daily review and improvements in all aspects
of care.

Anti-inflammatory therapy is widely used in patients
with tuberculous meningitis, yet the optimal dose and
duration is not known for adults or children.””* RCTs of
corticosteroid therapy are required for both |paradoxical
reactions and IRIS to provide strong evidence to support
their use in these conditions, and to guide dosing and
treatment duration. The optimal dose and duration of
corticosteroids in patients with tuberculous meningitis
is not known for adults or children. Additionally, the
effect of tapering therapy on adrenal function remains
unknown.

Mortality prediction| in patients with tuberculous
meningitis is improving,*” and could identify high-risk
individuals requiring intensive monitoring. For example,
in a retrospective study of brain infection in a critical care
unit, in which 36 (47%) of 76 patients had tuberculous
meningitis, duration of hospital stay or mechanical
ventilation predicted mortality® Early identification
of complications associated with tuberculous menin-
gitis through intensive monitoring can allow earlier
therapy and improve outcomes. Non-invasive intracranial
pressure monitoring has shown promise as a tool for the
identification of raised intracranial pressure in patients
with tuberculous meningitis;* however, robust evidence
that techniques such as optic nerve sheath diameter ultra-
sound detect raised intracranial pressure earlier, lead to
appropriate interventions, and then improve outcomes, is
required. A future trial design could compare standard
care with care in which optic nerve sheath diameter
ultrasound is used. A diameter value over a set threshold
would lead to brain imaging followed by appropriate
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Search strategy and selection criteria

We searched PubMed for human studies published in any language between Jan 1, 2013,
and Jan 14, 2019, using the search terms: “neurocritical care” (variations: “neuro critical
care”, "neurointensive care”, "neuro intensive care”, “critical care”, “intensive care”) or
“tuberculous meningitis” (variations: “tuberculosis meningitis”, “TB meningitis”, “TBM"),
plus each one of the following search terms: “admission”, “clinical trials”, “monitoring”,
“transcranial Doppler ultrasound”, “TCD ultrasound”, “optic nerve sheath diameter
ultrasound”, “ONSD ultrasound”, “head of bed elevation”, “nutrition”, “infection control”,
“anti-tuberculosis chemotherapy”, “antitubercular chemotherapy”, “antiretroviral
therapy”, "ART", “corticosteroids”, “anti-inflammatory”, “aspirin”, “sedatives”,
“anticonvulsants”, “hyperthermia”, “hypothermia”, “seizure”, “mechanical ventilation”,
“tracheostomy”, “hyponatraemia”, “hyperosmolar therapy”, “hypertonic saline”,
“mannitol”, “fludrocortisone”, “acetazolamide”, “hydrocephalus”, “cerebral infarction”,
“stroke”, “cerebrovascular accident”, “CVA”, “cerebral ischaemia”, “tuberculoma”, “immune
reconstitution inflammatory syndrome”, “IRIS”, “paradoxical reaction”, “HIV co-infection”,
“brain imaging”, “computed tomography”, “CT", “magnetic resonance imaging”, “MRI",
“electroencephalogram”, “EEG”", “neuromonitoring”, “positron emission tomography
imaging”, “PET imaging”, “18F-FDG PET”, “jugular venous saturation monitoring”, “brain
tissue oxygen tension monitoring”, “Pbt02", “near infra-red spectroscopy”, “biomarkers
of brain injury”, “intracerebral microdialysis”, “transcranial cerebral oximetry”, “lumbar
puncture”, “opening pressure”, “severe”, “critical”, “coma”, or “standardisation”. A
separate search of PubMed was done using the search terms “neurocritical care”
(variations: “neuro critical care”, “neurointensive care”, “neuro intensive care”, “
care”, “intensive care”) and “tuberculous meningitis” (variations: “tuberculosis
meningitis”, “TB meningitis”, “TBM") only. Relevant references of selected papers were
also included. The final list of references was based on relevance to the topics covered in

this Review.

nou

critical

therapy on the basis of imaging findings, with neurological
disability and mortality recorded as outcomes. Preliminary
research monitoring (such as 18F-fluorodeoxyglucose
PET, jugular venous saturation monitoring, and inter-
stitial fluid sampling; appendix) show promise for the
future, and further data regarding their role in monitor-
ing of patients with tuberculous meningitis should be
collected.

