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ABSTRACT

Approximately 30% of people with tuberculous meningitis (TBM) die despite modem 

treatment. Survival is dependent upon early treatment but diagnosis is difficult: the 

clinical features are non-specific, conventional bacteriology is widely regarded as 

insensitive, and newer diagnostic tests are incompletely evaluated. In addition, the 

pathogenesis of TBM remains so poorly understood that prospects for new 

interventions to improve outcome are few.

This thesis examines the diagnosis and pathophysiology of TBM in adults admitted to 

an infectious disease hospital in Ho Chi Minh City, Vietnam. The aim was to address 

three questions: what is the best method for distinguishing TBM from other central 

nervous system disorders, how does disease pathophysiology relate to treatment and 

clinical outcome, and what other variables influence prognosis?

Three methods for the diagnosis of TBM were studied: clinical, bacteriological and 

molecular. A diagnostic rule developed from five clinical features predictive of TBM 

was 86% sensitive and 79% specific when applied prospectively. A bacteriological 

diagnosis of TBM was confirmed in 107/132 (81%) adults: acid-fast bacilli were seen 

in 58% and cultured from 71%. Volume of CSF, duration of symptoms, CSF 

neutrophils, lactate and glucose all predicted bacteriological confirmation. The 

sensitivity and specificity of CSF Ziehl-Neelsen stain (52% and 100%) was greater 

than nucleic acid amplification (Gen-Probe Amplified Mycobacterium tuberculosis 

Direct test) (38% and 9 9%), although the combined performance of these tests on 

serial samples detected 83% of cases.



The pathogenesis of TBM was investigated by identifying clinical and molecular 

markers of poor outcome. Treatment before the onset of coma independently 

predicted survival, and death was associated with high CSF concentrations of lactate, 

low numbers of white cells, in particular neutrophils, and low CSF glucose. CSF 

lactate concentration is a good indicator of disease severity and CSF bacterial load, 

and neutrophils may have a hitherto unreported protective role.
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The whole thing lasted scarcely two weeks, including the earliest signs that all was 

not quite well with the child; from the beginnings no one -  I  believe no one at all -  

even dreamed o f the horror to come....

Kurbis tested the child’s eyes, the pupils o f which were tiny and showed a tendency to 

squint. The pulse raced. Muscular contractions developed, and an incipient rigidity o f  

the neck. It was cerebrospinal meningitis, inflammation o f the meninges. The good 

man pronounced the name with a deprecating movement o f the head shoulder wards, 

probably in the hope that they might not know the almost complete powerlessness o f  

medical science in the face o f this onslaught.

Thomas Mann describes the death of a child from tuberculous meningitis before the 

advent of chemotherapy in his novel Dr Faustus, (Mann T, 1947).
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CHAPTER 1

INTRODUCTION

1.1 Tuberculosis

In the seventeenth century John Bunyan described tuberculosis as, ‘The Captain of all 

these Men of Death’. In the late twentieth centuiy the World Health Organisation 

(WHO) pronounced it a ‘global emergency’. Whether described by poetry or prose, 

tuberculosis has been the leading global infectious cause of morbidity and mortality 

for more than 500 years.

In the early twentieth centuiy tuberculosis declined amongst the richer nations. In 

1900 the incidence of tuberculosis in the United States was approximately 250 per 

100,000, with a death rate greater than 100 per 100,000 (Iseman MD, 2000). By 1973 

the incidence had fallen to 15/100,000, with a death rate of less than 2/100,000. These 

figures fuelled enormous optimism b est e ncapsulated i n 1 969 by W illiam S tewart. 

Surgeon General to the United States, when he suggested it was, ‘time to close the 

book on infectious disease.’

Unfortunately, the figures for the rest of the world told a different story. In 1995 the 

WHO published an overview of the global impact of tuberculosis (Raviglione MC et 

a l, 1995). They estimated that one in three people was infected with the tubercle 

bacillus, and that in 1 990 there were approximately 8 million new cases of active 

tuberculosis and 2.6 million deaths. The estimated tuberculosis incidence rates by 

country are presented in Figure 1.1.
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Introduction

1.1.1 History of tuberculosis

Humans have probably suffered from tuberculosis for more than 5000 years. 

Examination of Egyptian mummified human remains from around 3400 B.C have 

revealed dorsal spine deformities consistent with spinal tuberculosis (Cave AJE, 

1939), and there are allusions to a group of pulmonary and extra-pulmonary diseases 

that probably represent tuberculosis in ancient Chinese writings from around 3 000 

B.C (Iseman MD, 2000). But it was not until the time of Hippocrates (circa 460-375 

B.C), and the flowering of Greek medicine, that tuberculosis first received systematic 

study. The Greeks called it Phthisis, which means ‘I am wasting’, and remains an 

appropriate clinical description of tuberculosis to the present day. But despite 

increasing clinical recognition, the Greek understanding of the disease remained 

rudimentary. Unfortunately, Aristotle’s (354-322 B.C) prescient observation fell 

unheeded:

Why when one comes near consumptives does one contract their disease, 

while one does not contract dropsy, or apoplexy... ? With consumption, the 

reason is that the breath is bad and heavy.... One takes the disease 

because there is in the air something disease-producing.

It was to be another 1860 years until Girolamus Frascatorius (1483-1553) re­

examined Aristotle’s observations. His book De Contagioni (1546) concluded that 

there were three major routes of infection transmission: spread by direct contact; 

spread by an intermediary, or fomite; and spread over a distance involving tiny 

infectious particles which he called ‘seminaria’. The contagious theory of disease was
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Introduction

bom, but remained highly controversial for a further 300 years and unaccepted by 

many physicians caring for patients with phthisis during this period.

The Age of Enlightenment brought new rigor to the study of phthisis. At the 

beginning of the seventeenth century, the English philosopher Francis Bacon 

formulated the ‘scientific method’: the generation of testable hypotheses from 

observable facts. For physicians this meant careful clinical observation of the living, 

and autopsy of the deceased. The post-mortem observations of Franciscus de la Boe, 

Professor of Anatomical Medicine at Leiden, were the first to describe the profusion 

of nodules within the organs of phthisical patients, and refer to them as ‘tubercles’. 

Then, in 1821, the French physician Laennec recognised that all the diverse clinical 

forms of ‘tubercle’ were a single disorder (Laennec RTH, 1821), although his thesis 

only gained complete acceptance with the discovery of the causative agent of 

‘tuberculosis’.

It took 217 days for Robert Koch to make that discovery (Brock TD, 1988). He began 

his first experiments on August 18̂ ,̂ 1881; reported his findings to the Berlin 

Physiological Society on March 24̂ ,̂ 1882; and published the paper three weeks later 

(Koch R, 1882). During this period Koch stained and cultured the bacillus for the first 

time, demonstrated its presence in tuberculous tissue, and inoculated guinea pigs with 

the culture to reproduce the disease. He concluded:

All these facts taken together lead to the conclusion that the bacilli which 

are present in the tuberculous substances not only accompany the 

tuberculosis process, but are the cause o f it. In the bacillus we have, 

therefore, the actual tubercle virus. (Koch R, 1882)
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Introduction

1.1.2 Tuberculosis nomenclature and bacteriology

Koch’s tubercle bacilli belongs to the genus Mycobacterium (meaning ‘fungus- 

bacterium’), members of which share the property of ‘acid fastness’, the characteristic 

ability to resist decolourisation in the presence of a weak mineral acid after staining 

with an arylmethane dye (Collins CH et a l, 1997). In 1898 Theobold Smith divided 

the tubercle bacilli into human and bovine varieties (Smith T, 1898): Mycobacterium 

tuberculosis and Mycobacterium bovis. To these have been added Mycobacterium 

microti (Wells AQ, 1946), Mycobacterium africanum, the vaccine strain Bacille 

Calmette-Guerin (BCG) (Skerman VDB et a l, 1980), and more recently 

Mycobacterium canetti (van Soolingen D et a l, 1997). Together they are referred to 

as "Mycobacterium tuberculosis complex’, and only members of this group can cause 

human ‘tuberculosis’, although Mycobacterium microti, BCG, and Canetti rarely 

cause disease. Other members of the genus Mycobacterium can cause disease in 

humans, particularly in immune compromised individuals, but these diseases are not 

labelled as ‘tuberculosis’.

This thesis is concerned only with "Mycobacterium tuberculosis complex’ infection, 

although for ease and consistency the agent will simply be referred to as 

Mycobacterium tuberculosis {M.tb).

1.1.3 Tuberculosis infection and transmission

As with many infectious diseases, the number of people suffering from tuberculosis 

disease is a fraction of the total number infected. Estimates of the number infected 

have conventionally been calculated by intra-dermal reactivity to a purified protein
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Introduction

derivative (PPD) of M.tb (ATS, 1990). Reactivity is taken to represent exposure with 

infection: one in three people are believed infected, and it is estimated that one in ten 

of these will develop active disease (Raviglione MC et ah, 1995). Active disease is 

broadly divided into three categories: sputum smear-positive pulmonaiy disease; 

sputum-smear negative pulmonary disease; and extra-pulmonary disease. Smear- 

positive disease is defined by demonstration of acid-fast bacilli (AFB) within a 

clinical specimen by light microscopy. From an epidemiological perspective, 

individuals with sputum smear-positive disease are the most important, as they 

represent infectious cases and are responsible for the majority of tuberculosis 

transmission (Grzybowski S et a l, 1975). The WHO, and International Union against 

Tuberculosis and Lung Disease (lUATLD), hold the detection and treatment of 

sputum smear-positive cases to be a fundamental tenet of tuberculosis control (WHO, 

1997)(ReiderHL, 2002).

Much of the current understanding of the airborne transmission of tuberculosis comes 

from a series of elegant experiments performed by Riley between 1956 and 1961 

(Riley RL et a l, 1961). Riley designed a ward for patients with tuberculosis in which 

the air from each room was ducted into cages containing guinea pigs (which are 

naturally highly susceptible to M.tb infection) (Riley RL et a l, 1962). The air leaving 

each room was split into equal columns, each being delivered to a different group of 

animals, with one column being irradiated with ultra-violet (UV) light. Monthly PPD 

skin testing of all animals identified those newly infected, and those found to be 

reactive were killed and dissected. There were no infections amongst the guinea pigs
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Introduction

breathing UV irradiated air, but amongst the rest the average time to infection was 10 

days. Untreated patients and one adult with tuberculous laryngitis were responsible 

for the majority of infections. The study findings validate the theory of droplet­

generated airborne transmission of tuberculosis, and supported the premise that the 

likelihood of transmission increased with the concentration of airborne infectious 

particles and the volume of air inhaled.

Tuberculosis transmission by other routes can occur, but is rare. Infection with 

Mycobacterium bovis (a member of the Mycobacterium tuberculosis complex) 

through ingestion of contaminated cows milk used to be a significant global cause of 

tuberculosis but pasteurisation has largely removed this risk, alongside case detection 

with PPD skin tests and slaughter of infected animals. However, in regions with 

limited access to  these preventative measures, this route of transmission remains a 

major public health problem.

1.1.4 Risk factors for tuberculosis

There are two broad categories of risk for tuberculosis: environmental, and biological. 

Environmental risk factors determine the intensity and duration of exposure of an 

individual to other individuals with infectious tuberculosis. Prominent amongst this 

group are prisons, nursing homes, homeless shelters, and hospitals. High transmission 

rates and well-documented outbreaks have been reported in all of these institutions 

(Stead WW, 1978; Stead WW, 1981; Schieffelbein CW, Jr. et a l, 1988; Sepkowitz 

KA, 1994). However, sustained physical proximity is not the only reason these
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environments present special risk. Their populations frequently possess numerous 

biological reasons for increased susceptibility to tuberculosis. Alcohol dependence, 

intra-venous drug use, and human immunodeficiency virus (HIV) infection are 

common biological risk factors shared by the homeless and those in prisons (Iseman 

MD, 2000). Other important biological risk factors, often shared by those in nursing 

homes or hospitals, are diabetes mellitus (Kim SJ et a l, 1995), corticosteroid therapy 

(Sahn SA et a l, 1976), gastrectomy (Snider DE, Jr., 1985), end-stage renal disease 

(Andrew OT et a l, 1980), silicosis (Snider DE, Jr., 1978), and malnutrition (ATS, 

1994). Most recently, tobacco smoking has been shown to be a major risk factor for 

disease and death from pulmonary tuberculosis (Gajalakshmi V et a l, 2003). Many of 

these factors are believed to alter the immune response to infection with M.tb, and 

compromise the individual’s ability to resolve new infection or control reactivation of 

latent bacilli. The clearest example is HIV infection, which alters the risk of 

reactivation from 1 in 10 to 1 in 3 (Selwyn PA et a l, 1989), and increases the 

likelihood of progressive disease after new infection with M.tb (Di Perri G et a l ,  

1989). The HIV epidemic has had, and will continue to have, an enormous impact on 

the global prevalence of tuberculosis. WHO estimate that there are 40 million people 

currently infected with HIV of whom approximately 13 million are co-infected with 

tuberculosis (WHO, 2002). Estimated numbers of HIV-infected tuberculosis cases per

100,000 population in 2000 are shown in Figure 1.2. Conservative estimates, which 

take no account of rates of new infection, suggest that 4 million will reactivate and 

require treatment for active tuberculosis. Consequently, HIV infection dwarfs all other 

risk factors for tuberculosis.
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1.1.5 Clinical Tuberculosis

Tuberculosis can affect any organ of the body, but the first site of infection is nearly 

always the lung. In settings of high tuberculosis prevalence this ‘primary infection’ 

usually occurs in childhood and is asymptomatic in more than half (Starke JR et a l, 

1989). In the rest, the symptoms of cough and fever predominate (Pineda PR et a l,

1993). In most symptomatic cases the chest X-ray reveals hilar, mediastinal, or 

paratracheal lymphadenopathy (Figure 1.3), and there is evidence of lung 

parenchymal involvement in around 75% (Pineda PR et a l, 1993). The majority of 

primary infections are uncomplicated, but on rare occasions progressive primary 

tuberculosis develops: lung parenchymal involvement increases in the form of an

Figure 1.3 Primary tuberculosis with hilar lymphadeuopathy (arrow) (Hospital 

for Tropical Diseases [HTD])

%
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Figure 1.4 Typical Chest X-ray appearances of pulmonary tuberculosis: bilateral 

apical shadowing and cavities (arrows) (HTD)

/

intense and localised pneumonia, sometimes leading to the formation of cavities and 

often with haematogenous dissemination. The prognosis of this type of disease is 

poor.

The traditional distinction of primary from post-primary tuberculosis depends upon 

whether disease occurred before or after 5 years from the initial infection (Iseman 

MD, 2000). This arbitrary definition is only useful if all post-primary disease is 

considered to be consequent to endogenous reactivation of latent bacilli. There are 

increasing data to suggest this assumption is incorrect (Fine PE et a l, 1999). Recent 

studies using DNA fingerprinting techniques have shown that substantial numbers of 

adult post-primary pulmonary disease is due to re-infection with a different strain of
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M.tb (van Rie A et a l, 1999; Chaves F et a l, 1999). However, whilst re-infections 

may be more important than previously thought, the majority of disease in low 

prevalence settings is due to reactivation (Fine PE et a l, 1999).

Pulmonary tuberculosis is the commonest clinical phenotype, accounting for 

approximately 80% of all forms of tuberculosis (Iseman MD, 2000). Patients usually 

present with the symptoms of cough, fever, weight loss, and blood is often reported in 

the sputum (haemoptysis). Pulmonary tuberculosis is usually a slowly progressive 

condition: patients present with many days, if not weeks, of gradually worsening 

symptoms. Rapidly progressive disease does occur, particularly in some racial groups 

believed to be more susceptible to the disease (Stead WW, 1992). Physical 

examination is often unremarkable: the wasted, pthisical characteristics noted by the 

Greeks may not be present in early disease; chest examination is frequently normal (it 

is harder to elicit physical signs from the affected lung apices than the middle and 

lower lobes); and extra-pulmonary signs may be few. Fever is not universal, and in 

the elderly, in particular, may be absent (Korzeniewska-Kosela M et a l, 1994). 

Despite limited physical signs. X-ray of the chest will reveal the characteristics and 

extent of the disease (Figure 1.4). For reasons that remain obscure, pulmonary 

tuberculosis most frequently involves the lung apices (Balasubramanian V et a l,

1994). Complications of the disease include the formation of pulmonary cavities, 

sometimes with massive haemoptysis as a result of arterial invasion, pneumothorax 

with broncho-pleural fistulae, and contiguous spread to the mediastinum (the 

pericardium, for example), pleura and vertebral column (Figure 1.5).
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Figure 1.5. Tuberculous destruction of the thoracic vertebrae (arrow) (Potts 

disease) arising from secondary spread from the lung (HTD)

The advent of anti-tuberculosis chemotherapy (ATC) dramatically reduced the 

incidence of these complications, although they are being seen again in those with 

multi-drug resistant tuberculosis (Tahaoglu K et a l, 2001).

Haematogenous dissemination of the bacilli can occur at any time during infection 

with M.tb, and can result in infection of any organ (see Figures 1.6 and 1.7). 

Commonly affected are the brain, the kidneys, the bones and the cervical lymph nodes 

that drain the pulmonary vessels. In the United States in 2001, there were 15,989 

cases of tuberculosis reported to the Centre for Disease Control, Atlanta (CDC): 

12,768 (80%) were pulmonary, and 3,212 (20%) were extra-pulmonary (CDC, 2001).
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Figure 1.6 Dbsemmafed extra-pulmonary tuberculosis: bilateral fusiform psoas 

abscesses (thick arrows) with vertebral osteomyelitis (thin arrow) by MRI (HTD)
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Figure 1.7 IMscliargmg tuberculous lymph node (arrow), or scrofula, in an HIV 

infected adult with tuberculous meningitis (HTD)
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The extra-pulmonaiy cases reported were pleural (19%), lymph node (42%), bone or 

joint (10%), genito-urinary tract (6%), meningeal (6%), peritoneal (4%), and other 

sites (13%).

The proportion of extra-pulmonary cases has risen over the last 40 years in the United 

States and other wealthy countries for reasons that are poorly defined. HIV infection 

increases the risk of disseminated disease and is an important component of this 

change. Also important are the changes in the demographic profile of those with 

tuberculosis: in affluent countries, such as the United States, the burden of disease 

now falls amongst racial and ethnic minorities and recent immigrants.

The clinical manifestations of extra-pulmonary tuberculosis are as diverse as the 

organs it can affect, and it is not within the scope of this thesis to review them all. 

However, the non-specific clinical presentations, the difficulty in obtaining adequate 

diagnostic samples, and the paucity of bacilli causing disease, all serve to make the 

diagnosis difficult. Tuberculous meningitis, the focus of this thesis, provides an 

excellent example of all of these problems.

1.1.6 Diagnosis of tuberculosis

For most of the world the diagnostic methods for tuberculosis have not changed for 

120 years. Only recently have efforts been made to develop new diagnostic assays, 

some of which are available in the laboratories of wealthy countries. Fortunately, the 

diagnostic method developed by Franz Ziehl (1857-1926) and Friedrich Neelsen 

(1854-1894) in 1882 has sufficient diagnostic sensitivity and specificity to detect
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those with the most infectious forms of the disease, and therefore forms the basis of 

global tuberculosis control programmes. The Ziehl-Neelsen (ZN) stain depends upon 

the ‘acid-alcohol fast’ biological properties oïM.tb. Paul Ehrlich first elucidated these 

properties in 1882 (Ehrlich P, 1882), and they were developed into a test by Ziehl and 

Neelsen. Neelsen introduced the use of the dye basic fuchsin and found that tubercle 

bacilli were identifiable from nearly all other species of bacteria by their ability to 

resist decolouration with weakly acidified alcohol (Neelsen F, 1883). He found the 

red stained bacilli were easier to visualise with the background counter-stained with 

methylene blue (Figure 1.8). Small variations on this method exist, but the principles 

remain unchanged today.

The demonstration of AFB in the sputum of a patient suspected of tuberculosis is the 

primary diagnostic method for much of the world. However, there are some important 

limitations to this technique. First, the sensitivity of a direct sputum smear is between 

50-60% (Collins CH et a l, 1997). Examining at least 3 specimens, and concentrating 

the specimen by centrifugation after the addition of a mucolytic agent can increase the 

sensitivity. Second, it is impossible to tell the species of mycobacteria by microscopy. 

Other mycobacteria {Mycobacterium kansasii, for example) can cause pulmonary 

disease, or can contaminate respiratory specimens without causing disease. Only 

culture of the mycobacteria will allow a full identification and confirm the diagnosis 

of tuberculosis. More recently, fluorescence microscopy using the auromine- 

rhodamine stain has improved the speed and ease of microscopy. The staining 

principles are exactly the same, except the auromine-rhodamine stained bacilli 

fluoresce when excited with UV light. The bacilli are easier to see than by ZN
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Figure 1.8 Acid>fast bacilli in cerebrospinal fluid (arrow) (HTD)

Figure 1.9 Culture of Mycobacterium tuberculosis on Lowenstein-Jensen media

(HTD)
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stain, and slides can be quickly and effectively screened under low magnification. 

However, when few bacilli are present (in cerebrospinal fluid, for example), 

fluorescing debris can be mistaken for bacilli, and a confirmatory ZN stain should 

always be performed.

Confirmation of infection with M.tb can only be made by culture, but as Robert Koch 

found, M.tb does not grow well on conventional media. Koch eventually found the 

bacilli grew well on slopes of coagulated blood serum (Brock TD, 1988), and 

subsequently many different culture media have been devised. The solid media 

currently used are egg-based (Lowenstein-Jensen, Figure 1.9) and agar based 

(Middlebrook’s 7H10 or 7H11). Liquid media (Middlebrook’s 7H9, or Kirchners 

media) are less selective but especially useful when culturing specimens other than 

sputum, when the chances of contamination with other bacterial species are low. 

Simple growth characteristics will allow the preliminary identification of M.tb. The 

early bacteriologists recognised that cultivable mycobacteria could be divided into 

‘rapid growers’ (growth on egg-media within 5 days) and ‘slow growers’. M.tb, and 

most other pathogenic mycobacteria are ‘slow growers’ -  they often take between 4 

and 8 weeks to produce significant colonies on egg-based solid media. M.tb grows 

best at 37®C, is non-pigmented, and demonstrates characteristic ‘cords’ of bacilli 

when stained by ZN, but the formal identification rests on an array of confirmatory 

tests, or more recently by nucleic acid probes (Collins CH et a l, 1997). It is not 

within the scope of this thesis to review these methods, but they are time-consuming 

and difficult, and are usually only performed by experienced technicians in reference
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laboratories. For these reasons, in many settings the culture and identification of M.tb 

remains impossible, and diagnosis rests upon the result of the ZN stain.

The lack of diagnostic sensitivity and specificity of conventional diagnostic methods, 

and the time required to culture and identify the organism, has led to the development 

of more rapid, nucleic acid-based techniques. It is now possible to determine whether 

a specimen contains M.tb nucleic acid and is likely to be resistant to rifampicin within 

a few hours (Watterson SA et a l, 2000). However, despite the promise of these 

methods, their performance and role in clinical decision-making remains unclear 

(PfyfferGE, 1999).

The amplification and detection of regions of M  ̂ 6-specific nucleic acid from clinical 

specimens is an attractive diagnostic prospect. To date, the Food and Drug 

Administration (FDA) of the United States have cleared two nucleic acid 

amplification assays for the direct detection of M.tb in respiratory samples: the 

Amplified Mycobacterium tuberculosis Direct Test (MTD) (Gen-Probe, Inc, San 

Diego, California) and the AMPLICOR Mycobacterium tuberculosis test (Roche 

Diagnostics, Inc, Indianapolis, Ind). The performance of these assays was good when 

testing AFB smear-positive specimens (sensitivity 95-96%, specificity 100%), but 

less satisfactory when AFB smear-negative sputum was tested (sensitivity 48-53%, 

specificity 96-99%) (Woods GL, 2001). As a consequence, the FDA limited the 

licence of these test to smear-positive specimens, and attempts were made to improve 

the performance of the assays in the smear-negative group. Gen-Probe modified the 

MTD to enhance sensitivity, and decrease the time-to-result. These efforts were 

rewarded in September 1999 when the FDA extended the licence of the improved
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MTD to include all respiratoiy samples, regardless of smear result. It remains the only 

test with a licence extending to all respiratory specimens. To date, the published data 

suggest the MTD performs well for the diagnosis of pulmonary tuberculosis, 

regardless o f  AFB smear result, provided there is a moderate to  high suspicion of 

tuberculosis (Gamboa F et a l, 1998; Bergmann JS et a l, 1999). These data suggest 

the sensitivity, specificity, and the positive and negative predictive values of the new 

MTD are approaching 100% for smear-positive respiratory specimens, and are 83%, 

99%, 71% and 99% respectively for smear-negative samples.

These assays are not licensed for use on extra-pulmonary samples, and there are 

limited data on their diagnostic performance with these types of specimens. Low 

concentrations of bacilli, small volumes of sample, and assay inhibitors, all contribute 

to low diagnostic sensitivity (Pfyffer GE, 1999). Attempts to increase diagnostic 

sensitivity have lead to unacceptable falls in specificity, and the role of the nucleic 

acid amplification techniques for the diagnosis of extra-pulmonary tuberculosis 

remains uncertain. These methods will be discussed in more detail below with respect 

to the diagnosis of TBM.

In summary, the currently available molecular diagnostic methods increase diagnostic 

speed, but they do not replace AFB smear and culture. On smear-positive specimens 

they have been shown to be highly reliable in confirming infection with M.tb. 

However, positive results on smear-negative specimens must be interpreted with 

caution, and treatment decisions should be based on the complete clinical picture.
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1.1.7 Treatment of tuberculosis

There was no effective treatment for tuberculosis until 1944. The Greeks and the 

Romans advocated fresh air and rest: factors they believed could redress the 

imbalance of the humors causing the disease. Two thousand years later, belief in the 

therapeutic effect of clean air remained, and led to the development of the 

tuberculosis sanatoria. Hermann Brehmer is credited with opening the first European 

‘Kurhaus’ for tubercular patients in 1859, inspiring Edward Trudeau to develop a 

similar institution in the United States at Saranac Lake in 1875. By 1942 there were 

nearly 100,000 sanatorium beds in the United States and similar numbers in European 

Alps, providing fashionable retreats for the tubercular middle and upper classes. They 

inspired some (notably Thomas Mann, who wrote The Magic Mountain in 1924 after 

his experiences in a sanatorium in Davos, Switzerland), but cured no one. However, 

institutionalising tuberculosis allowed physicians to experiment with alternative 

treatments on large numbers of individuals. Some of the methods developed were at 

best misguided and at worst dangerous and deforming. Pulmonary collapse therapy, 

either by pneumothorax, phrenic crush, or pneumoperitoneum, led the way, regardless 

of the lack of evidence for it working.

The chemotherapeutic era began with the inspiration from a soil microbiologist from 

the Ukraine and a Biochemist from Sweden. Selman Waksman was bom in the 

Ukraine and immigrated to the United States in 1910. By the 1930’s he was studying 

the mechanisms of action of fungal enzymes found in the soil and driven by the 

possibility of a soil microbe that could kill the tubercle bacillus. In 1943 Waksman’s 

laboratory discovered that Streptomyces griseus produced a substance that inhibited
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the growth of a wide range of bacteria, including M.tb. They named the substance 

streptomycin.

Jorgen Lehmann, a Dane working in Sweden, approached the same problem from a 

different perspective. In 1941 a single page report appeared in the journal Science that 

showed salicylate greatly increased the oxygen uptake of M.tb (Bemheim F, 1941). 

Lehmann reasoned that alteration of the salicylate molecule might inhibit M.tb 

metabolism, and believed the para-amino salt of salicylate was most likely to work. In 

1944, despite difficulties with production, Lehmann showed that para-amino salicylic 

acid (PAS) inhibited growth of M.tb in vitro, and was capable of reducing disease in 

both guinea pigs and humans.

The assessment of these two drugs for the treatment of tuberculosis was a defining 

moment in medicine. The need for a rapid, authoritative, unbiased assessment was 

recognised as paramount. The methodology chosen -  the random assignment of 

control and experimental treatment regimens -  would become the cornerstone of 

clinical research. The British Medical Research Council (MRC) performed the first of 

such trials, comparing streptomycin with bed-rest for acute progressive bilateral 

pulmonary tuberculosis (MRC, 1948a). This study showed that over 6 months 

streptomycin reduced mortality and improved bacteriological and radiological cure 

rates. However, resistance to  streptomycin developed in 35/41 patients and after 5 

years of follow-up the deaths in the streptomycin group (53%) were only slightly less 

than in controls (63%). Urgent strategies were required to overcome the problem of 

resistance and in 1948 the MRC started a trial comparing streptomycin alone, PAS
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alone, and the two in combination. It demonstrated unequivocally that combined 

therapy reduced the risk of acquisition of resistance (Fox W et a l, 1956).

Consistent and complete cures only became reality in 1952 with the addition of 

isoniazid to these two drugs. Although the curative power of this three-drug regimen 

was recognised quickly by some (Crofton J, 1958), it took some y ears t o b ecome 

universally accepted. There was a reasonable basis for scepticism: data from 

randomised trials were slow to appear and conclusive evidence of the efficacy of all 

three drugs in combination did not become available until 1964 (lUATLD, 1964).

At least 12 months of treatment were required for sustained cure with these regimens. 

The advent of ethambutol led to its exchange with PAS (which caused frequent side 

effects), and a better tolerated regimen (Doster B et a l, 1973), but reductions in 

treatment 1 ength only became possible with the addition of rifampcin. Rifampicin- 

containing regimens were tested in three different durations of chemotherapy: six, 

nine, and twelve months (Brouet G et al, 1977). The trial demonstrated that a 

sustained cure was possible with 9-months of treatment and the term ‘short-course 

chemotherapy’ was invented (Fox W, 1981).

