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Abstract. - Tuberculosis (TB) can involve
any organ system in the body. Extrapulmonary
involvement can occur in isolation or along with
a pulmonary focus as in the case of patients with
disseminated tuberculosis. Tuberculosis menin-
gitis (TBM) is the most severe form of extrapul-
monary tuberculosis. TBM a medical emergency,
is still a major cause of serious illness in many
parts of the world. TBM remains difficult to diag-
nose, and it is usually due to hematogenous dis-
semination of the tubercle bacillus. The exact in-
cidence and prevalence are not known. The clini-
cal spectrum is broad and may be non-specific
making early diagnosis difficult. Improved out-
come requires early recognition and treatment of
these conditions. Clinical features included fever
for more than 7 days, headache, or neck stiff-
ness. While TBM is a disease of childhood, tu-
berculomas and spinal tuberculosis are invari-
ably an adult manifestation. In HIV infection, TB
is often atypical in presentation, frequently caus-
ing extrapulmonary disease, and patients have a
high incidence of TBM. Clinical response to anti-
tuberculous therapy in all forms of neurotuber-
culosis is excellent if the diagnosis is made early
before irreversible neurological deficit is estab-
lished. Diagnosis is based on the characteristic
clinical picture, neuroimaging abnormalities,
cerebrospinal fluid changes and the response to
anti-tuberculosis drugs. Diagnosis is best made
with lumbar puncture and examination of the
cerebrospinal fluid (CSF). Suspect TBM if there
is a CSF leucocytosis (predominantly lympho-
cytes), the CSF protein is raised, and the CSF
plasma glucose is <50%. Rapid techniques
based on nucleic acid amplification such as PCR
are more sensitive and specific as they attempt
to detect specific DNA sequences of the organ-
ism. The hallmark pathological processes are
meningeal inflammation, basal exudates, vasculi-
tis and hydrocephalus. Treatment delay is
strongly associated with death and empirical an-
ti-tuberculosis therapy should be started prompt-
ly in all patients in whom the diagnosis of TBM is
suspected. Corticosteroids reduce the number of
deaths. Development of an effective vaccine
against tuberculosis hinges on an improved un-
derstanding of the human immune response to

Mycobacterium tuberculosis (Mtb). The emer-
gence of drug resistant tuberculosis poses a se-
rious threat to the control of this pathogen, and
the development of drugs that are active against
the resistant strains is vital. Further research into
the epidemiology, immune mechanisms, diagno-
sis, treatment, and prevention of TBM is urgently
needed.
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Introduction

Tuberculosis (TB) is a major cause of morbid-
ity and mortality. It is a major global health prob-
lem with 9 million new cases and almost 2 mil-
lion deaths per year, of which the majority (55%)
are in Asia'. Extrapulmonary tuberculosis usual-
ly presents more of a diagnostic problem than
pulmonary tuberculosis. In part this relates to its
being less common and, therefore, less familiar
to most clinicians. Extrapulmonary tuberculosis
has become more common since the advent of
human immunodeficiency virus (HIV) infection.
In addition, extrapulmonary tuberculosis in-
volves relatively inaccessible sites and, because
of the nature of the sites involved, fewer bacilli
can cause much greater damage. In 2007, over 13
000 tuberculosis (TB) cases were reported in the
USA?. Nearly 20% of patients with TB develop
extrapulmonary manifestations®. While pul-
monary disease is the most common manifesta-
tion of TB, the involvement of the central ner-
vous system (CNS) is associated with the most
severe form of disease, namely tuberculous
meningitis (TBM). TBM is one of the most com-
mon forms of central nervous system infections,
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especially in many developing countries where
tuberculosis remains highly endemic, and it is a
severe form of extrapulmonary tuberculosis.

TBM occurs when Mycobacterium tuberculo-
sis (Mtb), the bacterium responsible for tubercu-
losis, invades the membranes and fluid surround-
ing the brain and spinal cord. TBM is related to
the prevalence of TB in the community, and it is
still the most common type of chronic CNS in-
fection in developing countries. Bacterial and
host’s genetic factors play a crucial role in its
pathogenesis. TBM usually results from the
haematogenous spread of primary or post-prima-
ry pulmonary infection, or from the rupture of a
subependymal tubercle into the subarachnoid
space. TBM differs from that caused by most
other common bacteria in that the course is more
prolonged, the mortality rate is higher, it is al-
ways secondary to tuberculosis elsewhere in the
body. The infection usually begins in the lungs,
and then travels through the bloodstream to the
meninges where small abscesses are formed.

Many investigations have confirmed that ge-
netic factors are involved in the disease, and
these include adoption studies, twin studies,
genome-wide linkage and population-based case-
control association studies*. Initially, differences
in susceptibility to TBM were recognised
through numerous observations, such as the wide
range of responses seen after exposure to Mtb.

The clinical features of TBM mimic those of
other chronic meningoencephalitides, causing
considerable diagnostic difficulty’. The disease is
difficult to recognize, and a high index of suspi-
cion is necessary to establish the diagnosis. In
low-incidence geographic areas, clinicians
should suspect tuberculous meningitis in mem-
bers of immigrant groups from high-incidence
areas, as well as in patients who abuse alcohol or
drugs and those with immunosuppression from
any cause. Early diagnosis is important for the
success of the treatment®. If detected early, tuber-
culous meningitis usually responds to standard
chemotherapy supplemented with corticos-
teroids. Meningitis is the most common form of
CNS disease and is discussed in depth here.

This review focuses on the various aspects of
TBM, and special emphasis is given to recent de-
velopments in the early detection, phatogenesis
and management of this dreaded disease.

Etiology

Mitb, the causative agent of tuberculosis (TB), is
a facultative intracellular parasite of macrophages.
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It is a gram-positive, aerobic, non-spore-forming,
non-motile, pleomorphic rod that is distantly relat-
ed to the Actinomycetes. Mtb is the most com-
mon species to cause TB in humans. It is an ob-
ligate pathogen and cannot multiply outside host
cells. It can survive for long periods under ad-
verse conditions. Human to human transmission
is most common. Mtb is an acid-fast bacterium,
and it is very small, only 2 to 4 micrometers in
length. It is known as acid fast because of stain-
ing characteristics.

The characteristic staining quality of these
organisms is their ability to resist decolorization
of carbol fuchsin by acid-alcohol in the Ziehl-
Neelsen process due to the high lipid content of
the cell wall. The Ziehl-Neelsen (ZN) stain and
its modifications historically have been essen-
tial tools in the identification of mycobacteria
(Figure 1).

Lowenstein-Jensen medium is most popular
and widely available culture medium to grow
Mitb. Like other microbes, it can mutate and af-
fect characteristics such as drug sensitivity,
which is the focus of this review. In order for
Mitb to establish infection it must first gain entry
into resident alveolar macrophages following in-
halation of infectious aerosols.

The main cellular reservoirs of these organisms
in the host are tissue macrophages, although the
organisms also exist extracellularly. Macrophages
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Figure 1. Mycobacterium tuberculosis stains with Ziehl-
Neelsen stain (one of the most widely used acid-fast stain-
ing method).
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patrolling the distal airways avidly engulf inhaled
bacteria using a variety of phagocytic receptors. In
order for Mtb to establish infection it must first
gain entry into resident alveolar macrophages fol-
lowing inhalation of infectious aerosols. A number
of different phagocytic receptors have been impli-
cated in Mtb entry to macrophages, with comple-
ment receptor and mannose receptor likely the
predominant pathways. Intracellular parasitism is
accomplished by a variety of mechanisms that in-
clude altered trafficking of bacteria during endo-
cytosis, interference with host Ca, signaling path-
ways, and induction of maturational arrest of the
phagosome. There are numerous macrophage re-
ceptors capable of binding Mtb that can partici-
pate in its internalization, including CD11b,
CD14, the macrophage mannose receptor, scav-
enger receptor A, Toll-like receptor 4, and CD44’.

Epidemiology

TB is an ancient infection that has plagued hu-
mans throughout recorded and archeologic histo-
ry. TB is a social disease with medical implica-
tions, and it is remains one of the deadliest dis-
eases in the world. The natural history and clini-
cal manifestations of tuberculosis in children are
different as compared with that of adults. The ex-
act incidence and prevalence of TBM in the most
parts of the world are not exactly known. In de-
veloped countries, despite an overall decrease in
numbers of tuberculosis cases, the proportion of
extra-pulmonary tuberculosis and tuberculous
meningitis cases has increased. Central nervous
system TB accounts for about 5% of all extrapul-
monary TB and TBM is the most serious compli-
cation®. TBM occurs in approximately 7-12% of
patients with pulmonary tuberculosis, and is as-
sociated with high mortality and morbidity®.
There were an estimated 13.7 million prevalent
cases of tuberculosis in 2007 (206 per 100 000
population). During this period, estimated 9.27
million new cases of tuberculosis were registered
worldwide. Of these, an estimated 1.37 million
(14%) were human immunodeficiency virus-pos-
itive (10). It is estimated that 200 million people
will display symptoms and that 35 million will
die of TB between 2000 and 2020 if control and
preventive measures are not strengthened (World
Health Organization Annual Report, 2000). Esti-
mates of the prevalence of latent tuberculosis in-
fection (LTBI) are considerably less precise, but
it is commonly suggested that up to one-third of
the world’s population may be affected and at
risk of subsequent reactivation. LTBI, which is

defined as a positive tuberculin skin test (TST)
and no evidence of TB disease, has to be detect-
ed and treated to prevent extension and dissemi-
nation of TB, especially in children.

The majority of human immunodeficiency virus-
infected patients with culture-positive tuberculous
meningitis had clinical or radiologic evidence of
extra-meningeal tuberculosis as well''. The inci-
dence in neonates was 31.5 per 100 000 as com-
pared with 0.7 per 100 000 among older children'.
In Germany, 26 302 tuberculosis cases were regis-
tered during 1996-2000.

The proportion of patients with extrapul-
monary tuberculosis (including tuberculous
meningitis) was 21.6%, and extrapulmonary tu-
berculosis was most likely among females, chil-
dren aged, 15 yrs and persons originating from
Africa and Asia. Of all patients with extrapul-
monary tuberculosis, 58.7% were born in Ger-
many, 32.1% were from places with a higher risk
of extrapulmonary tuberculosis than Germany.
Females tended to be more likely to have any
form of extrapulmonary tuberculosis than males,
except pleural tuberculosis'®. CNS involvement
by the disease is estimated to occur in 5-10% of
patients, with tuberculous meningitis (TM) as the
most common manifestation. In France, the inci-
dence of TB is stable at around 11 cases per 100
000 population since 1997'*. The proportion of
TBM, the most severe form of TB, reported
through the French mandatory notification system
is very low, at around 1.5% of all TB cases. The
incidence of tuberculous meningitis in France (in
the year 2000) was estimated as 1.55 cases per
million. The incidence rate was 0.7 cases per mil-
lion when only culture-positive cases were count-
ed. Among 143 tuberculous meningitis cases re-
ported to two agencies of France the Tuberculosis
Mandatory Notification System and the National
Reference Centre total number of confirmed tu-
berculous meningitis cases were 91, and TBM is
underestimated in France. Capture-recapture
analysis using different sources to better estimate
its incidence is of great interest'. In United
States, at a large inner-city medical center, during
an 11.5-year period, 34 patients were found to
have positive cerebrospinal fluid cultures for My-
cobacterium tuberculosis, accounting for 1.5% of
culture-confirmed tuberculosis cases. All patients
were born in the United States, 31 (91%) were
black people and 16 (47%) were human immun-
odeficiency,virus-infected patients's. Poverty;
lack of functioning public health infrastructure;
lack of funding to support basic research aimed at
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developing new drugs, diagnostics, and vaccines;
and the co-epidemic of HIV continue to fuel the
ongoing epidemic of TB.

Multidrug-Resistant Tuberculosis

Tuberculosis is a leading cause of death from in-
fectious diseases world-wide, and multidrug-resis-
tant (MDR) tuberculosis continues to spread in
many parts of the world. Given the emergency of
multidrug-resistant bacilli, the approach to antimi-
crobial therapy in patients with TBM has become
problematic. The importance of multiply drug-re-
sistant (MDR) tuberculosis (defined by resistance
to both isoniazid and rifampin) has been well docu-
mented in the literature. The features of MDR tu-
berculosis in TBM have been characterized mostly
by case reports and small case series.

Drug-resistant TB was first noted to develop
soon after the introduction of streptomycin as the
first useful antibiotic with activity against Mtb. This
problem was alleviated by the co-administration of
isoniazid and streptomycin together, although soon
after the introduction of isoniazid in the early 1950s
resistance to this drug was noted as well. The truly
modern era of chemotherapy for TB began in the
1970s with the introduction of rifampin, which al-
lowed the shortening of chemotherapy regimens to
9 and eventually 6 months.