See Online for appendix

Contributors

GET and JD defined the concept and scope of the Review, with
discussion with AF and UR. JD did the literature review and wrote the
first draft of the manuscript. D, AF, DI, NHP, UR, and GET reviewed
and revised the manuscript drafts and agreed on the final manuscript for
submission.

Declaration of interests

GET and JD are supported by the Wellcome Trust, UK. AF is supported
by the National Research Foundation, South African Research Chairs
Initiative, Chair of Clinical Neurosciences. All other authors declare no
competing interests.

References

1 WHO. Global tuberculosis report 2018. 2018. http://www.who.int/
tb/publications/global_report/en/ (accessed Sept 22, 2018).

2 Thwaites G. Tuberculous meningitis. Medicine (Baltimore) 2017;
45: 670-73.

3 Imran D, Estiasari R, Maharani K, et al. Presentation, etiology, and
outcome of brain infections in an Indonesian hospital.
Neurol Clin Pract 2018; 8: 379-88.

4 HeY, Han C, Chang K-F, Wang M-S, Huang T-R. Total delay in
treatment among tuberculous meningitis patients in China:
a retrospective cohort study. BMC Infect Dis 2017; 17: 341.

11


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Review

12

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

van Laarhoven A, Dian S, Ruesen C, et al. Clinical parameters,
routine inflammatory markers, and LTA4H genotype as predictors
of mortality among 608 patients with tuberculous meningitis in
Indonesia. J Infect Dis 2017; 215: 1029-39.

Ong CWM, Pabisiak PJ, Brilha S, et al. Complex regulation of
neutrophil-derived MMP-9 secretion in central nervous system
tuberculosis. ] Neuroinflammation 2017; 14: 31.

Wilkinson R]J, Rohlwink U, Misra UK, et al. Tuberculous
meningitis. Nat Rev Neurol 2017; 13: 581-98.

Thwaites GE, van Toorn R, Schoeman J. Tuberculous meningitis:
more questions, still too few answers. Lancet Neurol 2013;

12: 999-1010.

Chiang SS, Khan FA, Milstein MB, et al. Treatment outcomes of
childhood tuberculous meningitis: a systematic review and
meta-analysis. Lancet Infect Dis 2014; 14: 947-57.

Schaller MA, Wicke F, Foerch C, Weidauer S. Central nervous
system tuberculosis: etiology, clinical manifestations and
neuroradiological features. Clin Neuroradiol 2019; 29: 3-18.

Marais BJ, Heemskerk AD, Marais SS, et al. Standardized methods
for enhanced quality and comparability of tuberculous meningitis
studies. Clin Infect Dis 2017; 64: 501-09.

Bahr NC, Nuwagira E, Evans EE, et al. Diagnostic accuracy of Xpert
MTB/RIF Ultra for tuberculous meningitis in HIV-infected adults:
a prospective cohort study. Lancet Infect Dis 2018; 18: 68-75.
Thuong NTT, Heemskerk D, Tram TTB, et al. Leukotriene A4
hydrolase genotype and HIV infection influence intracerebral
inflammation and survival from tuberculous meningitis. J Infect Dis
2017; 215: 1020-28.

Ruslami R, Ganiem AR, Dian S, et al. Intensified regimen
containing rifampicin and moxifloxacin for tuberculous meningitis:
an open-label, randomised controlled phase 2 trial. Lancet Infect Dis
2013; 13: 27-35.

Heemskerk AD, Bang ND, Mai NTH, et al. Intensified
antituberculosis therapy in adults with tuberculous meningitis.

N Engl ] Med 2016; 374: 124-34.

Misra UK, Kalita J, Bhoi SK. Spectrum and outcome predictors of
central nervous system infections in a neurological critical care unit
in India: a retrospective review. Trans R Soc Trop Med Hyg 2014;
108: 141-46.

Ojukwu N, Talati C, Wijayatilake S, De la Cerda G, Bellini A, Jain R.
Tuberculous meningitis: a 10-year case analysis of critical care
admissions. Crit Care 2014; 18: P448.

Clemente Morgado T, Kinsky M, Carrara H, Rothemeyer S,

Semple P. Prognostic value of computed tomography—evident
cerebral infarcts in adult patients with tuberculous meningitis and
hydrocephalus treated with an external ventricular drain.