A series of trials performed by the MRC in East and Central Africa defined the limits 

of ‘short course chemotherapy’, and demonstrated that complete cure could be 

achieved with 6-months (Fox W et a l, 1999). They discovered that pyrazinamide (a 

drug that was discarded initially due to fears of hepatic toxicity), in combination with 

rifampicin and isoniazid, showed powerful sterilising activity with rapid conversion to 

smear-negative sputum. After further trials in Hong Kong, Singapore, Madras and
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Algeria, it was shown that the best results were achieved using an ‘intensive’ phase of 

2-months rifampicin, isoniazid and pyrazinamide, followed by a ‘continuation’ phase 

of 4-months rifampicin and isoniazid. Thioacetazone or ethambutol could replace 

rifampicin in the continuation phase, but treatment should be extended by 2 months. 

The mechanisms of action of the first-line drugs, and ways in which M.tb can become 

resistant to their effects, are presented in Table 1.1.

By the late 1970’s the best drug combinations and the duration of treatment required 

had been worked out. Then, in 1986, the tuberculosis trials units of the MRC closed. 

In 40 years they had delineated all of the measures necessary for successful 

tuberculosis control, the optimal drug regimens and the importance of directly 

observed therapy (DOT). Two subsequent events suggest the closure of these units 

was premature. The first was predictable: the increasing prevalence of drug resistance 

and resulting treatment failures. The second, the arrival of HIV, was not predictable, 

although by 1986 there was already clear evidence that tuberculosis and HIV had a 

special relationship (Raymond CA, 1986)).

Patients with multi-drug resistant tuberculosis (defined as resistance to at least 

rifampicin and isoniazid) are considered incurable with conventional regimens, and 

are left untreated in many countries (Farmer P, 2001). Other drugs exist, but to date 

there have been no randomised controlled clinical trials to evaluate these regimens. 

HIV threatens all tuberculosis control programmes and presents special problems in 

clinical management (Small PM et a l, 2001). Adverse drug events are more common 

and standard regimens may be 1 ess efficacious. In  particular, regimens that do not 

contain rifampicin have shown a high frequency of failure and relapse
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Table 1.1. Mechanisms of action, and modes of resistance, for the first-line anti­

tuberculosis drugs (Iseman MD, 2000; Kucers A et a l, 1997)

Drug Mechanism of action Mechanism of 
resistance

Mutation locus
(prevalence among 
resistant strains)

Streptomycin Inhibition of protein 
synthesis by binding to 3 OS 
subunit oîM.tb ribosomes

i) Mutations of 3OS 
subunit binding site
ii) Possible changes 
in cell permeability 
to drug

rpsL (ribosomal 
protein subunit 12) 
(60%)
res (16S ribosomal 
RNA) (25%)

Ethambutol Inhibits biosynthesis of 
M.tb cell wall, in particular 
arabinogalactan (AG) + 
lipoarabinomannan (LAM)

Mutation in gene 
encoding arabinosyl 
transferase causing 
increased AG+LAM

embAB (50%)

Isoniazid Uncertain. Prodrug 
activated by M.tb catalase 
peroxidase {KatG) inhibits 
mycolic acid synthesis

Uncertain. Multiple 
possible mechanisms 
and loci.

KatG (50%) 
InhA (25%) 
ahpC (15%) 
kasA (unknown)

Rifampicin Inhibits RNA polymerase 
preventing mRNA 
production

RNA polymerase 
subunit B mutation 
prevent drug binding

rpoB (98%)

Pyrazinamide Unknown. M.tb 
pyrazinamidase converts to 
active pyazinoic acid

Unknown. pncA (unknown)
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(Perriens I¥i et a l, 1991). Antiretroviral therapy introduces new problems when used 

in combination with ATC: protease inhibitors and the non-nucleoside reverse 

transcription inhibitors interact with the rifamycins (CDC, 1998), and immune 

reconstitution can cause paradoxical clinical worsening of tuberculosis (Narita M et 

a l, 1998). The best clinical management of these problems is uncertain, particularly 

in poorer countries. The relative lack of importance of these issues to wealthy 

countries and the closure of institutions such as the MRC Tuberculosis Unit 

previously designed to address them, has reduced the political will to  solve them. 

Moreover, the skills required to perform clinical trials in patients with tuberculosis 

have been neglected and have to be re-leamt. For all of these reasons, the treatment of 

tuberculosis remains a formidable challenge.

1.2 Tuberculous Meningitis

Tuberculous meningitis (TBM) is caused by infection of the meninges and 

parenchyma of the brain or spinal cord with M.tb. TBM was invariably fatal before 

the advent of ATC. The post-mortem observations of Green, published in the Lancet 

in 1836 (Green PH, 1836), were the first to describe the distinct pathological features 

of the infection and set it apart from the other recognised causes of ‘acute 

hydrocephalus’. The challenge for the physician then lay in distinguishing the disease 

before death, and delivering the grave prognosis.

The ability to diagnose TBM became a priority in 1948 after streptomycin was found 

to reduce mortality by one third (MRC, 1948b). Over the next 5 years progress was 

rapid: the addition of para-aminosalicylic acid to streptomycin reduced mortality to
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30% and the addition of isoniazid to both of these compounds lowered the mortality 

to around 20% (Lorber J, 1960). However, the mortality from TBM has altered little 

since the introduction of isoniazid in 1952. The decline of tuberculosis in the 

developed world over this period lessened the search for new drugs and diagnostic 

methods. As a consequence, in 2003, the most widely available rapid diagnostic 

method for TBM remains the stain developed by Ziehl and Neelsen 120 years ago and 

the anti-tuberculosis drug regimen has not changed since the discovery of rifampicin 

and pyrazinamide more than 30 years ago.

1.2.1 Epidemiology of tuberculous meningitis

Prior to  the arrival of HIV the most important determinant for the development of 

TBM was age. In populations with high tuberculosis prevalence the peak age of 

incidence is from 0 - 4  years (Farer LS et a l, 1979), and there is close correlation 

between the incidence of TBM in this age group and the population annual average 

risk of M.tb infection. The childhood incidence of TBM probably represents 1% of 

the annual risk of infection in the overall population (de March-Ayuela P, 1994). 

Adults with infectious pulmonary tuberculosis are the greatest danger to children, as 

they are the source of most childhood TBM and successful adult treatment 

programmes have been shown to reduce the incidence of childhood TBM (Zhang LX 

et a l, 2000a).

In populations with lower tuberculosis prevalence, most cases of TBM are in adults. 

Recent series suggests that an increasing proportion of these adults are immigrants 

from areas of high prevalence for tuberculosis (Bidstrup C et a l, 2002). Risk factors
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also identified for the development of TBM are alcoholism, diabetes mellitus, 

malignancy and recent corticosteroid u se (Davis LE et a l, 1993; Mori MA et a l ,  

1992; Pablos-Mendez A et a l, 1997). However, co-infection with HIV now dwarfs 

these risk factors. HIV increases the lifetime risk of developing clinical tuberculosis 

post-infection to 1 in 3 (Selwyn PA et a l, 1989), and in particular, predisposes to the 

development of extra-pulmonary tuberculosis and TBM (Bishburg E et a l, 1986). The 

risk increases as the CD4 count declines (De Cock KM et a l, 1992) and the disease 

constitutes either reactivation of latent infection, or new infection.

Evidence of genetic variability in human susceptibility to tuberculosis has been 

difficult to obtain. There are data to suggest some races are more susceptible to 

tuberculosis infection than others (Stead WW et a l, 1990) and more recent reports 

have focused upon specific allelic polymorphisms associated with the disease. Case- 

control association studies have recently revealed several polymorphisms in the 

NRAMPl gene and the vitamin D receptor gene that are associated with human 

susceptibility to tuberculosis (Bellamy R et a l, 1998; Wilkinson RJ et a l, 2000). 

Immunological and genetic studies support the notion that innate immunity may be 

important in the control of M.tb (van Crevel R et a l, 2002), and an inadequate early 

innate immune response represents one hypothesis to explain the haematogenous 

dispersal of M.tb from the lung to other tissues like the brain. However, the extent to 

which an individual's genetic constitution affects resistance or susceptibility to 

infection remains uncertain (Bloom BR et a l, 1998) and there are no data to suggest 

genetic susceptibility to cerebral tuberculosis.
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Whether BCG vaccination affords protection against pulmonary tuberculosis is still 

debated. A meta-analysis of the published trials on the efficacy of BCG vaccination 

suggested a protective effect against TBM of 64% (Colditz GA et a l, 1994). This 

figure is higher than that suggested for pulmonary tuberculosis (50%), but may only 

reflect more accurate case ascertainment of TBM given the universal requirement for 

hospitalisation. There are data from populations in which BCG vaccination has been 

withdrawn that suggests stopping vaccination has had no impact of the incidence of 

TBM (Zhang LX et a l, 2000b). However, it is likely that BCG vaccination protects 

against haematogenous dissemination of M.tb in childhood, in particular against 

miliary and cerebral tuberculosis.

1.2.2 Causative agent of tuberculous meningitis

The characteristics o f M.tb enabling it to cause disease are complex and incompletely 

understood. Evidence that clinical isolates of M.tb have different biological 

characteristics has long been available. As discussed earlier, Riley demonstrated that 

guinea pigs exposed to air vented from the hospital rooms o f  tuberculosis patients 

showed remarkable variations in transmission (Riley RL et a l, 1961). The variations 

may be explained by differences in environment, infectious burden and host 

immunity. Experimental evidence suggests that the virulence of individual strains is 

also significant and selected gene mutations have been shown to affect virulence 

(Collins DM et a l, 1995; Valway SE et a l, 1998).
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More recently, particular strains of tuberculosis have been associated with high rates 

of person-to-person transmission (Valway SE et a l, 1998) and possibly with cerebral 

tuberculosis (Arvanitakis Z et a l, 1998). There are, however, few data on the 

molecular characteristics of M.tb strains associated with different clinical phenotypes 

or outcomes. The determination of the complete genomic sequence for M.tb should 

accelerate research and understanding (Cole ST et a l, 1998) and future opportunities 

for research in this area are discussed in Chapter 8.

1.2.3 Pathogenesis of tuberculous meningitis

The pathogenesis of TBM can be viewed on two levels: macroscopically there are the 

mechanisms by which the bacilli disseminate to the CNS; microscopically there are 

the cellular and immune mechanisms that can result in the disease and its control.

The macroscopic development of TBM is a two-step process (Rich AR et al., 1933). 

Bacilli enter the host lung by droplet inhalation, and invade the pulmonary alveolar 

macrophage. Local infection escalates within the lung and disseminates to the 

regional lymph nodes producing the 'primaiy complex' characterised by the chest X- 

ray appearances of hilar lymph node enlargement and evidence of peripheral 

pulmonary infection (Figure 1.3). During this stage there may be a short but 

significant bacteraemia that can seed tubercle bacilli to other organs in the body. In 

those who develop TBM, bacilli seed to the meninges or brain parenchyma, forming 

small subpial or subependymal foci. These are called Rich foci, after the author of the 

original pathological studies describing this sequence of events (Rich AR et al., 

1933). In approximately 10% of cases, particularly in children, the primary complex
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does not heal but progresses to ‘primary progressive tuberculosis’. Tuberculous 

pneumonia develops with heavier and more prolonged bacillaemia, and dissemination 

to the brain is more likely.

The second step in the development of TBM is rupture of a Rich focus into the 

subarachnoid space. This heralds the onset of meningitis, which if left untreated, will 

result in severe and irreversible neurological pathology. In 75% of children the onset 

of TBM is less than 12 months after the primary infection (Lincoln EM et a l, 1960). 

This period is believed to be much longer in adults. Three processes produce the 

subsequent neurological pathology: adhesion formation, an obliterative vasculitis and 

an encephalitis or myelitis (Dastur DK et a l, 1995). Adhesions result from a dense 

basal meningeal exudate that develops following inoculation of bacilli into the 

subarachnoid space. The exudate contains lymphocytes, plasma cells and 

macrophages, with increasing quantities of fibrin. Blockage, through adhesion 

formation, of the basal subarachnoid cisterns can result in obstruction of the 

cerebrospinal fluid (CSF) and hydrocephalus (Figure 1.10). Adhesions around the 

interpendicular fossa and related structures can compromise cranial nerves, 

particularly III, IV and VI, and the internal carotid artery. An obliterative vasculitis of 

both large and small vessels develops that can result in infarction and stroke 

syndromes (Figure 1.11). These commonly occur in the territories of the internal 

carotid artery, proximal middle cerebral artery and the perforating vessels to the basal 

ganglia (HsiehFY et a l ,  1 992). Infarction through vasculitis is the mechanism by 

which many of the diverse clinical neurological abnormalities in TBM occur, and 

accounts for an appreciable part of the irreversible neurological sequelae.
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Figure 1.10 Gross hydrocephalus secondary to TBM (MRI) (HTD)
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Figure 1.11 Infarction (thin arrow) secondary to extensive inflammatory exudates 

(thick arrow) compromising the left middle cerebral artery (MRI) (HTD)
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The intensity of the basal inflammatory process extends into the parenchyma resulting 

in encephalitis. Oedema, occurring as a consequence, can be marked throughout both 

hemispheres, and will contribute to rising intra-cranial pressure and the global clinical 

neurological deficit.

The pathogenesis of TBM at the cellular and molecular level is poorly understood. 

Knowledge regarding the pathogenesis of pulmonary infection is limited, but may 

serve to illustrate some of the processes evident in the central nervous system (CNS). 

Theories of tuberculosis immuno-pathogenesis try to explain the roles and interactions 

between macrophage, T-helper cell and M.tb. Cell-mediated immunity is central to 

both the control of infection and the production of tissue damage (Dannenberg AM, 

Jr., 1991). Lurie's experiments on tuberculosis in rabbits described the fundamental 

stages of the disease (Lurie MB, 1964), and theories of immuno-pathogenesis aim to 

explain these stages.

The initial stage of infection is the ingestion o f  the inhaled tubercle bacilli by  the 

alveolar macrophage. The bacilli multiply, and destroy the macrophage, depending on 

the ability of the macrophage to resist infection. The innate and possibly genetically 

determined resistance to infection at this stage has been discussed earlier. During the 

second stage bacilli grow logarithmically within newly recruited macrophages 

(Dannenberg AM, Jr., 1991). After approximately 2 weeks CD4 T-cells specific for 

mycobacterial peptides appear. Activated macrophages produce interleukin 1-beta, 

and tumour necrosis factor- alpha (TNF-a) that promote granuloma formation and 

enhance bacterial killing (Flynn JL et a l, 2001).

The primary complex results in the development of cell-mediated immunity; therefore
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the rupture of the Rich focus, with release of bacilli into the subarachnoid space, 

probably results in a local T-cell dependant response. This response is characterised 

macroscopically as caseating granulomatous inflammation (Dastur DK et a l, 1995). 

Dannenberg hypothesizes that necrosis is the result of a delayed-type hypersensitivity 

reaction to exposed tuberculoproteins (Dannenberg AM, Jr., 1991). Others propose 

that the granuloma architecture dictates the extent of the central necrosis: a reduced 

capacity for focusing T-lymphocytes within a point of infection may result in failure 

to deliver adequate cytokine concentrations to the centres of large granulomas, 

resulting in degeneration and necrosis (Orme IM, 1998; Turner OC et a l, 2003).

The intra-cerebral immune response to M.tb is at least in part dependent on the 

production and regulation of cytokines. M.tb induces TNF-a secretion from 

macrophages, dendritic cells and T-cells and is required for successful control of 

infection (Flynn JL et a l, 2001). In particular, TNF-a is considered to be critical for 

granuloma formation (Flynn JL et a l, 1995), but is also cited as a major factor in 

host-mediated destruction of infected tissue (Rook GA et a l, 1987). Small 

concentrations of TNF-a given to animals previously exposed to M tb result in 

substantial tissue necrosis (Filley EA et a l, 1991). Studies in bacterial meningitis 

show CSF levels of TNF-a correlated with disease severity (Sharief MK et a l, 1992). 

Rabbit models of TBM show CSF concentrations of TNF-a correlated with clinical 

progression (Tsenova L et a l, 1999), and intervention with antibiotics and 

thalidomide, an anti-TNF-a agent, resulted in an improvement in survival and 

neurological outcome (Tsenova L et a l, 1998).
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However, CSF TNF-a concentrations in TBM from human subjects are lower than in 

human bacterial meningitis (Akalin H et a l, 1994) or in the rabbit TBM model and 

have not been correlated with disease severity or outcome. Studies in humans have 

been small and have lacked the statistical power to confirm associations between any 

CSF cytokine and disease severity and outcome. Clearly, the roles of TNF-a in 

tuberculosis protection and disease are complex and incompletely understood. 

Although a protective response to M.tb is dependent on cell-mediated immunity, little 

is known about the cells present in the CSF in those with TBM and their role in 

pathogenesis. Clinical series attest to the difference in CSF cellular responses between 

bacterial and tuberculous meningitides: CSF cell counts in  bacterial meningitis are 

frequently greater than 5000 x 10̂  white cells/ml, but in TBM they are rarely greater 

than 1000 x 10̂  white cells/ml. Few studies have attempted to phenotype the cells 

beyond the basic divisions of neutrophil and lymphocyte. The limited available data 

suggests many of the lymphocytes are CD4+ T-helper cells (El-Naggar A et a l, 

1981), although more recent evidence suggests gamma delta (yô) T-cells (CD4 and 

CD8 negative) may be important (Dieli F et a l, 1999). Further characterisation of the 

cells, cytokines, and chemokines found in the CSF from patients with TBM and how 

they change with treatment is required to increase understanding of disease 

pathogenesis.

It is also clear that other classes of compounds may be important to pathogenesis, in 

particular the matrix metalloproteinases. These molecules, secreted by monocytes and 

macrophages, are zinc-containing proteases that degrade extra-cellular matrix (Goetzl 

EJ et a l, 1996). They may cause cerebral injury by disrupting the blood brain barrier
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(BBB), facilitating 1 eukocyte migration, and by cleaving myelin proteins. Elevated 

CSF matrix metalloproteinase-9 (MMP-9) concentrations have been associated with 

focal neurological deficit and fatal outcome in Vietnamese adults with TBM (Price 

NMer a/., 2001).

1.2.4 Clinical features of tuberculous meuiugitis

Physicians find the diagnosis of TBM difficult because the clinical features are 

variable and non-specific. These features have been extensively described in a 

multitude of case reports and clinical series and are similar to many sub-acute 

meningo-encephalitides (Davis LE et a l, 1993; Farinha NJ et a l, 2000; Girgis NI et 

a l, 1998; Kent SJ et a l, 1993; Verdon R et a l, 1996). Diagnostic uncertainty 

commonly arises in a comatose patient presenting with a few days of headache, fever 

and neck-stiffhess; undefined treatment in the community, and a CSF containing 

mostly lymphocytes, with a low glucose.

The patient’s description of the onset and variety of symptoms is often unhelpful. One 

series reported that on admission to hospital only 28% complained of headache, 25% 

were vomiting, 13% reported fever, and 2% described the classical meningitic 

symptoms of photophobia and neck stiffness (Kent SJ et a l, 1993). As a consequence, 

TBM was considered a diagnosis in 36% of cases, with only 6% receiving immediate 

treatment. A history of recent contact with tuberculosis may be more helpful, 

particularly in children: several studies report 50-90% of children recalled recent 

contact with an adult with tuberculosis (Donald PR et a l, 1998) (Farinha NJ et a l, 

2000).
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The neurological complications of TBM are legion (Leonard JM et a l, 1990). Their 

nature and diversity can be predicted from the site of disease and the pathogenesis. 

Adhesions can result in cranial nerve palsies (particularly II, III, FV, VI, VII), or 

constriction of the vessels resulting in stroke. Obstruction of CSF flow leads to raised 

intra cranial pressure, l^drocephalus and reduced conscious level (Figure 1.12 and 

1.13). In6rcts occur in approximately 30% of cases (Tartaglione T et al, 1998), 

commonly in the intOTial capsule and basal ganglia, causing a range of problems from 

hemiparesis to movanent disorders.

Seizures are more common in children than adults, and be caused by 

hydroc^halus, tuberculoma, oedema and hyponatraemia due to inappropriate anti­

diuretic hormone secretion. The diagnosis of spinal meningitis should be considered 

in those presenting with root pain, with dther spastic or flaccid paralysis and loss of 

sphincter control.

Figure 1.12 Right Lateral rectus palsy (Vlth cranial nerve) in young woman with 

TBM (HTD)
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Figure 1.11 Hydrocephalus and multiple tuberculomas in adult with TBM (CT

with contrast) (HTD)

Diagnosis is dependent on lumbar puncture and CSF examination. Abnormalities in 

the CSF depend upon a tuberculin reaction within the subarachnoid space. The usual 

findings are of between 100 -  1000 cells/mm3 in the CSF: the majority are normally 

lymphocytes, although neutrophils may predominate early in the disease (Jeren T et 

al,  1982). Those with depressed cell-mediated immunity may have atypical findings, 

and acellular CSF is reported in elderly and HIV positive patients (Karstaedt AS et 

al, 1998; Laguna F et a l,  1992). An elevated CSF protein occurs in the majority and 

CSF glucose will be reduced in 70% or more (Verdon R et a l, 1996).

Over the last 10 years there have been a number of studies documenting the 

relationship between HIV and TBM (Berenguer J et a l,  1992; Dube MP et a l,  1992;
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Yechoor VK et a l,  1996). These reports suggest HIV infected patients are at 

increased risk of TBM, but the clinical features and outcomes of the disease are 

similar. However, concomitant extra-meningeal disease may be more common: in one 

report 77% with HIV had clinical evidence of extra-meningeal tuberculosis, compared 

with 9% without HIV (Karstaedt AS et a l,  1998). Cerebral tuberculoma may also be 

more common in those infected with HIV (Dube MP et a l,  1992). These 

characteristics may help suggest the diagnosis of TBM in those with HIV.

1.2.5 Prognosis of tuberculous meningitis

A number of studies have assessed the clinical and laboratory parameters that might 

predict outcome. The first studies used univariate analysis to suggest extremes of age, 

advanced stage of disease, concomitant extra-meningeal tuberculosis, and evidence of 

raised intra-cranial pressure were associated with a poor outcome (Gulati PD et al, 

1970). Later studies have adjusted for the effect o f  co-variables using multivariate 

analyses and have consistently shown that treatment before the onset of coma 

improves outcome. A retrospective study of 434 Turkish adults revealed convulsions, 

coma and delayed or interrupted treatment to be independent predictors of mortality 

(Hosoglu S et al, 2002). Extra-meningeal tuberculosis, cranial nerve palsy, focal 

weakness, multiple neurological abnormalities and drowsiness independently 

predicted later neurological disability.

The message for physicians is simple -  they must not delay treatment in  those in 

whom the diagnosis is suspected, although the limitations of current diagnostic 

methods will result in many patients starting treatment without a confirmed diagnosis.
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1.2.6 Diagnosis of tuberculous meningitis

The diagnosis of TBM is difficult regardless of the resources available to the 

physician. As untreated TBM is almost always fatal it is essential that any diagnostic 

test is sensitive. The test must also be rapid, because a poor outcome is strongly 

associated with delayed treatment (Hosoglu S et al., 2002). At present, no diagnostic 

method satisfies both these requirements. The methods available are limited, despite 

the wealth of possibilities suggested in the literature.

Clinical diagnostic methods

Few studies have attempted to define exactly which clinical features are predictive of 

the diagnosis of TBM. In one, five presenting clinical features were found to be 

independently predictive of the diagnosis in 232 children: prodromal stage > 7 days, 

optic atrophy, focal neurological deficit, abnormal movements and CSF leucocytes < 

50% polymorphs (Kumar R et al, 1999). The authors developed a simple diagnostic 

rule: when at least one feature was present diagnostic sensitivity was 98%, specificity 

44%; if three or more features were present sensitivity was reduced to 55% but 

specificity rose to 98%. However, there may be problems applying this rule: if one 

feature is taken to be diagnostic more than half will be given ATC unnecessarily, but 

if three features are required nearly half with TBM will not be treated. The 

consequences of the former will be unnecessary toxicity, and death in the later. 

Furthermore, the performance of this rule, and others like it, will depend upon the 

prevalence of tuberculosis in the population in which they are used.
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Direct CSF examination and culture for acid-alcohol fast bacilli 

The search for AFB in clinical specimens has remained the cornerstone of diagnosis 

ever since Robert Koch first saw the bacillus in 1882. In 1953 Stewart described the 

method by which her laboratory demonstrated acid-alcohol fast bacilli in 91 of 100 

consecutive cases of TBM, all of which were subsequently confirmed by culture 

(Stewart SM, 1953). Similar results were reported more recently by Kennedy, who 

found that bacilli were present in  the CSF of 45/52 (87%) patients with a clinical 

diagnosis of TBM (Kennedy DH et al, 1979). However, many laboratories find these 

results difficult to reproduce. The sensitivity of the direct smear may depend upon the 

volume of CSF: 10-20ml were examined by Stewart, and as many as four specimens 

by Kennedy. Clinicians may be reluctant to take the volumes of CSF required to 

demonstrate the bacilli. Also, the laboratory must undertake a meticulous search for 

AFB. Stewart suggested a slide should be examined for between 30 and 120 minutes, 

a feat that few modem laboratories would have the staff or patience to complete. An 

understanding of the factors that govern the performance of conventional bacteriology 

is required.

Although culture of CSF fox M.tb is the diagnostic ‘gold standard’ for TBM, it takes 

too long for early diagnosis and treatment. The factors that govern sensitivity are 

probably the same as for direct smear and diagnostic confirmation by culture can be 

extremely helpful in patients who have been started on ATC on clinical grounds 

alone. In most circumstances the sensitivity and specificity of culture will exceed that
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of direct smear. However, once treatment has been started the sensitivity of culture 

falls quickly. AFB (presumed to be dead) can be found in the CSF for some days after 

the start of treatment even though they will not grow in culture (Kennedy DH et al, 

1979).

CSF adenosine deaminase activity

The activity of adenosine deaminase, an enzyme produced by CD4+ lymphocytes and 

monocytes, is raised in the CSF of patients with TBM. A number of s tudies h ave 

evaluated this as a diagnostic assay (Table 1.2). The enzyme activity cut-off value 

used by each study varied from 4 - 1 0  lU/ml. Diagnostic sensitivity ranges between 

44 and 100%, and specificity between 71 and 99%. There are three important 

problems with this assay.

First, there is no accepted diagnostic cut-off for the levels of CSF enzyme activity. 

Second, the assay has not been evaluated in those with HIV infection, which depletes 

adenosine deaminase producing T-lymphocytes and may reduce diagnostic 

sensitivity. Third, patients with lymphomas, malaria, brucellosis and pyogenic 

meningitides also have high levels of CSF adenosine deaminase activity. In particular, 

the clinical and laboratory features of partially treated pyogenic meningitis commonly 

cause diagnostic confusion with tuberculous meningitis - an assay that cannot reliably 

discriminate between these two conditions is not useful.
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Table 1.2 Studies of CSF adenosine deaminase activity for the diagnosis of TBM

Study Case mix Cut-off

(lU/ml)

Sensitivity Specificity

(Mann MD et al., 1982) Suspected TBM only TBM >5 85% 84%

(Coovadia YM et al. Unselected TBM >10 73% 71%

1986)

(Ribera E et al, 1987) Unselected TBM >9 100% 99%

(Rohani MY et al, 1995) Unselected TBM >9 100% 88%

(Mishra OP et al, 1995) TBM and partially 

treated bacterial 

meningitis

TBM >5 63% 89%

(Lopez-Cortes LF et al. Unselected TBM >10 50% 96%

1995)

(Mishra OP et al, 1996) Unselected TBM > 5 89% 92%

(Baro M et al, 1996) Unselected TBM > 6.5 83% 85%

(Gambhir IS et al, 1999) Unselected TBM > 8 44% 75%

The detection of Mycobacterium tuberculosis nucleic acid in the CSF 

The amplification and detection of M.tb nucleic acid from CSF is an attractive 

diagnostic prospect. Diagnostic specificity is dependent on selecting a region of the 

genome unique to M.tb while sensitivity is enhanced by amplification of the selected 

region from a clinical specimen. This method would appear to be particularly suitable
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Table 1.3 Amplification and detection of nucleic acid for the diagnosis of 

tuberculous meningitis

STUDY TARGET GOLD
STANDARD

SENSITIVITY SPECIFICITY

(Kaneko K et al, MBP64 Clinical (5/6) 83% (20/20) 100%
1990)
(Shankar P et al. MPB64 Clinical (22/34) 65% (45/51) 88%
1991)
(Machado LR et 65KDa Clinical (7/10) 70% (10/10) 100%
al, 1994)
(Lee BW et al,

antigen 
MPB 64 Clinical (5/6) 83% (12/13) 92%

1994)
(Folgueira L et IS6110 Clinical (8/8) 100% (14/14) 100%
al, 1994)
(Liu PY et al. MPB 64 Clinical (19/21)90% (79/79) 100%
1994)
(Lee BW et al. 1)186110 l)(6/6) 100% (8/21) 38%
1994) 2)MPB 64 Clinical 2)(5/6) 83% (19/21)90%

(Kox LF et a l ,
3)65 KDa 
IS6110 Clinical

3)(5/6) 83%
(11/23) 48%

(14/21) 67% 
(19/19) 100%

1995)
(Miomer H et al. IS6110 Clinical (18/33) 54% (32/34) 94%
1995)
(Scarpellini P et IS6110 Culture and (17/17) 100% (24/24) 100%
al, 1995) 
(Lin JJ et al. MBP64

autopsy
Clinical (14/20) 70% (26/27) 96%

1995)
(Seth P et al. MBP 64 Clinical (34/40) 85% (46/49) 94%
1996)
(Nguyen LN et IS6110 Clinical (27/97) 28% (36/39) 92%
al, 1996)
(Pfyffer GE et al. rRNA" Clinical (54/54) 100% (52/54) 97%
1996)
(Bonington A et 16SrRNA" Clinical (10/40) 25% (29/29) 100%
al, 1998)
(Lang AM et al. rRNA" Clinical (8/24) 33% (60/60) 100%
1998)
(Wei CY et al. IS6110 + Clinical (3/5) 60% (4/6) 67%
1999)
(Caws M et al.