The phenomenon of multidrug-resistant tuber-
culosis (MDR-TB) emerged as a clinical entity in
the early 1990s after a couple of decades of
widespread use of rifampin. The growing inci-
dence of drug-resistant strains of tuberculosis
bacteria is another complication that has TB ex-
perts on the alert. A World Health Organization
(WHO)-associated global laboratory surveillance
network detected an increase in the global case
load of MDR-TB from w 274,000 in 2000 to w
500,000 cases in 2007 (5% of the global case
burden of TB)'7'®, MDR-TB, strains resistant to
at least isoniazid (INH), and rifampin, are diffi-
cult to treat and require drugs that are expensive,
toxic, and less effective!. The problem of MDR
has also been identified in patients with tubercu-
lous meningitis. Drug resistance is more com-
mon in human immunodeficiency virus-positive
patients, and the problem of multidrug-resistant
tuberculosis has also been identified in patients
with tuberculous meningitis. MDR tuberculous
meningitis is often associated with poor progno-
sis?*. The majority of MDR tuberculous meningi-
tis cases either died or experienced significant
morbidity. South African serial surveys of an-
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timicrobial sensitivity found an increase in isoni-
azid resistance from 6.9% to 12.4% in pediatric
TB isolates between 1994-2005, a significant de-
velopment in a treatment naive cohort?!. In re-
gions such as Uzbekistan and Azerbaijan, with a
high proportion of treatment failure and MDR-
TB transmission, reported isoniazid-resistance is
as high as 40%-49%?*. Fortunately, MDR tuber-
culous meningitis is still not a serious problem in
some of the endemic countries. A total of 366
cases, 301 (82.2%) were sensitive to all the four
primary drugs tested, while 65 (17.8%) showed
resistance. There were 46 (12.5%) isolates resis-
tant to isoniazid (INH), while 9 (2.4%) demon-
strated MDR?*. These data may suggest that
MDR in tuberculous meningitis is not yet a seri-
ous problem. However, a periodic review is re-
quired to ascertain the global incidence of drug-
resistant tuberculous meningitis.

The presence not only of MDR tuberculosis
but also what came to be called extensively drug-
resistant (XDR) tuberculosis. In fact, Mtb strains
resistant not only to the front-line drugs isoniazid
and rifampicin, but also to an increasing number
of second-line drugs, are becoming more com-
mon. These strains, are virtually untreatable us-
ing current therapeutics and, without the
strengthening of the current TB control measures
combined with a drive to introduce new anti-tu-
berculosis drugs, the situation is only set to wors-
en. XDR tuberculosis is caused by a strain of
Mtb resistant to isoniazid and rifampin (which
defines MDR tuberculosis) in addition to any flu-
oroquinolone and at least one of the three follow-
ing injectable drugs: capreomycin, kanamycin,
and amikacin. A definitive diagnosis of MDR-
TB and XDR-TB depends on identification of
the presence of Mtb and the drug-susceptibility
testing (DST) there of. This diagnosis can be
achieved only if laboratory quality assurance
programs are implemented. The gold standard
for DST is the indirect proportion method on
agar medium. This method requires obtaining a
pure culture of Mtb followed by inoculation onto
solid agar medium containing the critical concen-
tration of a specific anti-TB drug (the drug con-
centration that differentiates bacillary resistance
from susceptibility).

Pathogenesis

Transmission of bacteria Mtb to a healthy per-
son is primarily by airborne droplet nuclei. These
droplet nuclei contain from one to three organ-
isms, which are then distributed in the well-ven-
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tilated areas of the lung, especially the periphery
of the midlung fields, most commonly in the
right middle lobe, superior segments of the lower
lobes and anterior segments of the upper lobes.
After inhalation, the droplet nucleus is carried
down the bronchial tree and implants in a respi-
ratory bronchiole or alveolus. The primary focus
of infection is usually in the lungs but may be in
lymph nodes, bones, nasal sinuses, gastrointesti-
nal tract, or any other organ.

Progression of infection is limited by the ac-
quisition of effective cell-mediated immunity.
The main cellular reservoirs of these organisms
in the host are tissue macrophages. Lung
macrophages provide a critical intracellular
niche that is required for Mtb to establish infec-
tion in the human host. Apoptosis of alveolar
macrophages and monocytes has been described
as a consequence of Mtb infection. Indeed, pro-
tective immunity against Mtb is dependent on the
interplay between activated T cells, macrophages
and other leucocytes. Infection-induced target
cell apoptosis may be a successful strategy to
eliminate pathogens and assure host survival.
Conversely, apoptosis inhibition could represent
an adaptive mechanism for pathogen survival,
while it may be beneficial for the host to initiate
an effective immune response. This parasitic re-
lationship is made possible by the capacity of
Mtb to block phagosome maturation following
entry into the host macrophage, creating an envi-
ronment that supports bacillary replication.

If the bacillus is able to survive initial defences,
it can multiply within the alveolar macrophage. In
the lungs, Mycobacterium tuberculosis bacteria
multiply in alveolar macrophages, the tubercle
bacillus grows slowly, dividing approximately
every 25 to 32 h within the macrophage and,
therefore, there is no immediate host response to
infection. Inhaled mycobacteria proliferate in the
alveolar spaces and are then transported via lym-
phatics to regional hilar lymph nodes, from which
they can enter the systemic circulation to spread to
other organs. Within 2-4 weeks, through blood cir-
culation, bacilli spread to extrapulmonary sites
and produce small granulomas in the meninges
and adjacent brain parenchyma.

The development of TB infection in humans
depends on the mycobacterial strain and the hu-
man host, and is multigenically controlled in both.
The ability of the host to respond to the organism
may be reduced by certain diseases such as silico-
sis, diabetes mellitus, and diseases associated with
immunosuppression, e.g., HIV infection, as well

as by corticosteroids and other immunosuppres-
sive drugs. In these circumstances, the likelihood
of developing tuberculosis disease is greater.
Whether or not an inhaled tubercle bacillus estab-
lishes an infection in the lung depends on both the
bacterial virulence and the inherent microbicidal
ability of the alveolar macrophage that ingests it**
%, Our knowledge about how Mtb enters the host
cells is currently limited.

Meningitis can result from direct meningeal
seeding and proliferation during a tuberculous
bacillemia either at the time of initial infection or
at the time of breakdown of an old pulmonary fo-
cus, or can result from breakdown of an old para-
meningeal focus with rupture into the subarach-
noid space. In persons with intact cell-mediated
immunity, collections of activated T cells and
macrophages form granulomas that limit multi-
plication and spread of the organism.

TBM develops most commonly after a two-
stage process. Mtb bacilli enter the host by droplet
inhalation, the initial point of infection being the
alveolar macrophages. Localized infection esca-
lates within the lungs, with dissemination to the
regional lymph nodes to produce the primary
complex. During this stage, a short but significant
bacteremia is present that can seed tubercle bacilli
to other organs in the body. In persons who devel-
op TBM, bacilli seed to the meninges or brain
parenchyma, resulting in the formation of small
subpial or subependymal foci of metastatic
caseous lesions (Rich focus). The second stage in
the development of TBM is an increase in size of
a Rich focus until it ruptures into the subarachnoid
space. The location of the expanding tubercle (i.e.,
Rich focus) determines the type of CNS involve-
ment. The organisms tend to be localized in the
center of the granuloma, which is often necrotic.
Tubercles rupturing into the subarachnoid space
cause meningitis. In other instances, meningitis
may arise in the course of miliary TB or from
parameningeal infection.

Our understanding of the pathogenesis of
TBM dates from the meticulous studies that
Arnold Rich and Howard McCordock conducted
at Johns Hopkins Hospital in the 1920s and
1930s. In experiments in animals, they showed
that the meninges could not be directly infected
by hematogenous spread. Then, in a brilliant se-
ries of postmortem examinations, they demon-
strated that in nearly every case, there was a sub-
cortical or meningeal small granulomas from
which bacilli gained access to the subarachnoid
space. They postulated that during primary infec-
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tion, Mtb deposited in the brain parenchyma and
meninges during hematogenous dissemination.
Rich and McCordock, found that the initial event
in TBM was rupture of a subpial or subependy-
mal granuloma into the subarachnoid space or
ventricles?. These small granulomas are known
as “Rich focus”. Organisms proliferate in the
caseous centers, eventually leading to the rupture
of the tubercle. The fate of these tubercles and
the subsequent course of infection are at least, in
part, a function of the immunological capacity of
the host. Rich foci remain dormant for years.
Rich and McCordock challenged both sensitized
and non-sensitized guinea pigs and rabbits intra-
venously with Mtb and M. bovis respectively.
Though no animal developed acute exudative
meningitis, all animals developed few to several
granulomatous lesions in the brain parenchyma
and meninges. Based on these data, Rich further
postulated that tuberculomas or “Rich foci” de-
velop around the deposited mycobacteria. Much
later, the rupture of these foci allows dissemina-
tion of mycobacteria into the cerebrospinal fluid,
causing diffuse, inflammatory meningitis. In-
deed, TBM develops when a caseating Rich fo-
cus discharges its contents into the subarachnoid
space, and the bacilli enter the central nervous
system by traversing the blood-brain barrier
(BBB). This barrier is principally composed of
tightly apposed human brain microvascular en-
dothelial cells. Mycobacteria as an intracellular
pathogen are known to use several survival
strategies upon infection of the host cells. The
spread of Mtb into the subarachnoid space fol-
lowing rupture of a Rich focus triggers a robust
inflammatory T cell response.

Studies of CSF cytokine levels in patients with
TBM have found elevated levels of TNF-alfa and
IFN-gamma. Virulence of mycobacteria is a mul-
tifaceted phenomenon based on the expression of
multiple genes involved in various stages of
host-pathogen interactions including adhesion,
invasion, intracellular replication, and dissemina-
tion to other sites. The pathogenesis of tuberculo-
sis can be considered as a series of battles be-
tween the host and the tubercle bacillus. Under-
standing how healthy tuberculin reactors control
infection without developing disease provides
important insight into the mechanisms of protec-
tive immunity against Mtb.

There are numerous macrophage receptors capa-
ble of binding Mtb that can participate in its inter-
nalization, including CD11b, CD14, the
macrophage mannose receptor, scavenger receptor
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A, Toll-like receptor 4, and CD44. The innate re-
sponse is a form of natural immunity in which the
immune cells have never previously encountered
the pathogen, but can nevertheless eliminate it. In-
nate immunity explains why some persons are nat-
urally more resistant to certain viral or bacterial in-
fections. In contrast, the adaptive immune response
depends on the immune system’s prior contact
with a pathogen or antigens (immunogenic compo-
nents) of that pathogen?. It is estimated that ap-
proximately 10% of individuals who acquire tuber-
culosis infection and are not given preventive ther-
apy will develop active tuberculosis.

Several genetic abnormalities increase the
host‘s susceptibility to MT. Indeed, several stud-
ies have suggested that genetic factors may af-
fect the susceptibility of a population to tubercu-
losis, and it has been found that P2X7 is linked
to an increased risk for tuberculosis in some
West African, Southeast Asian, North American,
and North European populations. Activation of
the P2X? receptor, an ATP-gated Ca’>* channel,
on human macrophages induces intracellular
killing of Mtb. Fernando et al*® examined the as-
sociation between polymorphisms in P2X and
the risk of TB among patients and control sub-
jects from Southeast Asia. They found that only
the 1513A/C polymorphism was present in this
ethnic group. The 1513C allele was found to be
strongly associated with extrapulmonary, but not
pulmonary TB. ATP-mediated killing of my-
cobacteria was shown to be ablated in
macrophages from subjects homozygous for the
1513C allele, and significantly impaired in
macrophages from heterozygous subjects. Nino-
Moreno et al* found no significant association of
the P2X’-762 gene polymorphism with TB. In-
vestigation revealed that single nucleotide poly-
morphisms in toll-interleukin-1 receptor domain
containing adaptor protein gene were more
strongly associated with the risk of TBM?!. Stein
et al. analyzed candidate genes related to TNF-a
regulation and found that IL-10, IFN-y receptor
1, and TNF-a receptor 1 genes were linked and
associated to both TB and TNF-a. They showed
these associations with regard to progression to
active TB disease, but not susceptibility to latent
TB infection (LTBI)*2. TNF is commonly re-
garded to have an essential role in the immuno-
logic response of Mtb infection. Single nu-
cleotide polymorphisms, located at these genes,
are thought to influence cytokine levels and reg-
ulate resistance and susceptibility of an individ-
ual to tuberculosis®*. The pathogenic mycobacte-
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ria have developed strategies to circumvent the
major killing mechanisms employed by
macrophages and take advantage of the enclosed
environment within its host cell to avoid humoral
and cell-mediated immune responses. Mycobac-
terial genetic variability, including large se-
quence polymorphism (LSP) and single nu-
cleotide polymorphism allows survival adapta-
tion to environmental challenges. Beijing strain
of Mtb (highly prevalent in Asia and in the coun-
tries of the former Soviet Union) is strongly as-
sociated with TBM. However, the tuberculosis
caused by the Euro-American strain (the most
prevalent strain in Europe and the Americas) is
more likely to be pulmonary rather meningeal®.
The association between the East Asian/Beijing
strain and disease progression and cerebrospinal
fluid leukocyte count might influence protective
inflammatory responses of the brain®*.

The mechanisms by which Mtb manipulates
the host immune system are attributed to lipids in
the cell wall*. A variety of unique lipids, such as
lipoarabinomannan (LAM), trehalose dimycolate
and phthiocerol dimycocerate, anchor noncova-
lently with the cell membrane and appear to play
an important role in the virulence of Mtb*’. Stud-
ies have shown that LAM acts at several levels
and that it can scavenge potentially cytotoxic
oxygen free radicals, inhibit protein kinase C ac-
tivity and block the transcriptional activation of
gamma interferon inducible genes in human
macrophages such as cell lines, and hence con-
tribute to the persistence of mycobacteria within
mononuclear phagocytes®®. Mtb appears to gain
entry into macrophages via cell surface mole-
cules, including those of the integrin CR1 and
CR3 complement receptors and the mannose re-
ceptors. It has been shown that mannose recep-
tors bind the virulent Erdman and H37Rv strains
but not the avirulent MT H37Ra strain. Mtb
H37Rv has evolved a number of very effective
survival strategies, including: (1) the inhibition
of phagosome-lysosome fusion; (2) the inhibition
of phagosome acidification; (3) the recruitment
and retention of tryptophanaspartate containing
coat protein on phagosomes to prevent their de-
livery to lysosomes; and (4) the expression of
members of the host-induced repetitive glycine-
rich protein family of proteins®.