World Neurosurg 2013; 80: €255-60.

Cantier M, Morisot A, Guérot E, et al. Functional outcomes in
adults with tuberculous meningitis admitted to the ICU:

a multicenter cohort study. Crit Care 2018; 22: 210.

Jawaid A, Bano S, Haque AU, Arif K. Frequency and outcome of
meningitis in pediatric intensive care unit of Pakistan.

J Coll Physicians Surg Pak 2016; 26: 716-17.

Jain SK, Tobin DM, Tucker EW, et al. Tuberculous meningitis:

a roadmap for advancing basic and translational research.

Nat Immunol 2018; 19: 521-25.

Stocchetti N, Maas AIR. Traumatic intracranial hypertension.

N Engl ] Med 2014; 370: 2121-30.

Kukreti V, Mohseni-Bod H, Drake ]. Management of raised
intracranial pressure in children with traumatic brain injury.

J Pediatr Neuosci 2014; 9: 207-15.

Vadivelu S, Effendi S, Starke JR, Luerssen TG, Jea A. A review of
the neurological and neurosurgical implications of tuberculosis in
children. Clin Pediatr (Phila) 2013; 52: 1135-43.

Modi M, Sharma K, Prabhakar S, et al. Clinical and radiological
predictors of outcome in tubercular meningitis: a prospective study
of 209 patients. Clin Neurol Neurosurg 2017; 161: 29-34.

Raut T, Garg RK, Jain A, et al. Hydrocephalus in tuberculous
meningitis: incidence, its predictive factors and impact on the
prognosis. | Infect 2013; 66: 330-37

DeLance AR, Safaee M, Oh MC, et al. Tuberculoma of the central
nervous system. J Clin Neurosci 2013; 20: 1333—41.

Jeon S-B, Koh Y, Choi HA, Lee K. Critical care for patients with
massive ischemic stroke. | stroke 2014; 16: 146—60.

29

30

31

32

33

34

35

36

37

38

39

41

42

43

45

47

49

50

51

52

Misra UK, Kalita J, Betai S, Bhoi SK. Outcome of tuberculous
meningitis patients requiring mechanical ventilation. | Crit Care
2015; 30: 1365-69.

Mai NT, Dobbs N, Phu NH, et al. A randomised double blind
placebo controlled phase 2 trial of adjunctive aspirin for
tuberculous meningitis in HIV-uninfected adults. Elife 2018;
7:e33478.

Tai M-LS, Viswanathan S, Rahmat K, et al. Cerebral infarction
pattern in tuberculous meningitis. Sci Rep 2016; 6: 38802.

Wasay M, Khan M, Farooq S, et al. Frequency and impact of
cerebral infarctions in patients with tuberculous meningitis.
Stroke 2018; 49: 2288-93.

Garg RK, Malhotra HS, Kumar N. Paradoxical reaction in HIV
negative tuberculous meningitis. | Neurol Sci 2014; 340: 26-36.
Spasovski G, Vanholder R, Allolio B, et al. Clinical practice
guideline on diagnosis and treatment of hyponatraemia.

Eur | Endocrinol 2014; 170: G1-47.

Misra UK, Kalita J, Bhoi SK, Singh RK. A study of hyponatremia in
tuberculous meningitis. | Neurol Sci 2016; 367: 152-57.

Hannon M]J, Thompson CJ. Neurosurgical hyponatremia.

J Clin Med 2014; 3: 1084-104.

Thao LTP, Heemskerk AD, Geskus RB, et al. Prognostic models for
9-month mortality in tuberculous meningitis. Clin Infect Dis 2018;
66: 523-32.

Thuong NTT, Thwaites GE. Treatment-associated inflammatory
deterioration in tuberculous meningitis: unpicking the paradox.

J Infect Dis 2017; 215: 665-67.

Singh AK, Malhotra HS, Garg RK, et al. Paradoxical reaction in
tuberculous meningitis: presentation, predictors and impact on
prognosis. BMC Infect Dis 2016; 16: 306.

Gupta R, Garg RK, Jain A, Malhotra HS, Verma R, Sharma PK.
Spinal cord and spinal nerve root involvement
(myeloradiculopathy) in tuberculous meningitis.

Medicine (Baltimore) 2015; 94: e404.