MPB 64 
IS6110 Clinical (9/23) 39% (107/108) 99%

2000)
(Bonington A et 16SrRNA^ Clinical (7/35) 20% (31/31) 100%
al, 2000) 
(Narayanan S et 1)IS6110 Clinical l)(54/67) 81% (23/29) 79%
al, 2001) 2)TRC4 2)(61/67) 91% (22/29) 76%
® commercial Roche AMPLICOR kit
bcommercial Roche COBAS AMPLICOR kit 
commercial ‘Amplified M.tuberculosis Direct test’ (MTD)
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for the diagnosis of TBM when there are few tubercle bacilli in the CSF and a low 

chance o f  contamination with other bacteria. However, despite the development of 

commercially available assays, the promise is not yet matched by consistent 

diagnostic performance. Table 1.3 shows the DNA or RNA target sequence, 

diagnostic gold standard, and sensitivity and specificity of 20 studies evaluating the 

use of the nucleic acid amplification (NAA) tests for the diagnosis of TBM. The 

variety of targets and ‘gold standard’ diagnostic criteria is a major impediment to 

comparing these studies. Few studies have carefully compared the sensitivity of NAA, 

smear and culture using large volumes of CSF. Those that have suggest the sensitivity 

of CSF smear is similar to NAA (Bonington A et al, 2000). However, once treatment 

has begun NAA may be more helpful as the sensitivity of both smear and culture fall 

sharply - mycobacterial DNA remains detectable within the CSF for up to one month 

after the start of treatment (Donald PR et al, 1993).

The variable specificity of NAA tests may arise for a number of reasons. False- 

positives may occur through cross-reaction with other mycobacteria, from 

contamination with other clinical samples, or from contaminating DNA in the 

laboratory (Noordhoek GT et al, 1996). For this reason, a positive result should be 

placed within the clinical context before starting treatment, and laboratories must be 

committed to rigorous internal and external quality control of the use of the assay in 

different clinical specimens. This is time-consuming and expensive and is probably 

only possible within defined diagnostic reference centres.
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The tuberculin skin test

The value of the tuberculin skin test for the diagnosis of TBM varies according to age, 

vaccination with BCG, nutritional status, HIV infection and the prevalence of 

tuberculosis. Diagnostic sensitivity is most commonly compromised by the 

phenomenon of ‘anergy’ - the failure of those with known infection with M.tb to 

respond to intra-dermal injection of tuberculin. These false negative results occur 

most commonly in elderly, malnourished patients with disseminated tuberculosis and 

in those with HIV infection i.e. those most at risk of developing TBM. Reports 

suggest only 20% have a positive tuberculin test (Girgis NI et a l,  1998). However, 

skin testing may be more useful in children: a South African series reported 86% had 

greater than 15mm of induration with 5 Units of tuberculin (Donald PR et a l, 1998). 

Positive results must also be seen within the context of the tuberculosis prevalence in 

the area. Individuals from high prevalence areas are more likely to have positive tests 

with an unrelated illness. The limitations must be appreciated before interpreting the 

results of a skin test. The test is never diagnostic of TBM, but it can be helpful when 

assessing the likelihood of disease.

The chest X-ray and brain imaging

About one half of patients with TBM have a chest X-ray suggesting active or previous 

pulmonary tuberculosis (Girgis NI e ta l ,  1998). But, in  areas of high tuberculosis 

prevalence radiological evidence of previous pulmonary infection is common, and the 

finding must be interpreted with caution. A proportion of patients with TBM (-10%) 

have a miliary chest X-ray appearance (Figure 1.14).
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A  number of studies have investigated the role of brain c omputerised tomography 

(CT) - hydrocephalus and contrast enhancing exudates in the basal cisterns are the 

most common findings (Figure 1.15) (Bhargava S et al, 1982; Bullock MR et al, 

1982; Hsieh FY et al,  1992; Kumar R et al, 1996; Ozates M et al, 2000; Teoh R et 

al, 1989). However, as autopsy studies have also shown, hydrocephalus is more 

common in children than adults - brain CT demonstrates severe hydrocephalus in 87% 

of children, but only 12% of adults (Bhargava S et al, 1982). Kumar compared the 

CT appearances of 94 children with TBM and 52 with pyogenic meningitis.

Figure 1.14 Chest X-ray showing miliary tuberculosis (HTD)

■
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Figure 1.15 CT brain (with contrast) showing basal meningeal enhancement

(thick arrow) and hydrocephalus ((thin arrows) (HTD)

Basal meningeal enhancement, tuberculoma, or both, were 89% sensitive and 100% 

specific for the diagnosis of TBM (Kumar R et al, 1996). Teoh suggested, “a normal 

scan in a drowsy patient excludes the diagnosis of tuberculous meningitis” (Teoh R et 

al,  1989). However, in a recent series the scan was normal in 35 of 289 (12%) 

patients with TBM and not all were fully conscious (Ozates M et al,  2000). The 

abnormalities in this series were hydrocephalus (80% of children, 43% of adults), 

parenchymal enhancement (26% of children, 8% of adults), contrast enhancement of 

basal cisterns (15% of children, 23% of adults), cerebral infarct and focal or diffuse 

brain oedema (14% of children, 13% of adults) and tuberculoma (4% of children, 7% 

of adults) (Ozates M et al, 2000).
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Cranial magnetic resonance imaging (MRI) may provide more diagnostic information 

than CT when assessing space-occupying lesions, infarcts and the extent of the 

inflammatory exudates (Offenbacher H et al, 1991; Schoeman J et al, 1988; 

Tartaglione T et al, 1998). However, data regarding the diagnostic sensitivity and 

specificity of MRI for TBM are limited -  those studies that do exist are small and 

only include a highly selected patient population. However, it is reasonable to 

conclude that MRI is more sensitive than CT for detecting the diverse cranial 

pathology of TBM, although neither will reveal appearances specific for the diagnosis 

of TBM. Cryptococcal meningitis, cytomegalovirus encephalitis, sarcoidosis, 

meningeal métastasés, and lymphoma may all produce similar radiographic findings 

(Figures 1.16 and 1.17).

Figure 1.16 MRI of adult with TBM showing dilated ventricles and peri­

ventricular enhancement (arrows) (HTD)

I
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Figure 1.17 MRI of HIV negative adult with cryptococcal meningitis showing 

dilated ventricles and peri ventricular enhancement mimicking TBM

Alternative diagnostic approaches

The challenge facing new diagnostic strategies in TBM is that they must improve on 

the sensitivity of conventional ZN staining and culture, but maintain the specificity. In 

the developed world cost is less critical, but in the developing world cost 

considerations mandate tests that are cheap, use standard reagents with long shelf 

lives that do not require refrigeration and are simple to perform.

Tuberculosteric acid (TSA) is a structural component of mycobacteria that was first 

detected in the CSF of a patient with TBM in 1983 (Mardh PA et al., 1983). 

Frequency pulsed electron-capture gas-liquid chromatography has been used to detect 

femtomole quantities of TSA in CSF, with reported sensitivity 91% and specificity 

95% (Brooks JB et al., 1990). However, the cost of the equipment, and the
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complexity of the technique mean it is unlikely to be adopted as standard diagnostic 

procedure.

Serological techniques that detect the intra-thecal synthesis of anti-mycobacterial 

antibodies have been studied over many years. Many have shown promise, but none 

have demonstrated consistent performance in a routine diagnostic laboratory. A good 

test will require an antigen with high species specificity and good immunogenicity. 

Enzyme-linked immunosorbent assays (ELISA) using crude antigens such as PPD 

have resulted in low sensitivity and specificity (Kalish SB et al., 1983; Watt G et al., 

1988). The adaptation of ELISA techniques, and the identification of specific M.tb 

antigens have improved results. Using a solid phase antibody competition assay with 

mouse monoclonal antibodies (MABs) to the 38 kDA antigen (also known as antigen 

5, or antigen 78), a large study was performed in pulmonary and extra-pulmonary TB 

(Wilkins EG et al., 1990). In extra-pulmonary tuberculosis diagnostic sensitivity was 

73% and specificity 98%, regardless of organ site. More recently, the presence of IgG 

antibodies against six protein antigens (ESAT-6, 14kDa, 19kDa, MPT63, MPT64, 

38kDa) were assessed by ELISA in the CSF of 442 patients with TBM and 102 

controls (Chandramuki A et al., 2002). None of the controls had detectable IgG to any 

of the antigens. IgG to at least one antigen were detectable in 228/264 (87%) of HIV 

negative patients with clinical TBM, 50/69 (72%) with culture-proven TBM and 

47/72 (65%) with autopsy-proven TBM. The CSF of more than 50% of TBM patients 

was reactive to all 6 antigens. There was some evidence of preferential antigen 

recognition according to clinical grouping: the culture confirmed cases reacted most 

strongly against the 14kDa, and antibodies against MPT64 were lowest in the CSF
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from autopsy proven cases. Different stages of TBM may correlate with preferential 

recognition of different antigens, and disease progression may alter the antibody 

profiles. This study suggests future antibody detection diagnostic assays for TBM 

may have to assess reactivity to a range of antigens.

The differentiation of acute infection from previous exposure may be problematic in 

antibody detection tests, and test sensitivity may be compromised in immune 

compromised individuals. Methods to directly detect specific M.tb antigens in the 

CSF have been developed to tackle these inadequacies. Initial studies used a variety of 

ELISA techniques (Brooks JB et al, 1990; Kadival GV et al, 1986; Radhakrishnan 

W  et a l,  1990; Sada E et al, 1983; Watt G et a l,  1988); the majority using 

polyclonal antibodies directed against crude antigen. Despite an expected lack of 

sensitivity and specificity, one retrospective study revealed a sensitivity of 68% and 

specificity of 100% using these components (Radhakrishnan et al.,1990). Other 

studies have claimed the identification of novel specific TB antigens and based 

specific serological tests on them. F or example, 1 00% sensitivity (when compared 

with culture) and 100% specificity was reported by using a preparation of 3 5kDA 

M.tb antigen contained on nitrocellulose strips (Mathai A et a l,  1994). The test was 

simple to perform and the strips had a shelf life of 2 years. Unfortunately this and 

many similar assays have showed early promise in highly controlled studies, but have 

not performed so well in clinical practice.
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1.2.7 Treatment of tuberculous meningitis 

Anti-tuberculosis chemotherapy

The treatment of TBM follows the model of short course chemotherapy for 

pulmonary tuberculosis - an intensive phase of treatment, followed by a continuation 

phase. But unlike pulmonary tuberculosis, the optimal drug regimen and duration of 

each phase are uncertain.

Streptomycin was first used to treat tuberculosis in 1944, and in 1946 the UK MRC 

began studies using streptomycin for TBM. In 1948 they published data that 

demonstrated a marked improvement in outcome for those with TBM treated with 

streptomycin (MRC, 1948b). Mortality fell to 46% in those presenting with stage 1 

(conscious, no neurological deficit), 66% in stage 2 (disturbed consciousness, with or 

without focal neurology) and 86% in stage 3 (comatose, with or without focal signs). 

The introduction of isoniazid and para-amino-salicylic acid (PAS) led to further 

improvements in prognosis. A report documenting the changes in available 

chemotherapy between 1947-1958 reveals mortality fell from 64% using streptomycin 

alone to 27% with streptomycin and PAS, then to 17% with the addition of isoniazid 

(Lorber J, 1960).

The addition of rifampicin to the treatment of TBM was immediately accepted 

although the prognostic benefits of rifampicin have been questioned (Ramachandran P 

et al, 1986; Ramachandran P et al, 1989), and uncertainty surrounds its penetration 

into the CSF. Rifampicin is 80% protein bound in plasma, enabling a maximum of 

20% to penetrate the CSF in those with an intact BBB. Studies have shown slow 

penetration of rifampicin into the CSF of patients with TBM, with levels just above

74



Introduction

the minimum inhibitory concentrations (MIC) for M.tb (Ellard GA et a l,  1993) 

(Table 1.4). Meningeal inflammation enhances CSF penetration of anti-tuberculosis 

drugs, although there is limited evidence to suggest rifampicin penetration occurs 

independently of inflammation (Nau R et al, 1992).

There is no conclusive evidence to demonstrate improvement in outcome with the use 

of pyrazinamide. It is well absorbed orally, and has excellent penetration into the CSF 

(Forgan-Smith R et a I ,  1973). These factors, and the s terilising effect on tubercle 

bacilli, have resulted in pyrazinamide being considered mandatory at the beginning of 

TBM treatment (BTS, 1998; Humphries M, 1992). It has been suggested that given 

the uncertain benefit and penetration of rifampicin, pyrazinamide should be given for 

the duration of the treatment (Donald PR et al, 1998).

The British Thoracic Society (BTS) (BTS, 1998), the Infectious Diseases Society of 

America, and the American Thoracic Society (ATS) (ATS, 1994) recommend that all 

patients start on isoniazid, rifampicin, and pyrazinamide. Isoniazid is believed to be 

critical because it penetrates the CSF freely and has potent early bactericidal activity. 

Choosing the fourth drug of the intensive phase is more difficult. The BTS 

recommend either streptomycin or ethambutol, although neither penetrates the CSF 

well in the absence of inflammation, and both can produce significant adverse 

reactions. Streptomycin should not be given to those who are pregnant or have renal 

impairment. Intra-thecal streptomycin is no longer used, although this route of 

administration is being revisited for the treatment of multi-drug resistant cases.
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Some centres, notably in South Africa, advocate ethionamide, which penetrates healthy 

and inflamed meninges (Donald PR et a l ,  1989). However, despite theoretical 

attractions, there are no data demonstrating any clear advantage o f one drug over another. 

The p revalence a n d p  attems o f  d rug r esistance m ay i nfluence t h e e  hoice o f  d rug. F or 

example, streptomycin resistance is common (>25%) in Vietnam, particularly in the HIV 

population, and ethambutol is favoured as a consequence.

Isoniazid and rifampicin should be given throughout the continuation phase o f treatment. 

Although there are no data to suggest pyrazinamide improves outcome, some authorities 

suggest it should accompany these drugs given the high CSF concentrations achieved 

throughout the course of the disease (Humphries M, 1992).

TBM caused by organisms resistant to both isoniazid and rifampicin (multi-drug 

resistance) presents a formidable therapeutic challenge. For suspected or proven multi­

drug resistant pulmonary tuberculosis the World Health Organisation recommend an 

aminoglycoside (kanamycin, amikacin, or capreomycin), ethionamide, pyrazinamide, and 

ofloxacin for the initial phase o f treatment (Crofton J et a l ,  1997). There are no 

equivalent recommendations for multi-drug resistant TBM, and few data are available on 

the CSF penetration and effectiveness of possible agents. Ethionamide, prothionamide, 

and cycloserine have been reported to penetrate the blood-brain barrier and may be 

effective. The combination of intra-thecal amikacin and levofloxacin has also been 

suggested (Beming SE et a l ,  2001). Until more data become available, the treatment of
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patients with multi-drug resistant TBM should be guided by individual resistance profiles 

and the predicted CSF penetration of candidate drugs, although in many areas o f the 

world suitable alternative drugs are not available.

The B TS recommendations for the dosages o f the standard anti-tuberculosis drugs are 

shown in Table 1.5. Some authors have suggested using doses o f isoniazid greater than 5 

mg/kg for the treatment of TBM (Humphries M, 1992). The potent early bactericidal 

effect o f isoniazid, and the uncertain CSF penetration of other drugs in the standard 

regimen, makes this an attractive suggestion. However, at standard doses isoniazid 

achieves CSF levels 10-15 times the minimum inhibitory concentration of M.tb 

(Kaojarem S et ah, 1991) (Table 1.4), and there are no data to suggest higher doses 

improve outcome or shorten treatment in adults with TBM.

TBM should be treated for at least six months. However, it is unclear whether more 

prolonged treatment is required. The BTS recommend 12 months in uncomplicated cases, 

extending to 18 months should pyrazinamide be omitted (BTS, 1998). Treatment for 12 

months is probably an over-estimate of the time required for bacterial cure, and there is 

evidence to suggest shorter courses are effective. A recent systematic review concluded 

that six months of anti-tuberculosis drugs for TBM is probably sufficient, provided the 

likelihood of drug resistance is low (van Loenhout-Rooyackers et al, 2001). Disease 

severity, drug toxicity, and patient compliance should all be considered when deciding 

the duration o f treatment.

78



Introduction

Table 1.5 Recommended daily dosages of standard anti-tuberculosis drugs (BTS, 

1998)

Drug Children Adults

Isoniazid 5 mg/kg 300 mg

Rifampicin 10 mg/kg 450 mg if  weight < 50 kg

600 mg if  weight > 50 kg

Pyrazinamide 35 mg/kg 1.5 g if  weight < 50 kg

2.0 g if  weight > 50 kg

Ethambutol 15 mg/kg 15 mg/kg

Streptomycin 15 mg/kg 15 mg/kg (max 1 g)

Adjunctive corticosteroids

The use o f corticosteroids in the treatment o f tuberculous meningitis is still controversial. 

The rationale lies in reducing the harmful effects of inflammation as the antibiotics kill 

the organisms, although corticosteroids do not appear to reduce the pro-inflammatory 

cytokines found in the CSF of those with TBM (Donald PR et a l ,  1995). However, 

clinical trials suggest that corticosteroids may have a beneficial effect in some groups o f 

patients and a consensus has emerged that adjuvant corticosteroids should be used in 

those presenting with MRC stage II or III TBM (BTS, 1998; Dooley DP et a l ,  1997; 

Humphries M, 1992).
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The limited evidence for this view is as follows. The first controlled trial to suggest 

benefit in using corticosteroids for TBM was published in 1955 (Ashby M et a l ,  1955). 

Six out o f 12 patients with TBM received steroids in addition to streptomycin and 

isoniazid. CSF white count fell faster in the steroid group, recovery from the acute phase 

was quicker, and none of the patients given steroids had any long-term sequelae. Four of 

the six who did not receive corticosteroids suffered chronic neurological sequelae. Trials 

with larger numbers were not performed until the mid 1970's when a prospective, 

randomised, double blind trial was performed in 72 patients (Escobar JA et a l ,  1975). A 

reduction in mortality in the steroid group was shown, but the effect on neurological 

morbidity could not be assessed. The largest prospective, randomised, controlled trial to 

date enrolled 160 patients with TBM (Girgis NI et a l ,  1991). Mortality and neurological 

sequelae were reduced in those treated with corticosteroids. The group that benefited the 

most were those with disease of intermediate severity. Those presenting either in a coma 

or with mild disease (MRC grades III and I) received minimal benefit.

Raised intra-cranial pressure (ICP) has long been considered important in the prognosis 

o f TBM (Gulati PD et a l ,  1970). Reduction o f ICP by steroids was felt to be one o f the 

means by which corticosteroids exerted their beneficial effect. A recent trial assessed the 

efficacy of steroids with regard to CT evidence o f elevated ICP, parenchymal brain 

involvement, direct ICP measurements, and clinical outcome (Schoeman JF et a l ,  1997). 

The trial showed no difference in ICP, ventricular size, or extent o f infarction between 

those treated with or without steroids.
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The benefit to mortality was again observed, as well as improved intellectual outcome in 

the steroid group. The data from six randomised controlled trials o f corticosteroids for 

TBM, involving a total o f 595 patients, has been subjected to a Cochrane review (Prasad 

K et a l ,  2000). Those receiving corticosteroids had a lower death rate (relative risk 0.79, 

95% Confidence Interval [Cl] 0.65-0.97) and a reduced risk o f death or severe 

neurological sequaelae (relative risk 0.58, 95% Cl 0.38-0.88). Subgroup analysis 

suggested a beneficial effect on mortality in children, but inconclusive results in adults 

partly due to the small numbers o f adult patients. The reviewers concluded that 

adjunctive corticosteroids may be of benefit in patients with TBM, but the evidence is 

limited. Existing studies are small with poor allocation concealment and publication bias 

may account for the results favouring corticosteroids.

There are no conclusive data regarding the choice o f corticosteroid, dose or duration of 

treatment. A reduction in mortality has been suggested using either prednisolone or 

dexamethasone for at least the first three weeks o f anti-tuberculosis chemotherapy, 

followed by a similar period, as the dose is decreased to zero (Girgis W. et a l ,  1991; 

Schoeman JF e t  a l ,  1997). T hese trials g ave c hildren 4 mg/kg/day o f p  rednisolone, o r 

12mg/day o f dexamethasone, and adults’ 16mg/day o f dexamethasone.

It has been suggested that steroids may reduce the penetration o f anti-tuberculous drugs 

into the CSF by reducing inflammation. There is little evidence for this occurring.
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One study found no difference between the plasma/CSF level ratios o f isoniazid, 

pyrazinamide, rifampicin, or streptomycin, in those on or off corticosteroids (Kaojarem S 

et a l ,  1991).

Neurosurgery

Neurosurgical intervention may be indicated for hydrocephalus, tuberculoma, and 

abscess formation complicating TBM. Unfortunately, there are no published randomised 

trials of surgery for any of these complications. Hydrocephalus occurs more commonly in 

children than adults, but is the commonest reason for neurosurgical referral in both 

groups. A recent series reported that ventriculo-peritoneal shunting was performed in 

30% (65/217) o f children with hydrocephalus complicating TBM (Lamprecht D et a l ,  

2001). After six months of treatment 12% had died and 45% had severe sequelae. It is 

difficult to predict which patients with hydrocephalus will benefit from shunts. Clinical 

response to external ventricular drainage has been assessed for this purpose, but failed to 

predict benefit, so perhaps early ventriculo-peritoneal shunting should be considered in 

all patients with hydrocephalus (Mathew JM et a l ,  1998; Palur R  et a l ,  1991). But this 

aggressive approach does not acknowledge the significant complications o f shunt 

surgery, the variable resources and experience o f surgical units, and the  lack  o f  trials 

demonstrating any benefit.
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1.2.8 Response to treatm ent

Ninety percent o f deaths from TBM occur in the first month o f treatment (Girgis NI et 

a l ,  1998). The response to treatment is usually slow and may fluctuate. Indeed, a rapid 

and sustained response over a few days suggests the diagnosis is wrong. The CSF mirrors 

the slow clinical response - cell counts are raised for 1-2 months, glucose remains low for 

a similar duration and total CSF protein can rise before falling slowly over many months 

(Schoeman JF et a l ,  2001).

Transient episodes o f high fever, worsening headache and increased neck rigidity c an 

occur during the first two months o f treatment, particularly in those with more severe 

disease. Distinguishing self-limiting events from the onset o f more serious complications 

is difficult. Brain imaging should be arranged urgently if  new clinical signs develop 

during treatment. Hydrocephalus, cerebral infarction, the expansion o f intra-cranial 

tuberculoma (Figure 1.18), cerebral abscess formation (Figure 1.19) and poor adherence 

to therapy, are the foremost reasons for severe acute deterioration (Ranjan P et a l ,  2003) 

(Table 1.6).

83



Introduction

Table 1.6 Common reasons for clinical deterioration in patients with tuberculous 

meningitis.

Early deterioration (1-3 months) Late deterioration (3-12 

months)

1. Prescription error 1. Prescription error

2. Poor patient compliance 2. Poor patient compliance

3. Drug reaction requiring either reduction in 3. Paradoxical treatment

dose, or withdrawal o f all or some of the drugs

4. Neurological drug reactions

5. Paradoxical treatment reactions

reactions

Paradoxical treatment reactions are a well-recognised phenomenon in all forms of 

tuberculosis. Although the pathogenesis remains unclear, such reactions are characterised 

by an intense inflammatory response. Data on the frequency and timing o f these events in 

TBM are restricted to occasional case reports. The expansion of intra-cranial tuberculoma 

after the start o f anti-tuberculosis drugs is the most widely reported example, and can 

occur at any time during treatment (Afghani B et a l ,  1994). Most authors suggest 

treatment with prolonged high-dose corticosteroids, although there are no controlled trials 

to support this recommendation.
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Figure 1.18 In tra-cranial tuberculom as developing after the s ta rt of ATC (MRI post 

contrast) (arrows) (HTD)

s

Figure 1.17 Tuberculous cerebral abscess (M RI ) (arrow) (HTD)
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Adverse reactions to ATC are a common problem, and can have a devastating effect on

the outcome (Hosoglu S et a l ,  2002). Table 1.7 presents the common, the rare, and the

neurological adverse reactions to the main antituberculosis drugs.

Table 1.7 Adverse reactions to antituberculosis drugs (BTS, 1998) (Holdiness MR, 

1987)

Drug Common Rare Neurological

Isoniazid • Hepatitis • haemolytic anaemia • peripheral
• aplastic anaemia neuropathy
• sideroblastic anaemia • convulsions
• agranulocytosis • optic neuritis
• lupoid reactions • mania/psychosis
• arthralgia
• gynaecomastia

Rifampicin • hepatitis • haemolytic anaemia • headaches
• thrombocytopenia • acute renal failure • confusion
• fever • drowsiness

Pyrazinamide • hepatitis • gout
• anorexia • photosensitivity
• flushing
• arthralgia
• hyperuricaemia

Ethambutol • arthralgia • hepatitis • retrobulbar
• rash neuritis

• peripheral
neuropathy

• confusion

Streptomycin • vertigo • neuromuscular
• deafness block
• acute renal failure
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Hepatic toxicity is the commonest adverse event, and the BTS recommend stopping 

isoniazid, rifampicin, and pyrazinamide immediately if  the transaminases rise to five 

times normal, or the bilirubin level rises (BTS, 1998). In most forms o f tuberculosis a 

short period without treatment does not affect outcome. Unfortunately, treatment 

interruptions of this type in TBM are an independent predictor o f death as they often lead 

to relapse with neurological deterioration (Hosoglu S et a l ,  2002). Streptomycin and 

ethambutol should both b e  given in  these circumstances, and isoniazid and rifampicin 

restarted as soon as possible. Treatment should be extended if the patient cannot adhere 

to the conventional nine-month regimen.

1.2.9 Summary

TBM is a difficult disease to diagnose and treat. The clinical features are non-specific, 

conventional bacteriology is widely regarded as too insensitive, and newer diagnostic 

methods are incompletely evaluated. Treatment relies on 4 drugs, all are more than 30 

years old, and only prevents death in around 70%. M.tb resistant to these agents threatens 

to return TBM to the pre-chemotherapeutic era o f 100% case fatality. Adjunctive 

treatment with corticosteroids might work, although it is not known how or why, and a 

sufficiently large controlled trial has yet to be completed. In short, clinical researchers 

have neglected TBM and a multitude of important questions concerning the diagnosis, 

pathophysiology and treatment of TBM require answers. Can currently available 

diagnostic methods be improved? What is the role o f molecular diagnostic tests?
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What are the mechanisms that lead to coma and death? Do corticosteroids improve 

outcome? These are some of the major questions that need answering, and this thesis will 

address all but the last. The answer to this question, in the form of a randomised 

comparison o f adjunctive dexamethasone and placebo in 545 Vietnamese adults with 

TBM, will be reported elsewhere.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Introduction

This chapter describes the general setting o f the work undertaken, the region, the hospital 

and the study wards, and outlines the focus, aims, and structure o f the thesis. Laboratory 

methods are also described, although further relevant details are provided in subsequent 

chapters.

2.1.1 Geography

Vietnam is the second largest country in South East Asia after Indonesia, and lies 

between 8° and 24° north of the Equator. It is the largest and most populous o f the three 

Indochinese countries, and borders Cambodia and Laos in the west, and the People’s 

Republic of China in the north. It stretches over 1,600 km along the eastern cost of the 

Indochinese Peninsula and covers an area o f 329,560 square kilometers (Figure 2.1).

It is divided into 3 regions:

• Northern Vietnam consisting o f provinces bordering China and those that lie in 

the Red River Delta.

• Central Vietnam with provinces lying between the central coast and the Truong 

Son mountain range.
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• Southern Vietnam which includes Ho Chi Minh City, the few provinces east o f  

the city, and the rice-rich provinces o f  the Mekong River Delta.

Administratively, Vietnam consists o f 53 provinces, divided into 555 districts and fiirther 

subdivided into 9,960 communes. The capital city, Hanoi, lies within the Red river delta 

in the north o f the country. The research described in this thesis was all undertaken in Ho 

Chi Minh City, which is situated by the Mekong river delta in the south.

Figure 2.1 Map o f Vietnam
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Vietnam is home to 79 million people (UK 59 million), the majority o f whom live in 

rural areas. Ho Chi Minh City (formerly Saigon) is the largest city with a population o f 7 

million. Approximately 40% of the populations are under 15 years old, with 2 million 

children bom each year.

The climate varies throughout the country. It is tropical in the south, with warm and 

humid weather all year round (22-35°C). The dry season extends from November to 

April, and it rains between May and October. In the north, temperatures fall from 

November to April to an average 16^C, but the summer months are very hot and humid.

2.1.2 Health Care

Vietnam’s health care system is positioned 160^  ̂ in the World Health Organisation’s 

ranking o f health care systems. Infant mortality is 34 per 1000 live births and under 5’s 

mortality rate is 45/1000 (UK rates 5 and 7 respectively) (WHO, 2002). The average life 

expectancy for men is 66.9 years, and 71.8 years for women.

In 2002, Vietnam had a gross national product (GNP) per capita o f $390 (UK: GNP 

$24,420) (WHO, 2002). The health expenditure per capita was $129 /year. Vietnam has a 

well-developed health inffastmcture formed hy nearly 10,000 commune health centers, 

each serving around 8000 people. There are approximately 850 government hospitals 

employing 27000 doctors. Recently, the private s eetor has developed rapidly in  urban 

areas, particularly in Ho Chi Minh City, where ATC and other antibiotics are freely 

available over the counter.
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2.1.3 Tuberculosis in Vietnam

In 2001, the estimated incidence o f all cases o f tuberculosis in Vietnam was 179/100 000 

population, which ranked 13̂  ̂ highest in the world. These figures, along with data 

regarding case detection rates, and directly observed therapy (DOT), are shown in Table 

2.1.

Table 2.1 Incidence, HIV associated disease, multi-drug resistance, and case 

detection and treatment of tuberculosis in Vietnam, 2000 (WHO, 2003).