Pathological Consequences of Infection
Many of the symptoms, signs, and sequelae of

TB and TBM are the result of an immunological-

ly directed inflammatory reaction to the

infection®”. The TBM has a strong propensity to
affect the basal parts of the brain. Mtb causes
meningitis and parenchymal caseous granulo-
mas. The inflammatory infiltrate extends into the
subpial region, the ventricles, and subependymal
parenchyma. The pathophysiology of TBM in-
cludes basal exudates, hydrocephalus, granulo-
ma, and infarction. The location of the expanding
tubercle (Rich focus) determines the type of CNS
involvement. When the caseous content of a tu-
bercle on the meninges leaks into the cerebral
spinal fluid (CSF), the released material contains
a significant amount of mycobacterial antigen.
The neurological complications of TBM are initi-
ated by a hypersensitivity reaction that occurs in
the subarachnoid space when tuberculoproteins
are released by the rupture of a caseous lesion. In
the immunologically competent individual, this
produces an intense immune reaction. As a re-
sult, severe inflammatory changes occur with ac-
cumulation of cells and the onset of hyperemia,
edema, capillary damage, exudates, and fibrosis.
Neurological abnormalities occur with the de-
velopment of an inflammatory exudate that af-
fects mostly the sylvian fissures, basal cisterns,
brainstem, and cerebellum®*'. The exudate con-
tains erythrocytes, neutrophils, and macrophages,
followed by lymphocytes in more mature exu-
dates. The inflammatory infiltrate is composed of
lymphocytes, mononuclear cells, epithelioid his-
tiocytes, and occasional multinucleated giant
cells. The hallmark pathologic features are
meningeal inflammation (Figure 2), fibrogelati-
nous basal exudates, vasculitis of the arteries tra-
versing the exudates and obstruction of flow of
cerebrospinal fluid resulting in hydrocephalus.
This exudates envelops arteries and cranial
nerves, creating a bottleneck in the flow of cere-
brospinal fluid at the level of the tentorial open-
ing, which leads to hydrocephalus. Because of

Figure 2. Dura mater with dense fibrosis and lymphoplas-
macytic infiltrate.
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the predilection of these changes to occur in the
basilar portion of the brain, the inflammatory re-
action tends to interfere with the function of cra-
nial nerves, to produce hydrocephalus and injure
blood vessels in that area?64>43,

Basal meningitis accounts for the frequent
dysfunction of cranial nerves (CNs) III, VI, and
VII, eventually leading to obstructive hydro-
cephalus from obstruction of basilar cisterns**.
Formation of hydrocephalus in TBM is due to
blockade of the CSF pathway and/or impaired
CSF absorption. The reported frequency of hy-
drocephalus complicating TBM varies among
different studies. Hydrocephalus commonly de-
velops, sometimes acutely, and should be treated
early by surgical drainage. In the mid-1960s,
ventriculoperitoneal (VP) shunts largely supple-
mented ventriculoatrial (VA) shunts for CSF di-
version in persons with hydrocephalus. This was
mainly because of the diverse complications of
VA shunts, such as pulmonary vascular microem-
boli and immune-mediated glomerulonephritis,
among others. TBM damages nerves, blocks the
circulation of CSF and thrombose small blood
vessels, and produces multiple cerebral infarcts.

The most serious consequence of TBM is the
development of vasculitis in the vessels of the cir-
cle of Willis, the vertebrobasilar system, and the
perforating branches of the middle cerebral artery,
resulting in infarctions in the distribution of these
vessels. Cerebral ischemia and infarction occur
either as the result of vasculitis caused by direct
invasion of the arterial walls by mycobacteria and
inflammatory cells or by the compression of the
blood vessels at the base of the brain from the in-
flammatory exudate. The infarctions in TBM can
occur in any arterial territory but characteristical-
ly affect penetrating vessels supplying basal gan-
glia. This is attributed to vasculitis, thrombosis,
and strangulation of vessels by organizing exu-
dates. In fact, changes in cerebral vessels are
characterized by inflammation, spasms, constric-
tion and eventually thrombosis of cerebral ves-
sels. The resultant infarctions lead to hemiplegia
or quadriplegia. The most common vessel
pathologies involve infiltrative, proliferative and
necrotising processes, either in relatively pure
form or in combination. TBM vasculitis, as well
as subsequent intimal proliferation, was originally
considered to be a response to direct implantation
of tubercle bacilli from the bloodstream®. Vessel
pathology appears to be a consequence of its im-
mersion in the local inflammatory exudate. Infil-
trative, proliferative and necrotising vessel
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pathologies have been described, but the relative
contributions of each and of luminal thrombosis
to brain damage remain unclear*®. There is some
evidence that vasospasm may mediate strokes
early in the course of the disease and proliferative
intimal disease later strokes. The meningeal veins
passing through the inflammatory exudate show
varying degree of phlebitis.

Microscopic pathological feature of TBM is for-
mation of epithelioid cell granulomas with Lang-
hans giant cells, lymphocytic infiltrates and
caseous necrosis. Granulomas can coalesce to form
tuberculomas, causing diverse clinical problems
depending on their size and location. Indeed, TBM
may results in formation of tuberculoma consisting
of caseous necrotic material, epithelioid cell granu-
loma and mononuclear cell infiltration, and old tu-
berculomas may become cystic or calcified with
minimal inflammatory infiltrate'®.

The term caseous necrosis properly refers to
the “cheesy” appearance of the necrotic lesion on
gross inspection. TB infection of the CNS can
sometimes take the form of focal abscesses in-
stead of overt meningitis. The pathogenesis of
these infections is similar to TBM; organisms
lodge in the CNS at the time of hematogenous
dissemination from the site of primary infection.
Tuberculomas can be multiple and can involve
any lobe of the brain. The size of cerebral tuber-
culomas is highly variable. In most cases their
diameters range from a few millimetres (mm) to
three to four centimeters. Solitary tuberculomas
are more frequent than multiple lesions. These
are tumor-like masses of tuberculous granulation
tissue, most often multiple but also occurring
singly, that form in the parenchyma of the brain
and range from 2 to 12 mm in diameter. in devel-
oping countries. However, they constitute from 5
to 30 percent of all intracranial mass lesions. Tu-
berculomas are the most common brain tumors
in India and other areas of the world where tu-
berculosis is still a common infection. Tubercu-
lomas may appear in the brain or, occasionally,
the spinal cord during treatment for tuberculous
meningitis or, less commonly, with pulmonary
tuberculosis, often at a time when corticosteroids
have been reduced (paradoxical reaction).

Clinical Manifestations

TBM occurs in persons of all ages. The lack of
specific symptoms and signs in patients with TBM
makes early diagnosis difficult. Meningitis is fre-
quent in infants and small children as an early
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complication of primary infection, but it may be
seen in any age group. Rapid progression tends to
occur more often in infants and young children,
who may experience symptoms for only several
days before the onset of acute hydrocephalus,
seizures, and cerebral edema. TBM occurs in ap-
proximately 7-12% of patients with pulmonary tu-
berculosis*’. The clinical presentation of tubercu-
lous meningitis is either an acute meningoen-
cephalitis characterized by coma, raised ICP,
seizures, and focal neurological deficits or a slowly
progressive illness with persistent and intractable
headache followed by confusion, lethargy, and cra-
nial nerve deficits. Clinically, the discharge of tu-
berculosis bacilli into the cerebrospinal fluid is fol-
lowed by an insidious prodromal period, marked
by the gradual, fluctuating onset of fever, lassitude,
weight loss, behavior changes, headache, and vom-
iting. The disease usually evolves gradually over
two to six weeks. However, acute onset has also
been described. TBM in older children and adults
is frequently obscured by days to weeks of non-
specific symptoms*#°. A history of recent tubercu-
losis contact is common in children (50-90%) as
are atypical neurological presentations.

The clinical manifestations of tuberculosis are
quite variable and depend on a number of factors.
Failure to thrive, loss of weight, irritability, poor
appetite, sleep disturbance, vomiting and abdomi-
nal pain are often seen in young children®. For
that reason, in many patients, the disease is diffi-
cult to recognize, and a high index of suspicion is
necessary to establish the diagnosis. Fever,
headache, vomiting, alteration in sensorium and
nuchal rigidity are the most frequent presenting
manifestations. Seizures, both febrile and non-
febrile, can be the presenting feature in children as
can any focal neurological deficit, the commonest
being cranial nerve palsies and hemiplegia®'.

Cranial nerve palsies, vision loss, focal neuro-
logical deficits and signs of raised intracranial
pressure are common in advanced stages. In the
elderly, symptoms are even more subtle, often
just drowsiness and feeling unwell. Cranial nerve
palsies are seen in approximately 25% of cases.
The sixth cranial nerve is most commonly affect-
ed cranial nerve. Third and fourth cranial nerves
are less frequently involved. Cranial nerves are
affected either because of entrapment of nerve
trunk in thick basilar exudates or because of in-
creased intracranial pressure®*>?.

Visual symptoms include visual impairment or
blindness and, occasionally, abrupt onset of painful
ophthalmoplegia Complete or partial loss of vision

is a major complication of TBM. Various mecha-
nisms postulated for the loss of vision include pres-
ence of exudates around the optic chiasma, arteri-
tis, compression of the anterior visual pathways
due to hydrocephalus or tuberculoma, and ethamb-
utol toxicity among others. Ocular tuberculosis
presents a form of granulomatous uveitis.

Delayed or wrong diagnosis may be detrimen-
tal on the ocular structures and the health of the
individual®*. In untreated cases, progressive dete-
rioration in the level of consciousness, pupillary
abnormalities and pyramidal signs may develop
due to increasing.

Atypical presentations include acute menin-
gitic syndrome simulating pyogenic meningitis,
progressive dementia, status epilepticus, psy-
chosis, stroke syndrome, locked-in-state, trigemi-
nal neuralgia, infantile spasm and movement dis-
orders®*7, Tuberculous meningitis in elderly pa-
tients may present as a subacute dementia with
memory deficits and personality changes typical
of frontal lobe-like disease. In pediatric patients
coma, raised intracranial pressure, seizures and
focal neurological deficits dominate the clinical
manifestations.

Convulsions can occur at all stages of the ill-
ness. Presenting clinical features of tuberculous
meningitis in older children and adults in (Table
I). Tuberculoma, presents a more subtle clinical
picture than tuberculous meningitis. Intracranial
tuberculomas in patients under the age of 20 yr
are usually infratentorial, but supratentorial le-
sions predominate in adults. Solitary tuberculo-
mas are more frequent than multiple lesions. The
usual presentation is that of a slowly growing fo-
cal lesion, although a few patients have increased
intracranial pressure and no focal findings. cere-
brospinal fluid is usually normal, and the diagno-
sis is established by computed tomographic or
magnetic resonance scanning and subsequent re-
section, biopsy, or aspiration of any ring-enhanc-
ing lesion.

Diagnosis Criteria

Central nervous system (CNS) TB accounts
for about 5% of all extrapulmonary TB and TBM
is the most serious complication®®. Due to its rel-
ative rarity and the protean nature of the symp-
toms, tuberculosis of the CNS remains a formi-
dable diagnostic challenge. TBM accounts for 70
to 80 per cent of cases of neurological tuberculo-
sis*%. The duration of illness before diagnosis is
quite variable and relates in part to the presence
or absence of other sites of involvement. In most
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Table I. The presenting clinical features of tuberculous
meningitis in older children and adults as described by re-
cent clinical series.

Frequency/range

Symptom

Headache 50-80%

Fever 60-95%

Vomiting 30-60%

Photophobia 5-10%

Anorexia/weight loss 60-80%

Clinical sign

Neck stiffness 40-80%

Confusion 10-30%

Coma 30e60%

Cranial nerve palsy 30-50%

VI 30-40%

11 5-15%

VII 10-20%

Hemiparesis 10-20%

Paraparesis 5-10%

Seizures: children 50%

Adults 5%

Cerebrospinal fluid

Clear appearance 80-90%

Opening pressure >25 cm H,0 50%

Leucocyte count (103/ml) 5-1000

Neutrophils 10-70%

Lymphocytes 30-90%

Protein (g/L) 0.45-3.0

Lactate (mmol/L) 5.0-10.0

CSF glucose:blood glucose < 0.5 95%

Cerebrospinal protein can be >10 g/l in those with
spinal block

series more than 50% of patients with meningitis
have abnormalities on chest film, consistent with
an old or current tuberculous process, often mil-
iary tuberculosis.