BHIVA. BHIVA guidelines for the management of tuberculosis in
adults living with HIV. British HIV Association, 2018. https://
www.bhiva.org/file/5c¢485f3dc7c17/BHIVA-TB-guidelines.pdf.
(accessed May 01, 2019).

Desta Z, Soukhova NV, Flockhart DA. Inhibition of cytochrome
P450 (CYP450) isoforms by isoniazid: potent inhibition of CYP2C19
and CYP3A. Antimicrob Agents Chemother 2001; 45: 382-92.

Adole PS, Singh A, Kharbanda PS, Sharma S. Phenotypic
interaction of simultaneously administered isoniazid and phenytoin
in patients with tuberculous meningitis or tuberculoma having
seizures. Eur | Pharmacol 2013; 714: 157-62.

Narum S, Westergren T, Klemp M. Corticosteroids and risk of
gastrointestinal bleeding: a systematic review and meta-analysis.
BM] Open 2014; 4: e004587.

Millichap JG, Millichap JJ. Mechanism of action of acetazolamide
and idiopathic intracranial hypertension. Front Neurol 2015; 6: 13.
Kalita J, Bhoi SK, Betai S, Misra UK. Safety and efficacy of
additional levofloxacin in tuberculous meningitis: A randomized
controlled pilot study. Tuberculosis 2016; 98: 1-6.

Heemskerk AD, Nguyen MTH, Dang HTM, et al. Clinical
outcomes of patients with drug-resistant tuberculous meningitis
treated with an intensified antituberculosis regimen. Clin Infect Dis
2017; 65: 20-28.

Senbayrak S, Ozkutuk N, Erdem H, et al. Antituberculosis drug
resistance patterns in adults with tuberculous meningitis:

results of haydarpasa-iv study. Ann Clin Microbiol Antimicrob 2015;
14: 47.

Wang T, Feng G-D, Pang Y, et al. High rate of drug resistance
among tuberculous meningitis cases in Shaanxi province, China.
Sci Rep 2016; 6: 25251.

Marais S, Meintjes G, Pepper DJ, et al. Frequency, severity, and
prediction of tuberculous meningitis immune reconstitution
inflammatory syndrome. Clin Infect Dis 2013; 56: 450-60.

Bahr N, Boulware DR, Marais S, Scriven J, Wilkinson RJ,

Meintjes G. Central nervous system immune reconstitution
inflammatory syndrome. Curr Infect Dis Rep 2013; 15: 583-93.
Daskapan A, Idrus LR, Postma MJ, et al. A systematic review on the
effect of HIV infection on the pharmacokinetics of first-line
tuberculosis drugs. Clin Pharmacokinet 2018; published online
Nov 8. DOI:10.1007/s40262-018-0716-8.

www.thelancet.com/neurology Published online May 17, 2019 http://dx.doi.org/10.1016/ $1474-4422(19)30154-1



Review

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Department of Health and Human Services panel on antiretroviral
guidelines for adults and adolescents. Guidelines for the use of
antiretroviral agents in adults and adolescents living with HIV.
2016. http://aidsinfo.nih.gov/contentfiles/lvguidelines/
AdultandAdolescentGL.pdf (accessed Jan 8, 2019).

Sharma SK, Mohan A. Miliary tuberculosis. Microbiol Spectr 2017; 5: 2.
Teasdale G, Maas A, Lecky F, Manley G, Stocchetti N, Murray G.
The Glasgow Coma Scale at 40 years: standing the test of time.
Lancet Neurol 2014; 13: 844-54.

Tai M-LS, Sharma VK. Role of transcranial Doppler in the
evaluation of vasculopathy in tuberculous meningitis. PLoS One
2016; 11: e0164266.

Lau VI, Arntfield RT. Point-of-care transcranial Doppler by
intensivists. Crit Ultrasound J 2017; 9: 21.

Sangani S, Parikh S. Can sonographic measurement of optic nerve
sheath diameter be used to detect raised intracranial pressure in
patients with tuberculous meningitis? A prospective observational
study. Indian ] Radiol Imaging 2015; 25: 173.

Zhang X, Medow JE, Iskandar BJ, et al. Invasive and noninvasive
means of measuring intracranial pressure: a review. Physiol Meas
2017; 38: R143-82.