Population 79 174 738

Estimated incidence

(all cases/100  000  population) 179

Estimated incidence

(new sputum smear +/100  000  population) 80

Estimated % of adult (15-49 years) eases HIV + 1.4

Estimated % new cases multidrug resistant 2.3

Case detection rate (new sputum smear +, %) 84%

DOT treatment success rate (%) 92%

2.1.4 Tuberculosis control in Vietnam

Vietnam has an excellent tuberculosis control program according to government and 

WHO statistics (WHO, 2003). In 2001, for the 5* consecutive year, Vietnam met both of 

the global targets for tuberculosis control: 84% of cases were detected, and 92%
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treatment suecess rate was reported. DOT was reported to be available to 100% of the 

population (WHO, 2003).

However, despite the performance of the control program, the incidence o f tuberculosis 

has not changed over the last 4 years, and there has been no demonstrable impact on the 

prevalence or death rate from tuberculosis. The reasons for this are likely to be complex, 

but probably include a developing private sector with inadequate training in tuberculosis 

treatment and control, poor access to control services for certain high risk groups (drug 

users, prisoners, illegal residents), an unregulated drug market with use o f non-standard 

anti-tuberculosis drugs, and increasing prevalence of HIV infection.

2.1.5 Hospital for Tropical Diseases

The Hospital for Tropical Diseases (HTD) in Ho Chi Minh City acts as a primary, 

secondary and tertiary referral centre for patients with infectious diseases, and serves the 

whole o f southern Vietnam (population around 35 million). The hospital has 

approximately 500 beds, including separate paediatric, adult, and tetanus intensive care 

units. HTD has laboratories for haematology, biochemistry, microbiology, serology and 

parasitology. In September 2002 these faeilities were moved to a new building, and now 

share space with the Oxford University research laboratories.
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2.1.6 Oxford University Clinical Research Unit

The Oxford University Clinical Research Unit opened in 1991, funded by the Wellcome 

Trust o f Great Britain. The Unit, located within the HTD, serves as a eollaborative centre 

between HTD and Oxford University and started as an 8-bed ward for the treatment of 

patients w ith severe malaria. Over 1 0 years the U nit has expanded and now performs 

research on five core areas: malaria, dengue, typhoid, central nervous system infection 

and tetanus.

The Research for this thesis was performed on the Clinical Research Unit (CRU), a 15 

bed ward for the treatment o f adults (>15 years) with central nervous system infection, 

severe malaria, severe sepsis and acute renal failure. The CRU has faeilities for 

mechanical ventilation and haemofiltration. Adults with TBM were treated for the first 

few weeks on this ward, and then transferred to a general recovery ward. Further eare and 

follow-up was coordinated through the staff of this ward. Staff from this ward visited 

adults failing to attend follow-up visits.

A number of eollaborative links exist with other specialist hospitals in the city, in 

particular Pham Ngoc Thach Hospital for tuberculosis. This hospital coordinates the 

National Tuberculosis Control program for southern Vietnam, and serves as the 

secondary and tertiary referral hospital for the region with 500 beds for adults and 

children suffering from severe tuherculosis.
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2.2 Focus, aims and structure of the thesis

This thesis focuses upon the diagnosis and pathophysiology of TBM and aims to address 

three questions:

1. What is the best method for distinguishing TBM from other central nervous 

system disorders?

2. How does disease pathophysiology relate to treatment and clinical outcome?

3. What other variables influence prognosis?

Each chapter examines a single hypothesis relating to this question (Table 2.2).

Table 2.2. Hypothesis examined by each thesis chapter

CHAPTER HYPOTHESIS

3 Simple clinical features are predictive o f a diagnosis o f TBM

4 The sensitivity of conventional bacteriology are dependent upon volume 

of CSF examined, and duration o f microscopy

5 NAA (MTD) is more sensitive than conventional bacteriology for the 

diagnosis of TBM

6 The cellular and molecular intra-cerebral immune response predicts death 

or survival from TBM

7 Death or survival from TBM is dependent upon HIV infection, drug 

resistance, and bacterial genotype
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Chapter 8 unites the findings, examines whether the thesis has fulfilled its two aims, and 

discusses directions for future research.

2.3 Clinical Methods

2.3.1 Scientific and ethical approval

HTD scientific and ethical committee approved all study protocols, and informed consent 

was obtained from each patient or accompanying relative.

2.3.2 Patients and treatment

The adults described in this thesis were all admitted to the CRU between 1998 and 2003. 

The timing o f the individual studies, and how they relate to the strueture o f this thesis are 

presented in Figure 2.2. All adults (>15 years old) with a diagnosis o f TBM were eligible 

to enter the studies described.

The diagnostic criteria for TBM was the same for all studies:

1. Definite TBM: AFB seen and/or M.tb cultured from the CSF

2. Probable TBM: clinical signs o f meningitis and/or evidence o f active 

tuherculosis infection on chest X-ray and/or AFB isolated from any extra-neural 

site and/or elinical evidence of extra-pulmonary/extra-neural tuberculosis.

3. Possible TBM: clinical signs o f meningitis and 4 or more o f the following: 

history o f tuberculosis; gradual onset (>5 days); reduced GCS; focal neurology; 

yellow CSF; CSF lymphocyte predominance; low CSF glucose.

4. Not TBM: either positive CSF gram stain or culture or recovery without ATC
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Materials and Methods

Severity of TBM at the start o f treatment was graded according to a modified MRC 

criteria (MRC, 1948b): Grade I had a Glasgow coma score (GCS) o f 15/15 with no focal 

neurological signs, grade II either had a GCS 11-14 or GCS 15 with focal neurological 

signs. Grade III had a GCS of < 10.

All patients with TBM received daily intra-muscular streptomycin 20mg/kg (maximum 

Ig), and oral i soniazid 5 mg/kg, rifampicin 1 Omg/kg, and pyrazinamide 3 Omg/kg for 3 

months, followed by 3 drugs (isoniazid, rifampicin, pyrazinamide) fo r 6 months. Oral 

ethambutol was substituted for streptomycin in those with HIV infection to reduce the 

needle-stick injury risk to staff and because of the high prevalence o f streptomycin 

resistant M.tb in this population.

None of the patients described received corticosteroids, although a large randomised 

controlled trial is being performed to address this issue. Clinical data were recorded 

prospectively in individual study notes, and entered onto a Microsoft excel worksheet. 

All the data were double-checked before analysis.

2.3.3 Routine investigations

It is routine clinical practice in HTD for all patients with TBM to have a lumbar puncture 

at diagnosis (day 0), day 3, day 7, day 30, day 60, and day 270 o f treatment. Like others 

(Feigin RD et a l,  1973; Smith HV, 1963; Teoh R et a l ,  1986), repeated lumbar 

punctures are considered helpful in management, particularly when assessing poor
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response to ATC or when the diagnosis remains questionable. Computerised tomography 

(CT) o f the brain before lumbar puncture was arranged in all patients with a clinical 

suspicion o f raised intra-cranial pressure (coma and/or focal neurological signs).

CSF cell counts and biochemistry were performed by standard methods upon each 

sample. CSF lactate was only measured during the first 30 days o f treatment. Routine 

microbiological investigation included microscopy of the centrifuged CSF deposit after 

Ziehl-Neelsen, Gram’s and Indian ink stains, with culture for fungi, pyogenic bacteria, 

and mycobacteria. CSF supernatant and deposit from each sample submitted for 

microbiological analysis was stored at -70^C. Serum and plasma taken at the time of

lumbar puncture was frozen at -70^C.

2.4 Laboratory methods

2.4.1 Bacteriological diagnosis of tuberculous meningitis 

Preparation of specimens

Taking large volumes of CSF probably improves bacteriological yield (Kennedy DH et 

a l,  1979; Stewart SM, 1953), therefore the CRU physicians collected 5-1 Omis into a 

30ml clear sterile universal container from all patients with suspected TBM. In each case 

the volume of CSF was recorded and centrifuged at 3000 x g for 15 minutes as soon as 

possible after collection.
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After centrifugation most o f the supernatant was removed using a sterile pipette, and 

stored in eppendorfs at -70^C. These frozen samples were used later for the experiments 

on pathophysiology (C hapter 6).

The deposit was vigorously re-suspended in the remaining 300-400pl of supernatant. 

Two drops (approximately lOOpl each drop) were dried onto a heated clean slide 

(diameter <lcm ), two drops were frozen at -IQpC for later testing by Mycobacterium 

Tuberculosis Direct (MTD) test (Gen probe, USA) (C hapter 5), and remaining deposit 

was divided equally between for aerobic culture on Lowenstein-Jensen media and liquid 

Mycobacterium Growth Indicator Tubes (MGIT, Becton Dickinson, USA).

Ziehl-Neelsen stain of CSF

The reagents for the ZN method were prepared according to Collins et al (Collins CH et 

a l,  1997).

i) Preparation o f  the ZN  stain:

5g basic fuchsin 

25g phenol crystals 

5Omis ethanol, 95%

500mls distilled water

The fuchsin and phenol were dissolved in the ethanol, and then the water 

added.

The solution was filtered before use.
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ii) Preparation o f  the acidified alcohol decolourising solution

970mls ethanol, 95%

3Omis concentrated hydrochloric acid 

Mixed well. 

in) Preparation o f  the Counter-stain

2.5g methylene blue 

500mls distilled water.

Mixed well.

Once the drops of deposit had dried, the slide was passed through a Bunsen flame twice 

in quick succession and placed on a staining rack over a sink. Filtered ZN stain was 

poured over the slide until the deposit was well covered. The slide was then heated from 

below with a spirit lamp flame until steam rose from the stain. The stain was not allowed 

to boil, or dry on the slide.

After 5 minutes the slide was washed well with running water, and covered with acid- 

alcohol for 3-5 minutes, or until all the stain had left the deposit. After careful washing 

with running water the slide was placed on a heating block for 1-2 minutes. Without this 

step the deposit was frequently washed off the slide when the methylene blue was added. 

Once the deposit was dry, it was covered with methylene blue for 30-60 seconds, and 

washed very carefully with running water.
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Once dry, the slide was first examined under low power for areas o f high cellular density. 

Experience showed that AFB were most frequently found in these areas; therefore they 

were examined first under high power using an oil-emersion lens. I f  these areas proved 

negative, the rest o f the slide was systematically examined for at least 20 minutes. A slide 

was termed positive if  2 or more bacilli were seen, and the time to see the bacilli was 

recorded. The time spent looking at negative slides was also recorded.

Culture, identification, and drug susceptibility testing ofM.tb

CSF cultures were examined weekly for signs o f growth for 12 weeks. Once the presence 

of AFB was confirmed by a ZN stain, cultures were sent the Pham Ngoc Thach Hospital 

laboratory for identification and susceptibility testing. This laboratory serves as the 

tuberculosis reference laboratory for southern Vietnam, and their performance is audited 

by the WHO quality control scheme for mycobacterial identification and drug 

susceptibility testing. Briefly, M.tb was identified on  the b asis o f  acid-fastness, and 4 

biochemical tests:

i) A positive Niacin test

ii) Positive Nitratase activity

iii) Inhibition of growth by 500mg/l p-nitrobenzoic acid (PNB)

iv) Growth in the presence of thiopen-2-carboxylic acid hydrazine (TCH)

Drug susceptibility was performed using the proportion method (Collins CH et a l ,  1997). 

In principle, the number of colonies growing on drug-free medium is compared with the
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number on drug-containing medium and the proportion o f resistant organisms is 

calculated. Pham Ngoc Thach laboratory compared growth on drug free media, with 

growth on media with the following concentration of drugs:

Pyrazinamide 200 pg/ml 

Isoniazid 0.2 pg/ml 

Streptomycin 4 pg/ml 

Rifampicin 40 pg/ml 

Ethambutol 2 pg/ml

The criterion for resistance was the number o f colonies on the drug-containing medium 

was 1% or more of the number developing on the drug-free medium.

2.4.2 Amplified Mycobacterium Tuberculosis Direct Test

All reagents and equipment were purchased from Gen-Probe (California, USA) at 

commercial rates. The manufacturer’s instructions were followed for all steps except for 

the pre-treatment o f CSF, where a modified protocol was used.

Preparation o f specimens and lysis

The MTD was developed for use on respiratory samples and is not licensed for use with 

CSF. Previous authors have suggested alterations to the manufacturers protocol may 

improve performance with CSF (Pfyffer GE et a l ,  1996). In particular, these authors 

found increased sensitivity by increasing the volume of sample, pretreatment with a
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denaturing agent, and increasing the amplification time from 2 to 3 hours. Further details 

of this method are provided in Chapter 5.

Amplification and hybridisation

1. 25 pi of lysate was added to the bottom of an amplification tube containing 50 pi 

of reconstituted amplification reagent and 200 pi oil reagent.

2. Incubated for 15 minutes at 95®C.

3. Tube transferred to 42^C and allowed to cool for 5 minutes

4. 25 pi of reconstituted enzyme reagent added, mixed, and incubated for 3 hours

5. 100 pi of reconstituted hybridisation reagent added to tube, vortexed, and 

incubated at 60^C for 15 minutes.

6 . 300 pi of selection reagent added to tube, vortexed, and incubated at 60^C for 15 

minutes. Then cooled to room temperature.

7. Insert tube into luminometer to obtain RLU readout

Controls

H37Rv M.tb was used as the positive controls and Mycobacterium avium as the negative 

control.

2.4.3 Cytokine and matrix metalloproteinase assays

Commercial capture ELISA kits were used to measure CSF and blood concentrations o f 

IFN-y, TNF-a, IL-8, and IL-10 (OPTEIA ELISA, Becton Dickinson, San Jose,
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California, USA), and the CSF concentrations o f MMP-9, TIMP-1, and the soluble TNF- 

a  receptors 1 and 2 (R and D systems, Abingdon, UK). The manufacturers methods were 

followed in each case. The lower limits of detection were 10 pg/ml o f IFN-y, TNF-a, 

TNF-a R l, TNF-a R2, and IL-8; 15 pg/ml o f IL-10; 200 pg/ml o f TIMP-1, and 350 

pg/ml o f MMP-9.

2.4.4 Albumin and IgG indices

A commercial analyser measured albumin and IgG concentrations in blood and CSF 

(Hitachi 917, Hitachi, Japan) by immunoturbimetry using polyclonal anti-human 

albumin, or IgG antibodies (Roche diagnostics, Switzerland). The albumin index (AI) 

was calculated by [albumin]csf/[albumin]piasma. Normal ranges for albumin in plasma are 

36-50 g/1, and 0.16-0.36 g/1 in CSF (Fishman R, 1992): the normal range for AI is

0.0032- 0 .01 . The formula used to calculate the IgG index (IgGI) was ([IgGJcsf x 

[albumin]piasma)/([albumin]csf X [IgG]piasma) (Fishman R, 1992). The normal range for the 

IgG index is 0.34-0.58 (Fishman R, 1992).
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CHAPTER 3

THE CLINICAL DIAGNOSIS OF

TUBERCULOUS MENINGITIS

3.1 Introduction

The diagnosis of TBM is dependent upon isolating M.tb from the CSF, but culture is too 

slow to aid clinical decision-making. Direct ZN staining o f the CSF for AFB remains the 

cornerstone of rapid diagnosis in most laboratories, but the sensitivity is variable. Newer 

diagnostic techniques, such as those employing the polymerase chain reaction (PCR), are 

incompletely evaluated (Pai M et a l, 2003) (Pfyffer GE, 1999) and not currently possible 

in most settings in the developing world where the majority of TBM is seen (Foulds J et 

a l,  1998; Wilson SM, 1998). As a consequence the decision to treat a patient for TBM is 

frequently empirical, regardless of the diagnostic facilities available to the clinician, and 

the clinician must depend upon the discriminative clinical and laboratory features of the 

disease for successful diagnosis and treatment.

The presenting clinical features of TBM in adults are similar to many meningo- 

encephalitides and results in frequent diagnostic confusion. Delay in starting appropriate 

antibiotics for TBM or pyogenic meningitis worsens prognosis, yet physicians are often 

reluctant to start months o f anti-tuberculosis treatment without firm evidence.
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Diagnostic uncertainty arises commonly in patients presenting with a few days of 

headache, fever and neck-stiffness; undefined treatment in the community; a low CSF 

glucose (<50% of blood), and neutrophils and lymphocytes in the CSF.

As described in C hapter 1, multivariate logistic regression has been used to model the 

clinical predictors of TBM in 232 children (Kumar R  et a l ,  1999). Five presenting 

clinical features were found to be independently predictive o f the diagnosis o f TBM: 

prodromal stage > 7 days, optic atrophy on fundal examination, focal deficit, abnormal 

movements, and CSF leucocytes < 50% polymorphs. The authors d eveloped a s impie 

diagnostic rule: sensitivity was 98%, and specificity 44%, when one or more predictor 

variables were present; and specificity was 98% and sensitivity 55%, if  three or more 

were present. Although this, and similar rules have their limitations (see C hapter 1), 

there are strong arguments for developing a simple diagnostic algorithm for TBM in 

areas of high tuberculosis prevalence. First, TBM tends to be commonest in areas with 

the least clinical and laboratory resources. Second, a diagnostic rule developed and used 

in high tuberculosis prevalence areas may perform consistently. And third, early 

diagnosis and treatment improves outcome (Kennedy DH et a l ,  1979). This chapter 

examines the hypothesis that simple clinical features are predictive o f a diagnosis of 

TBM.
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3.2 Methods

The adults described in this study were admitted to the CRU as described in Chapter 2. 

An HIV test was not performed on all patients in this study. In general, only those 

considered to be at risk o f infection were tested. A second lumbar puncture was 

performed as part of routine hospital management in most patients after 48 hours to 

assess response to treatment. Those with culture proven or suspected bacterial meningitis 

(BM) received 10 days o f intra-venous ceftriaxone (Rocephin®, Roche) (2 grams twice a 

day). Those with TBM were treated with ATC as described in Chapter 2.

Table 3.1 Diagnostic criteria for TBM and BM.

Tuberculous Meningitis Bacterial meningitis

M.tb isolated from the CSF 

Or

Clinical meningitis with negative Gram and 

India ink stains, and sterile bacterial and fungal 

cultures, and one or more of the following:

1 .Cranial CT consistent with TBM 

(hydrocephalus, oedema, basal meningeal 

enhancement)

2. Chest radiograph consistent with active 

pulmonary TB

3. Good response to ATC.

Pathogenic bacteria isolated from the CSF 

Or

Clinical meningitis with all of the following:

1. Lymphocytes and neutrophils in the CSF

2. Low CSF glucose (<50% blood)

3. Sterile blood and CSF cultures.

4. Full recovery (without ATC) 3 months after 

admission
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3.2.1 Diagnostic criteria

Diagnostic criteria for TBM and BM were applied to all patients admitted to the CRU 

with meningitis. The criteria are presented in Table 3.1. There is no acceptable ‘gold 

standard’ diagnostic test for TBM. Culture and ZN staining o f the CSF are specific, but 

too insensitive to be used as the sole criteria for diagnosis. Clinical criteria were therefore 

developed for this study that are comparable to those used by other authors (Ahuja GK et 

a l, 1994). The criteria for the diagnosis of BM aimed to include partially treated BM 

(with sterile CSF cultures) in the study. This group is important as diagnostic confusion 

with TBM occurs commonly in these patients. TBM was excluded by their full recovery, 

without ATC, 3 months after admission: untreated TBM would almost always be fatal 

within this time.

3.2.2 Statistical methods

The clinical and laboratory features o f those fulfilling the diagnostic criteria for TBM and 

BM were compared. Twenty-six admission clinical and laboratory parameters, including 

characteristics of the admission CSF sample, were studied. Additionally, data from a 

second CSF sample were collected from all patients receiving 48 hours o f intra-venous 

ceftriaxone. Diagnostic uncertainty on admission often leads clinicians in our hospital to 

use a ‘trial’ of ceftriaxone, and reconsider the diagnosis after a 2"^ CSF examination. The 

purpose of collecting these additional data was to compare the CSF parameters in both 

groups, and to develop a second diagnostic rule for patients managed by this approach.
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The relative change in each CSF parameter was calculated by (a(CSF 2) -  «(CSF !))/«( 

CSF 1), where a is the specified parameter. All those given immediate ATC were 

excluded from this analysis. Kruskal-Wallis test was used to compare continuous 

parameters; the chi square test (or Fisher’s exact test for small proportions) was used for 

categorical variables.

Three diagnostic aids were developed using two statistical approaches: classification trees 

(CART), and logistic regression. The classification trees were developed by consideration 

of all the variables separately. The range of each variable was divided into two groups to 

obtain the best separation between the BM and TBM patients. The division 

corresponding to the best separation was selected. The resulting subsets o f cases were 

then partitioned independently in turn. The process was performed recursively, until a 

stopping condition was satisfied. Node deviance, which measures node heterogeneity, 

was set to 0.1 to stop the tree growing process. Subsets smaller than 10 were not 

partitioned further.

Logistic regression was used to model the probability of having TBM. A stepwise 

forward variable selection procedure was employed to find independent predictors of 

TBM with p-to-enter < 0.05, and p-to-remove > 0.055. Once the final model was 

constructed, the continuous variables in the model were dichotomized using cutoffs from 

the univariate classification trees, and the model was refitted. Rounded p-coefficients 

from the model with dichotomized variables were used to define a diagnostic index (DI) 

for each o f the clinical variables. A receiver operator characteristic (ROC) curve analysis
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was selected to find an optimal cutoff for the combined diagnostic indices. ROC analysis 

was performed upon the original dataset, and the completed rule (DI with cutoff) was 

applied to the test data.

The three diagnostic aids were evaluated using resubstitution and prospective test data 

methods. The sensitivity and specificity w ere calculated and compared w ith  the  study 

diagnostic criteria. The resubstitution method used the original data s et. The t est data 

method employed data recorded from a further 75 patients enrolled in the same manner 

and subject to the same diagnostic criteria. All analyses were performed using ST AT A 

and Spins.

3.3 Results

3.3.1 Adults satisfying diagnostic criteria

Three hundred and fifty-seven adults were admitted to the CRU with meningitis between 

1998-2000. 251 satisfied the diagnostic criteria for inclusion in this study: 143 with 

TBM, and 108 with BM. An HIV test was performed in 66/251 adults: 8 were positive (7 

had TBM, 1 had BM).

163/357 adults received ATC for suspected TBM: M.tb was isolated from the CSF o f 37 

patients, and 106 were defined as having clinical TBM. Supportive radiological evidence 

for TBM was present in 85/106 adults with clinical TBM. 20 patients treated for TBM 

were excluded because they did not meet the study criteria for the diagnosis o f TBM, and 

all died shortly after the start o f ATC. No significant (p<0.05) differences were found
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between the admission clinical and laboratory parameters o f those with culture-confirmed 

and clinical TBM.

194/357 adults admitted over the same period were not treated for TBM: 108 satisfied the 

study criteria for a diagnosis of BM. A bacterial pathogen was isolated from the CSF of 

68 adults (Table 3.2). A further 40 adults satisfied the diagnostic criteria for BM 

(presumed partially treated). 86 adults were excluded from the study for the following 

reasons: 61 had a normal CSF glucose (>50% blood), 15 died within 3 months, and 11 

were lost to follow-up. Admission variables are shown in Table 3.3.

Table 3.2 M icrobiology of culture proven bacterial meningitis.

Organism  from  CSF Number Percentage

Streptococcus pneumoniae 24/68 35.3%

Streptococcus suis 31/68 45.6%

Neisseria meningitidis 4/68 5.9%

Haemophilus influenzae 4/68 5.9%

Klebsiella sp 4/68 5.9%

Escherichia coli 1/68 1.5%
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Table 3.3 Univariate analysis comparing admission parameters between patients 

with TBM and BM

Parameter Tuberculous meningitis

Median 90% range (n)

Bacterial meningitis

Median 90% range (n)

P-value

A ge (years) 34 16-64 (143) 41 17-70 (108) 0.008
Male sex 91 (64%) 84 (78%) 0.016
Duration o f  illness (days)

12 4-34 (142) 3 1-11 (107) <0.001
Duration o f  fever (days) 10 2-30 (139) 3 1-11 (106) <0.001
Duration o f  headache 10 1-30 (136) 3 1-11 (106) <0.001
(days)
N eck stiffness 120 (91%) (143) 81 (84%) (106) 0.091
Presence o f  coma before 49 (36%) (143) 53 (50%) (106) 0.027
admission (Yes)
Glasgow coma score (/15) 13 7-15 (143) 14 6-15 (107) 0.091

Pulse (/min) 90 60-120 (143) 92 72-120 (108) 0.003
Systolic BP (mmHg) 120 90-150 (143) 120 90-150 (108) 0.76
Diastolic BP (mmHg) 70 50-90 (143) 70 50-90 (108) 0.24
Hemiplegia 11(8% ) 4(4% ) 0.28
Cranial nerve palsies 32 (22%) (143) 9(8% ) (107) 0.003
Haematocrit (%) 40 30-48 (139) 42 30-48 (104) 0.12
White blood cell count 9800 5000-16200 (137) 15250 7470-31500 (107) <0.001
(lOUml)
% neutrophils 80 6 0 - 8 9 (130) 86 7 0 - 9 5 (107) <0.001

Blood sodium (mmol/1) 135 122-143 (98) 138 125-148 (102) 0.001
CSF opening pressure (cm 23 9-44 (133) 24 7.5-40 (60) 0.92
H2O)
Clear CSF appearance 81(57%) (141) 2 (2%) (107) <0.001
CSF total WCC 300 70-1090 (143) 2583 382-20000 (108) <0.001
(lOUml)
CSF % neutrophils 37 1-84 (142) 90 60-99 (108) <0.001
CSF % lymphocytes 64 16-99 (142) 10 1-40 (108) <0.001
CSF/Blood glucose 0.28 0.11-0.52 (139) 0.20 0.03-0.46 (101) <0.001
CSF chloride (mmol/1) 108 85-120 (136) 109 97-121 (67) 0.012
CSF protein 191 80-490 (141) 270 89-730 (107) <0.001
(g/dl)
CSF lactate (mmol/1) 5.4 1.5-9.8 (102) 9.4 2.1-19.7 (92) <0.001

Excluding the 92 patients who received immediate ATC, the results from a 2"  ̂ lumbar 

puncture performed after 48 hours of ceftriaxone were available in 157/251 patients - 51 

patients with TBM, and 106 patients with BM (Table 3.4).
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Table 3.4 Second CSF analysis taken after 48-72 hours of parenteral ceftriaxone.

TBM BM

Median Median p-value

48hr CSF 90% range (number) 90% range (number)

CSF opening pressure (cm 27 8-44 (43) 14 4-27 (58) 0.003

H2O)

Clear CSF appearance 21 (49%) 23 (23%) <0.001

CSF total WCC 470 173-2575 (51) 760 80-12000 (106) 0.048

(10" /ml)

CSF % neutrophils 47 4-87 (51) 74 8-97 (106) <0.001

CSF % lymphocyte 53 13-96 (51) 26 3-90 (106) <0.001

CSF/Blood glucose 0.27 0.13-0.5 (47) 0.43 0.11-0.69 106) <0.001

CSF chloride (mmol/1) 102 81-116 (48) 115 105-126 (64) <0.001

CSF protein 190 98-680 (49) 110 37-580 (104) <0.001

(g/dl)

CSF lactate 6.4 2.9-11 (36) 4.8 1.8-10.4 (77) 0.011

(mmol/1)
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2/251 patients with culture confirmed BM died before a 2"  ̂sample could be taken. After 

48 hours o f ceftriaxone a low CSF glucose (<50% blood) was found in 68/106(64%) of 

adults with BM, and 44/51(94%) o f those with TBM (Table 3.5)

Table 3.5 Change in the CSF parameters after 48-72 hours of parenteral ceftriaxone 

as calculated by (CSF2 -  CSF 1/ CSF 1). Expressed as % change.

TBM
Median % change 
90% range 
number

BM
Median % change 
90% range 
number

p-value

CSF opening pressure +8% -41% <0.001
-75 to +267% -83 to +56%
36 51

CSF WCC +13% -75% <0.001
-68 to + 964% -97 to + 918%
51 106

CSF % Neutrophils -1% -15% 0.001
-45 to + 500% -88 to + 23%
50 106

CSF +5% +144% <0.001
% lymphocytes -54 to +145% -88 to +155%

50 106
CSF glucose/blood ratio -6% + 100% <0.001

-66 to + 92% -61 to + 833%
45 99

CSF lactate +0% -48% <0.001
-55 to + 314% -81 to + 114%
27 70

CSF Protein +2% -54% <0.001
-37 to + 275% -90 t o + 51%
49 103

CSF chloride -4% +4% <0.001
-14% to +8% -8 to +21%
48 63
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3.3.2 Diagnostic classification trees

Figures 3.1 and 3.2 show the diagnostic trees generated from the CART analysis. Figure

3.1 is for use on admission; Figure 3.2 is for use after 48 hours o f broad-spectrum 

antibiotics.

Figure 3.1 Admission diagnostic classification tree

CSF WCC <760x107ml

YES

History of illness < 6 days

NO

History of illness < 7 days

NO

Blood WCC < 10200\l07m l

NOYES

BM TBMTBM

YES NO

Age < 42 years

YES NO

TBMBM BM

Figure 3.2 Diagnostic classiBcation tree for use after a trial of 48 hours broad 

spectrum antibiotics

History of illness <8 days 
YES NO

Blood neutrophils < 80%
YES NO

CSF neutrophils < 81%

YES

BM BMTBM

Rise in CSF/blood glucose <100%

YES NO

TBM BM
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3.3.3 Diagnostic rule from Logistic regression

Multivariate analyses were performed to construct a diagnostic rule. A number of 

variables were excluded from the analyses. Admission Glasgow Coma Score, diastolic 

and systolic BP, presence o f hemiplegia, and blood haematocrit, were excluded due to the 

non-significant (p>0.05) results by univariate analysis. Blood sodium, CSF opening 

pressure, CSF chloride, and CSF lactate were excluded because o f  a large number o f  

missing values. Only the total duration of combined symptoms before admission was 

included for analysis: the length o f fever, and headache, were excluded.

Stepwise logistic regression analysis found 5 variables independently associated with a 

diagnosis of TBM on admission. The final logistic model with these variables is 

described in Table 3.6.