Diagnosis of TBM is presumptive and is based
on clinical symptoms, neurological signs, cere-
brospinal fluid (CSF) findings, CT scan and MR
imaging, the response to anti-tuberculosis drugs.
The development of delayed-type hypersensitivi-
ty (DTH) in most individuals infected with the
tubercle bacillus makes the tuberculin skin test a
useful diagnostic tool. The most common
method of testing a person for infection by Mtb
is the tuberculin skin test. The test involves in-
jecting a small amount of liquid filtered from
weakened, nonvirulent tubercle bacillus (termed
purified protein derivative, or PPD) under the
skin of the forearm or administering it with a
multipronged device. The former is known as the
Mantoux test and is preferred because there is no
way to be sure that an adequate amount of PPD
is being injected in the latter procedure. A posi-
tive tuberculin test can provide diagnostic sup-
port, but test results may be negative in patients
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with tuberculous meningitis. The intradermal tu-
berculin skin test is negative in 50% to 70% of
patients with and often becomes positive during
the course of therapy. False-positive reactions to
tuberculin can be caused by cross sensitization to
antigens of nontuberculous mycobacteria
(NTM), which generally are more prevalent in
the environment as one approaches the equator.
The absence of radiographical evidence of pul-
monary tuberculosis and/or a negative tuberculin
skin test does not exclude the possibility of
TBM. A high index of suspicion is necessary for
timely diagnosis and prompt initiation of therapy.
Confirming the clinical suspicion of TBM has al-
ways been problematic.

Death from TBM is strongly associated with de-
layed diagnosis and treatment, and there is an ur-
gent need to improve diagnostic methods for this
disease®!. Prompt diagnosis is crucial for successful
disease management; the case fatality rate for un-
treated TBM is almost 100%, and delay in treat-
ment often leads to permanent neurological
damage®%. The lack of accurate and rapid diagnos-
tic testing for tuberculosis is an important impedi-
ment to worldwide tuberculosis control®. In most
series more than 50% of patients with meningitis
have abnormalities on chest film, consistent with an
old or current tuberculous process, often miliary tu-
berculosis. In fact, only about 45% of patients will
have chest radiographic evidence of past or present
TB and only about half will have a positive tuber-
culin test53°.

A number of strategies have been attempted to
improve the laboratory diagnosis of TBM. These
include techniques to improve smear and culture
positivity, biochemical tests, antigen and anti-
body tests, immunocytochemical studies, and
bacterial DNA detection kits. The newer diag-
nostic tests and neuroimaging methods are un-
likely to be available in many developing coun-
tries. Because early diagnosis is the key to a sat-
isfactory outcome, a high level of suspicion is es-
sential. The diagnosis and treatment of TM be-
fore the onset of coma is without question the
greatest contribution a physician can make to im-
proved outcome®” 68,

Cerebrospinal Fluid Examination

Careful study of the CSF is critical in the diag-
nosis of all CNS infections. In the presence of
meningeal signs on physical examination, lumbar
puncture is usually the next step in the diagnostic
sequence. Neuroimaging may also show expand-
ing masses and brain shift, which should be iden-
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tified before lumbar puncture is performed.
Analysis of the CSF is most likely to establish or
exclude a diagnosis of meningitis and determine
its cause; however, such tests are not often done.

Characteristic CSF changes help in differenti-
ating from other causes of chronic meningitis.
CSF is typically under increased pressure and is
clear or slightly turbid. Rarely, it may look
frankly purulent. Opening pressure (OP) at the
time of the initial lumbar puncture (LP) in pa-
tients with TBM is elevated in 40-70% of cases,
usually in the range 20-40 cm H,O. CSF should
be analyzed for protein and glucose (compared
with simultaneous serum total protein and glu-
cose). Total white blood cell and differential
counts should also be obtained. A high protein
(>50% of the serum protein concentration), lym-
phocytosis, and low glucose are typical of tuber-
culous meningitis. In fact, typical CSF changes
are mononuclear cell pleocytosis, low glucose
levels and elevated protein levels. A minimum of
5 ml should be submitted to the laboratory in a
sterile container for mycobacterial culture.

The classic CSF abnormalities in tuberculous
meningitis are as follows: (1) an elevated open-
ing lumbar pressure, (2) increased WBC count
between 10 and 500 cells/mm?® with a predomi-
nance of lymphocytes, (3) an elevated protein
concentration in the range of 100 to 500 mg/dL,
(4) a decreased glucose concentration (the medi-
an glucose concentration is approximately 40
mg/dL), and (5) a positive culture in 75% of pa-
tients requiring 3 to 6 weeks for growth. Indeed,
the “gold standard” for diagnosis is demonstra-
tion of MT bacilli in the cerebrospinal fluid!°.
The demonstration of acid-fast bacilli (AFB) in
the cerebrospinal fluid (CSF) remains the best
and the most widely available method, but the
sensitivity varies significantly. The diagnostic
yield of CSF microscopy and culture for Mtb in-
creases with the volume of CSF submitted; re-
peat the lumbar puncture if the diagnosis remains
uncertain. If tubercle bacilli are seen, the diagno-
sis is confirmed, but several samples may be re-
quired for organisms to be identified, and even
then as many as 30-50% of cases are negative. In
these cases it may be possible to diagnose TBM
by PCR, although the place of this has still not
been fully evaluated in TBM.

Many Authors report finding AFB in fewer
than 20% of TBM patients®!, but the older litera-
ture suggests that much better results can be
achieved®°. A prospective study made a bacterio-
logical diagnosis of TBM in 107 of 132 (81%)

adults with clinical TBM: acid-fast bacilli were
seen in 77 of 132 (58%) and cultured from 94 of
132 (71%)"'. The CSF should be cultured in all
cases of suspected meningitis. Cultures take on
even more importance in fungal and TBM, in
which the India ink or acid-fast preparations are
negative in 50% or more of cases. In fact, culture
of the CSF, though the gold standard, is positive in
only about 40% of cases and may take up to 6
weeks to return a positive result’?. The CSF of
most patients with TBM contains only 100-102
organisms/ml yet approximately 104 organ-
isms/ml are required for reliable detection with
Ziehl-Neelsen and auramine stains’>. The presence
of acid-fast bacilli in the CSF should be diagnostic
for the disease (Figure 3). To increase the yield of
smear examination at least 6 ml of cerebrospinal
fluid is collected and smear is examined for at
least 30 min’*, and CSF sediments should always
be subjected for smear examination.

Nucleic acid-amplification tests, such as poly-
merase-chain-reaction (PCR) assays, have been
evaluated for their effectiveness in detecting the
presence of bacterial DNA in cerebrospinal fluid.
The CSF polymerase chain reaction (PCR) assay
represents a significant advance in the diagnosis of
TBM. The results of PCR studies in the CSF have
shown a 94-100% specificity but sensitivities rang-
ing from 75% to 100%7. Variations in the PCR
methodologies have been attempted to improve the
sensitivity and specificity of the test. A recent PCR
advance is the use of real-time amplification and
product detection by fluorescence using FRET

Figure 3. Single acid-fast bacilli (arrow) in the CSF of an
adult with tuberculous meningitis (Ziehl-Neelsen stain;
counter stain methylene blue).
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(fluorescence resonance energy transfer) probes or
SYBR green’”’. A modification of this test is the
quantitative nested realtime PCR. Real-time PCR
is the fastest system and holds promise. However,
to date most studies have used sputa. A more re-
cently developed technique is the use of mycobac-
teriophage amplification, which detects viable or-
ganisms in specimens. The technique is simple,
does not require expensive equipment, and results
are obtained within 24-48 hours™®. Authors sug-
gest that the “filtrates” and not “sediments” are
likely to reliably provide a polymerase chain reac-
tion-based diagnosis®'. CSF “filtrates” contain a
substantial amount of Mtb DNA and (ii) “filtrates”
and not “sediments” are likely to reliably provide a
PCR-based diagnosis in “suspected” TBM pa-
tients. Enzyme-linked immunospot assay (ELISpot
assay) is a novel assay for the rapid detection of
Mycobacterium tuberculosis-specific T-lympho-
cytes®. Presence of acid-fast bacilli in CSF smear
or culture and positive polymerase chain reaction
for mycobacteria or immunoglobulin M enzyme-
linked immunosorbent assay in CSF were consid-
ered as definitive evidences of TBM. “Definite”
TBM is defined as the isolation of Mtb from one or
more CSF cultures, and/or positive TB-PCR.

Neuroimaging

TBM is the commonest cause of subacute and
chronic meningitis in the developing countries.
Cranial tomography (CT) and magnetic reso-
nance imaging (MRI) are the main imaging tech-
niques used in its localization and characteriza-
tion®# . CT and MRI have revolutionized the di-
agnosis and management of TBM, but these
studies may be normal early in the course of ill-
ness. CT and MRI of the brain show the patho-
logical changes of TBM and provide diagnostic
information at presentation and when complica-
tions occur. Brain CT or MRI studies of TBM
patients may show hydrocephalus, parenchymal
enhancement, contrast enhancement of basal cis-
terns, cerebral infarct, focal or diffuse brain ede-
ma, abscess or tuberculoma. Commonly identi-
fied neuroradiological features of TBM include
basal meningeal enhancement, hydrocephalus
(Figures 4 and 5), and infarctions in the supraten-
torial brain parenchyma and brain stem. CT is
pathologic in the great majority of patients with
TBM and is helpful in assessing the complica-
tions associated with the disease. In the litera-
ture, the use of CT in diagnosing TBM and its
complications is well established. The character-
istic computed tomographic changes include

376

basal enhancement, presence of exudates, hydro-
cephalus and periventricular infarcts. The pres-
ence of high density within the basal cisterns on
non-contrast CT scans is a very specific sign for
TBM in children®. The role of CT is defined for
the acute setting in detecting hydrocephalus for
surgical management.

MRI is superior to CT in the evaluation of pa-
tients with suspected meningitis. The detection
of abnormal meningeal enhancement on MRI is
indicative of meningitis in a specific clinical set-
ting. MRI showing evidence of exudates, hydro-
cephalus, infarction, and tuberculoma either in
isolation or in various combination. On CT or
MRI of the brain, tuberculomas usually appear as
discrete lesions with a significant amount of sur-
rounding edema.

Contrast medium enhancement is often im-
pressive and may result in a ringlike lesion. A
gadolinium-enhanced study can detect meningeal
enhancement early in course of illness. Basal pial
areas, particularly the interpeduncular fossa,
were noted as the most preferred site of focal

Figure 4. A computerized tomographic (CT) image of the
Head showing thick basal exudates, ventricular dilatation is
present.
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Figure 5. Contrast enhanced computed tomography show-
ing thick basal exudates, meningeal enhancemen.

meningeal enhancement®. The majority of in-
farctions in chronic meningitis are located in the
basal ganglia, internal capsule, and thalamus and
are rare in the major vascular territories and brain
stem. The diagnosis of ischemic lacunes is based
on MRI showing evidence of lacunes in basal
ganglia which were defined as T2 hyperintense,
T1 hypointense, and hyperintense on diffusion-
weighted imaging (DWI) with a diameter of less
than 1.5 cm®. Meningeal enhancement of con-
trast enhanced CT scans or MRI is observed in
approximately half of the cases, and communi-
cating hydrocephalus is a frequent sequel®®#.
magnetization transfer (MT) MRI is an important
technique for the detection and characterization
of infectious meningitis of different aetiology.
Visibility of the meninges on precontrast T1
weighted MT images may be considered to be
highly suggestive of TBM.

Developments and Application of
Mycobacterial DNA in Urine

Sputum microscopy is not able to easily detect
paediatric, extrapulmonary, or HIV-associated tu-
berculosis, which are now important causes of
morbidity and mortality in developing countries.

There is a great need to develop alternative rapid-
diagnostic methods — appropriate for use in both
developing and developed countries — that are
more sensitive and specific than sputum mi-
croscopy and better able to detect tuberculosis dis-
ease anywhere in the body. Evidence is building
that urine contains fragments of DNA that are de-
rived from the cell-free nucleic acids in plasma and
blood resulting from the breakdown of DNA re-
leased from dying human cells and microorgan-
isms. Some of these fragments pass through the
kidney and are excreted in urine as transrenal DNA.
Alternative strategies to diagnose tuberculosis by
use of nucleic acid amplification methods to detect
fragments of mycobacterial DNA in urine have
been developed over the past decade with varying
sensitivities and specificities®. Methods using
quantitative PCR on urine samples to detect transre-
nal mycobacterial DNA are under development.

Tuberculous Meningitis in
HIV-Infected Patients

Although not a neurological disease per se,
AIDS is wide-ranging relevance to neurological
practice and the multiple infections that can be as-
sociated with nervous system manifestations. Tu-
berculosis remains an important issue due to glob-
alizationand the HIV epidemic. The HIV epidemic
has had a major negative effect on TB control ef-
forts. The consequence is an increased incidence of
TBM in areas with high or rising HIV prevalence
rates. Since 1985 there has been a moderate in-
crease in the incidence of systemic tuberculosis
and TBM and this increase has been mainly, al-
though not exclusively, a consequence of the HIV
epidemic. Approximately 30% of patients with tu-
berculosis are HIV seropositive®' 2. Approximately
10% of all AIDS patients develop pulmonary or
extrapulmonary tuberculosis, and CNS tubercular
involvement occurs in 10% of these®***. TBM is
usually caused by the acid-fast organism Mycobac-
terium tuberculosis and exceptionally by Mycobac-
terium bovis or Mycobacterium fortuitum. The
emergence of AIDS has led to a marked increase in
cases caused by both the classic organism and also
by the two atypical mycobacteria. In fact, tubercu-
losis has re-emerged in the last two decades in de-
veloped countries, mainly due to the HIV epidemic
and immigration”®¢, and may be the first clinical
manifestation of HIV infection”’.

The clinical presentation of TBM in HIV-in-
fected individuals is similar to the clinical pre-
sentation in immunocompetent patients; howev-
er, HIV-infected patients are more likely to have
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an acellular CSF at presentation and have a high-
er incidence of intracerebral mass lesions. It may
be impossible to differenziate TBM from crypto-
coccal meningitis on clinical and routine CSF
findings. In cryptococcal meningitis, headache is
often the most dominant and sometimes may be
the sole manifestation. In cryptococcal meningi-
tis, meningeal signs may not be demonstrable.
Neuroimaging studies are often normal. India ink
preparation of CSF is diagnostic.