Claassen ], Taccone FS, Horn P, et al. Recommendations on the
use of EEG monitoring in critically ill patients: consensus
statement from the neurointensive care section of the ESICM.
Intensive Care Med 2013; 39: 1337-51.

D’Andrea A, Conte M, Scarafile R, et al. Transcranial Doppler
ultrasound: physical principles and principal applications in
neurocritical care unit. J Cardiovasc Echogr 2016; 26: 28-41.

van Toorn R, Schaaf HS, Solomons R, Laubscher JA,

Schoeman JF. The value of transcranial Doppler imaging in
children with tuberculous meningitis. Child’s Nerv Syst 2014;

30: 1711-16.

Torok ME. Tuberculous meningitis: advances in diagnosis and
treatment. Br Med Bull 2015; 113: 117-31.

Marcus HJ, Wilson MH. Insertion of an intracranial-pressure
monitor. Massachusetts Medical Society, 2015.

Rohlwink UK, Figaji AA. Biomarkers of brain injury in cerebral
infections. Clin Chem 2014; 60: 823-34.

Sunyakumthorn P, Turner GDH, Lee SJ, et al. Blood-brain barrier
function and biomarkers of central nervous system injury in
Rickettsial versus other neurological infections in Laos.

Am ] Trop Med Hyg 2015; 93: 232-37.

Rohlwink UK, Mauff K, Wilkinson KA, et al. Biomarkers of
cerebral injury and inflammation in pediatric tuberculous
meningitis. Clin Infect Dis 2017; 65: 1298-307.

Bertrand A, Leclercq D, Martinez-Almoyna L, Girard N, Stahl J-P,
De-Broucker T. MR imaging of adult acute infectious encephalitis.
Meédecine Mal Infect 2017; 47: 195-205.

Granerod |, Davies NWS, Mukonoweshuro W, et al. Neuroimaging
in encephalitis: analysis of imaging findings and interobserver
agreement. Clin Radiol 2016; 71: 1050-58.

Lee EK, Lee EJ, Kim S, Lee YS. Importance of contrast-enhanced
fluid-attenuated inversion recovery magnetic resonance imaging
in various intracranial pathologic conditions. Korean ]| Radiol 2016;
17: 127-41.

Garg RK, Malhotra HS, Jain A. Neuroimaging in tuberculous
meningitis. Neurol India 2016; 64: 219-27.

Wasay M, Farooq S, Khowaja ZA, et al. Cerebral infarction and
tuberculoma in central nervous system tuberculosis: frequency
and prognostic implications. | Neurol Neurosurg Psychiatry 2014;
85: 1260—64.

Kalita J, Singh RK, Misra UK, Kumar S. Evaluation of cerebral
arterial and venous system in tuberculous meningitis.

J Neuroradiol 2018; 45: 130-35.

Sonneville R, Vanhorebeek I, den Hertog HM, et al. Critical
illness-induced dysglycemia and the brain. Intensive Care Med
2015; 41: 192-202.

Lopez GA. Temperature management in the neurointensive care
unit. Curr Treat Options Neurol 2016; 18: 12.

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

Karnatovskaia LV, Wartenberg KE, Freeman WD. Therapeutic
hypothermia for neuroprotection: history, mechanisms, risks, and
clinical applications. The Neurohospitalist 2014; 4: 153-63.
Mourvillier B, Tubach F, van de Beek D, et al. Induced
hypothermia in severe bacterial meningitis. JAMA 2013;

310: 2174.

Andrews PJD, Sinclair HL, Rodriguez A, et al. Hypothermia for
intracranial hypertension after traumatic brain injury.

N Engl ] Med 2015; 373: 2403-12.

Sanfilippo F, Santonocito C, Tonny V, et al. The role of
neuromuscular blockade in patients with traumatic brain injury:

a systematic review. Neurocrit Care 2015; 22: 325-34.

Prasad K, Singh MB, Ryan H. Corticosteroids for managing
tuberculous meningitis. Cochrane Database Syst Rev 2016;

4: CD002244.

Donovan ], Phu NH, Mai NTH, et al. Adjunctive dexamethasone for
the treatment of HIV-infected adults with tuberculous meningitis
(ACT HIV): study protocol for a randomised controlled trial.
Wellcome Open Res 2018; 3: 31.

Misra UK, Kumar M, Kalita J. Seizures in tuberculous meningitis.
Epilepsy Res 2018; 148: 90-95.