Table 3.6 Multivariate logistic regression analysis of admission data

P-Coefficient OR (95% Cl) p-value

Age -0.069 0.933 (0.885-0.984) 0.010

History of illness 0.243 1.275 (1.132-1.437) <0.001

Blood WCC -0.0003 0.9997 (0.9995-0.9999) 0.001

CSF WCC -0.002 0.998 (0.996-0.999) <0.001

CSF % neutrophils -0.075 0.928 (0.884-0.973) 0.002
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The formula for diagnostic index (DI) was derived from the final model by 

dichotomizing the variables and rounding the coefficients in the model. The index was 

adjusted to a positive scale for ease o f use.

The DI for each of the 5 variables is given in Table 3.7

Table 3.7 Weighted Diagnostic index scores for the dichotomized clinical variables 

used for the admission diagnostic rule

Variable DI

Age (years)

> 36 +2

< 36 0

Blood WCC (lOVml)

>15000 +4

<15000 0

History o f illness (days)

> 6 -5

< 6 0

CSF total WCC (lOVml)

>900 +3

<900 0

CSF % neutrophils

>75 +4

<75 0

Suggested Diagnostic Rule: Total DI score < +4 = TBM

Total DI score > +4 = BM
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The Total DI was calculated for each patient according to the formula:

Total DI = DI (age) + DI (blood WCC) + DI (history o f illness) + DI (CSF WCC) + DI 

(CSF % neutrophils). The optimal cut-off for Total DI (to classify a patient as a TBM 

case) was found using a ROC curve (Figure 3.3). There are three points close to the top 

left-hand comer o f the curve: these correspond to cut-offs o f +4, +3, or +2. The 

respective diagnostic sensitivities and specificities for each point are 97%, 91%; 96%, 

91%; and 91%, 97%.

Figure 3.3 Receiver-operator characteristic curve for prognostic index derived from 

the logistic regression model.

Area under RO C  curve = 0.9901
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No improvement in the diagnostic rule was obtained by employing data from both 

admission and the second CSF. Missing values, which reduced the sample size to 121 

observations, may have accounted for this failure.

Table 3.8 Misclassification rates of the three diagnostic aids

Resubstitution method Test data method

Sensitivity Specificity Sensitivity Specificity

At admission:

Classification 99% (134/136) 93% (99/107) 88% (37/42) 70% (23/33)

tree

Diagnostic rule 91% (123/135) 97% (104/107) 86% (36/42) 79% (26/33)

After r ‘‘ CSF:

Classification 93% (39/42) 95% (92/97) 57% (8/14)

tree

76% (25/33)

3.3.4 Performance

The performances of each of the diagnostic aids (from CART or logistic regression) are 

summarized in Table 3.8. Resubstitution of the original data set into the admission 

diagnostic tree misclassified 10 patients (2 TBM and 8 BM) giving 99% sensitivity and 

93% specificity.
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The second tree misclassified 8 patients (3 TBM and 5 BM) giving 93% sensitivity and 

95% specificity.

The test data were recorded from  a further 75 patients satisfying the  study diagnostic 

criteria: 20 adults had culture-confirmed TBM; 22 adults had clinical TBM; 21 adults had 

culture-confirmed BM; and 12 adults had clinical BM. Clinical data from this group was 

applied to  each diagnostic aid: the admission tree (figure 3.1) was 88% sensitive and 

70% specific; the admission diagnostic rule (table 3.7) was 86% sensitive and 79% 

specific; and the second diagnostic tree (figure 3.2) was 57% sensitive and 76% specific.

3.4 Discussion

The diagnosis of TBM in adults is difficult regardless o f the resources available to the 

physician. This study employed diagnostic criteria that derive from CSF culture results, 

and observed response to specific treatment. Such criteria suggest that even in the best 

settings a proportion of those with TBM or BM will never be proven microbiologically. 

As untreated TBM is always fatal it is essential that a clinical diagnostic aid or laboratory 

assay for TBM is sensitive. The potential toxicity and duration o f ATC, and the limited 

resources o f many tuberculosis control programs, also mandates diagnostic specificity. At 

present no rapid laboratory method for the diagnosis o f TBM satisfies these requirements. 

A clinical diagnostic rule or classification tree for TBM may improve upon the sensitivity 

o f current laboratory methods, and it may be
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used in settings with limited microbiological diagnostic support, i.e. where TBM is most 

common. This study compared patients with TBM with confirmed or probable BM for 

two reasons: first, both groups of patients require immediate decisions regarding 

chemotherapy, and second, those with BM, particularly partially treated BM, are difficult 

to distinguish from those with TBM. Low CSF glucose is usually present in both 

conditions, and forms an important discriminating feature from other meningo- 

encephalitides. The CSF:blood glucose ratio is usually >50% in patients with viral 

meningo-encephalitis. A low CSF glucose (<50% blood) was present on admission in all 

but one patient entering this study.

The most common agent isolated from patients with BM was Streptococcus suis, which 

has been well described in south east Asia (Kay R et al., 1995). The infection is most 

commonly seen in men working in frequent contact with pigs, which explains the 78% 

male preponderance in the BM group. The organisms isolated were all sensitive to 

ceftriaxone, as were all the isolates of Streptococcus pneumoniae. The clinical features of 

Streptococcus suis meningitis are comparable to other bacterial meningitides, and their 

inclusion in this study is unlikely to affect the application o f the diagnostic aids produced. 

The prevalence of HIV infection in the study population was low, although only 66/251 

patients were tested. At the time of the study the prevalence of HIV infection was high in 

two groups: commercial sex workers, and intra-venous drug addicts (Nguyen TH et a l ,  

1999). The prevalence of HIV infection amongst women attending maternity clinics in 

Vietnam, 1994-1998 was less than 0.15%.
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Although HIV testing was limited to at-risk groups, the study is unlikely to have included 

substantial numbers of patients with unrecognised HIV infection. Although HIV appears 

to increase risk of developing TBM (Berenguer J et al., 1992), it may not alter the clinical 

and laboratory features o f the disease (Yechoor VK et ah, 1996). However, HIV infection 

alters the differential diagnosis in meningitic adults: opportunistic infection with unusual 

pathogens must be considered, in particular Cryptococcus neoformans, which may 

present sub-acutely, similar to TBM. The results o f this study should therefore be applied 

with caution in areas with a high prevalence o f HIV infection.

The univariate analysis of admission variables suggests a set of potentially discriminative 

clinical features. Patients with TBM present with a longer history; they are more likely to 

have cranial nerve palsies; they will not usually have a blood leucocytosis; and their CSF 

will frequently be clear, with moderate numbers o f lymphocytes and neutrophils, in 

combination with an elevated protein and a low CSF:blood glucose ratio. However, 

diagnostic uncertainty frequently persists despite the first CSF analysis. In such cases, 

physicians in our hospital may assess response to treatment after 48 hours with a broad- 

spectrum antibiotic. Tables 3.4 and 3.5 demonstrate significant differences are apparent 

between the two groups. A s expected, the CSF parameters change little in  those w ith 

TBM. The changes observed in BM presumably reflect successful antimicrobial effect: 

CSF pressure, white cell count, protein and lactate fall whilst CSF:blood glucose ratio 

rises.
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The dangers o f delayed ATC focus attention on a diagnostic aid using admission clinical 

features. Multivariate logistic regression analysis defines five characteristics 

independently predictive of a diagnosis o f TBM from BM: age, history o f illness, blood 

white cell count, CSF white cell count, and the CSF neutrophil percentage (table 3.6). A 

diagnostic rule can be suggested from the ROC analysis: those patients presenting with a 

total DI score of +4 or less have TBM, those with a score greater than +4 have BM. A 

cut-off of +4 was chosen as it provided the greatest sensitivity (97%) with acceptable 

specificity (91%). Applying the test data the rule is  86% sensitive, and 7 9% specific, 

figures that are comparable to the best available laboratory assays (Thwaites G et a l, 

2000a).

Two diagnostic classification trees were developed: the first for admission, and a second 

to be used after a trial o f broad-spectrum antibiotics (figures 3.1 and 3.2). When the test 

data are applied to the admission tree diagnostic sensitivity is similar to that of the rule 

(88%), but specificity is reduced (70%). The second tree performs less well, although the 

data available to test this tree were small: 14 patients with TBM, 33 with BM. 

Nevertheless, a diagnostic tree incorporating the second CSF is attractive given the 

striking differences documented between those with TBM and treated BM, but requires 

further development and prospective assessment.

There are some important limitations to this study. First, the prevalence o f both 

tuberculosis and HIV infection will affect the performance o f the rule. Therefore, this
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rule should not be used in areas o f substantially different tuberculosis and HIV 

prevalence to southern Vietnam without prospective evaluation in those settings.

As this will remain a fundamental problem for all similar diagnostic methods, future 

research should also be directed at investigating their impact upon outcome. Early 

treatment o f TBM is known to save lives (Kennedy DH et a l ,  1979), the impact o f a 

diagnostic rule upon outcome should be prospectively evaluated.

This study suggests that simple clinical and laboratory data can be used to help diagnose 

TBM in adults, and develops an admission diagnostic rule with 86% sensitivity and 79% 

specificity. The rule should be applied to adults in high tuberculosis prevalence settings 

with meningitis and a CSFiblood glucose < 50%. As the diagnosis and management o f 

meningitis rests on clinical and CSF assessment, efforts are necessary to support clinical 

and appropriate laboratory diagnostic services in low-income countries.
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CHAPTER 4

THE BACTERIOLOGICAL

DIAGNOSIS OF TUBERCULOUS

MENINGITIS

4.1 Introduction

The demonstration o f AFB in the CSF by the ZN stain remains the most widely available 

rapid diagnostic test for TBM. However, there is large and unexplained variability in the 

sensitivity of this method. Recent authors report bacilli are seen in the CSF o f less than 

10% of cases (Garg RK, 1999), but the older literature suggests much better results can 

be achieved. In 1953 Stewart found AFB in the CSF o f 91/100 consecutive cases of 

TBM, all were subsequently confirmed by culture (Stewart SM, 1953). Similar results 

were reported in 1979 by Kennedy, who found AFB in the CSF o f 45/52 (87%) patients 

treated for TBM (Kennedy DH et a l,  1979). The reasons why many laboratories fail to 

replicate these results are uncertain. Stewart suggested diagnostic performance was 

dependent upon the volume of CSF submitted for examination, the speed and duration of 

centrifugation, and meticulous microscopy (Stewart SM, 1953). Kennedy ascribed their 

results to the repeated and thorough examination of CSF for AFB, even after ATC had
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started (Kennedy DH et a l,  1979). However, there are few data to support these 

assertions.

The aim o f this study was to prospectively assess the procedural and clinical variables 

affecting the sensitivity o f CSF ZN stain and culture ioxM.tb, and test the hypothesis that 

the sensitivity of conventional bacteriology is dependent upon the volume o f CSF 

examined and the duration of microscopy.

4.2 Methods

4.2.1 Clinical methods

A special laboratory diagnostic service for TBM was set up at the CRU in 2000, and the 

attending physicians were encouraged to submit 5-1 Omis o f CSF from any adult admitted 

with possible TBM. The volume o f each CSF sample submitted to the service was 

recorded, and processed according to  the methods described in Chapter 2. I f  two or 

more AFB were identified the slide was termed positive, and the time to see 2 bacilli 

recorded. The time taken to examine negative slides was also recorded. Only one slide 

was made per CSF specimen. The remaining deposit was cultured in liquid 

Mycobacterial Growth Indicator Tubes (MGIT, Becton Dickenson, USA), and on 

Lowenstein-Jenson (LJ) media for a minimum of 8 weeks.

The clinical and laboratory features, and the final diagnosis of each patient admitted to 

the CRU were recorded prospectively in individual study notes as described in Chapter 

2. All patients with TBM were tested for antibodies to HIV.
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4.2.2 Statistical methods

Normally distributed continuous variables were compared by the Student t-test; all other 

continuous variables were compared by the Mann-Whitney U test. Categorical variables 

were compared by the chi-squared test. Multivariate analysis by forward logistic 

regression was performed to model the likelihood o f seeing bacilli or isolating M.tb from 

the CSF. The following variables were selected a priori to enter the model: age, sex, HIV 

status, duration of symptoms and disease grade; volume of CSF, CSF opening pressure, 

CSF total white cell count with neutrophil and lymphocyte percentages, CSF total 

protein, lactate, chloride, and CSFiblood ratio. The analysis was performed using 

‘Statistical Product and Service Solutions’ (SPSS) software version 10.0 (Microsoft, 

USA).

4.3 Results

4.3.1 Patients satisfying diagnostic criteria

Seven hundred and twenty CSF specimens from 320 adults were submitted to the 

laboratory between May 2000 and April 2003: 384 were ‘diagnostic’ specimens, taken 

before the start o f ATC from 320 adults; 346 samples were taken from 132 adults after 

starting treatment for TBM.

198 adults (241 specimens) were not treated or diagnosed as having TBM: 70 (35%) had 

bacterial meningitis, 68 (34%) had viral meningo-encephalitis, 15 (8%) had parasitic 

meningitis, 13 (7%) had cryptococcal meningitis, and other diagnoses were recorded in
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32 ( 16%). AFB w ere neither seen nor cultured from any o f the specimens from these 

patients. 132 adults had clinical TBM: 107 (81%) had bacteriological confirmation of the 

diagnosis, 15 (11%) had probable TBM, and 10 (8%) had possible TBM. 14/132 were 

infected with HIV.

4.3.2 Performance of ZN stain and cnitnre

The sensitivity, specificity, positive and negative predictive values o f CSF stain and 

culture before the start o f ATC are presented in Table 4.1. AFB were seen in the CSF of 

73/132 (55%) patients (73/143 specimens) before the start o f ATC.

Table 4.1 Sensitivity, specificity, and positive and negative predictive vaines of CSF 

stain and cnitnre before the start of ATC

GOLD STANDARD

Sensitivity 

Specificity 

Positive predictive 

valne 

Negative 

predictive valne

M.tb CSF culture 

CSF ZN stain 

65/90 (72%) 

286/294 (97%) 

65/73 (89%)

286/311 (92%)

Clinical diagnosis 

CSF ZN stain M.tb CSF cnitnre

73/143 (51%) 90/143 (63%)

241/241 (100%) 241/241 (100%)

73/73 (100%) 93/93 (100%)

241/311 (77%) 241/291 (82%)
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After 2 days o f treatment bacilli were seen in 9/50 (18%) patients (50 specimens), and in 

5/73 (7%) patients (73 specimens) taken after 7 days o f treatment. No bacilli were seen in 

the CSF after this time. AFB were seen in the CSF of 4 patients after the start of 

treatment in which the pre-treatment slides were negative. Therefore, bacteriological 

confirmation of the diagnosis of TBM was made by CSF stain in 77/132 (58%) during 

the first week of ATC.

M.tb was isolated from the CSF of 90/132 (68%) patients (90/141 specimens) before the 

start o f treatment. ATC quickly reduced the likelihood of isolating an organism from the 

CSF: after 2 days M.tb was cultured from 18/50 (36%) adults (50 specimens), and 11/73 

(15%) (73 specimens) after 7 days. Two adults had M.tb isolated after 30 and 60 days of 

treatment respectively: both o f these organisms were resistant to isoniazid and 

streptomycin. CSF cultures were sterile from 13 patients in which bacilli were seen. Nine 

were in specimens taken before the onset of treatment, and 4/13 taken after the start of 

treatment. All these specimens came from patients with clinical features o f probable 

TBM who responded appropriately to ATC, and were not considered false positive.

4.3.3 Variables associated with positive ZN stain and culture

The variables associated by univariate analysis with finding bacilli and isolatingM .^6 

from the CSF analysis are presented in Table 4.2. These data show infection with HIV 

and increased CSF neutrophil percentage is significantly associated (p<0.05) with a 

positive stain and a positive culture. In addition, low CSF lymphocyte percentage, high
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Table 4.2 Variables associated with positive CSF stain and culture before the start 

of ATC by univariate analysis (median and range).

Bacilli seen No bacilli P-

value

M.tb

cultured

Sterile CSF P-

value

Age(years) 30(15-68) 34(15-79) 0.302 30(15-69) 36(15-79) 0.129

Male Sex 42/73(57%) 36/70(51%) 0.464 51/93(55%) 27/50(54%) 0.923

Grade 1 19/73(26%) 24/70(34%) 28/93(30%) 15/50(30%)

Grade 2 36/73(49%) 32/70(46%) 0.504 45/93(48%) 23/50(46%) 0.937

Grade 3 18/73(25%) 14/70(21%) 20/93(22%) 12/50(24%)

ffiv + 11/14(79%) 3/14(21%) 0.030 13/14(93%) 1/14(7%) 0.022

ffiv- 62/129(48%) 67/129(52%) 80/129(62%) 49/129(38%)

Symptoms 15(6-60) 17(5-60) 0.302 15(5-60) 15(5-51) 0.274

(days)

CSF 23(5-41) 22(7-40) 0.805 23(5-40) 21(7-41) 0.481

Pressure

(cm H2O)

CSF WCC 317(1-1880) 360(5-1750) 0.678 312(1-1880) 378(5-1750) 0.453

% neut 37(0-95) 27(0-84) 0.048 37(0-95) 20(0-81) 0.004

% lymphs 63(5-100) 71(16-100) 0.083 63(5-100) 80(19-100) 0.009

CSF Protein 200(45-1800) 180(64-800) 0.270 200(45-1800) 161(64-700) 0.069

(mg/dl)

Lactate 6.8(2.1-15.1) 5.9(1.1-16.4) 0.181 6.8(1.5-16.4) 5.5(1.1-9.8) <0.001

(mmol/1)

Chloride 104(81-129) 107(76-129) 0.270 101(76-129) 107(90-129) 0.021

(mmol/1)

CSFiblood 0.23(0.04- 0.29(0.04- 0.157 0.25(0.05- 0.25(0.04- 0.923

glucose ratio 0.67) 0.67) 0.67) 0.55)

Volume(mls) 4.0(0.5-10) 3.0(0.2-12) 0.096 4.0(0.2-12.0) 3.0(0.4-8.0) 0.236
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CSF lactate concentration, and low CSF chloride concentration, are significantly 

associated with a positive CSF culture.

When the same variables were compared by multivariate analysis using forward logistic 

regression, only the CSFiblood glucose ratio (OR 0.03, 95% Cl 0.002-0.621, p=0.023) is 

independently predictive o f seeing AFB in the CSF. The factors independently associated 

with the bacteriological confirmation of TBM {M.tb cultured from the CSF and/or AFB 

seen in the CSF) are presented in Table 4.3.

Table 4.3 Factors associated with the bacteriological confirmation of TBM before 

the start of ATC by forward logistic regression

Factor Odds

ratio

95% confidence interval p-value

Duration of symptoms (days) 1.05 1.00-1.10 0.050

Volume o f CSF (mis) 1.36 1.06-1.75 0.017

CSF neutrophils (% of WCC) 1.03 1.01-1.05 0.008

CSF lactate (mmol/1) 1.42 1.16-1.73 0.001

CSFiblood glucose ratio 0.03 0.02-0.62 0.023

The median time to see bacilli in the CSF before the start o f treatment was 10 minutes 

(range 1-50). Figure 4.1 presents a histogram of the times taken to see bacilli, and the 

cumulative percentages of positive slides as the time to examine the slide increases.
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Figure 4.1 Time to see bacilli in the CSF before the start o f treatment

Cumulative percentage of positive slides
36% 56% 64% 75% 79% 85% 88% 95% 99% 180%
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Figure 4.2 Volume of CSF submitted for culture, and the likelihood o f culturing 
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The median volume o f CSF examined was 4.0mls (range 0.2-12.Omis), and the median 

time to examine each slide was 20 minutes (range 1-50 minutes). The median volume of 

CSF submitted after starting ATC was 3.Omis (range 1.0-12.Omis). Figure 4.2 shows the 

affect o f increasing volume upon culture rates in  H IV  negative individuals b efore the 

start o f treatment. M.tb was isolated from smaller CSF volumes from HIV-infected 

individuals (medians l.Smls vs 4.Omis, p=0.001).

4.4 Discussion

The search for AFB in the CSF is widely believed to be too insensitive to assist in the 

management of many patients. The decision to start ATC cannot wait until M.tb has been 

cultured from the CSF; therefore many patients are treated for TBM on clinical suspicion 

alone. C hapter 3 explores the possibility of improving clinical diagnostic methods, 

particularly in settings with limited diagnostic microbiology. However, this study shows 

that the performance o f CSF stain and culture can be substantially improved and 

identifies both procedural and clinical variables that are associated with improved 

performance.

The isolation o f M.tb from the CSF is the gold standard diagnostic test for TBM, but 

limited sensitivity has resulted in many authors replacing this gold standard with a set of 

clinical diagnostic criteria. This introduces problems when assessing the performance of 

old or new diagnostic tests: there are no universally accepted diagnostic criteria, and none 

have been prospectively assessed against the true gold standard o f culture. This study
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presents performance data using culture and clinical diagnostic gold standards (Table 

4.1). Using the culture of M.tb from the CSF as gold standard, the sensitivity o f CSF ZN 

stain before the start o f ATC was 72%. This figure is similar to one reported by Kennedy 

(Kennedy DH et a l ,  1979), although less than that reported b y  Stewart (Stewart SM, 

1953). The excellent results reported by Stewart may be partly due to available ATC at 

the time o f their study (pre-1953). As this study demonstrates, 4-drug ATC containing 

these two drugs rapidly sterilises the CSF: after 2 days the sensitivity o f ZN stain and 

culture fell respectively to 18% and 36%, and to 7% and 15% after 7 days.

M.tb was only cultured from the CSF of 2 patients after 7 days o f treatment, and both 

isolates were resistant to isoniazid and streptomycin. Rifampicin and isoniazid were 

unavailable during Stewart’s study, which was performed in the 1940’s, and early 1950’s, 

and there was limited availability of streptomycin and PAS. Therefore, Stewart’s ability 

to find AFB in the CSF in more than 90% may be due to repeated CSF sampling from 

patients on weakly active ATC (PAS and streptomycin alone) or no treatment at all. 

C hapter 5 examines the impact o f drug resistance on the isolation o f M.tb from the CSF 

after the start o f ATC.

The duration o f treatment for TBM, and the potential toxicity of the drugs, mandates high 

diagnostic specificity. This study suggests both ZN stain and culture for M.tb in the CSF 

is highly specific. However, AFB were reported but not cultured in 8 specimens taken 

before the start o f ATC. These may represent false positives: debris from poorly filtered 

carbol fuscin can mimic AFB, as can small scratches on the surface o f the slide.
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However, the stringent requirement o f this study to see 2 or more bacilli before calling a 

slide positive makes this explanation unlikely. Also, the clinical features of all the 

patients were consistent with TBM and all responded appropriately to ATC. There may 

be two explanations for these sterile cultures. First, the concentration o f bacilli in some 

specimens will be on the limit of detection for stain and culture (considered to be around 

10"* bacilli/ml (Collins CH et a l,  1997)): the chance distribution o f bacilli between the 

divided deposit may result in a concentration insufficient for culture. The characteristic of 

M.tb in clinical specimens to stick together in clumps makes this explanation more 

tenable. Alternatively, the AFB seen in the CSF may not be viable.

Most patients with TBM present after many days of symptoms, and are often treated 

initially for suspected pyogenic infections. In particular, prior treatment in the community 

with fluroquinolone antibiotics is common in Vietnam. These drugs have bactericidal 

activity against M.tb, and could account for non-viable AFB in the CSF. The 

phenomenon of visible but non-cultivable AFB is well recognised in the sputum of 

partially treated pulmonary tuberculosis, and has also been reported in the CSF of 

patients with TBM (Bonington A et a l,  2000). In this study AFB were found but not 

cultured in the CSF from 4 patients after the start o f treatment -  all had M.tb isolated 

from the CSF before ATC. These organisms are presumed to represent dead bacilli.

Many authors have considered the low sensitivity of the bacteriological diagnosis of 

TBM to be due to low concentration of organisms in the CSF. As a consequence, the 

volume of CSF examined is believed to be critical to diagnostic performance; but there
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are few data to support this assertion. This study shows that CSF volume is independently 

associated with bacteriological diagnosis (Odds ratio 1.36, 95% Cl 1.06-1.75 p=0.017). 

Figure 4.2 shows that M.tb was isolated from 80% of specimens when more than 6 mis 

o f CSF were cultured, and from 40 % when less than 2 mis were cultured. Low 

concentrations o f bacilli in the CSF often requires prolonged microscopy to confirm their 

presence, and this study showed that 20% of positive slides required more than 25 

minutes microscopy to find AFB. However, the relationship between duration of 

microscopy and the number o f positive slides was not linear (Figure 4.1): 36% slides 

were found to be positive after less than 5 minutes microscopy, but a further 45 minutes 

microscopy to confirm the remaining 64%. The reason for this relationship is likely to be 

due to  microscopy technique and the characteristic o i M . t b h  acilli to  stick together in 

clinical specimens. It was observed early in the study that AFB were most commonly 

found in the areas o f the slide with the highest cellular density. Thereafter, these areas 

were identified first under low power and a careful search was made o f them under high 

power. If  this proved fhiitless the rest o f the slide was examined systematically. Directing 

the initial search for bacilli to areas most likely to contain them probably explains the 

high yield (56%) in the first 10 minutes of microscopy. However, these data also confirm 

theim portanceofpro longedm icroscopy( g rea te rth an 2 0 m in u tes)to  the diagnosis in 

25% of cases.

It may be difficult for laboratories with limited staff and resources to perform the level of 

microscopy required to achieve the best results. For this reason, clinical predictors of the
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diagnosis o f TBM, and the likelihood of achieving bacteriological confirmation, might be 

helpful in directing resources to specimens most likely to be positive. C hapter 3 

investigates whether TBM might be distinguished clinically from other causes of 

bacterial meningitis, and the algorithms described could be used to distinguish patients in 

whom careful microscopy and culture for M.tb is warranted. The variables described in 

Table 4.3 could be applied to patients selected by these algorithms to further assess the 

likelihood of obtaining a bacteriological diagnosis: the search for AFB should be 

especially stringent when the patient has a long history, a CSF pleocytosis with a high 

percentage o f neutrophils, a high concentration o f CSF lactate, and a low CSF:blood 

glucose ratio.

The effect o f HIV infection upon the performance o f conventional bacteriology appears 

marked, although there were only 14 HIV-infected patients with TBM in this study. M.tb 

was isolated from significantly smaller CSF volumes from HIV infected individuals 

compared to those without the virus (medians l.Smls vs 4.Omis, p=0.001). These data 

suggest these adults may have greater CSF bacterial concentrations, and the bacterial 

diagnosis may be easier to confirm. Other clinical variables independently associated 

with bacteriological diagnosis (Table 4.3) may also reflect bacillary concentration. If  this 

is true these variables may also be associated with pathogenesis and outcome. These 

speculations are explored further in C hapter 8.
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CHAPTER 5

THE MOLECULAR DIAGNOSIS OF

TUBERCULOUS MENINGITIS

5.1 Introduction

Early reports suggested the amplification of nucleic acid specific to M.tb from the CSF of 

patients with TBM might improve upon conventional bacteriology (Kaneko K et a l, 

1990; Shankar P et a l ,  1991). A recent systematic review and meta-analysis o f the 

accuracy o f nucleic acid amplification (NAA) tests for the diagnosis of TBM concluded 

these tests were specific, but insensitive (sensitivity of commercial assays 56% [95% Cl 

46-66%]) (Pai M et a l ,  2003). There are a number of reasons why these methods have 

failed to meet initial expectations. First, a wide variety of methods are reported, many are 

in-house, and conclusions regarding their general applicability are difficult. Second, few 

studies have been able to compare performance against a bacteriological gold standard, 

instead choosing a variety of clinical diagnostic criteria that have never been 

prospectively assessed. Lastly, TBM is rare in most settings capable o f applying the 

required technology; consequently most published studies are small, reporting few 

patients with TBM, and lack the statistical power to demonstrate unequivocal 

improvements in performance.
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The FDA of the United States have licensed two assays for the direct detection o f M.tb 

nucleic acid in smear positive respiratory samples: the Gen-Probe Amplified 

Mycobacterium Tuberculosis Direct Test (MTD) (Gen-Probe, San Diego, California) and 

the AMPLICOR Mycobacterium tuberculosis test (Roche Diagnostics, Indianapolis, 

Indiana). Neither o f these kits is licensed for use on non-respiratory samples, and there 

are limited data regarding their performance using CSF. Studies using the Roche 

AMPLICOR assay suggest it does not improve upon microscopy for acid-fast bacilli in 

the CSF (Bonington A et a l ,  1998; Brienze VM et a l ,  2001).

The MTD is a target-amplified nucleic acid probe test for the in-vitro diagnostic detection 

of M.tb ribosomal ribonucleic acid (rRNA). The test uses Transcription-Mediated 

Amplification (TMA) and the Gen-Probe Hybridisation Protection Assay (HPA) to 

qualitatively detect rRNA from all organisms of the M.tb complex. It is a two-part test in 

which amplification and detection take place in a single tube. Initially, nucleic acids are 

released from mycobacterial cells by sonication. Heat is used to denature the nucleic 

acids and disrupt the secondary structure o f rRNA. The TMA amplifies a specific rRNA 

target by transcription at a constant 42®C, resulting in multiple copies o f M.tb rRNA 

amplicon. M.tb specific sequences are detected by probing with chemiluminescent- 

labeled complimentary DNA. A luminometer is used to detect stable RNA:DNA hybrids.
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Molecular diagnosis

There have been seven published studies that report the use o f MTD for the diagnosis of 

TBM (Table 5.1). These data suggest it may be more sensitive than conventional 

bacteriology and other NAA tests (pooled sensitivity of MTD 61%, 95% Cl 49-72%), but 

the effect o f anti-tuberculosis chemotherapy (ATC) upon the performance of 

conventional and molecular diagnostic methods is also uncertain. There is some evidence 

to suggest repeated sampling after the start o f ATC improves the diagnostic yield o f CSF 

ZN stain and culture (Kennedy DH et a l,  1979). There are also some data that suggest 

M.tb DNA can be detected in the CSF for at least 4 weeks after the start o f treatment 

(Donald PR et a l,  1993), in which case molecular diagnostic techniques may be 

especially useful once treatment has started. Organisms resistant to first-line drugs may 

be more readily detected by all methods after treatment, but this issue remains 

unexamined in patients with TBM.