Despite specific treatment, the mortality of
AIDS patients with CNS tuberculosis is high, the
most important prognostic factor being the clinical
stage of HIV infection at presentation®. More im-
portantly, case fatality from TBM is greater in peo-
ple infected with HIV than in those who are unin-
fected, although the role of other opportunistic in-
fections upon case fatality is not known and there
are no data from people taking antiretroviral drugs.

Drug resistance is more common in human im-
munodeficiency virus-positive patients. The ef-
fect of the HIV epidemic on the burden of tuber-
culosis in children has been less well charac-
terised than for adults®®. In several studies, it has
been documented that human immunodeficiency
virus does not significantly alter the clinical man-
ifestations, laboratory, or radiographic findings or
the response to therapy®**. However, some stud-
ies, on the contrary, suggest that differences exist
between immunodeficiency virus-infected and
immunodeficiency virus-negative patients of
TBM. TBM is accompanied by TB elsewhere in
the body in most of the patients with HIV-TB and
the CSF is often acellular; at times, CSF may be
completely normal both in cellular and biochemi-
cal characteristics'®!%!, In patients with acellular
CSF, meningeal signs may not be evident clinical-
ly'®, Apart from these differences, intracerebral
mass lesions are more commonly present in HIV-
infected patients with TBM'*2. The classic com-

puted tomographic signs of TBM (obstructive hy-
drocephalus and basal enhancement) were signifi-
cantly less prominent in HIV-infected patients'®?.
In patients with HIV, basal meningeal enhance-
ment and hydrocephalus on CT might be less
common and there could be more bacilli. Whilst
some maintain that HIV infection does not alter
the clinical or radiological manifestations or the
outcome of TBM, others report higher mortality,
more basal meningeal enhancement and more fre-
quent obstructive hydrocephalus in HIV-positive
TBM. Limited autopsy studies comparing HIV-
positive and HIV negative TBM describe less in-
flammation but more bacilli with increasing im-
munodeficiency'®.

Treatment

Antituberculosis Chemotherapy

If detected early, tuberculous meningitis usual-
ly responds to standard chemotherapy supple-
mented with corticosteroids'®. Chemotherapy for
CNS tuberculosis follows the model of short
course chemotherapy for pulmonary tuberculo-
sis. Tuberculosis treatment consists of two phas-
es, an intensive phase with a combination of bac-
tericidal drugs to kill the rapidly growing bacilli
and a continuation phase with fewer drugs to
eradicate the slower-growing persistent bacilli'®
(Tables II and III). The optimal drug regimen and
duration of each phase are not clearly estab-
lished. Chemotherapy is given for between 6 and
18 months, dependent upon the guidelines fol-
lowed and the drugs used. Isoniazid and ri-
fampicin are the key components of the regimen.

Treatment is started with first-line antitubercu-
lous drugs which include isoniazid, rifampicin,
pyrazinamide, streptomycin and ethambutol.
Among the first line drugs, isoniazid is the only

Table Il. Recommended treatment regimen for CNS tuberculosis caused by fully susceptible M. tuberculosis!!’.

Drug daily dose
Drug Children Adults Route Duration
Isoniazid 10-20 mg/kg (max 500 mg) 300 mg Oral 12 Months
Rifampicin 10-20 mg/kg (max 600 mg) 450 mg (< 50 kg) Oral 12 Months
600 mg (= 50 kg)
Pyrazinamide 30-35 mg/kg (max 2 g) 1.5 g (<50 kg) Oral 2 Months
20 g (=50kg)
Ethambutol 15-20 mg/kg (max 1 g) 15 mg/kg Oral 2 Months
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Table Ill. Antituberculous treatment regimen for tubercu-
lous meningitis (dosage of antituberculous drugs is given in
mg/kg for children along with maximum adult dose) '-''2.

Tuberculous meningitis by drug-susceptible organisms
(adult, children and human immunodeficiency virus-
infected patients)
e [nitiation phase: 2 months

Isoniazid (4-6 mg/kg, 300 mg)

Rifampicin (8-12 mg/kg, 600 mg)

Pyrazinamide (20-30 mg/kg, 1600 mg)

Streptomycin (12-18 mg/kg, 1000 mg)
e Continuation phase: 4-7 months

Isoniazid (4-6 mg/kg, 300 mg)

Rifampicin (8-12 mg/kg, 600 mg)

Multidrug-resistant tuberculous meningitis

e [nitiation phase: 4 months
Amikacin or Kanamycin (intravenous or intramuscular
15-30 mg/kg, 1000 mg)
Ethionamide (15-20 mg/kg, 1000 mg)
Pyrazinamide (20-30 mg/kg, 1600 mg)
Ofloxacin (7.5-15 mg/kg, 800 mg)
Ethambutol or cycloserine (15-25 mg/kg, 1200 mg;
10-20 mg/kg, 1000 mg)
* Continuation phase: 12-18 months
Ethionamide (5-10 mg/kg, 750 mg)
Ofloxacin (7.5-15 mg/kg, 800 mg)
Ethambutol or cycloserine (15-25 mg/kg, 1200 mg;
10-20 mg/kg, 1000 m

bactericidal agent that easily crosses the blood-
brain barrier (BBB), achieving concentrations in
cerebrospinal fluid similar to those in serum. The
second-line antituberculous drugs (ethionamide,
cycloserine, para-aminosalicylic acid, aminogly-
cosides, capreomycin and thiacetazone) are kept
in reserve.

Treatment for all forms of CNS tuberculosis
should consist of 4 drugs (isoniazid, rifampicin,
pyrazinamide, ethambutol) for 2 months followed
by 2 drugs (isoniazid, rifampicin) for at least 10
months. Isoniazid penetrates the CSF freely and
has potent early bactericidal activity'®. Resistance
to isoniazid has been associated with longer times
to CSF sterility, which suggests an attenuated bac-
tericidal response. Rifampicin penetrates the CSF
less well (maximum concentrations around 30%
of plasma), but the high mortality from rifampicin
resistant TBM has confirmed its central role in the
treatment of CNS disease!”’. Some centres use
isonaizid, rifampicin and pyrazinamide for the du-
ration of therapy!'®.

Fluoroquinolones (levofloxacin, gatifloxacin
and moxifloxacin) are antimicrobial agents
which are used for the treatment of drug resistant
tuberculosis. American Thoracic Society guide-

line also recommends a longer duration (9, 12
months) of antituberculous therapy for TBM.
The doses of anti-tuberculosis drugs for the treat-
ment of CNS tuberculosis have conventionally
followed those used for pulmonary tuberculosis,
although this approach has been questioned'®.
The recommended first-line treatment regimen
for all forms of CNS tuberculosis is given in
(Table II). The diagnosis and treatment of mul-
tidrug resistant TM is challenging. A history of
previously treated tuberculosis or recent expo-
sure to a known case of multidrug resistant pul-
monary disease may identify those at high risk of
multidrug resistant TM, but timely confirmation
of the diagnosis is problematic.

The benefit of adjunctive corticosteroids in HIV
infected patients with TBM is uncertain, although
data from the only published controlled trial to in-
clude HIV infected patients suggested adjunctive
dexamethasone might improve outcome'™°.

In majority of patients, antituberculous treat-
ment remains empirical. Hydrocephalus, cerebral
infarction, and the expansion of tuberculoma are
the commonest reasons for neurological deterio-
ration during the treatment of TBM. Severe hy-
ponatraemia (<120 mmol/l) may cause deepen-
ing coma and seizures. There is anecdotal evi-
dence that fludrocortisone replacement therapy
and demeclocycline may be useful treatments'!°.

Adjunctive Corticosteroids

Adjunctive corticosteroids have long been sug-
gested for the treatment of TBM. Cochrane system-
atic review and meta-analysis of 7 randomised con-
trolled trials concluded that corticosteroids im-
proved outcome in HIV-negative children and
adults with TBM, but the benefit in HIV infected
individuals remains uncertain'®. Corticosteroids are
thought to operate via modulation of the production
of cytokines and chemokines by macrophages!*!15.
Corticosteroids such as dexamethasone which sup-
press the production of inflammatory cytokines and
chemokines lead to better outcomes and are recom-
mended as adjunctive treatment for patients with
TBM Dexamethasone may affect outcome from
TBM by reducing hydrocephalus and preventing
infarction''®. Authors demonstrated that dexametha-
sone decreased cerebrospinal fluid matrix metallo-
proteinases-9 concentrations early in course of the
treatment, and this might be one of the mechanisms
by which corticosteroids improve outcome in
TBM'"’, hypothesized that microglial-derived ma-
trix metalloproteinases (MMPs) have a key role in
driving such damage. Dexamethasone suppression
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of MMP-1/-3 gene expression provides a novel
mechanism explaining the benefit of steroid therapy
in these patients.

Analysis of all of the MMPs demonstrated that
conditioned medium from Mycobacterium tuber-
culosis-infected human monocytes (CoMTb) stim-
ulated greater MMP-1, -3, and -9 gene expression
in human microglial cells than direct infection'.
Foreign antigens including pathogens deposited in
the brain parenchyma are not detected efficiently
by the immune system in the CNS. These experi-
mental data may explain the clinical observation of
delayed “paradoxical” enlargement or develop-
ment of intracranial tuberculomas, observed sever-
al weeks to months in patients receiving anti-tuber-
culous therapy. There was some evidence that cor-
ticosteroid treatment might have a beneficial effect
in patients having paradoxical reaction'”.

Prognosis

TBM still causes death, or severe neurologic
deficits, despite the advent of newer antitubercu-
lous (anti-TB) agents and imaging techniques.
TBM, early diagnosis and early treatment are es-
sential for survival (120). The mortality rate as-
sociated with treated TBM is 20 to 50% in sever-
al series. From this series, those Authors ob-
served that the initial stage of disease at presenta-
tion was a major prognostic indicator for mortali-
ty. Additionally, patients presenting after 4 weeks
of symptoms had 80% mortality, whereas those
presenting with less than 2 weeks of symptoms
had 40% mortality'?'.

Many prognostic factors for TBM have been
reported, including age, the stage of the disease,
level of consciousness, presence of extra-central
nervous system (CNS) TB, isolation of Mtb from
cerebrospinal fluid (CSF), biochemical studies of
CSF, hydrocephalus, and in farction'?>!23, The
prognosis for young infants is generally worse
than for older children. Medical Research Coun-
cil staging is used to assess the severity of tuber-
culous meningitis (Table III). In this system of
staging, in stage I patient is fully conscious and
without focal neurological deficit; in stage 2 pa-
tient may be in altered sensorium or has minor
focal deficits such as hemiparesis or cranial
nerve palsy; and in stage 3 patient is comatose or
may have severe focal deficits like multiple cra-
nial nerve palsy, hemiplegia and/or paraplegia'?*.
Old age, consciousness changes, TBM stage 111,
and hydrocephalus suggest a poor prognosis for
TBM, as does isolation of Mtb from the CSF, or
positive CSF TB-PCR. In addition, delay in giv-
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ing anti-TB therapy has a significant influence
on mortality, and early diagnosis and prompt
treatment play a key role in survival'?.

Administration of corticosteroids in adult pa-
tients is associated with significant decrease in the
mortality'?®. Therefore, adjunctive steroid therapy
should be administered for at least 2 weeks. How-
ever, the optimal dose and duration of steroid thera-
py need to be investigated further'.

Prevention

Antibiotic treatment is the standard means of
controlling and curing most cases of tuberculosis,
but many governments throughout the world seek to
prevent outbreaks of the disease by use of the Bacil-
lus Calmette-Guérin (BCG) vaccine developed by
researchers Albert Calmette and Camille Guérin at
the Pasteur Institute in Lille, France, between 1908
and 1921. In terms of prevention of CNS infection,
Mtb is exceptional in that it is the only intracellular
bacterium for which a vaccine, BCG, is available
that has a protective effect against meningitis. Nev-
ertheless, the salutary effect of BCG vaccination
against TBM is found only in children, not in
adults, and some Authors suggest that it merely de-
lays the age of onset of meningitis'*’.

The mechanism of protection by BCG vaccina-
tion is not precisely known'?. Several large-scale
randomised clinical trials from different settings
worldwide have suggested a protective efficacy of
BCG vaccination against pulmonary tuberculosis
that ranges from 0 to 80%'?. It is universally ac-
cepted that protective efficacy of BCG vaccination
decreases with age and there is insufficient protec-
tion against tuberculosis in adults. In addition, BCG
is a live vaccine that can cause serious infections in
immunocompromised patients, and cannot be safe-
ly given to persons with HIV infection, who are at
greatest risk for tuberculosis. However, the greatest
effect of BCG vaccination seems to be in prevent-
ing severe disseminated disease in young children,
including TBM and miliary tuberculosis'®. There
are enough evidences to suggest that a second dose
of BCG vaccine does not increase its efficacy.

Future Directions and
Public-Health Priorities

Despite great advances in immunology, micro-
biology, and drug development, TB remains
among the great public health challenges. Al-
though global political commitment to reduce the
prevalence and severity of TB in endemic areas
is increasing, a lot remains to be done. Strong
political commitment to comprehensive health
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initiatives, together with local community in-
volvement and ongoing advocacy, are required to
meet the daunting challenge posed by the global
TB epidemic. The lack of accurate and rapid di-
agnostic testing for tuberculosis is an important
impediment to worldwide tuberculosis control.