Misra UK, Kalita ], Kumar M. Safety and efficacy of fludrocortisone in
the treatment of cerebral salt wasting in patients with tuberculous
meningitis: a randomized clinical trial. JAMA Neurol 2018;
75:1383-91.

Wakai A, McCabe A, Roberts I, Schierhout G. Mannitol for acute
traumatic brain injury. Cochrane Database Syst Rev 2013; 8: CD001049.
Rickard AC, Smith JE, Newell P, Bailey A, Kehoe A, Mann C. Salt or
sugar for your injured brain? A meta-analysis of randomised
controlled trials of mannitol versus hypertonic sodium solutions to
manage raised intracranial pressure in traumatic brain injury.

Emerg Med ] 2014; 31: 679-83.

Boone MD, Oren-Grinberg A, Robinson TM, Chen CC, Kasper EM.
Mannitol or hypertonic saline in the setting of traumatic brain injury:
what have we learned? Surg Neurol Int 2015; 6: 177.

Giancola ML, Baldini F, Carapella CM, et al. Brain
tuberculosis-associated immune reconstitution inflammatory
syndrome in an HIV-positive patient: a biopsy-proven case.

J Infect Dev Ctries 2015; 9: 536.

Ahmad S, Majid Z, Mehdi M, Mubarak M. Cerebral salt wasting
syndrome due to tuberculous meningitis; a case report. | Ren Inj Prev
2016; 5: 53-54.

Figaji A, Fieggen G, Rohlwink U. Hydrocephalus surgery in
childhood tuberculous meningitis with hydrocephalus. In: Turgut M,
Akhaddar A, Turgut AT, Garg RK, eds. Tuberculosis of the central
nervous system. Pathogenesis, imaging, and management. Cham:
Springer International Publishing, 2017: 419-28.

Goyal P, Srivastava C, Ojha BK, et al. A randomized study of
ventriculoperitoneal shunt versus endoscopic third ventriculostomy
for the management of tubercular meningitis with hydrocephalus.
Child’s Nerv Syst 2014; 30: 851-57.

Aranha A, Choudhary A, Bhaskar S, Gupta LN. A randomized study
comparing endoscopic third ventriculostomy versus
ventriculoperitoneal shunt in the management of hydrocephalus due
to tuberculous meningitis. Asian ] Neurosurg 2018; 13: 114047,

Rizvi I, Garg RK, Malhotra HS, et al. Ventriculo-peritoneal shunt
surgery for tuberculous meningitis: a systematic review. ] Neurol Sci
2017; 375: 255-63.

Sharma RM, Pruthi N, Arimappamagan A, Somanna S, Devi BI,
Pandey P. Tubercular meningitis with hydrocephalus with HIV
co-infection: role of cerebrospinal fluid diversion procedures.

J Neurosurg 2015; 122: 1087-95.

Harrichandparsad R, Nadvi SS, Suleman Moosa M-Y,

Rikus van Dellen ]. Outcome of ventriculoperitoneal shunt surgery
in human immunodeficiency virus—positive patients on
combination antiretroviral therapy with tuberculosis meningitis
and hydrocephalus. World Neurosurg 2019; 123: €574-80.

© 2019 Elsevier Ltd. All rights reserved.

www.thelancet.com/neurology Published online May 17,2019 http://dx.doi.org/10.1016/ $1474-4422(19)30154-1

13



	The neurocritical care of tuberculous meningitis
	Introduction
	Causes of critical illness in tuberculous meningitis
	Raised intracranial pressure
	Cerebral infarction
	Tuberculoma
	Hyponatraemia
	Paradoxical reactions
	Drugs
	Antituberculosis drug resistance
	Young children and individuals with HIV co-infection

	Monitoring of critically ill patients with tuberculous meningitis
	Clinical assessment and basic bedside monitoring
	Non-invasive intracranial pressure monitoring
	Lumbar puncture
	Invasive intracranial monitoring devices
	Biomarkers of brain injury
	Brain imaging

	Management of critically ill patients with tuberculous meningitis
	General patient management
	Airway protection and respiratory failure
	Antituberculosis chemotherapy
	Anti-inflammatory treatment
	Seizure management
	Hyponatraemia and hyperosmolar therapy
	Hydrocephalus
	Conclusions and future research

	References