The aim of this study was test the hypothesis that NAA (by MTD) is more sensitive than 

conventional bacteriology for the diagnosis of TBM, and to investigate the impact o f drug 

resistant M.tb upon the sensitivity of these methods after the start o f treatment.

5.2 Methods

5.2.1 Clinical methods

As described in C hapter 4, a special laboratory diagnostic service for TBM was set up at 

the CRU, and the attending physicians were encouraged to submit 5-1 Omis of 

cerebrospinal fluid from any adult admitted to with possible TBM. The volume o f each
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CSF sample submitted to the service was recorded, and processed according to the 

methods described in Chapter 2. The supernatant was removed to leave a volume 

equivalent o f 5 or 6 drops into which the deposit was vigorously re-suspended. The 

deposit was divided into three equal volumes for ZN staining, MTD (frozen at -70^C), 

and culture.

The clinical and laboratory features, and the final diagnosis o f each patient admitted to 

the CRU were recorded prospectively in individual study notes as described in Chapter 

2. All patients with TBM were tested for antibodies to HIV.

Lumbar punctures were performed on days 2, 7, 30, 60, and 270 o f treatment for TBM. 

The samples were treated by the same methods described above. CSF cell counts and 

biochemistry were performed by standard methods upon each sample, as were Gram’s 

and Indian ink stains with culture for fungi and pyogenic bacteria.

5.2.2 Adaptation of the MTD for CSF

Pfyffer et a l  have reported a low sensitivity when using the MTD on untreated spiked 

CSF, and demonstrated improved sensitivity following pre-treatment with SDS-NaOH (5 

X 10  ̂cells/ml detected if  untreated vs. 2 x 1 0 ^  cells/ml detected if  treated) (Pfyffer GE et 

a l,  1996). These experiments were repeated prior to starting MTD testing. CSF from a 

patient with culture confirmed cryptococcal meningitis was divided into 450ul aliquots 

and spiked with 5Oui 1/10 dilution series o f a clinical M.tb isolate (in PBS) in triplicate. 

Each dilution series was then subjected to one o f three protocols: centrifugation and
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re-suspension in 450ul phosphate buffer according to the package insert protocol for 

sputum; centrifugation and re-suspension in lOOul phosphate buffer (in order to increase 

rRNA concentration in lysed sample); and pre-treatment according to the method of 

Pfyffer et al.

Briefly, dIÎ20 was added to the sample to make 500ul, followed by 500ul 3.16% SDS-1% 

NaOH. This was vortexed, incubated for 40 minutes, then neutralised with 500ul 1.43% 

H3PO4, and washed with 500ul dH2 0 . The deposit was then re-suspended in 45Oui 

phosphate buffer and subjected to  M TD according to the manufacturers protocol. The 

effect of 1, 2, 3 and 4-hour amplification incubation times on sensitivity were also tested 

using spiked CSF. Positive and negative cell controls, and two additional phosphate 

buffer negative controls, were included with each run according to the manufacturers 

recommendations. Results were interpreted according to the manufacturers 

specifications: >500,000 RLU positive, < 30,000 RLU negative and 30,000- 499,999 

deemed equivocal and re-tested.

5.2.3 Statistical analysis

The paired proportions o f positive tests before and after treatment were compared by 

McNemar’s test. Unpaired proportions were compared by the Chi Squared test. The 

analysis was performed using Stata 6.0.
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5.3 Results

5.3.1 Adaptation of the MTD to CSF

The limit o f detection for untreated spiked CSF was 3 x 1 0 ^  cells/ml. Re-suspension of 

CSF in a lower volume of lysis buffer decreased the sensitivity to 3 x lO"̂  cells/ml, and 

pre-treatment according to the method o f Pfyffer et al improved detection to 30 cells/ml. 

Experimentation with the enzyme incubation period suggested 3-hours gave the best 

sensitivity. Consequently, the protocol for testing all the clinical specimens was adapted 

to include pre-treatment, and 3-hour enzyme incubation.

5.3.2 Specimens, clinical data and controls

A ZN stain, a culture for M.tb, and the MTD were performed on 341 CSF samples from 

152 adults admitted to the ward. 262 specimens came from 73 adults treated for TBM, 

and serial samples taken before and after ATC were available from 59 patients.

CSF specimens from 14 adults who started ATC before the start o f the study were also 

included. A bacteriological diagnosis was confirmed in 57/73 (78%), 12/73 (15%) had 

probable TBM, and 4/73 (7%) had possible TBM. The admission clinical and laboratory 

findings are shown in Table 5.2.
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Table 5.2 Admission data from  59 adults with TBM included before the s ta rt of 

ATC

Variable Num ber (% )/median (range)

Male sex 30 (50.8%)

Age (years) 33 (15-69)

HIV infection 5 (8.5%)

Disease severity: Grade I 17 (28.8%)

Grade II 29 (49.2%)

Grade III 13 (22.0%)

Duration o f symptoms before ATC (days) 15 (5-35)

Volume o f CSF (mis) 4.0(1-12)

CSF opening pressure (cm H2O) 23 (6-40)

CSF total white cells (x lOVml) 461 (1-1750)

% neutrophils 27 (0-90)

% lymphocytes 73 (10-100)

CSF Protein (mg/dl) 169 (66-4700)

CSF Lactate (mmol/1) 5.8 (1.1-16.4)

CSF chloride 104 (84-129)

CSF:blood glucose 0.25 (0.05-0.67)

9-month survival 45 (76.3%)
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The diagnosis o f TBM was excluded in 79 adults (Table 5.3), and 79 admission CSF 

specimens from these patients served as negative controls.

Table 5.3 Diagnoses of control group

Diagnosis CSF samples

Bacterial meningitis:

i) Confirmed ^ 13

ii) Probable ^ 7

Pyogenic brain abscess 1

Viral meningo-encephalitis 22

Mumps meningitis 1

Eosinophilic meningitis 12

Cryptococcal meningitis 20

Subarachnoid hemorrhage 2

TOTAL 79

either CSF gram stain or culture positive

 ̂short history, cloudy CSF, mostly neutrophils, recovered without ATC
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5.3.3 Diagnostic performance before ATC

The sensitivity o f CSF ZN stain (52%) and MTD (38%) were not significantly different 

before the start o f ATC (p=0.150). The sensitivity, specificity, and positive and negative 

predictive values for each of the tests are shown in Table 5.4. ZN stain was 52% 

sensitive (95% Cl 40 to 64%) and 100% specific against a clinical diagnostic gold 

standard, and 57% sensitive (95% Cl 41 to 72%), 90% specific against a culture gold 

standard. AFB were seen but not cultured from 8 specimens, all were from adults with 

evidence of extra-neural tuberculosis who responded appropriately to ATC. The MTD 

was 38% sensitive (95% Cl 26 to 51%), 99% specific against a clinical gold standard, 

and 50% sensitive (95% Cl 34 to 66%), 95% specific against culture gold standard.

Table 5.5 presents the numbers of discrepant and concordant positive results with ZN 

stain and MTD, and their combined sensitivity, before and after starting treatment. Before 

treatment, the MTD w as negative in  20/34 (59%) ZN  positive specimens, bu t the  ZN  

stain was negative in 11/25 (44%) specimens positive by MTD. The combined pre­

treatment sensitivity o f ZN stain and MTD (ZN+ and/or MTD+) was 45/66 (68%), but 

only 14/45 (31%) specimens were positive by both tests.

There was one false positive MTD from the CSF of an adult believed to have viral 

meningo-encephalitis. They made a complete recovery in hospital without ATC, and the 

patient was contacted and found to be well 18-months after admission, excluding a 

diagnosis o f TBM.
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Table 5.4 Sensitivity, specificity, and positive and negative predictive values of CSF

ZN stain, MTD, and culture before the s ta rt of ATC

CLINICAL DIAGNOSTIC GOLD STANDARD

Positive Negative

Sensitivity Specificity predictive predictive

(%) (%) value (%) value (%)

[95% Cl] [95% Cl] [95% Cl] [95% Cl]

Z N 34/66 (52%) 79/79 (100%) 34/34 (100%) 79/111 (71%)

[39-64%] [95-100%] [90-100%] [62-79%]

MTD 25/66 (38%) 78/79 (99%) 25/26 (96%) 79/120 (66%)

[26-51%] [95-100%] [80-100%] [57-74%]

C ulture 38/66 (58%) 79/79 (100%) 38/38 (100%) 79/107 (74%)

[45-70%] [95-100%] [91-100%] [64-81%]

CULTURE GOLD STANDARD^

Z N 24/42 (57%) 71/79 (90%) 24/34 (71%) 79/97 (81%)

[41-72%] [81-95%] [52-85%] [72-88%]

MTD 21/42 (50%) 75/79 (95%) 21/25 (84%) 79/97 (81%)

[34-66%] [88-98%] [64-95%] [72-88%]

Culture 38/42 (90%) 79/79 (100%) 38/38 (100%) 79/83 (95%)

[77-97%] [95-100%] [91-100%] [88-99%]

^M.tb isolated from  the CSF at any time before or after starting  ATC
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Table 5.5 Num ber of positive tests before and after starting ATC with concordant 

and discordant results of ZN stain and MTD over the first 40 days of treatm ent

Pre-ATC 2-5 days 6-15 days 16-40

days

41-80

days

260-

280

days

Patients/specimens

ZN positive 34/66(52%) 8/34(24%) 2/43(5%) 0/48 0/35 0/36

MTD positive 25/66(38%) 14/34(41%) 12/43(28%) 2/48(4%) 0/35 0/36

95% C l of

difference -4 to 31% -40 to 4% -41 to -5%

p value 0.150 0.146 0.013

C ulture positive 38/66(58%) 12/34(35%) 6/43(14%) 0/48 1/35(3%) 0/36

MTD + / Z N - 11/66(17%) 9/34(26%) 12/43(28%) 2/48(4%)

M T D - / ZN + 20/66(30%) 3/34(9%) 2/43(5%) 0/48

M T D + / ZN + 14/66(21%) 5/34(15%) 0/43 0/48

MTD+ and/or 45/66(68%) 17/34(50%) 14/43(33%) 2/48(4%)

ZN +
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5.3.4 Diagnostic performance after starting ATC

The sensitivity of ZN stains fell faster than MTD with treatment (Table 5.5 and Figure

5.1). The sensitivity o f MTD did not fall between days 2-5 o f therapy, but was nearly 6 

times more sensitive than ZN stain after 5-15 days o f treatment (28% vs 5%, 95% Cl of 

difference 5-41%, p=0.013). Agreement between ZN stains and MTD positive results 

worsened after the start o f treatment: both tests were positive in 5/17 (29%) specimens 

positive by either test taken 2-5 days after treatment, and in 0/16 positive after 5 days. 

Table 5.6 shows the number o f new positive tests on  repeated CSF samples from  5 9 

patients before and after starting ATC.

Table 5.6 New positive tests before and after starting ATC on 59 adults with serial 

samples

Pre- 2-5 5-15 15-40 40-80 260-280 TOTALS (%)

ATC days days days days days [95% Cl]

ZN+ 34 3 1 0 0 0 38/59 (64%) 

[51-76%]

MTD+ 24 10 1 0 0 0 35/59 (59%) 

[46-72%]

ZN+

and/or 45 4 0 0 0 0 49/59 (83%)

MTD+ [71-92%]

Culture 38 3 1 0 0 0 42/59 (71%) 

[58-82%]
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A repeat CSF day 2-5 improved the overall sensitivity o f ZN stain by 3/33 (10%), and o f 

MTD by 10/24 (42%). Repeated sampling resulted in a cumulative sensitivity o f 38/59 

(64%) for ZN stain, 35/59 (59%) for MTD, and 42/59 (71%) for culture g a in st a clinical 

gold standard. The cumulative sensitivity o f ZN stain and MTD combined was 49/59 

(83%).

Figure 5.1 The sensitivity o f ZN stain, MTD, culture, and combined ZN/MTD on 

262 specimens taken before and after treatment from 73 patients with a clinical 

diagnosis o f TBM

0) 40

f IZN stam
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iCuHure
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Pre-freatment 16-40 41-60

Days of treatment
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5 3 .5  Impact o f drug resistance on diagnostic performance

Table 5.7 presents the effect o f  resistance upon the performance o f  ZN, MTD and culture 

before and after the start o f treatment. 10 isolates were resistant to streptomycin alone, 

one was resistant to isoniazid alone, 6 were resistant to both isoniazid and streptomycin, 

and one patient had multi-drug resistant M.tb (resistant to rifampicin, isoniazid, and 

streptomycin) and died before further samples could be taken. The 9-month survival for 

those with sensitive M.tb (22/28, 79%) was not significantly different from those with a 

drug resistant isolate (14/18, 78%).

Figure 5.2 Tbe effect o f drug resistance on tbe percentage o f culture positive CSF 

before and after treatment
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Table 5.7 The effect of drug resistance upon the perform ance of ZN, MTD, and 

culture before and after starting ATC

SENSITIVE M.tb^

Pre-ATC 2-5 days 5-15 days 15-40 days 40-80

days

260-

280

days

ZN

positive

14/27(51.8%) 2/11(18.2%) 1/14(7.1%) 0/16 0/10 0/15

MTD

positive

12/27(44.4%) 6/11(54.5%) 4/14(28.2%) 2/16(12.5%) 0/10 0/15

C ulture

positive

24/27(88.8%) 2/11(18.2%) 3/14(21.4%) 0/16 

DRUG RESISTANT M .tb’’

0/10 0/15

ZN

positive

10/15(66.6%) 4/10(40%) 0/12 0/11 0/10 0/10

MTD

positive

8/15(53.3%) 6/10(60%) 5/12(41.6%) 0/11 0/10 0/10

C ulture

positive

14/15(93.3%) 10/10(100%) 3/12(25%) 0/11 1/10(10%) 0/10

^Sensitive to all first-line ATC 

 ̂Resistant to 1 or more first-line ATC

154



Molecular diagnosis

Before the start o f ATC there were no significant differences between the sensitivity of 

ZN stain, MTD, and culture in patients with sensitive or resistant M.tb (Table 5.7). After 

2-5 days o f treatment 2/11(18%) with sensitive M tb  were positive by ZN, compared with 

4/10(40%) if  resistant (p=0.269). Drug resistant M.tb was cultured from all (10/10) 

specimens after 2-5 days o f ATC, compared with 18% (2/11) if  fully sensitive (p<0.001) 

(Figure 5.2). The MTD was positive in 5/12 (42%) specimens 5-15 days after treatment 

i f  M.tb was drug resistant, and 4/14 (28%) if  the isolate was sensitive (p=0.484).

5.4 Discussion

The detection o f M.tb nucleic acid in the CSF has been possible for more than 10 years, 

but its role in the rapid diagnosis of TBM remains poorly defined. The aim o f this study 

was to compare conventional bacteriology with the detection o f M.tb rRNA in the CSF 

using the Gen-Probe MTD. The strength o f the study is the large number o f serial CSF 

samples taken before and after treatment from patients with a confirmed bacteriological 

diagnosis of TBM. The MTD was chosen because it is a universally available commercial 

test, and is recognised by the FDA to perform with sufficient sensitivity and specificity to 

be granted a license for use on smear negative sputum. There are no commercial tests 

currently with an FDA license for use on extra-pulmonary samples.

These data shows that before the start o f treatment the sensitivity o f ZN stain is greater 

than MTD (52% vs 38%) against a clinical diagnostic gold standard, although the 

difference is not significant (p=0.150) (Table 5.4).
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It has long been recognised that the sensitivity o f CSF ZN stain can exceed 50%, 

although modem laboratories and many textbooks rarely report this level o f performance. 

C hapter 4 shows that the sensitivity of conventional bacteriology is dependent upon the 

volume o f CSF examined and the duration of microscopy. The factors that govern the 

performance of MTD are uncertain. The combined pre-treatment sensitivity o f ZN stain 

and MTD was 45/66 (68%), with only 14/45 (31%) specimens positive by both tests 

(Table 5.5). Analysis of the discordant results between the tests reveal MTD was 

negative in 20/34 (59%) o f ZN positive specimens, and the Z N  s tain w as n egative in  

11/25 (44%) o f MTD positive specimens (Table 5.5). It is difficult to understand why 

rRNA cannot be detected in CSF in which acid-fast bacilli have been seen. Pfyffer et al 

found that high concentrations of organisms were required in spiked CSF 

(>5xl0^cells/ml) to  obtain a positive MTD, and suggested interference from  unknown 

compounds in the CSF caused assay inhibition. These experiments have been repeated 

with similar results. Pfyffer also found that increasing the volume of sample used, pre­

treatment with a denaturing agent such as SDS-NaOH, and increasing the amplification 

time from 2 to 3 hours could improve MTD sensitivity on CSF. Experimentation with 

the assay procedures concur with these findings, and suggests that inadequate rRNA 

extraction from small numbers o f organisms in the CSF may be a factor in producing 

false negative MTD tests. The existence and impact o f factors inhibitory to nucleic acid 

amplification in CSF remains unclear, but if  present these factors are likely to be
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substantially reduced b y  the d etergent and washing actions o f the pre-treatment 

protocol, and may partly explain the improvement in sensitivity produced by these steps. 

Freezing the CSF for later testing may also reduce sensitivity, although the high numbers 

o f ZN stain negative, MTD positive specimens [11/25 (44%)] before treatment suggests 

an alternative explanation. There is a tendency fox M.tb bacilli to stick together in clinical 

samples. This characteristic suggests bacilli are not evenly distributed through the sample 

and increases the chance of the divided deposit (for staining, MTD, and culture) 

containing different concentrations o f bacilli. These sampling effects become particularly 

important when the CSF contains few bacilli and both tests are performing close to their 

limits o f detection. This may explain the greater combined sensitivity o f ZN stain and 

MTD: the larger the volume of sample tested by either test, the larger the chance of 

detecting

Following the start o f anti-tuberculosis treatment the sensitivity o f ZN stain and culture 

fell rapidly (Figure 5.1). The sustained sensitivity of MTD results presumably from dead, 

non-cultivable bacilli. The value of repeated lumbar punctures after the start o f treatment 

is still debated, but these data suggest they increase diagnostic sensitivity. The cumulative 

sensitivities o f ZN stain, MTD, and the two tests combined are 64%, 59%, and 83% 

respectively, if  they are repeated at least twice during the first 15 days o f therapy (Table 

5.6). The value of a repeat MTD during the first 5 days o f treatment was particularly 

evident, as a repeat test detected 10/35 (29%) more cases than a single sample before
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ATC. This should discourage dangerous delays in starting ATC, and may be useful to 

specialist centres admitting patients already started on ATC for unconfirmed TBM.

The impact o f drug resistance upon bacterial clearance from the CSF is unknown, and 

this study could only assess the effect of streptomycin and isoniazid resistance. Evidence 

from pulmonary tuberculosis suggests these two drugs, and in particular isoniazid, are 

responsible for the majority of bactericidal activity in the first few days o f treatment 

(Mitchison DA, 2000). This evidence, together with known excellent CSF penetration of 

isoniazid, suggests resistance may have a detrimental effect upon outcome in TBM, but 

this remains unsubstantiated. This study suggests that resistance to isoniazid and/or 

streptomycin does affect CSF bacterial clearance: M.tb was cultured from all specimens 

after 2-5 days o f ATC if  the organism was resistant, but from only 18% if  the organism 

was sensitive (p<0.001) (Figure 5.2). The only organism to be cultured after 40 days of 

treatment was resistant to both drugs. The performance of ZN stain and MTD were not 

significantly different in patients with sensitive or resistant M.tb. Although these data 

suggest isoniazid and/or streptomycin resistance reduces early bactericidal activity in the 

CSF, a larger study is required to define whether a positive ZN and/or MTD after the start 

o f ATC can predict resistance, and whether resistance to these agents worsens outcome. 

More useful still would be to predict multi-drug resistance by these methods, which 

carries a far worse prognosis and necessitates early intervention with second-line anti­

tuberculosis drugs.
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The time to get a result, and cost should also be considered when comparing CSF ZN 

stain with the MTD. These are especially important to busy laboratories in poorly 

resourced settings -  where the majority o f TBM occurs. A CSF ZN stain takes 

approximately one hour from lumbar puncture to result (15 minutes centrifugation, 15 

minutes preparing the slide, and 3 0 minutes microscopy), although more than 50% of 

positive slides are confirmed within the first 10 minutes o f microscopy (Chapter 4), and 

can be performed without addition to basic laboratory equipment. It takes a minimum of 

6 hours to perform the CSF-modified MTD, regardless of result, and the laboratory must 

have a luminometer ($12,500 -  Gen Probe, 2003), a sonicator ($495 -  Gen-Probe, 2003), 

and m ust purchase t est kits that cost o ver $20 per test ( 5 0 1ests/ k it; $1,100/kit: Gen- 

Probe, 2003).

In conclusion, this study shows that before the start o f ATC a careful search for AFB in 

the CSF is as good or better than the MTD detection of M.tb rRNA for the diagnosis of 

TBM. The ZN stain is also faster and much less expensive. However, adding MTD to a 

careful microscopic examination of the CSF improves performance further, and detects 

nearly 70% of cases before the start o f treatment. Once ATC has been started the MTD 

retains sensitivity longer than ZN stain or culture, and may be more useful in settings 

where pre-admission treatment with ATC is common. Resistance to one or more first-line 

anti-tuberculosis drugs slows bacterial clearance from the CSF, and significantly 

increases the likelihood of isolating M.tb from the CSF after 2-5 days o f treatment. 

Repeated sampling after the start o f treatment improves the sensitivity o f all methods.
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particularly MTD. These results suggest that MTD alone does not offer advantage over 

careful bacteriology before the start o f treatment. However, performing a combination of 

these tests on repeated samples can improve sensitivity to greater than 80%, whilst 

retaining high specificity. Nevertheless, the fatal consequences o f delayed treatment 

demand a more sensitive single diagnostic test.

Until such time as cheaper, more sensitive assays are developed, the rapid diagnosis of 

TBM in most laboratories should depend upon the meticulous and repeated search for 

acid-fast bacilli from a large volume (>6mls) of CSF. The clinical algorithms described 

in C hapter 3 may identify patients most likely to have TBM, on whom the most time 

should be spent.
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CHAPTER 6

THE PATHOPHYSIOLOGY OF

TUBERCULOUS MENINGITIS

6.1 Introduction

The following two chapters are concerned with the pathogenesis o f TBM and the factors 

that affect disease progression and outcome. TBM is the most dangerous form of 

infection w ithM .^h, bu t the pathogenesis remains unclear. An excessive intra-cerebral 

inflammatory response is considered responsible for the neurological damage, and 

adjunctive immunosuppression with corticosteroids has long been suggested, although 

the clinical benefit is uncertain (Prasad K et a l , 2000).

Studies in rabbits have suggested a central role for tumour necrosis factor-a (TNF-a) in 

the pathogenesis and progression of TBM (Tsenova L et a l ,  1999), and thalidomide, an 

inhibitor TNF-a production, reduced mortality in these models (Tsenova L et a l ,  1998). 

The mechanisms that underlie human disease are less well studied. There are differences 

between the cytokines expressed in the CSF o f patients with viral, bacterial, fungal and 

tuberculous meningitides (Akalin H et a l ,  1994; Glimaker M et a l ,  1993). High 

concentrations o f CSF TNF-a have been observed repeatedly in untreated bacterial 

meningitis (Akalin H et a l ,  1994; Glimaker M et a l ,  1993; Rydberg J et a l ,  1995).

161



Pathophysiology

The CSF concentrations reported in TBM are lower, but probably persist for longer 

(Donald PR et a l ,  1995). The role of soluble TNF-a receptors is uncertain. Higher TNF- 

a: receptors ratios in TBM compared with bacterial meningitis may reflect lower 

concentrations of biologically active TNF-a, which may prolong the inflammatory 

process (Rydberg J et a l,  1995). TBM is also characterised by increased CSF expression 

of other pro inflammatory cytokines interferon-y (IFN-y), interleukin-Ip, interleukin-8 

(IL-8), and the anti inflammatory cytokine interleukin-10 (XL-10) (Mastroianni CM et a l,  

1997).

There is evidence o f significant BBB breakdown in patients with TBM (Brown HC et a l , 

2000). The mechanisms are probably multi-factorial, although the matrix 

metalloproteinases (MMPs) have recently been implicated (Matsuura E et a l ,  2000). 

These molecules, secreted by monocytes and macrophages, are zinc-containing proteases 

that degrade extra-cellular matrix (Goetzl EJ et a l ,  1996). They may cause cerebral 

injury by disrupting the BBB, facilitating leukocyte migration, and cleaving myelin 

proteins. Elevated CSFm atrixm etalloproteinase-9 (MMP-9) concentrations have been 

associated with focal neurological deficit and fatal outcome in Vietnamese adults with 

TBM (Price NM et a l,  2001). The activity o f the specific tissue inhibitors o f MMPs 

(TIMPs) may be equally important, in particular the balance between MMP-9 and TIMP- 

1 (its specific inhibitor).
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There are few studies describing the expression o f these molecules over the duration of 

treatment for TBM, and their relationship with BBB dysfunction, clinical progression, 

and outcome after 9 months of anti-tuberculosis chemotherapy (ATC).

The purpose o f this study was to describe the effect o f treatment upon the constituents of 

the CSF - in particular the CSF expression of a range o f pro and anti-inflammatory 

molecules, MMP-9 and TIMP-1, and the integrity o f the BBB - and to test the hypothesis 

that the cellular and molecular intra-cerebral immune response predicts death or survival 

from TBM. The relationship between CSF leucocytes and M.tb was explored using 

electron microscopy.

6.2 Methods

The adults in this study were all admitted to the CRU as described in C hapter 2.

6.2.1 L aboratory  investigations

Commercial capture ELISA kits were used to measure CSF and blood concentrations of 

IFN-y, TNF-a, IL-8, and IL-10 (OPTEIA ELISA, Becton Dickinson, San Jose, 

California, USA), and the CSF concentrations o f MMP-9, TIMP-1, and the soluble TNF- 

a  receptors 1 and 2 (R and D systems, Abingdon, UK). Details o f the methods are 

provided in C hapter 2. The lower limits of detection were 10 pg/ml o f IFN-y, TNF-a, 

TNF-a R l, TNF-a R2, and IL-8; 15 pg/ml of IL-10; 200 pg/ml o f TIMP-1, and 350 

pg/ml o f MMP-9. Albumin and IgG concentrations were measured in blood and CSF and 

their respective indices calculated as described in C hapter 2.
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6.2.2 Electron microscopy of the CSF

A centrifuged CSF deposit containing numerous AFB by ZN stain was selected, fixed in 

4% glutaraldehyde in O.IM phosphate buffer, and transported to Oxford University, UK, 

for electron microscopy. On arrival the samples were post-fixed in 2% osmium tetroxide 

in p hosphate b uffer, d ehydrated i n e thanol, t hen t reated w ith p ropylene o xide prior to 

embedding in Spurr’s epoxy resin. 1pm sections stained with Azure A were examined by 

light microscopy to identify areas o f interest. Thin sections of suitable areas were cut and 

stain with uranyl acetate and lead citrate prior to examination in a Jeol 1200EX electron 

microscope.

6.2.2 Statistical methods

Normally distributed variables were compared by the Student’s t-test; all other 

continuous variables were compared by the Mann-Whitney U test. Analysis o f correlation 

between Variables w as p erformed b y  Spearman’s test. Variables associated with death 

(p<0.1) by univariate analysis were incorporated into multivariate logistic regression.
I

Forward stepwise variable selection procedure was used with p-to-enter <0.05 and p-to- 

remove >0.1 to identify independent predictors of death. The analysis was performed 

using ‘Statistical Product and Service Solutions’ (SPSS) software version 10.0 

(Microsoft, USA).
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6.3 Results

21 adults consented to enter the study between October 2000 and April 2001. At the start 

o f treatment 8 were grade I, 6 grade II, and 7 grade III. None o f the adults had antibodies 

to HIV. A diagnosis o f TBM was confirmed (AFB seen in the CSF, or M.tb cultured from 

the CSF) in 15/21 (71%). One isolate was resistant to isoniazid, the rest were sensitive to 

all first-line agents. The CSF was sterile in 12/15 confirmed cases by day 3 o f ATC, 

and in all by day 7. A diagnosis of TBM was highly probable in the unconfirmed cases: 

brain computerised tomography showed hydrocephalus and basal meningeal 

enhancement in 4/6, 3 of these had chest X-ray appearances consistent with active 

pulmonary tuberculosis. The remaining 2 adults were diagnosed with TBM on the basis 

o f typical clinical and laboratory findings, and response to treatment. The median length 

o f symptoms before admission was 18 days (range 6-45). 5/21 (24%) died before 

completing treatment: 2 after 2 days, the others after 13, 88 and 138 days o f treatment. 

2/16 (13%) survivors had severe neurological sequelae after 9 months o f ATC. The rest 

made a complete recovery by the end of treatment. There was no relationship between 

length o f symptoms before admission and disease severity or outcome.

6.3.1 Changes in CSF cellular and biochemical parameters over time

The effect o f ATC upon CSF white cell counts (WCC), protein, glucose, and lactate 

concentration is shown in Figure 6.1. The mean WCC before treatment was 445 x 10  ̂

cells/ml (Standard Deviation [SD] 308); 533 x 10  ̂cells/ml (SD 549) at day 7;
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Figure 6.1 Mean values (with 95% confidence intervals) of CSF total WCC, protein, 

and CSF:blood glucose over treatment. Continuous horizontal line represents the 

upper limit o f  the normal range.
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173 X 10  ̂cells/ml (SD 213) by day 30; and 48 x 10  ̂cells/ml (SD 62) by day 60. CSF 

WCC was elevated (>5 x 10  ̂cells/ml) in 8/13 samples taken after 270 days o f ATC. CSF 

protein was elevated (>45 mg/dl) in many patients throughout treatment (Figure 6.1b). 

The mean concentration at the start o f treatment was 266 mg/dl (SD 350) and was 

elevated in 5/13 (38%) patients at day 270.