There is a great need to develop alternative
rapid-diagnostic methods appropriate for use in
both developing and developed countries that are
more sensitive and specific than sputum mi-
croscopy and better able to detect tuberculosis
disease anywhere in the body. The prevention
and management of TBM pose a substantial
challenge, especially with the emergence of dis-
ease caused by multidrug-resistant pathogens.
Existing cases need to be actively found, rapidly
diagnosed, and aggressively treated to minimize
transmission of disease. MT strains resistant not
only to the front-line drugs isoniazid and ri-
fampicin, but also to an increasing number of
second-line drugs, are becoming more common.
despite a century and a quarter after the discov-
ery of Mtb, remarkably little is known about the
pathogenesis of CNS TB. There is need to ex-
plore the factors which make a person suscepti-
ble to TBM. Development of methods to enhance
innate and adaptive defences against MT are an
attractive means to provide protection against
both MDR and drug-susceptible tuberculosis.

The evidence for a human genetic component in
susceptibility to TB is incontrovertible. Recent da-
ta utilizing animal models suggests that, in addition
to host factors, Mtb genes and their encoded pro-
teins may contribute specifically to bacterial inva-
sion and survival in the CNS. Understanding how
these microbial factors affect CNS disease would
be essential to developing such preventive strate-
gies. Heritability of disease concordance and im-
mune responses to mycobacterial antigens has
been clearly shown, and ranges up to 71%"*!. New
approaches have provided early evidence for the
importance of gene-gene interactions in regulating
resistance to disease, and also the prospect that ap-
plying host genetics in the field of vaccinomics
could lead to a more targeted approach in design-
ing interventions to aid the human immune system
in combating mycobacteria. In fact, not all persons
exposed to tuberculosis develop tuberculous
meningitis. Further insights into the basic neu-
ropathogenesis of MT through the use of basic sci-
ence techniques and the development of a relevant
animal model are desperately needed to advance
our understanding of the disease and uncover po-
tential avenues for intervention.

Understanding the molecular mechanisms of
tuberculosis pathogenesis will provide insights
into the development of target-specific effective
vaccine or drugs candidates for the treatment of
the disease. Developing new vaccine strategies
or improving upon the existing BCG vaccines
currently in use may prove to have the most sig-
nificant impact on TBM worldwide, with the
promise of truly limiting or eliminating manifes-
tations of tuberculosis in the CNS. There are sev-
eral major hurdles to development of an antitu-
berculosis vaccine. Unfortunately, effective im-
munity against Mtb and other intracellular
pathogens, such as HIV, depends on cell-mediat-
ed, rather than humoral, immunity. Because cell-
mediated immune responses often involves com-
plex interactions between multiple cell types, de-
velopment of a vaccine that elicits protective
cell-mediated immunity is a tremendous scientif-
ic challenge. Inactivated Mycobacterium vaccae
(MV) is an investigational vaccine prepared from
an environmental mycobacterium that shares nu-
merous antigens with other non-tuberculous my-
cobacteria (NTM) and with Mtb'32, Compared
with Bacillus BCG, MV has advantages as no
need of skin test before injection; short treatment
duration, safety, targeting a wide range of people
and good compliance'*. Although a new vaccine
to prevent tuberculosis is the ultimate goal, better
diagnostics probably represent the next most im-
portant step forward, and as such require urgent
prioritisation. A reliable diagnostic tool would
not only improve individual case management,
but also provide a more robust case definition for
drug and vaccine trials, and for studies of tuber-
culosis epidemiology and correlates of protective
immunity in childhood.

Better diagnostic tools and new TB drugs are also
required to manage patients with clinically active
disease, especially in the face of the global emer-
gence of drug resistance. The number of multidrug
resistant TB (MDR-TB) cases (resistant to at least
isoniazid (INH) and rifampicin (RIF)) was estimat-
ed at 489,000 in 2008, with 40,000 cases harbouring
extensively drug resistant TB (XDRTB)'**. XDR-
TB strains are currently defined as those resistant to
INH, RIF, fluoroquinolone and one of the injecta-
bles: amikacin, kanamycin or capreomycin'®>.
Drugs which possess the ability to cross the blood-
brain barrier (BBB) and achieve therapeutic con-
centrations in the CSF and brain parenchyma would
be specific qualities in drug development for TBM.
MDR-TB meningitis is especially challenging to
treat due to limited CNS penetration of several 2nd
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line anti-TB drugs. Newer drugs effective even
against resistant cases with better penetration in
cerebrospinal fluid are needed. There are currently
at least ten drugs being evaluated in clinical trials.
Some belong to chemical classes already employed
in first-or second-line treatment regimens and are
being explored for more optimized use at higher
doses or new drug combinations (rifamycins, fluo-
roquinolones and oxazolidinones), while others rep-
resent potential novel members of the TB drug ar-
senal, killing MT through previously untried mech-
anisms of action (nitroimidazoles, diarylquinolines,
ethylene diamines and pyrroles)! 3137,

10)

11)

References

WHO. Global tuberculosis control 2009: epi-
demiology, strategy, financing [WHO/HTM/TB/
2009.411].http://www.who.int/entity/tb/publications
/global_report/2009/pdf/full_report.pdf (accessed
March 29, 2010).

TRENDS IN TuBERCULOSIs—United States, 2007. Morb
Mortal Wkly Rep 2008; 57: 281-285.

ScHIRMER P RENAULT CA, HoLobNiy M. Is spinal tu-
berculosis contagious? Int J Infect Dis 2010; 14:
€659-e666

MoLLer M, EiLEEN G, HoAL EG. Current findings,
challenges and novel approaches in human ge-
netic susceptibility to tuberculosis. Tuberculosis
2010; 90: 71-883.

ANDERSON NE, WiLLougHBy EW. Chronic meningitis
without predisposing illness—a review of 83 cas-
es. Q J Med 1987; 63: 283-295.

THWAITES G, FISHER M, HEMINGWAY C, ScoTT G,
SoLomon T, INNEs J. British Infection Society guide-
lines for the diagnosis and treatment of tuberculo-
sis of the central nervous system in adults and
children. J Infect 2009; 59: 167-187.

Drevers DA, PIETER JM, LEeNEN PJM, GREENFIELD RA.
Invasion of the central nervous system by intra-
cellular bacteria. Clin Microbiol Rev 2004; 17:
323-334.

HoreweLL PC. Overview of clinical tuberculosis. In:
Bloom BR, editor. Tuberculosis pathogenesis,
protection, and control. Washington DC: Ameri-
can Society for Microbiology: 1994; pp. 25-46.

SHANKAR P MANJUNATH N, MoHAN KK, PrasAD K, BE-
HARI M, SHRINIWAS, AHUJA GK. Rapid diagnosis of
tuberculous meningitis by polymerase chain reac-
tion. Lancet 1991; 1: 5-7.

GARG RK. Tuberculous meningitis. Acta Neurol
Scand 2010; 122: 75-90.

BERENGUER J, MORENO S, LAGUNA F, et al. Tubercu-
lous meningitis in patients infected with the hu-
man immunodeficiency virus. N Engl J Med 1992;
326: 668-672.

382

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

BErMAN S, KiBEL MA, Fourie PB, STrReeeL PM. Child-
hood tuberculosis and tuberculous meningitis:
high incidence rates in the Western Cape of
South Africa. Tuber Lung Dis 1992; 73: 349-355.

FORssBOHM M, ZWAHLEN M, LODDENKEMPER R, RIEDER
HL. Demographic characteristics of patients with
extrapulmonary tuberculosis in Germany. Eur
Respir J 2008; 31: 99-105.

CaiLHoL J, CHE D, Campese C, DecLupt B. Cases of
tuberculosis declared in France in 2001. Arch Pe-
diatr 2003; 10: 476-481.

CaiLHoL J, CHE D, JARLIER V, DECLUDT B, ROBERT J. In-
cidence of tuberculous meningitis in France,
2000: a capture-recapture analysis. Int J Tuberc
Lung Dis 2005; 9: 803-808.

PORKERT MT, SOTIR M, PARROT-MOORE P BLUMBERG HM.
Tuberculous meningitis at a large inner-city medical
center. Am J Med Sci 1997; 313: 325-331.

WRIGHT A, ZIcNoL M, VAN DeuN A, FALzoN D,
GERDES SR, FELDMAN K, HOFFNER S, DROBNIEWSKI F,
BARRERA L, VAN SOOLINGEN D, BAULABHAL F, PARAMASI-
VAN CN, Kam KM, MiTARAI B RaviGLIONE M. Epidemi-
ology of antituberculosis drug resistance 2002-
07: an updated analysis of the global project on
anti-tuberculosis drug resistance surveillance.
Lancet 2009; 373: 1861-1873.

WHO. Anti-tuberculosis drug resistance in the
world: the WHO/IUATLD Gilobal Project on Anti-
Tuberculosis Drug Resistance Surveillance.
Geneva (Switzerland): WHO; 2008.

IsEmAN MD. Treatment of multidrug-resistant tu-
berculosis. N Engl J Med 1993; 329: 784-791.

ByrD TF, Dawvis LE. Multidrug-resistant tuberculous
meningitis. Curr Neurol Neurosci Rep 2007; 7:
470-475.

ScHAAF H, MARAIS B, HESSELING A, GIE RP BEYERS N,
DoNALD PR. Childhood drug-resistant tuberculosis
in the Western Cape Province of South Africa.
Acta Paediatrica 2006; 95: 523-528.

WRIGHT A, ZIGNoL M, VAN DEUN A, FALzON D,
GERDES SR, FELDMAN K, HOFFNER S, DRrROBNIEWSKI F,
BARRERA L. VAN SOOLINGEN D, BOULABHAL F PARAMASI-
VAN CN, Kam KM, MITARAI S, NUNN P RAVIGLIONE M.
Epidemiology of anti-tuberculosis drug resistance
2002-2007: an updated analysis of the Global
Project on Anti-Tuberculosis Drug Resistance
Surveillance. Lancet 2009; 368: 2142-2154.

NAGARATHNA S, RAFI W, VEENAKUMARI HB, MANI R,
SATISHCHANDRA P CHANDRAMUKI A. Drug susceptibility
profiling of tuberculous meningitis. Int J Tuberc
Lung Dis 2008; 12: 105-107.

EbwArDs D, KirkPATRICK CH. The immunology of
mycobacterial diseases. Am Rev Respir Dis
1986; 134: 1062-1071.

DANNENBERG AM. Immune mechanisms in the
pathogenesis of pulmonary tuberculosis. Rev In-
fect Dis 1989; 11: S369-S378.

RicH AR, McCorpock HA. The pathogenesis of tu-
berculous meningitis. Bull John Hopkins Hosp
1933; 52: 5-37.



Extrapulmonary tuberculosis: tuberculous meningitis new developments

27)

28)

29)

30)

31)

32)

33)

VANKAYALAPATI R, BARNES PF Innate and adaptive im-
mune responses to human Mycobacterium tubercu-
losis infection. Tuberculosis 2009; 89: S1: S77-S80.

PAal M, MoHAN A, DHEDA K, LEuNG CC, YEw WW,
CHRisTOPHER DJ, SHARMA SK. Lethal interaction: the
colliding epidemics of tobacco and tuberculosis.
Expert Rev Anti Infect Ther 2007; 5: 385-391.

FERNANDO SL, SAUNDERS BM, SLUYTER R, SKARRATT KK,
GOLDBERG H, MARrks GB, WiLey JS, Briron WJ. A
polymorphism in the P2X7 gene increases sus-
ceptibility to extrapulmonary tuberculosis. Am J
Respir Crit Care Med 2007; 175: 360-366.

NINO-MORENO P PORTALES-PEREZ D, HERNANDEZ-CAS-
TRO B, PORTALES-CERVANTES L, FLORES-MERAZ V. BARAN-
DA L, GOMEZ-GOMEZ A, ACUNA-ALONZO V, GRANADOS
J, GoNzALEZ-AMARO R. P2X7 and NRAMP1/SLC11
A1 gene polymorphisms in Mexican mestizo pa-
tients with pulmonary tuberculosis. Clin Exp Im-
munol 2007; 148: 469-477.

HAwWN TR, DunstaN SJ, THwWAITES GE, Simmons CPR
THUONG NT, LAN NT, Quy HT, CHAU TT, Hieu NT, Ro-
DRIGUES S, JANER M, ZHAO LR HIEN TT, FARRAR JJ,
ADEREM A. A polymorphism in Toll-interleukin 1 re-
ceptor domain containing adaptor protein is asso-
ciated with susceptibility to meningeal tuberculo-
sis. J Infect Dis 2006; 194: 1127-1134.

STEIN CM, ZALWANGO S, CHIUNDA AB, MILLARD C,
LeoTiev DV, HORVATH AL, CARTIER KC, CHERVENAK K,
Boom WH, ELstoN RC, MUGERWA RD, WHALEN CC,
IvENGAR SK. Linkage and association analysis of
candidate genes for TB and TNFalpha cytokine
expression: evidence for association with IFN-
GR1, IL-10 and TNF receptor 1 genes. Hum
Genet 2007; 121: 663-673.

Caws M, THWAITES G, DUNSTAN S, HAWN TR, LAN NT,
THUONG NT, STEPNIEWSKA K, HUYEN MN, BANG ND, Loc
TH, GAGNEUX S, VAN SOOLINGEN D, KREMER K, VAN DER
SANDE M, SMALL B ANH PT, CHINH NT, Quy HT, DuYEN
NT, THo DQ, Hieu NT, Torok E, HENn TT, DuNG NH,
NHU NT, Duy PM, VAN VINH CHAU N, FARRAR J. The in-
fluence of host and bacterial genotype on the devel-
opment of disseminated disease with Mycobacteri-
um tuberculosis. PloS Pathog 2008; 4: €1000034.

34) THWAITES G, CAwWs M, CHAU TT, D'SA A, LAN NT, HUYEN

35)

36)

MN, GAGNEux S, ANH PT, THo DQ, Torok E, NHU
NT, DuyeN NT, Duy PM, RICHENBERG J, SIMMONS C,
Hien TT, FARRAR J. Relationship between Mycobac-
terium tuberculosis genotype and the clinical phe-
notype of pulmonary and meningeal tuberculosis.
J Clin Microbiol 2008; 46: 1363-1368.

CAaws M, THWAITES G, STEPNIEWSKA K, NGUYEN TN,
NGUYEN TH, NGUYEN TP MAI NT, PHAN MD, TRrRAN
HL, TRAN TH, VAN SOOLINGEN D, KrRemER K, NGUYEN
WV, NGUYEN TC, FArRrAR J. Beijing genotype of My-
cobacterium tuberculosis is significantly associat-
ed with human immunodeficiency virus infection
and multidrug resistance in cases of tuberculous
meningitis. J Clin Microbiol 2006; 44: 3934-3939.

Darre M, DraPER P. The envelope layers of my-
cobacteria with reference to their pathogenicity.
Adv Microb Physiol 1998; 39: 131-2083.

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

GuckmaN MS, Jacoss WR. Microbial pathogenesis
of Mycobacterium tuberculosis: dawn of a disci-
pline. Cell 2001; 104: 477-485.

CHAN J, FAN X, HUNTER SW, BRENNAN PJ, BLoowm BR.
Lipoarabinomannan, a possible virulence factor
involved in persistence of Mycobacterium tuber-
culosis within macrophages. Infect Immun 1991;
59. 1755-1761.

MEEeNA LS. Survival mechanisms of pathogenic
Mycobacterium tuberculosis H37Rv. FEBS J
2010; 277: 2416-2427.

RicH AR. The Pathogenesis of Tuberculosis, 2nd
ed. Springfield, IL:, CC Thomas; 1951.

DasTur DK, MANGHANI DK, Upani PM. Pathology
and pathogenetic mechanisms in neurotuberculo-
sis. Radiol Clin North Am 1995; 33: 733-752.

Meves BR. Tuberculous meningitis. Med Clin North
Am 1982; 66: 155-162.

KLen NC, DAwmskr B, HirscHMAN SZ. Mycobacterial
meningitis: retrospective analysis 1970 to 1983.
Am J Med 1985; 79: 29-34.

ZUGER A, Lowy FD. TuBERCULOSIS. IN: WM ScHELD, RJ
WHITLEY, DT DuURAck (EDs), Infections of the Central
Nervous System. Philadelphia: Lippincott-Raven
1997: pp. 417-443.

HektoEN L. The vascular changes in tuberculous
meningitis especially in tuberculous endarteritis. J
Exp Med 1896; 1: 112e63.

LAMMIE AL, HEWLETT RH, JOHAN F. SCHOEMAN JF, DON-
ALD PR.Tuberculous cerebrovascular disease: A
review. J Infection 2009; 59: 156e166.

SHANKAR P MANJUNATH N, MoHAN KK, PrAsAD K, BE-
HARI M, SHRINIwAS, AHUJA GK. Rapid diagnosis of
tuberculous meningitis by polymerase chain reac-
tion. Lancet 1991; 1: 5-7.

GIRGIS NI, SULTAN Y, FARID Z, MANSOUR MM, ERIAN
MW, HANNA LS, MaTeczuN AJ. Tuberculosis menin-
gitis, Abbassia Fever Hospital-Naval Medical Re-
search Unit No. 3-Cairo, Egypt, from 1976 to
1996. Am J Trop Med Hyg 1998; 58: 28-34.

THwAITES GE, TrRAN TH. Tuberculous meningitis:
many questions, too few answers. Lancet Neurol
2005; 4: 160-170.

CURLESS RG, MiTcHELL CD. Central nervous system
tuberculosis in children. Pediatr Neurol 1991; 7:
270-274.

YARAMI A, GURKAN F, ELEvLI M, SOKER M, HASPOLAT
K, KirBAS G, TAs MA. Central nervous system tu-
berculosis in children: a review of 214 cases. Pe-
diatrics 1998; 102: E49.

HANNA LS, Girais NI, AU EL ELA AH, FariD Z. Ocular
complications in meningitis: “fifteen years study”.
Metab Pediatr Syst Ophthalmol 1988; 11: 160-162.

AMITAVA AK, ALARM S, HussaiN R. Neuro-oph-
thalmicfeatures in pediatric tubercular meningoen-
cephalitis. J Pediatr Ophth Strab 2001; 38: 229-234.

Biswas J, MADHAVAN HN, GorPAL L, BADRINATH SS. In-
traocular tuberculosis. Clinicopathologic study of
five cases. Retina 1995; 15: 461-468.

383



R. Galimi

55)

56)

57)

58)

59)

60)

61)

62)

63)

64)

65)

66)

67)

68)

69)

70)

TANDON PN, BHATIA R, BHARGAVA S. Tuberculous
meningitis. In: Harris AA, editor. Handbook of
clinical neurology (revised series). Amsterdam:
Elsevier Science 1988: pp. 195-226.

THomAs MD, CHoPRA JS, WALIA BNS. Tuberculous
meningitis. A clinical study of 232 cases. J Assoc
Physicians India 1977; 25: 633-639.

Kocen RS, Parsons M. Neurological complications
of tuberculosis: some unusual manifestations. Q
J Med 1970; 39: 17-30.

HoPeweLL PC. OVERVIEW OF CLINICAL TUBERCULOSIS. IN:
BLoom BR, ebitor. Tuberculosis pathogenesis,
protection, and control. Washington DC: Ameri-
can Society for Microbiology 1994, pp. 25-46.

RADHAKRISHNAN K, KIHORE A, MATHURANATH PS. Neu-
rological tuberculosis. In: Sharma SK, Mohan A,
editors. Tuberculosis. New Delhi: Jaypee Broth-
ers Medical Publishers 2001: pp. 209-228.

TANDON PN, BHATIA R, BHARGAVA S. Tuberculous
meningitis. In: Harris AA, editor. Handbook of
clinical neurology (revised series). Amsterdam:
Elsevier Science 1988 pp. 195-226.

GARG RK. Tuberculosis of the central nervous sys-
tem. Postgrad Med J 1999; 75: 133-140.

BoNINGTON A, STRANG JI, KLapper PE, HoobD SV,
PARISH A, SWIFT PJ, DAMBA J, STEVENS H, SAWYER L, ET
AL. TB PCR in the early diagnosis of tuberculous
meningitis: evaluation of the Roche semi-auto-
mated COBAS Amplicor MTB test with reference
to the manual Amplicor MTB PCR test. Tuber
Lung Dis 200; 80: 191-196.

KATRAK SM, SHEMBALKAR PK, BUWE SR, BHANDARKAR
LD. The clinical, radiological and pathological pro-
file of tuberculous meningitis in patients with and
without human immunodeficiency virus infection.
J Neurol Sci 2000; 181: 118-126.

Dowbpy DW, CHAIsSON RE, MouLtoN LH, DORMAN SE.
The potential impact of enhanced diagnostic
techniques for tuberculosis driven by HIV: a
mathematical model. AIDS 2006; 20: 751-762.

GirGIS NI, SuLtaN Y, FARD Z, MANSOUR MM, ERIAN
MW, HANNA LS, MateczuN AJ. Tuberculous menin-
gitis, Abbassia Fever Hospital-Naval Medical Re-
search Unit No. 3, Cairo, Egypt from 1976 to
1996. Am J Trop Med Hyg 1998; 58: 28-34.

Davis LE, Rastoal KR, LAMBERT LC, Skipper BJ. Tuber-
culous meningitis in the southwest United States:
a community-based study. Neurology 1993; 43:
1775-1778.

FALLON RJ, KennEDY DH. Treatment and prognosis
in tuberculous meningitis. J Infect 1981; 3: 39-44.

KaLta J, Misra UK. Outcome of tuberculous menin-
gitis at 6 and 12 months: a multiple regression
analysis. Int J Tuberc Lung Dis 1999; 3: 261-265.

KenNeDy DH, FaLLon RJ. Tuberculous meningitis.
JAMA 1979; 241: 264-268.

STEwART SM. The bacteriological diagnosis of tu-
berculous meningitis. J Clin Pathol 1953; 6: 241-
242.

384

71)

72)

73)

74)

75)

76)

77)

78)

79)

80)

81)

82)

83)

84)

85)

THwWAITES GE, HONG CHAU TT, JERemy J, FARRAR JJ. Im-
proving the bacteriological diagnosis of tuberculous
meningits. J Clin Microbiol 2004, 42: 378-379.

GArciA-Monco JC. Central nervous system tuber-
culosis. Neurol Clin 1999; 17: 737-759.

THWAITES GE, CHAU TT, FARRAR JJ. Improving the
bacteriological diagnosis of tuberculous meningi-
tis. J Clin Microbiol 2004; 42: 378-379.

SHANKAR P MANJUNATH N, SHRINIWAS KK, MOHAN K,
PrASAD M, BEHARI G, SHRINIwAs, AHUJA GK. Rapid di-
agnosis of tuberculous meningitis by polymerase
chain reaction. Lancet 1991; 337: 5-7.

Caws M, WiLsoN SM, CLoucH C, DROBNIEWSKI F.
Role of 1S6110 targeted PCR, biochemical, clini-
cal and immunological criteria for diagnosis of tu-
berculous meningitis. J Clin Microbiol 2000; 38:
3150-3155.

LACHNIK J, ACKERMANN B, BOHRSSEN A, MAASS S,
DierHAUs C, PUNCKEN A, STERMANN M, BANGE FC. Rapid
cycle PCR and fluorimetry for detection of mycobac-
teria. J Clin Microbiol 2002; 40: 3364-3373.

HEeGinBoTHOM ML, MAGEE JT, FLANAGAN PG. Evalua-
tion of the IdahoTechnology Light Cycler PCR for
the direct detection of Mycobacterium tuberculo-
sis in respiratory specimens. Int J Tuberc Lung
Dis 2003; 7: 78-83.

TAkaHAsHI T, NAKAYANA T. Novel technique of quanti-
tative nested real-time PCR assay for Mycobac-
terium tuberculosis DNA. J Clin Microbiol 2006;
44:1029-1039.

Marer AM, EL-BEHEDY EM, MoOHTADY HA, AFIFY RF.
Evaluation of a rapid bacteriophage-based
method for the detection of Mycobacterium tuber-
culosis in clinical samples. J Med Microbiol 2003;
52: 331-335.

ALBAY A, Kisa O, BAaviaN O, DoGaNIE L. The evalua-
tion of fast plaque TB test for the rapid diagnosis
of tuberculosis. Diagn Microbiol Infect Dis 2003;
46: 211-215.

HALDAR S, SHARMA N, Guprta VK, Tvaarl JS. Efficient
diagnosis of tuberculous meningitis by detection
of Mycobacterium tuberculosis DNA in cere-
brospinal fluid filtrates using PCR. J Med Microbi-
ol 2009; 58: 616-624.

THomAs MM, HiNks TS, RAGHURAMAN S, RAMALINGAM
N, ERNST M, NAU R, LANGE C, KOsTERS K, GNANA-
MUTHU C, JOHN GT, MARSHALL B, LAaLvani A. Rapid di-
agnosis of Mycobacterium tuberculosis meningitis
by enumeration of cerebrospinal fluid antigen-
specific Tcells. Int J Tuberc Lung Dis 2008; 12:
651-657.

Jinkins JR. Computed tomography of intracranial
tuberculosis. Neuroradiology 1991; 33: 126-135.

JINKINS JR, GUPTA R, CHANG KH, CArRBAJAL JR. MR
imaging of central nervous system tuberculosis.
Radiol Clin North Am 1995; 33: 771-786.

ANDRONIKOU S, SMITH B, HATHERHILL M, W/ILMSHURST J.
Definitive neuroradiological diagnostic features of
tuberculous meningitis in children. Pediatr Radiol
2004; 34: 876-885.



Extrapulmonary tuberculosis: tuberculous meningitis new developments

86)

87)

88)

89)

90)

91)

92)

93)

94)

95)

96)

97)

98)

99)

Ozroprrak |, GUMUs C, OzToPrRAK B, ENGIN A. Con-
trast medium-enhanced MRI findings and
changes over time in stage | tuberculous menin-
gitis. Clin Radiol 2007; 62: 1206-1215.

NAIR PP KALTA J, Kumar S, Misra UK. MRI pattern of
infarcts in basal ganglia region in patients with tu-
berculous meningitis. Neuroradiology 2009; 51:
221-225.

VILLORIA MF, DE LA TORRE J, FORTEA F, MuNoOz L, HER-
NANDEZ T, ALAR ON JJ. Intracranial tuberculosis in
AIDS: CT and MRI findings. Neuroradiology
1991; 34: 11-14.

WHITEMAN M, EsPINOSA L, DONOVAN Post MJ, BELL
MD, FaLconE S. Central nervous system tubercu-
losis in HIV-infected patients: clinical and radi-
ographic findings. Am J Neuroradiol 1995, 16:
1319-1327.