The ratio of CSFiblood glucose concentration was low (<0.5) in 23/24 measurements 

taken before the start o f ATC (Figure 6.1c). After 270 days treatment the ratio was 

normal in 15/16 (94%) patients. The mean CSF lactate concentration was 6.9 mmol/1 (SD

3.2) before treatment, 4.7 mmoFl (SD 1.6) on day 2, 4.8 mmol/1 (SD 1.8) on day 7, and

2.3 mmoFl (SD 0.59) on day 30. CSF opening pressure was greater than 20 cm H2O in 

12/24 (50%) measurements taken from 21 patients before the start o f ATC, 6/16 (38%) 

patients by day 7, 2/14 (14%) by day 30, 1/16 (6%) by day 60, and 0/13 by the end of 

treatment. Two patients had CSF pressures greater than 40 cm H2O at the start o f 

treatment both of whom died.

6.3.2 CSF and blood cytokines

The CSF before treatment contained elevated concentrations o f IL-8 (mean 8297 pg/ml, 

SD 9640), and IFN-y (mean 708 pg/ml, SD 887) compared with values a t the end o f  

treatment (Figure 6.2). CSF concentrations of TNF-a were lower than those o f IL-8 and 

IFN-y (mean 66 pg/ml, SD 108) and undetectable in 15/17 (88%) adults at day 7 o f 

treatment.
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Figure 6.2 Mean concentrations (with 95% confidence intervals) of CSF and blood 

pro-inflammatory cytokines over treatment. The horizontal line represents the limit o f  

detection o f  the assay. The concentration o f  IFN-y and TNF-a in sera was below the limit 

o f detection fo r  the assays, and is not included in the figure.
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Figure 6.3 The mean concentrations (with 95% confidence intervals) of IL-10 and 

TNF-alpha receptors 1 and 2 over treatment. The horizontal line represents the limit 

o f detection o f  the assay.
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In contrast, concentrations o f TNF-a receptors R l and R2 were easily detectable after 60 

days of treatment, falling to respective mean concentrations o f 20 ng/ml and 25 ng/ml at 

the end o f treatment (Figure 6.3c and 6.3d). Before treatment the mean concentration 

ratios o f R l: TNF-a, and R2: TNF-a were 2.8 (0.24-11.5) and 7.7 (1.2-19.2) respectively 

(molar ratios 8.2 [SD 10.9] and 22.9 [SD 18.6]). These values rose to 9.9 (SD 12.6) and

18.1 (SD 20.1) by day 2, although only 3 patients had detectable concentrations o f TNF- 

a  at this time (molar ratios 29.2 [SD 37.1] and 53.6 [SD 59.5]). CSF concentrations of 

IL-10 fell with treatment to undetectable concentrations at 9 months (mean 2 pg/ml, 

range 0-14) (Figure 6.3 a).

6.3.3 CSF matrix metalloproteinases

Figure 6.4 shows the mean CSF concentration o f MMP-9 and TIMP-1 over treatment. 

Before treatment the mean CSF concentrations o f MMP-9 and TIMP-1 were 146 ng/ml 

(SD 186) and 463 ng/ml (SD 192) respectively, which fell with treatment to 70 ng/ml 

(SD 139) and 269 ng/ml (SD 213) by day 60.

6.3.4 Albumin and IgG indices

The albumin and IgG indices provide a useful measure o f the extent o f BBB 

permeability, and the serial values are presented in Figure 6.4. There is evidence of 

breakdown in the BBB throughout the first 60 days of treatment. Only at 9 months are the 

means o f both indices within the normal range.
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Figure 6 .4 M can CSF concentrations ( with 9 5% confidence intervals) of MMP-9 

and TIMP-1 {the horizontal line represents the limit of detection of the assay), and 

Loĝ ® of the Albumin and IgG indices over treatment {normal ranges indicated by 

horizontal lines).
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6.3.5 Prognosis

Variables from those who died before the end of treatment were compared with those 

who survived (Table 6.1). Before treatment only CSF lactate concentration was 

significantly higher in  those who died (p=0.029, 9 5% C l fo r the  difference 0.4 to 6.8 

mmol/1). When all values from day 0-7 were included the following were significantly 

associated with death: lower CSF WCC (95% Cl -68 to -584, p=0.014), higher CSF % 

lymphocytes (95% Cl 4 to 33, p=0.013), higher total CSF lymphocyte counts (95% Cl 3 

to 369, p=0.047), higher CSF lactate (95% Cl 1.4 to 5.3, p=0.001), and lower CSF 

glucose:blood ratio (95% Cl -0.04 to -0.19, p=0.003). Lower total CSF neutrophil counts 

were also associated with death (p=0.025).

Multivariate analysis was performed to predict variables independently associated with 

death. CSF lactate concentration was associated with death (Odds ratio 1.6, 95% Cl 0.97- 

2.64, p=0.065) before treatment, and CSF WCC (Odds ratio 0.98, 95% Cl 0.97-0.99, 

p=0.027) was associated with death over the first 7 days o f treatment.

The same analysis was performed for those presenting with and without coma, and with 

or without focal neurological signs. None of the variables were significantly associated 

with these parameters (data not presented).
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Table 6.1 CSF variables associated with death (p<0.10). Mean, standard deviation (in 

parentheses), and 95%  C l o f  difference shown fo r normally distributed variables. The 

median, and range (in parentheses) is given for all others.

Variable Survived Died 95% Cl of P

N=16 N=5 difference value

CSF before treatm ent

Total WCC (xloVml) 509(289) 213 (284) -7 to + 599 0.055

% lymphocytes 66 (21) 87 (13) -42 to + 1 0.058

% neutrophils 31 (23) 13 (13) -4 to + 42 0.098

Lactate (mmol/1) 5.9 (2.6) 9.5 (3.3) -6.8 to -0 .4 0.029

CSF:blood glucose 0.30 (0.11) 0.20 (0.11) -0.007 to 0.067

+0.2

TIMP (ng/ml) 433 (187) 674 (23) -532 to +51 0.098

Total neutrophils (xlO^/ml)^ 108 (2-972) 3 (0-126) 0.062

All CSF day 0-7

Total WCC (xloVml) 534 (388) 207 (262) 68 to 584 0.014

% neutrophils 29 (22) 15(15) -0.1 to 29 0.052

% lymphocytes 67 (22) 86 (15) -33 to -4 0.013

Total lymphocytes (xlO^/ml) 336 (276) 150 (180) 3 to 369 0.047

Lactate (mmol/1) 5.0 (2.1) 8.4 (3.1) -5.3 to -1 .4 0.001

CSF: blood glucose 0.36(0.12) 0.24(0.09) 0.04 to 0.19 0.003

Total neutrophils (xlO^/ml)^ 85 (0-1206) 6 (0-297) 0.025

MMP-9 (ng/ml)^ 198 (0-395) 392(0-784) 0.058

 ̂Not normally distributed: Mann-Whitney test used.
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6.3.6 Correlation between variables

This analysis focused upon variables associated with death, only using data from the first 

7 days o f treatment. Figure 6.5 presents the relationships between CSF lactate, CSF IL-8, 

and CSF IFN-y. CSF lactate was correlated with CSF IL-8 (r=0.727, p<0.001), CSF TNF- 

a  (r=0.584, p<0.001), CSF IFN-y (r=0.758, p<0.001), and CSF TIMP-1 (r=0.521, 

p=0.002). CSF IL-10 concentration was correlated with CSF WCC (r=0.497, p=0.001), 

and IgGI (r=0.527, p=0.001). CSFiblood glucose ratio was weakly correlated with CSF 

IL-8 (r=0.387, p=0.004), CSF WCC (r=0.284, p=0.031), IgGI (r=0.327, p=0.026) and 

CSF lactate (r=-0.351, p=0.039). MMP-9 levels were correlated with CSF IL-8 (r=0.476, 

p=0.001), IFN-y (r=0.513, p=0.001), with weak association between TIMP-1 (r=0.320, 

p=0.041), CSF protein (r=0.298, p=0.034) and CSF lactate (r=0.362, p=0.042). CSF 

concentrations o f TIMP-1 were correlated with CSF lactate (r=0.502, p=0.009), CSF IL-8 

(r=0.5, p=0.001), and IFN-y (r=0.574, p=0.001). No significant relationship was found 

between MMP-9, TIMP-1 and the AI and IgGI, or between CSF neutrophil count, CSF 

IL-8 concentration, and the length of symptoms before treatment.

6.3.7 Electron micrographs of the CSF

Figure 6.6 presents the electron micrographs taken, and demonstrates extra (6.6 a) and 

intra-cellular bacilli (6.6 b, c, d). Bacilli are seen within the phagasomes o f neutrophils.
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Figure 6.5 The relationship between CSF lactate, IL-8, and IFN-y during the first 7 

days of treatm ent, giving correlation coefficient (r) and p value by Spearm an’s test 

of correlation.
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Figure 6.6 Electron m icrographs of CSF deposit containing AFB from  an adult with 

culture-confirm ed TBM showing bacilli in the phagosomes of neutrophils

6.6 a Extra cellular bacillus (arrow) 

(x 40,000)

6.6b Bacilli within the phagasomes of 

neutrophils (arrows) (x 30,000)

'

6.6c Bacillus within neutrophil (arrow)

(x 30,000)

6.6d Bacillus within neutrophil (arrow)

(x 12,000)
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6.4 Discussion

This study followed 21 HIV negative adult patients throughout their treatment for TBM 

(none of the patients received corticosteroids). The concentrations o f various pro and 

anti-inflammatory indices were recorded on serial CSF samples, the timing o f which 

reflects the clinically important periods o f the disease. The CSF specimen taken at the 

end o f ATC (9 months) serves as an important indicator o f successful treatment, and as a 

control for those samples taken earlier in the infection.

Ninety per cent of deaths from TBM occur in the first month o f treatment (Girgis NI et 

a l,  1998). Deaths after this period are usually caused by complications arising from 

neurological sequelae, such as sepsis originating from the respiratory or urinary tract. 

Prognosis is dependent upon starting ATC before the onset of coma (Kennedy DH et a l, 

1979). These facts suggest the inflammatory response immediately before and after 

starting ATC is critical to the outcome o f the patient. Previous studies have shown CSF 

parameters respond slowly to treatment (Lepper MH et a l,  1963; Schoeman JF et a l,  

2001), and the requirement for 6 to 12 months chemotherapy suggests a prolonged 

inflammatory response.

In this study blood and CSF samples taken before starting ATC reveal a highly 

compartmentalised immune response. Concentrations o f CSF IL-8 were approximately 

40 times that of blood, and neither IFN-y nor TNF-a were detectable in blood despite 

easily detectable concentrations in the CSF (Figure 6.2). IL-8 is an inflammatory 

chemokine that is produced by many cell types and functions as a chemo-attractant for
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neutrophils and a subset of T lymphocytes. When macrophages phagocytose M.tb in 

vitro, they express IL-8 in a TNF-a and IL -ip dependent manner (Zhang M et a l ,  1995). 

IL-8 has been detected in plasma (Juffermans NP et a l,  1999) and bronchoalveolar 

lavage fluid (Kurashima K et a l ,  1997) from patients with pulmonary tuberculosis and, 

as observed in this study, remained detectable for many months. The mechanisms driving 

prolonged expression o f IL-8 in a disease not characterised by a strong neutrophilic 

response is unknown.

IFN-y and TNF-a are recognised to be key cytokines in  the control o f M .76 infection 

(Flynn JL et a l ,  2001). T cells and natural killer (NK) cells produce IFN-y in response to 

M.tb infection, but absolute levels may be an unreliable correlate o f protection (Zhang M 

et a l, 1995). This study found high concentrations of CSF IFN-y before treatment but 

there was no association with outcome. Animal studies suggest TNF-a is central to TBM 

pathogenesis as TNF-a inhibition improves outcome (Tsenova L et a l ,  1998). This 

study, as in previous reports, found low pre-treatment concentrations o f CSF TNF-a, and 

there was no association between CSF TNF-a concentration and death. However, the 

biological activity o f TNF-a may depend upon the relative concentrations of its 

soluble receptors, which may antagonise the biological effects o f TNF-a at high 

concentrations, and promote them at low concentrations (Aderka et al, 1992). In this 

study the mean pre-treatment concentration ratios of soluble TNF-a receptors R l:TN F-a, 

and R2:TNF-a, were 2.8 and 7.7 respectively, compared to 27.2 and 28 reported by 

Rydberg et al (Rydberg J et a l ,  1995). This suggests larger biologically active fractions
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of TNF-a in our group of patients, although it is unclear whether the CSF in Rydberg’s 

study was taken before or after treatment. This study suggests treatment reduces the CSF 

concentrations o f TNF-a rapidly, whilst slowly reducing the receptor concentrations. By 

day 2 o f treatment the ratios o f receptors to TNF-a increased to 9.9 and 18.1. This may 

have the paradoxical effect of prolonging the biological activity o f TNF-a despite falling 

CSF concentrations. Further investigation is required to address this hypothesis.

In bacterial meningitis it is hypothesised that bacterial lysis, induced by treatment with 

antibiotics, may contribute to the inflammation in the subarachnoid space and lead to a 

worse outcome (Tauber MG et a l, 1985). The same may be true for TBM, and has been a 

rationale behind adjuvant corticosteroids for many years. This study provides little 

support for this hypothesis. Only mean CSF WCC rose in the first 7 days o f treatment 

(Figure 6.1a), and in all patients, regardless of outcome, ATC produced a rapid reduction 

in the CSF concentrations of IL-8, TNF-a, and IFN-y (Figure 6.2). This response is in 

contrast to the kinetics o f the CSF WCC, CSF protein, CSFiblood glucose ratio, CSF IL- 

10, CSF TNF-a receptors (Figure 6.3) and CSF MMP-9 and TIMP-1 (Figure 6.4), all o f 

which were either detectable, or above the normal range, after 60 days o f chemotherapy. 

Evidence for the longevity of the immune response is supported by the extent and 

duration o f the BBB breakdown (Figure 6.5). These data suggests there may be two 

phases to the inflammatory response in TBM. The first is characterised by high CSF 

concentrations of IL-8 and IFN-y, and lower concentrations o f TNF-a, and is rapidly 

attenuated by ATC. The severity of this phase can be assessed by the concentration of
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CSF lactate. The second phase is characterised by a persistent inflammatory response and 

breakdown in the BBB despite treatment, and may be maintained by the continued 

activity of CSF TNF-a soluble receptors, and the relative concentrations o f MMP-9 and 

TIMP-1.

This study has limited power to associate the concentrations o f any o f these variables 

with death. However, CSF lactate concentration appears to be a good guide to prognosis: 

concentrations before and during the first 7 days o f treatment were significantly higher in 

those who died (95%CI 1.4-5.3, p=0.001). Lactate is produced in all tissues in response 

to hypoxia. TBM causes an obliterative vasculitis with ischaemia, and often infarction 

(Dastur DK et a l,  1995), and CSF lactate concentration may reflect the severity o f this 

process. CSF IL-8, IFN-y, TNF-a, MMP-9, and TIMP-1 were all significantly correlated 

with CSF lactate suggesting these molecules might be associated with the pathogenesis. 

The CSF cellular response also appears significant to outcome: death was associated with 

a lower CSF WCC by univariate (95% Cl -68  to -584, p=0.014) and multivariate 

analysis (Odds ratio 0.98, 95% Cl 0.97-0.99, p=0.027). This is a surprising finding: 

previous reports have associated low CSF white cell counts with older age and HIV 

infection (Karstaedt AS et a l, 1998), suggesting an attenuated CSF cellular response as 

part of a systemic immune paresis. The phenotype of the cellular response may also carry 

prognostic significance. Survival was associated with a lower percentage o f lymphocytes, 

and a higher percentage of neutrophils (Table 6.1). The electron micrographs o f the CSF 

show bacilli phagocytosed by neutrophils (Figure 6.6) and although it is impossible to
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infer functional activity from these pictures, together with associations between 

neutrophils in the CSF and survival and the likelihood o f isolating bacilli, these findings 

suggest neutrophils may have a more important role in the early response to M.tb cerebral 

infection than previously thought. Murine studies have suggested neutrophils may have a 

protective role against M.tb infection (Pedrosa J et a l ,  2000), but further study is needed 

to clarify their function.

The correlation between total CSF WCC and CSF IL-10 concentration may also be 

significant. It is tempting to speculate that IL-10 derived from infiltrating white cells 

might mediate immunosuppressive activity in the subarachnoid space. Before these 

hypotheses can be addressed, the functional phenotype o f the CSF white cells needs to be 

characterised. There is evidence gamma delta T-cells may be important in the CSF 

response to M.tb (Dieli F et a l ,  1999), but serial flow cytometric analysis o f CSF is 

required to further define the cellular immune response. Larger studies are needed to 

further characterise the molecules and cells important to pathogenesis and outcome. 

These may suggest alternative therapeutic approaches that might supersede the blind use 

o f corticosteroids.
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CHAPTER 7

OTHER PROGNOSTIC FACTORS IN

TUBERCULOUS MENINGITIS

7.1 Introduction

The mortality from TBM remains high, even in those with uncomplicated disease who 

are treated early. This may be partly explained by host immunity to M.tb and the intra­

cerebral inflammatory response, as discussed in Chapter 6. However, survival may also 

depend upon the variable penetration o f individual drugs to the site o f disease and their 

differing ability to alter the disease pathogenesis. This chapter focuses upon other factors 

that may have a significant impact upon disease progression and outcome, in particular 

HIV infection, drug resistance, and bacterial genotype.

Isoniazid and rifampicin form the core o f successful short course chemotherapy for 

pulmonary tuberculosis. Isoniazid has potent early bactericidal activity and kills about 

95% of pulmonary organisms within 2 days o f treatment. Rifampicin then assumes the 

major bactericidal role, and is believed responsible for the eradication o f persisting 

organisms in the continuation phase of treatment (Mitchison DA, 2000). However, the 

addition o f rifampicin to isoniazid in the treatment of TBM has not appeared to improve 

outcome or reduce the length of treatment required (Humphries MJ et a l ,  1990; 

Ramachandran P et a l ,  1986; Ramachandran P et a l ,  1989).
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The limited passage o f rifampicin across the blood-brain barrier may partly explain this 

observation (Ellard GA et a l ,  1993). I n c  ontrast, i soniazid p enetrates freely into C SF 

(Ellard GA et a l ,  1993) (see Table 1.4). This property, in combination with potent early 

bactericidal activity, suggests isoniazid is critical for successful TBM treatment. These 

features have prompted some to suggest higher doses (10-20mg/kg) o f isoniazid may be 

indicated for the treatment o f TBM to compensate for the uncertain penetration and 

efficacy o f the other drugs in the regimen (Donald PR et a l ,  1998; Humphries M, 1992). 

Resistance to first-line anti-tuberculosis agents is increasingly common. Isoniazid 

resistance, alone and in combination with other drugs, is the commonest pattern of 

resistance worldwide (Espinal MA et a l ,  2001). The effect of lone isoniazid resistance on 

the treatment o f pulmonary tuberculosis is minimal provided the drug regimen contains 

rifampicin (Mitchison DA et a l,  1986). Nevertheless, there have been recent reports of 

treatment failure in isoniazid resistant pulmonary tuberculosis (Coninx R  et a l ,  1999). 

The impact o f isoniazid resistance on the outcome o f those with TBM is unknown, but 

may be more substantial given the uncertain efficacy of rifampicin in the treatment o f this 

disease.

The ‘Beijing’ genotype o f M.tb, associated with isoniazid and streptomycin resistance, 

may have emerged recently in Vietnam (Anh DD et a l ,  2000). This genotype was 

discovered in 54% of 563 Vietnamese pulmonary isolates collected in 1998/99, and the 

association with young age suggested it was responsible for recent transmission and 

primary infection.
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The relationship between age, admission clinical features, HIV infection, drug resistance, 

genotype, and outcome in those with TBM is uncertain. Furthermore, a comparison o f the 

genotype and drug resistance profiles from CSF and lung M.tb isolates collected over the 

same period has not been performed. The aim o f this study was to examine the hypothesis 

that outcome is dependent upon HIV infection, drug resistance, and bacterial genotype.

7.2 Methods

The adults described in this study were admitted to the HTD Clinical Research Unit as 

described in C hapter 2.

7.2.1 Investigations

Fifty-six cultures containing AFB isolated from the CSF were sent to the Mycobacterial 

Reference Unit, Dulwich, United Kingdom for identification, drug susceptibility testing, 

and genotyping. The isolates were identified as M.tb by the Accu-probe method (Gen- 

probe, San Diego, USA), and drug susceptibility testing was performed by the resistance 

ratio method for isoniazid, rifampicin, pyrazinamide, streptomycin, and ethambutol 

(Collins CH et a l ,  1997). In this method the growth of sensitive M.tb control strains are 

compared with a test isolate on a series o f media containing different drug concentrations. 

The ‘resistance ratio’ of the test isolate is calculated by dividing the minimum inhibitory 

concentration (MIC) of the test by the modal MIC o f the control strains. As doubling 

dilutions o f drug in the media are used the resistance ratio is 1, 2, 4, or 8. Test isolates 

giving a resistance ratio o f 1 or 2 are
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reported as susceptible. Those isolates with a resistance ratio o f 4 or 8 are reported as 

resistant and highly resistant respectively.

Genotyping of all M.tb isolates was carried out in accordance with a standardised 

protocol for spoligotyping (Kamerbeek J et a l,  1997). Briefly, DNA was prepared from 

each isolate and subject to PCR analysis using the primers, Dra: 5’ -C C G  AGA GGG 

GAG GGA AAC-3’, and Drb: 5’ -GGT TTT GGG TCT GAG GAC-3’. Chromosomal 

DNA of M.tb H37Rv and Mycobacterium bovis BCG were used as positive controls and 

were included in each PCR and subsequent hybridisation. Sterile double distilled water 

was the negative control. The PCR products were heat-denatured, and hybridised to the 

spoligotype membrane (Isogen Biosciences, Asmaarssen, Netherlands). Hybridisation 

was detected by chemiluminescence (ECL, Amersham, UK) and the patterns analysed for 

clusters using Microsoft Word software. Patterns were compared against the Beijing and 

‘Vietnam’ spoligotypes described by Anh et al (Anh DD et a l ,  2000).

7.2.2 Statistical Analysis

Thirty clinical and laboratory variables (Table 7.1) from each patient TBM confirmed by 

culture were recorded in a database. Three questions were addressed using these data:

1. Are there any significant differences between the admission clinical features, drug 

resistance profiles, genotypes, and outcomes of HIV positive and negative 

patients?
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2. Is resistance to isoniazid and streptomycin, alone or in combination, associated 

with a worse outcome or any other clinical variable?

3. Are any admission clinical or laboratory features, resistance patterns, or outcome 

associated with M.tb genotype?

Table 7.1

Clinical and laboratory variables included in the analysis

Variables

Sex CSF opening pressure

Age CSF total white cell count

Days of illness before admission CSF neutrophil %

History of coma CSF lymphocyte %

Body temperature CSF/blood glucose ratio

Glasgow coma score on admission CSF lactate

Cranial nerve palsies CSF chloride

Hemiplegia on admission CSF protein

Admission disease stage CSF ZN stain

Disease stage at start of treatment Sensitivity to isoniazid

HIV status Sensitivity to streptomycin

Blood white cell count M.tb spoligotype

Blood neutrophil % Days of illness to ATC

Blood sodium Days of in-hospital ATC

Days of admission to ATC In-hospital survival
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Kruskal-Wallis test was used to compare continuous parameters between two or more 

groups o f patients; the chi square test with Yates’ correction (or Fisher’s exact test) was 

used for comparison of categorical variables. Variables identified in univariate analysis as 

associated with the outcome variable (clinical outcome, HIV infection, resistance ovM.tb 

genotype) (p<0.05) were then incorporated in multivariate logistic regression. Forward 

stepwise variable selection procedure was used to identify independent predictors. The 

analysis was performed using ‘Statistical Product and Service Solutions’ (SPSS) software 

version 10.0 (Microsoft, USA).

7.3 Results

M.tb was identified in the CSF of 56 adult patients. The mean age was 36 years (15-69 

years); 36 (64%) were male. Fifteen adults (27%) presented with Grade I TBM, 19 (34%) 

with Grade II, and 22 (39%) with Grade III TBM. HIV infection was confirmed 

according to WHO criteria in 11 (20%) adults: all were male. One patient refused testing 

but had no risk factors for infection. Twenty-four (43%) died in-hospital: 2 (13%) in 

Grade I, 7 (37%) in Grade II, and 15 (68%) in Grade III. The mean length o f stay in 

hospital for those who survived was 65 days. Table 7.2 summarises the clinical data. 

Univariate analysis revealed 4 variables that were associated with death: history o f pre­

admission coma, low admission Glasgow Coma score, admission disease stage, and 

disease stage at the start o f ATC (Table 7.3). By multivariate logistic regression analysis.
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only admission GCS proved to be independently predictive o f in­

ratio 0.73, 95% Cl 0.61-0.87, p=0.001).

Table 7.2 Sum m ary of clinical details and drug resistance

-hospital death ( odds

Variable All patients Isoniazid

resistance

Streptomycin

resistance

INK + SM 

Resistance

Num ber (%) 56 9 (16%) 10(18%) 6(11% )

Age (years) 33 30 39 37

Median

range

16-64 15-64 18-64 18-64

Male sex 

n(% )

M RC grade 

n(%)

36 (64%) 7 (78%) 7 (70%) 5 (83%)

I 15 (27%) 4 (44%) 1 (10%) 1 (17%)

II 19 (34%) 3 (33%) 4 (40%) 3 (50%)

III 22 (39%) 2 (22%) 5 (50%) 2 (33%)

HIV positive 

n (% )

11 (20%) 5 (56%) 6 (60%) 4 (67%)

M ortality 

In  hospital 

n(% )

24 (43%) 2 (22%) 6 (60%) 2 (33%)
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By univariate analysis five variables were associated with HIV infection: male sex, low 

peripheral blood white cell count, low CSF total white cell count, isoniazid resistance, 

and streptomycin resistance (Table 7.4). There was no significant difference between the 

percentage o f lymphocytes and neutrophils in the CSF of HIV infected and uninfected 

adults. Two variables entered the logistic model as independently predictive o f HIV 

infection: a lower CSF total white cell count was weakly associated (odds ratio 0.99, 95% 

Cl 0.98-0.999, p=0.025), whereas streptomycin resistance was strongly associated (odds 

ratio 43.4, 95% Cl 3.67-513, p=0.003).

All isolates were sensitive to rifampicin, pyrazinamide, and ethambutol. Only isoniazid 

and streptomycin resistance were detected. Nine patients were found to have M.tb highly 

resistant to isoniazid (resistance ratio of 8); 6 o f these isolates were also highly resistant 

to streptomycin. Four adults had M.tb highly resistant to streptomycin alone. 

Streptomycin and isoniazid resistance, either alone or in combination, was not associated 

with death in  hospital. However, those adults w ith isoniazid resistant M.tb were more 

likely to have HIV infection and streptomycin resistant organisms. Streptomycin 

resistance was independently associated with HIV infection (odds ratio 7.04, 95% 1.15- 

45.5, p=0.035) and isoniazid resistance (odds ratio 13.3, 95% Cl 2.05-86.5, p=0.007). 

Sixteen (28%) M.tb isolates were o f the ‘Beijing’ spoligotype, 6 (11%) were o f the 

recently designated ‘Vietnam’ spoligotype (Anh DD et a l ,  2000), and the rest belonged 

to a heterogeneous group of 24 unique spoligotypes. There was no significant association
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Table 7.3 Admission variables associated with in-hospital mortality by univariate 

analysis

Variable Survivors Died in hospital P value

Number 32 24

History of pre-admission coma

n(%)

10 (31%) 18 (75%) 0.001

Admission GCS 14 9 0.0002

Median

range

Admission MRC grade n (%)

7-15 4-15

I 13 (14%) 2(8%)

II 12 (37%) 7 (29%) 0.003

HI

MRC grade at start of ATC 

n(%)

7 (22%) 15 (63%)

I 7 (22%) 1 (4%)

II 18 (56%) 6 (25%) 0.001

HI 7 (22%) 17(71%)
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Table 7.4 Admission variables associated with HIV infection by univariate analysis

Variable HIV positive HIV negative P value

Number 11 44

Male sex n (%) 11 (100%) 24 (55%) 0.004

Total White cells in blood 7200 9800 0.023

(10^/ml) Median range 2660-13800 5199-16500

Total white blood cell count in 152 356 0.007

CSF (10^/ml) Median range 34-430 100-1435

Resistance to isoniazid n (%) 5 (45%) 4(9%) 0.011

Resistance to streptomycin n (%) 6 (55%) 4(9%) 0.002

Table 7.5 Clinical variables and Af.76 spoligotype

Variable Beijing Vietnam Other P value

spoligotype spoligotype spoligotype

Number 16(28%) 6(11%) 34 (61%)

Age (years) median range 33 16-50 51 26-67 31 15-64 0.060

Male Sex n (%) 12 (75%) 3 (50%) 21 (62%) 0.490

HIV infection n (%) 3 (20%) 1 (17%) 7 (21%) 1.000

Isoniazid resistant 3 (19%) 0 (0%) 6(18%) 0.749

n(%)

Streptomycin resistant 5(31%) 1(17%) 4 (12%) 0.176

n(%)

Combined INH and SM 3(19%) 0(0%) 3(9%) 0.422

resistance n (%)

Mortality in hospital 7 (44%) 3 (50%) 14 (41%) 1.000

n(%)
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between the ‘Beijing’ genotype and HIV infection, younger age, drug resistance, or death 

(Table 7.5).

Nor does isoniazid resistance appear to slow clinical recovery: adults with resistant 

organisms were discharged from hospital after a median o f 47 days (range 11-105 days), 

whereas those with sensitive organisms left hospital after a median of 71 days (range 25- 

153 days).