GReeN C, HUGGETT JF, TALBOT E, MwABA P REITHER K,
ZumLA Al. Rapid diagnosis of tuberculosis through
the detection of mycobacterial DNA in urine by
nucleic acid amplification methods. Lancet Infect
Dis 2009; 9: 505-511.

PircHENIK AE, BURR J, SUAREZ M, FERTEL D, GONZALEZ
G, Moas C. Human T-cell lymphotropic virus-Ill
(HTLV-I11I) seropositivity and related disease
among 71 consecutive patients in whom tubercu-
losis was diagnosed: a prospective study. Am
Rev Respir Dis 1987; 135: 875-879.

THEUR CR HopeweLL PC, Euas D, et al. Human im-
mune deficiency virus infection in tuberculosis pa-
tients. J Infect Dis 1990; 162: 8-12.

BiSHBURG E, SUNDERAM G, REICHMAN LB, KariLA B.
Central nervous system tuberculosis with the ac-
quired immunodeficiency syndrome and its relat-
ed complex. Ann Intern Med 1986; 105: 210-213.

BERENGUER J, MORENO S, LAGUNA F, VICENTE T, ADRA-
Dos M, ORTEGA A, GONZALEz-LAHOZ J, Bouza E. Tu-
berculous meningitis in patients infected with the
human immunodeficiency virus. N Engl J Med
1992; 326: 668-672.

MaHER D, RaviGLIONE M. Global epidemiology of tu-
berculosis. Clin Chest Med 2005; 26: 167-182.

SCHNEIDER E, Moore M, Castro KG. Epidemiology
of tuberculosis in the United States. Clin Chest
Med 2005; 26: 183-195.

BARNES PF, BLocH AB, DavibsoN PT, SNIDER DE Jr:
Tuberculosis in patients with human immunodefi-
ciency virus infection. N Engl J Med 1991; 324:
1644.

CoRBETT EL, WATT CJ, WALKER N, MAHER D, WILLIAMS
BG, RaviGLIONE MC, Dye C. The growing burden of
tuberculosis: global trends and interactions with
the HIV epidemic. Arch Intern Med 2003; 163:
1009-1021.

THwAITES GE, Duc BANG N, Huy DuNnG N, THi Quy
H, THI TuoNG OANH D, THI CAM THOA N, QUANG
HiEN N, TrI THUC N, NGoc HAI N, THI NGoc LAN N,
NaGoc LaN N, HoNG Duc N, NGoc TuaN V., Huu Hiep
C, THI HONG CHAU T, PHUONG MAI B THI DUNG N,
STEPNIEWSKA K, SIMMONS CR. WHITE NJ, TiINH HIEN T,

100)

101)

102)

103)

104)

105)

106)

107)

108)

109)

110)

111)

112)

FARRAR JJ. The influence of HIV infection on clini-
cal presentation, response to treatment, and out-
come in adults with tuberculous meningitis. J In-
fect Dis 2005; 192: 2134-2141.

LAGUNA F ADRADOS M, ORTEGA A, GONZALEZ-LAHOZ
JM. Tuberculous meningitis with acellular cere-
brospinal fluid in AIDS patients. AIDS 1992; 6:
1165-1167.

KARSTAEDT AS, VALTCHANOVA S, BARRIERE R, CREWE-
BrowN HH. Tuberculous meningitis in South
African urban adults. Q J Med 1998; 91: 743-747.

Duse MP, HoLtom PD, LARSEN RA. Tuberculous
meningitis in patients with and without human
immunodeficiency virus infection. Am J Med
1992; 93: 520-524.

LammiE GA, HEWLETT RH, SCHOEMAN JF DONALD PR.
Tuberculous cerebrovascular disease: A review.
J Infect 2009; 59: 156-166.

HumpHRIES MU, TEOH R, LAU J, GaBrEEL M. Factors of
prognostic significance in Chinese children with tu-
berculous meningitis. Tubercle 1990; 71: 161-68.

ScHAAF HS, MARAIS BJ, WHITELAW A, HESSELING AC,
ELEY B, Hussey GD, DoNALD PR. Culture-confirmed
childhood tuberculosis in Cape Town, South
Africa: a review of 596 cases. BMC Infect Dis
2007; 7: 140.

MitcHisoN DA. Role of individual drugs in the
chemotherapy of tuberculosis. Int J Tuberc Lung
Dis 2000; 4: 796-806.

THWAITES GE, LAN NT, DunGg NH, Quy HT, OanH DT,
THOA NT, HEN NQ, THuc NT, HAal NN, BANG ND, LAN
NN, Duc NH, Tuan VN, Hier CH, CHau TT, Mal PR
DuUNG NT, STEPNIEWSKA K, WHITE NJ, HIEN TT, FARRAR JJ.
Effect of antituberculosis drug resistance on re-
sponse to treatment and outcome in adults with tu-
berculous meningitis. J Infect Dis 2005; 192: 79-88.

THwAITES GE, NGUYEN DB, NGuyeEN HD, HoANG TQ,
Do TT, NGuyeN TC, NGuyeN QH, NGuUYEN TT,
NGuYeN NH, NGUYEN TN, NGUYEN NL, NGUYEN HD,
Vu NT, Cao HH, Tran TH, PHAM PM, NGuYeEN TD,
STEPNIEWSKA K, WHITE NJ, TRAN TH, FARRAR JJ. Dex-
amethasone for the treatment of tuberculous
meningitis in adolescents and adults. N Engl J
Med 2004; 351: 1741-1751.

DoONALD PR, ScHOEMAN JF VAN ZvL LE, DE VILLIERS
JN, PrReTORIUS M, SPRINGER P. Intensive short
course chemotherapy in the management of tu-
berculous meningitis. Int J Tuberc Lung Dis
1998; 2: 704-711.

THWAITES G, FISHER M, HEMINGWAY C, ScoTtT G,
SoLomoN T, INNEs J. British Infection Society
guidelines for the diagnosis and treatment of tu-
berculosis of the central nervous system in
adults and children. J Infect 2009; 59: 167-187.

WOoRLD HEALTH ORGANIZATION. Treatment of tuber-
culosis: guidelines for national programmes, 3rd
edn. Geneva, Switzerland: World Health Organi-
zation, 2002.

BLUMBERG HM, BURMAN W/J, CHAISSON RE, DALEY
CL, ETkinD SC, AMERICAN THORACIC SOCIETY, CENTERS

385



R. Galimi

113)

114)

115)

116)

117)

118)

119)

120)

121)

122)

123)

124)

386

FOR DISEASE CONTROL AND PREVENTION AND THE INFEC-
Tious Diseases SocleTy. American Thoracic Soci-
ety/Centers for Disease Control and Preven-
tion/Infectious Diseases Society of America:
treatment of tuberculosis. Am J Respir Crit Care
Med 2003; 167: 603-662.

PrasaD K, SINGH MB. Corticosteroids for manag-
ing tuberculous meningitis. Cochrane Database
Syst Rev 2008; Art. No.: CD002244.

Rock RB, Hu S, GEKKER G, SHENG WS, MAY B, Ka-
PUR V, PeTERSON PK. Mycobacterium tuberculo-
sis-induced cytokine and chemokine expres-
sion by human microglia and astrocytes: ef-
fects of dexamethasone. J Infect Dis 2005;
192: 2054-2058.

Rock RB, OuN M, BAKER CA, MoLITOR TW, PETERSON
PK. Central nervous system tuberculosis: patho-
genesis and clinical aspects. Clin Microbiol Rev
2008; 21: 243-261.

THwWAITES GE, MACMULLEN-PRICE J, TRAN TH, PHAM
PM, NGuYeN TD, Simmons CP WHITE NJ, SUMMERS
D, FARrRAR JJ. Serial MRI to determine the eff ect
of dexamethasone on the cerebral pathology of
tuberculous meningitis: an observational study.
Lancet Neurol 2007; 6: 230-236.

GREEN JA, TRAN CT, FARRAR JJ, NGUYEN MT, NGUYEN
PH, DiNnH SX, Ho ND, Ly CV, TRaN HT, FRIEDLAND
JS, THwaTEs GE. Dexamethasone, cerebrospinal
fluid matrix metalloproteinase concentrations
and clinical outcomes in tuberculous meningitis.
PLoS ONE 2009; 4: e7277.

GREEN JA, ELKINGTON PT, PENNINGTON CJ, RONCAROLI
F DHorAkiA S, Moores RC, BuLLEN A, PORTER JC,
AGRANOFF D, EDwARDs DR, FRIEDLAND JS. Mycobac-
terium tuberculosis upregulates microglial matrix
metalloproteinase-1 and -3 expression and se-
cretion via NF-B— and activator protein-1-depen-
dent monocyte networks. J Immunol 2010; 184,
6492-6503.

NicoLts DJ, KING M, HoLLAND D, BALA J, DEL Rio C.
Intracranial tuberculomas developing while on
therapy for pulmonary tuberculosis. Lancet In-
fect Dis 2005; 5: 795-801.

Lu CH, CHANG WN, CHANG HW. The prognostic
factors of adult tuberculous meningitis. Infection
2001; 29: 299-304.

Rock RB, OLN M, BAKER CA, MoLITOR TW, PETERSON
PK. Central nervous system tuberculosis: patho-
genesis and clinical aspects. Clin Microbiol Rev
2008; 21: 243-261.

WAaNG JT, HuNG CC, SHENG WH, WANG JY, CHANG
SC, Lun KT. Prognosis of tuberculous meningitis
in adults in the era of modern antituberculous
chemotherapy. J Microbiol Immunol Infect 2002;
35:215-222.

Misra UK, KALITA J, SRIVASTAVA M, MANDAL SK. Prog-
nosis of tuberculous meningitis: a multivariate
analysis. J Neurol Sci 1996; 137: 57-61.

MEDICAL ReESEARCH CoUNCIL. Streptomycin treatment
of tuberculous meningitis. Lancet 1948; |: 582-596.

125)

126)

127)

128)

129)

130)

131)

132)

133)

134)

135)

136)

137)

Hsu PC, YANG CC, YE JJ, HUANG PY, CHIANG PC, LEe
MH. Prognostic factors of tuberculous meningitis
in adults: a 6-year retrospective study at a ter-
tiary hospital in Northern Taiwan. J Microbiol Im-
munol Infect 2010; 43: 111-118.

THwAITES GE, NGUYEN DB, NGUYEN HD, HOANG
TQ, Do TT, NGuyeN TC, NGuYyEN QH, NGUYEN TT,
NGUYEN NH, NGUYEN TN, NGUYEN NL, NGUYEN HD,
Vu NT, Cao HH, Tran TH, PHAM PM, NGuYeEN TD,
STEPNIEWSKA K, WHITE NJ, TRAN TH, FARRAR JJ. Dex-
amethasone for the treatment of tuberculous
meningitis in adolescents and adults. N Engl J
Med 2004; 351: 1741-1751.

RoprIGUES LC, DiwaAN VK, WHEELER JG. Protective
effect of BCG against tuberculous meningitis
and miliary tuberculosis: a meta-analysis. Int J
Epidemiol 1993; 22: 1154-1158.

STERLING TR, MARTIRE T, DE ALMEIDA AS, DING L,
GREENBERG DE, MOREIRA LA, ELLOuMI H, TORRES
AP, SANT'ANNA CC, CALAZANS E, PARAGUASSU @G,
GEBRETSADIK T, SHINTANI A, MILLER K, KRITSKI A,
LAPA E SILVA JR, HoLlaAND SM. Immune function
in young children with previous pulmonary or
miliary/meningeal tuberculosis and impact of
BCG vaccination. Pediatrics 2007; 120: e912-
21.

CoLbitz GA, Brewer TF, Berkey CS, WiLsoNn ME,
Burbick E, FINEBERG HV, MosteLLer F Effi cacy of
BCG vaccine in the prevention of tuberculosis.
Meta-analysis of the published literature. JAMA
1994; 271: 698-702.

NEwTON SM, BRENT AJ, ANDERSON S, WHITTAKER E,
KamrPvANN B. Paediatric tuberculosis. Lancet In-
fect Dis 2008; 8: 498-510.

MoLLER M, HoAL EG. Current findings, challenges
and novel approaches in human genetic suscepti-
bility to tuberculosis. Tuberculosis 2010; 90: 71-83.

STANFORD JL. Improving on BCG. APMIS 1991;
99: 103-113.

XIAO-YAN YANG, QuUN-FEI CHEN, XIAO-HUA Cul et al.
Mycobacterium vaccae vaccine to prevent tuber-
culosis in high risk people: A meta-analysis. J In-
fect 2010; 60: 320-330.

WHO-IUTALD GLOBAL PROJECT ON ANTIF-TUBERCULOSIS
DRUG RESISTANCE SURVEILLANCE. Anti-tuberculosis
drug resistance in the world (report No. 4). Avail-
able from: http://www.who.int/tb/publications/
2008/drs_report4_26feb08.pdf.

WHO wmepia reporT. WHO global task force out-
lines measures to combat XDRTB worldwide.
Available from: http://www.who.int/mediacentre/
news/notes/2006/np29/en/index.html

VAN DEN BOOGAARD J, KiBiKI G, KISANGA ER, BOEREE
MJ, AarRNoUTSE RE. New drugs against tuberculo-
sis: problems, progress, and evaluation of
agents in clinical development. Antimicrob
Agents Chemother 2009; 53: 849-862.

GINSBERG AM. Tuberculosis drug development:
progress, challenges, and the road ahead. Tu-
berculosis 2010; 90: 162-167.