7.4 Discussion

This study explores the relationship between HIV infection, drug resistance, M.tb 

genotype, and the outcome o f adults with TBM. The insensitivity of CSF culture for the 

diagnosis of TBM has limited study of these areas, as an organism is not isolated in many 

treated cases. Univariate and multivariate analyses o f the variables predicting death in 

this series showed that the level consciousness, assessed by Glasgow coma score, 

predicted death most reliably. This is consistent with previous studies (Hosoglu S et a l,  

2002; Humphries MJ et a l ,  1990; Kalita J et a l,  1999), and emphasises the importance of 

early diagnosis and treatment. However, the relationship between the  duration o f  p re ­

admission symptoms and prognosis may not be linear. Nine adults in this series died 

despite presenting with less than 10 days of symptoms, compared with 15/42 presenting 

with more than 10 days o f symptoms (p=0.06). The rate o f disease progression is 

unpredictable. There may be adults with rapidly progressive TBM  w ho would benefit 

particularly from early treatment and this merits further research.
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Previous reports suggest that HIV infection does not alter the clinical features and in- 

hospital mortality o f TBM (Berenguer J et a l,  1992; Dube MP et a l ,  1992). In this study, 

peripheral blood and CSF white cell counts were significantly lower in HIV infected 

adults. This finding has been reported previously in CSF (Dube MP et a l ,  1992), but not 

blood and may create clinical diagnostic difficulties. TBM with few white cells in the 

CSF can occur in the HIV infected and the elderly (Karstaedt AS et a l ,  1998), and the 

diagnosis should always be suspected in these groups despite atypical laboratory findings. 

All o f the HIV infected patients in this study were male: the majority (8/11) admitted 

intra-venous drug use, a male dominated habit in Ho Chi Minh City. The in-hospital 

mortality of the HIV infected and uninfected adults with TBM were not significantly 

different. A larger cohort, with more prolonged follow-up is required to confirm this 

preliminary finding.

HIV infected adults w ith TBM  were m ore 1 ikely to  b e  infected w ith M .tb  resistant to 

isoniazid (p=0.011) and streptomycin (p=0.002). Streptomycin resistance was 

independently predictive of HIV infection, supporting the local policy for treating HIV 

infected adults with ethambutol rather than streptomycin. Why those with HIV should be 

infected with more resistant organisms is unclear. Common behavioural patterns may 

result in the spread o f resistant organisms amongst the intra-venous drug users in the city, 

although the heterogeneous spoligotype patterns of the M.tb isolates from these patients 

do not support this suggestion. Alternatively, as HIV infection probably shortens the time 

between primary M  76 infection and the onset of TBM, the CSF M.tb isolates from these
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adults may show similar resistance profiles to contemporary pulmonary isolates. The 

similar incidence o f isoniazid resistant [119/499 (24%)] and streptomycin resistant 

[ 156/499 (31 %)] p ulmonary i solates from H o C hi M inh C ity i n 1 998/99 s upports this 

suggestion (Anh DD et a l,  2000).

Resistance to isoniazid or streptomycin, or both, was not associated with increased in- 

hospital mortality. O f adults with M.tb sensitive to all 4 drugs 42% (18/43) died, 

compared to 22% (2/9) with an isolate highly resistant to isoniazid. Death from TBM 

usually occurs within the first month o f treatment (Girgis NI et a l ,  1998). In this study 

only 2/24 (4%) deaths occurred after 28 days o f ATC; both these patients were infected 

with fully sensitive organisms.

Although this study has limited power, and there are no data available on long-term 

outcome measures, these results suggest isolated isoniazid resistance has little prognostic 

impact in adults with TBM. This is a surprising finding given the important role in the 

treatment o f TBM attributed to isoniazid and there are a number o f possible explanations. 

First, the CSF levels o f isoniazid may be sufficiently high to have some bactericidal 

effect despite in vitro resistance. Ellard et al showed that 4 hours after an oral dose of 

about 9mg/kg isoniazid the mean CSF concentration was 3.2mg/l; over 30 times the MIC 

of isoniazid against sensitive M.tb (Ellard GA et a l ,  1993). Assuming dose-linearity, the 

CSF levels achieved using 5mg/kg isoniazid, as in this study, would be expected to be 

approximately 16 times higher than the MIC of sensitive isolates and twice that o f ‘highly 

resistant’ isolates. Second, the action of the other anti-tuberculosis drugs may be
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sufficient to negate the effect o f isoniazid resistance. This would place fi*esh emphasis on 

the role of rifampicin in the treatment of TBM, and suggests it may be o f equal 

importance to isoniazid. Third, isoniazid resistant organisms may be less virulent. There 

are data that suggest isoniazid resistant strains o f M.tb are less virulent than drug- 

susceptible isolates in guinea pigs; although more recent studies suggest there is no 

significant loss o f bacterial fitness resulting from mutations in the KatG  gene responsible 

for conferring resistance to isoniazid in more than half o f M.tb clinical isolates (Pym AS 

et a l ,  2002) (see also Table 1.1).

Definite conclusions cannot be drawn without more detailed modelling o f the 

pharmocokinetic and pharmacodynamic properties of the anti-tuberculosis drugs in TBM. 

However, these results suggest that isoniazid resistance, with or without streptomycin 

resistance, does not affect the outcome of TBM as long as four drugs are used. These 

findings also suggest that doses of isoniazid greater than 5 mg/kg may not improve 

outcome in the treatment of TBM, provided rifampicin is part o f the regimen.

Of the 56 M.tb isolates 28% (16/56) were of the ‘Beijing’ genotype. This was not 

associated significantly with age, admission clinical features, HIV status, drug resistance, 

or outcome. Over the same period A nh e t a l reported that 53% o f pulmonary isolates 

from Ho Chi Minh City were the ‘Beijing’ genotype (Anh DD et a l ,  2000), significantly 

more than recovered from CSF (p<0.001). Resistance profiles from lung and CSF isolates 

were not significantly different. A number o f hypotheses may explain the smaller 

proportion of ‘Beijing’ genotype found in the CSF. Firstly, M.tb responsible for
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meningitis in adults may have been acquired at a time when the ‘Beijing’ genotype was 

less prevalent in Vietnam. However, the ‘Beijing’ genotype in CSF was not associated 

with younger age, or with HIV infection. Secondly, the ‘Beijing’ genotype may be less 

neurovirulent than other strains. Genotype-dependent neurovirulence may occur 

(Arvanitakis Z et a l,  1998), although a predominant genotype causing TBM was not 

found in this study. Thirdly, the Vietnamese immune response to ‘Beijing’ M.tb may 

reduce the likelihood o f dissemination to the central nervous s ystem. F urther s tudy i s 

required to address these hypotheses.

In conclusion, this study confirms the importance of diagnosing and treating TBM before 

the onset of coma. In Vietnam, HIV infection is associated with isoniazid and 

streptomycin resistant organisms, but isoniazid resistant M.tb is not associated with 

increased in-hospital mortality. This finding suggests three possible explanations: the 

CSF levels o f isoniazid may still have significant activity against ‘highly resistant’ 

organisms; rifampicin and the other 2 drugs are more active than previously thought; or 

M.tb resistant to isoniazid causes less severe disease. This study supports the use of 

ethambutol over streptomycin in HIV infected adults in Vietnam, but does not support the 

use o f higher dose isoniazid in combination with rifampicin for the routine management 

o f adults with TBM.
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CHAPTER 8

DISCUSSION

The aim o f this thesis was to address three important questions:

1. What is the best method for distinguishing TBM from other central nervous 

system disorders?

2. How does disease pathophysiology relate to treatment and clinical outcome?

3. What other variables influence outcome?

The extent to which these questions have been answered will now be discussed.

8.1 The diagnosis of tuberculous meningitis

The diagnosis o f TBM has exercised physicians ever since it became a treatable disease 

in 1948; and the significant association between early diagnosis, treatment and survival 

accentuates its importance. There are three m ajor impediments to diagnosis. First, the 

presenting clinical features of the disease are non-specific. Second, low concentrations of 

bacilli in the CSF reduce the sensitivity of conventional bacteriology. Third, alternative 

diagnostic methods have n o t b  een properly assessed. These problems are increased in  

settings with limited resources, where most cases o f TBM are seen. Therefore, the answer 

to the first question posed b y  this thesis may be different depending upon where it is 

asked.
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C hapter 3 examines whether TBM can be distinguished from bacterial meningitis 

without the help o f a microbiology laboratory. The results suggest it can: p respective 

assessment of a diagnostic rule based upon the values o f 5 clinical features demonstrated 

86% sensitivity, and 79% specificity.However, the development and use o f these 

algorithms are greatly affected by tuberculosis and HIV prevalence. Co-infection with 

HIV may alter the presenting features of TBM as reported in C hapter 7, and changes the 

spectrum of disorders presenting with similar clinical syndromes. In particular, the 

algorithms were not developed to distinguish TBM from cryptococcal meningitis, a 

common cause of meningitis in HIV-infected individuals. Alternative algorithms need to 

be developed and tested in areas with high prevalence o f HIV infection.

The value o f conventional bacteriology for the diagnosis of TBM is often debated. Old 

reports suggested AFB could be found in nearly every case if  the microscopist was 

prepared to look hard (Stewart SM, 1953), but this has rarely been the experience of 

contemporary laboratories (Garg RK, 1999). Only Kennedy, in more recent times, was 

able to demonstrate that repeated CSF sampling improved the sensitivity o f ZN stain to 

over 80% (Kennedy DH et a l ,  1979). The factors that determine the sensitivity o f 

bacteriology have not been previously examined systematically: C hapter 4 confirms that 

it is possible to make a bacteriological diagnosis of TBM in more than 80% of patients, 

and demonstrates the volume of CSF examined is independently predictive o f either 

seeing or culturing M.tb from the CSF. These are critical data when trying to assess the
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best diagnostic test for TBM and suggest simple methods can dramatically improve the 

performance o f conventional bacteriology.

The value of commercial molecular diagnostic tests for TBM is unclear. Previous 

attempts to clarify the diagnostic role o f NAA have failed because o f low numbers of 

cases and inadequate bacteriological diagnostic comparison. In theory, molecular 

methods should improve upon bacteriology, but the data presented in C hapter 5 and the 

results of a recent meta-analysis suggest otherwise (Pai M et a l ,  2003). These authors 

calculate that the sensitivity from 14 studies (110 CSF specimens from patients with 

TBM) with commercial NAA was 56% (95% Cl 46-66%), and conclude that their overall 

low sensitivity precludes the use of these tests to rule out TBM with certainty. The results 

in this thesis from 79 adults with TBM strengthen this conclusion: the sensitivity o f MTD 

before the start o f treatment was 38% (95% Cl 26-51%). If the results o f previous studies 

using MTD are combined with this result (see Table 5.1), the overall sensitivity and 

specificity of the test is 50% (69/138) (95% Cl 41-58%) and 99% (569/575) (95% Cl 98- 

100%). These data strongly suggest that careful bacteriology is as good, or better, than 

the MTD. However, a combination of ZN stain and MTD on serial samples detected 83% 

of cases (95% Cl 71-92%); and after treatment has started the MTD test retained 

sensitivity for longer than ZN stain or culture, presumably reflecting continued detection 

o f rRNA from non-viable organisms.

In conclusion, in settings without microbiological facilities a diagnostic algorithm based 

on simple clinical features will help distinguish TBM from other severe central nervous

199



Discussion

infections. In all other settings the meticulous microscopy of large volumes o f CSF 

remains the best single diagnostic test. A combination o f careful bacteriology and MTD 

may help in the rapid detection o f over 80% of cases. However, the fatal consequences of 

delayed treatment demand a more sensitive single diagnostic test. Alternative solutions 

will be discussed later.

8.2 The pathophysiology of tuberculous meningitis

The second part of this thesis examined the pathophysiology o f TBM before and after 

starting treatment and defined the variables that influence outcome. The purpose o f this 

section is to bring together the findings and suggest a coherent scheme o f events that lead 

to death or survival.

The pathogenesis o f TBM begins with a bacteraemia secondary to a pulmonary infection. 

Primary progressive pulmonary tuberculosis and HIV infection increase both the duration 

of bacteraemia (Bouza E e t ah, 1993) and the likelihood of disseminated tuberculosis 

(Iseman MD, 2000). Differences in host genetic susceptibility and mycobacterial 

virulence may also govern the probability of dissemination, although these factors have 

not been addressed in this thesis. The clinical onset of the TBM begins with the release of 

M.th into the subarachnoid space from a Rich focus (Rich AR et a l ,  1933). Evidence 

presented in Chapters 4 and 6 suggest that outcome after this event is dependent upon 

the relationship between bacillary load and the host immune response and is best 

predicted by CSF lactate concentration.
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Chapter 4 d emonstrates t hat t he 1 ikelihood o f  s eeing o r  c ulturing M . tb f  rom the CSF 

before treatment w as independently associated w ith larger volumes o f CSF examined, 

longer duration o f preceding symptoms, higher CSF neutrophil counts, lower CSFiblood 

glucose ratios and higher CSF lactate concentrations. Chapter 6 reveals that death was 

associated with three of these five variables in a sub-section o f the same population: CSF 

neutrophil count, glucose ratio, and lactate. The concentrations o f CSF lactate and 

glucose are inversely related to one another and their concentrations reflect the 

degree of tissue hypoxia and anaerobic glycolysis (Fishman R, 1992). As such, they are 

the consequence not the cause of the cerebral pathology. The role o f neutrophils in the 

CSF appears more complex: although higher numbers were indirectly associated with 

more bacilli in the CSF, they were also associated with increased survival. These data 

suggest they may have an important role in a successful inflammatory response to 

cerebral M.th, which is supported by the electron micrographs showing bacilli within the 

phagasomes o f neutrophils. Greater proportions o f CSF neutrophils have been described 

in early disease (Garg RK, 1999), which could account for the association with better 

outcome, but there was no relationship between duration o f symptoms and CSF 

neutrophil counts in these studies.

The cellular CSF response to M.th infection is coordinated by cytokines and chemokines 

(Flynn JL et a l ,  2001). The host response to increasing numbers o f cerebral bacilli 

appears highly compartmentalised, characterised by increased CSF concentrations o f IL- 

8, TNF-a, and IFN-y, with little or none of these molecules detectable in paired plasma.

201



Discussion

Although IL-8, TNF-a, and IFN-y did not correlate directly with outcome, they are all 

significantly correlated with CSF lactate concentration, which suggests they may have a 

concentration dependent effect upon immune activation and cerebral inflammation. 

However, there was no correlation between CSF concentration o f IL-8 (a potent 

neutrophil chemo-attractant) and CSF neutrophil numbers. Only CSF XL-10 

concentrations were significantly correlated with CSF cellular response.

The conclusions drawn from Chapter 6 are limited. CSF may not accurately reflect 

disease at the site o f infection, or the concentrations of cytokines their biological activity. 

These types o f studies would b e  improved b y  attempting to  correlate changes in  CSF 

inflammatory molecules with serial MRI documenting macroscopic brain parenchymal 

changes such as infarction, tuberculoma formation, and hydrocephalus. Figure 8.1 

presents an overview o f the pathogenesis of TBM and highlights variables o f proven and 

speculative prognostic importance addressed in this thesis. Unfortunately, these and 

previous studies do not suggest novel rational interventions aimed at modifying critical 

aspects of disease pathogenesis.

8.3 Other variables that influence prognosis

Early treatment with standard anti-tuberculosis drugs remains the largest contribution a 

physician can make to improve outcome. The severity o f coma on admission proved to be 

independently predictive of death (OR 0.73, 95% Cl 0.61-0.87, p=0.001), although the 

duration o f illness before admission did not correlate with coma score or outcome.
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This may be because the relatives of comatose patients (on whom the physicians must 

rely for the history) underestimate the length of symptoms. Alternatively, there may be 

more virulent strains o f M.tb that cause more rapidly progressive disease; or some people 

may be more susceptible to rapid disease progression than others. Chapter 7 suggests the 

first explanation is less likely as no relationship was observed between spoligotype and 

duration of symptoms and outcome. However, the numbers o f isolates in this study was 

small, and evidence is accumulating that suggest different strains o f M.tb are capable o f 

producing different clinical phenotypes (Manabe YC  et a l ,  2003). Future studies aimed 

at investigating this possibility will be discussed later.

The influence o f host susceptibility on TBM progression and outcome is poorly defined, 

even with respect to co-infection with HIV. Chapter 7 reports that adults with HIV and 

TBM presented with lower numbers of white cells in their blood and CSF and were more 

likely to be infected with M.tb resistant to streptomycin and/or isoniazid. These findings 

have implications for diagnosis and treatment: low or even absent white cells in the CSF 

may mask the diagnosis of TBM in HIV infected individuals, and the likelihood of 

resistant organisms suggest alternative drugs should be considered in this population. 

However, HIV infection and/or isoniazid/streptomycin resistance did not alter in-hospital 

mortality. This is surprising, particularly when data in Chapter 4 suggests adults with 

HIV have greater numbers of CSF bacilli, and Chapter 5 shows resistance to 

isoniazid/streptomycin slows bacterial clearance from the CSF. These findings must be
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confirmed by larger studies with longer follow-up (at least 9 months from start of 

treatment).

8.4 Future directions

8.4.1 Diagnosis: alternative strategies

This thesis shows novel approaches to the diagnosis of TBM are still required, although 

their development cannot be divorced from the settings in which they are most needed i.e. 

the developing world. Suitable tests must be cheap, easy to perform and must have 

reagents with long shelf lives that do not require refrigeration. However, these 

specifications should not hinder research and development o f new assays: commercial 

kits can simplify techniques, costs may reduce and laboratories may improve. The most 

potent reason for few new diagnostic tests for TBM is their lack o f commercial 

possibility: the populations that need them most can afford them least.

But this may change. Increased global concern regarding pulmonary tuberculosis has lead 

to the development of several new diagnostic assays, which could be adapted for use on 

CSF. The identification o f immunodominant antigens such as ESAT-6 and antigen 85A/B 

have suggested novel diagnostic assays for the detection o f  tuberculosis infection. A n 

enzyme-linked immunospot (ELISPOT) assay for IFN-y identified ESAT-6-specific T 

cells in the blood as an accurate marker o f M.tb infection (Lalvani A et a l ,  2001). A 

commercial whole-blood assay has been developed to detect IFN-y production to this and 

other antigens that may be more appropriate for use in resource-limited settings
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(Johnson PD et a l ,  1999). It is not known whether either o f these methods could be 

successfully adapted for use on CSF. The low numbers o f lymphocytes in the CSF would 

necessitate taking large (>5mls) volumes of CSF to obtain sufficient cells, which would 

be impossible in some cases (particularly children) and reduce the likelihood of 

bacteriological diagnostic confirmation in most others. It is also unclear whether these 

assays can distinguish between past infection and current disease, which could be a 

problem in areas o f high tuberculosis prevalence.

The detection o f various M.tb antigens in the CSF by ELISA has a short history that 

deserves revisiting (Mathai A et a l,  1994; Radhakrishnan VV et a l ,  1990; Sada E et a l,  

1983; Watt G et a l ,  1988). New possibilities stem from the complete sequencing o f the 

M.tb genome (Cole ST et a l ,  1998), which offers a unique opportunity to identify novel 

diagnostic targets. The availability of this sequence enables screening of complete protein 

families that contain immunodominant molecules, such as ESAT-6 (Louise R et a l,  

2001). Subcellular protein fractions o f M.tb can be resolved by two-dimensional liquid 

phase electrophoresis, and particular fractions isolated that stimulate dominant T cell 

responses. Individual proteins can be identified within these fractions and their DNA 

sequence predicted (Covert BA et a l,  2001). This ‘post-genomic’ approach has not yet 

been employed upon the CSF from patients with TBM, and may identify novel detectable 

antigens. In addition, the growing availability of monoclonal antibodies to a range of 

M.tb antigens and peptides will improve the specificity o f these assays.
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Immunodominant antigens, identified by the methods described above, may not be 

secreted in the CSF in sufficient concentrations to enable consistent detection by ELISA, 

and other molecules and methods o f detection should be considered. There are 

inconclusive reports suggesting that tuberculosteric acid, a component o f M.tb cell wall, 

can be detected by gas-liquid chromatography o f CSF from patients with TBM (Brooks 

IB et a l ,  1990). Advances in analytic techniques, for example liquid chromatography -  

mass spectroscopy, suggest these methods may now be capable o f identifying and 

consistently detecting molecules unique to the CSF of those with TBM a t pico-molar 

concentrations. Although these methods are a long way from incorporation into the 

conventional diagnostic laboratory, they deserve further investigation.

Recently, bacteriophages have been used to identify M.tb in sputum, and to assess drug 

susceptibility (Banaiee N et a l,  2001; Banaiee N et a l ,  2003; Park DJ et a l ,  2003; 

Wilson SM et a l,  1997). Two methods are described. The first uses a phage carrying the 

firefly luciferase gene that infects viable M.tb labelling it with the ability to produce light 

(Banaiee N et a l, 2001). The second uses a phage that infects viable M.tb, and can be 

transferred to infect a plate of fast-growing mycobacteria causing visible areas o f lysis 

(Wilson SM et a l ,  1997). The considerable advantage of the later method is that it does 

not require special laboratory equipment and may be better suited to resource-poor 

settings. Field trials have suggested that this assay performs well in specimens other than 

sputum (Marei AM et a l ,  2003), although there are no reports o f its use on CSF.

207



Discussion

It remains to be seen whether this assay has sufficient sensitivity to detect the small 

numbers o f bacilli found in the CSF.

8.4.2 Pathophysiology and outcome: what can we improve?

Improving outcome from TBM remains a major priority and one that has yet to be 

properly addressed. Prevailing dogma suggests that poor prognosis results from an 

inappropriate immune response within the confined space o f the brain. As discussed 

earlier, the evidence to support this view is poor. Animal models have suggested an 

important role for TNF-a (Tsenova L et a l,  1999), and demonstrated improved outcome 

following TNF-a inhibition by thalidomide (Tsenova L et a l ,  1998). However, like 

previous reports, this thesis was unable to confirm a relationship between CSF TNF-a 

concentration and outcome in humans, although concentration in the CSF may have little 

relation to biological activity at the site o f disease. U se o f  adjunctive thalidomide (in  

addition to corticosteroids) in humans has been reported with inconclusive results 

(Schoeman JF et a l ,  2000; Roberts MT et a l,  2003) and has yet to be subject to a 

controlled trial.

Despite poor understanding o f the pathogenesis of TBM, physicians continue to advocate 

adjuvant corticosteroids in the face of meagre data from clinical trials. Putative 

mechanisms o f action o f corticosteroids in this setting include down regulation o f T-cell 

functioning; regulation of a range of cytokines; and impairing the blood-brain barrier 

dysfunction via interference with cell adhesion, migration, and matrix metalloproteinase
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activity. A large, randomised controlled trial is urgently required, in parallel with studies 

assessing the effect o f corticosteroid upon CSF cellular phenotypes (by flow cytometry), 

cytokine expression and blood-brain barrier integrity. If  an adequately powered clinical 

trial demonstrates an impact upon outcome, CSF studies might clarify how 

corticosteroids alter pathogenesis and identify new molecules o f prognostic importance. 

These studies are currently being performed at HTD, but further investigations could 

consider techniques employed by those investigating the pathogenesis o f multiple 

sclerosis, a common inflammatory disease o f the developed world. In particular, cDNA 

micro arrays have been employed for gene-expression analysis o f peripheral blood 

mononuclear cells from patients treated with different immunomodulatory drugs. Using 

these methods, several genes involved in innate and specific immune responses have 

been identified that are potential effector targets for the drugs on trial for this disease 

(predominantly interferon beta) (Wandinger KP et a l ,  2001; Wandinger KP et a l ,  2003). 

A similar approach could be adopted with TBM, exploring potentially important genes in 

pathogenesis by using host cDNA micro arrays of mononuclear cells from blood and CSF 

taken over the course of treatment with corticosteroids, or other candidate drugs such as 

thalidomide.

Imaging techniques promise complementary insights into disease pathogenesis, in 

particular on the development and response to treatment of infarctions, tuberculomas, and 

hydrocephalus. MRI is increasingly available, and serial scans on consecutive patients 

would offer much valuable data regarding the timing, typical anatomical locations, and
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resolution o f these complications. Doppler ultra-sound studies have been used to assess 

the nature and extent of TBM-related cerebral vasculopathy (Kilic T et a l , 2002), but 

magnetic resonance angiography (MRA) would provide greater resolution and allow 

arterial changes to be studied in anatomically defined areas. The techniques o f functional 

MRI and single photon emission computorised tomography (SPECT) may provide further 

data regarding regional cerebral blood flow, perfusion and parenchymal metabolic 

activity (Kalita J et a l ,  2002). These techniques could provide a powerful way of 

investigating TBM pathogenesis and assessing response to novel interventions, 

particularly if  used in conjunction with the molecular and cellular investigations 

described above.

Future research should also be directed at investigating why some patients infected with 

M.tb develop meningitis, and others do not. There may be  genetic and  environmental 

reasons why some patients are more susceptible to this form of the disease (Bloom BR et 

a l,  1998). Alternatively, there may be strains o f M.tb that are more likely to cause 

cerebral infection, and this possibility is explored in C hapter 7. There is however, very 

little information on the molecular characteristics of M.tb strains associated with different 

clinical phenotypes or outcomes. Although large numbers of isolates would be required, 

it may be possible to compare strains o f M.tb from the CSF and lung by RFLP, 

spoligotyping o r  mycobacterial interspersed repeat units (MIRU) typing (Barnes PF et 

a l,  2003), and identify certain strains more commonly isolated from the CSF or the lung. 

The biological characteristics o f these organisms could be further characterised by
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comparing disease phenotype in animal models, infection characteristics in 

macrophage/monocyte cell lines, and M.tb gene expression in different environments by 

micro array.

The outcome o f future patients with TBM is threatened by increasing M.tb resistance to 

the first-line anti-tuberculosis drugs. Although the impact o f isoniazid and/or 

streptomycin on outcome is uncertain, the treatment of multi-drug resistant TBM is 

severely impaired by the high likelihood o f death before the results o f susceptibility tests 

are known (Daikos GL et a l ,  2003). Two areas require urgent further investigation: the 

rapid prediction or detection of resistant M.tb in the CSF, and the CSF pharmacokinetcs 

and pharmacodynamics of second line drugs.

Conventional drug susceptibility testing takes too long to be clinically relevant for TBM, 

therefore alternative methods need to be considered. It may be possible to develop 

clinical algorithms to predict the likelihood o f drug resistant M.tb based upon admission 

data, CSF parameters, and clinical response over the first 3-5 days o f ATC. These 

algorithms may be good at assessing the chance o f resistance in a given community, but 

are unlikely to have sufficient sensitivity and specificity to be used alone and in different 

populations. NAA assays have been developed that detect mutations in the M.tb rpoB 

gene that predict phenotypic rifampicin resistance (Mokrousov I et a l ,  2003). Lone 

rifampcin is rare in most settings and is usually found in combination with isoniazid 

resistance. Therefore, this assay has been shown to be useful in the early prediction of 

multi-drug resistant pulmonary disease (Johansen IS et a l ,  2003). The sensitivity and
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specificity of the assay for the diagnosis o f rifampicin resistant TBM is unknown, and 

requires investigation. Phage based systems for rapid drug susceptibility testing, as 

described above, are unlikely to be useful as they currently require mycobacterial 

populations that may take 1-2 weeks to cultivate from CSF.

Finally, the treatment o f drug resistant tuberculosis presents an enormous challenge to 

future researchers. It is not clear which drugs constitute the best second line drug regimen 

and there are no published controlled trials addressing this issue for any form of 

tuberculosis (Frieden TR et a l,  2003). The treatment o f drug resistant TBM is made 

especially difficult, as any potential drug must also penetrate the BBB. Fluoroquinolones 

are bactericidal for M.tb (Beming SE, 2001) and WHO recommends them for the 

treatment of multi-drug resistant pulmonary tuberculosis (Crofton J et a l ,  1997), but their 

use in TBM is restricted to case reports (Beming SE et a l ,  2001). Data regarding CSF 

penetration and pharmacokinetics are scant (Fish DN et a l ,  1997; Nan R et a l ,  1990) and 

it is uncertain which fluoroquinolone represents the best dmg for treating TBM. The CSF 

pharmacokinetics and pharmacodynamics of ciprofloxacin, levofloxacin, gatifloxacin and 

moxifioxacin requires investigation before randomised controlled trials can be proposed. 

Limitations on the firequency of lumbar punctures suggest these studies should employ 

population pharmacokinetic designs and analysis. These techniques allow the variability 

in dmg concentration or pharmacological effect to be studied between individuals when 

standard dosage regimens are administered, and are especially suited to the type o f sparse 

data TBM CSF studies may produce (Sun H et a l,  1999).
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8.5 Concluding comments

The outcome from TBM has not improved since the introduction of isoniazid in 1952, 

and neither have diagnostic methods. This thesis suggests simple clinical methods are 

useful, but on its 120* anniversary, the Ziehl-Neelsen stain remains the best available 

single diagnostic test for TBM. Laboratories with the most money and time should 

consider the combined p erformance o f  meticulous b acteriology and M TD on  repeated 

samples, as this approach detected the most cases. Laboratories with fewer resources 

could identify patients who most warrant this approach by clinical diagnostic algorithms. 

This thesis has shown that treatment early in the disease before the onset o f coma is the 

best way to prevent death, but the pathogenesis o f TBM remains elusive. CSF lactate is 

an important CSF marker of disease severity and bacterial load, and neutrophils may have 

an important and hitherto unreported protective role, but the cellular and molecular 

response to infection requires greater characterisation.

Further research is urgently required to evaluate the diagnostic role o f new antigen and 

phage-based assays; to confirm or refute the value o f adjunctive corticosteroids; to 

identify new drugs for the treatment of resistant M.tb\ and to identify the mechanisms o f 

disease that may be amenable to novel interventions. I f  these problems are not addressed 

the outcome o f patients admitted to the Hospital for Tropical Diseases in Ho Chi Minh 

City and elsewhere will not improve for another 50 years.

213



REFERENCES

Aderka D, Engelmann H, Maor Y, Brakebusch C and Wallach D. 1992. Stabilization o f 

the bioactivity of tumor necrosis factor by its soluble receptors. J  Exp Med, 175, 323-9.

Afghani B, Leiberman, J.M. 1994. Paradoxical enlargement or development of 

intracranial tuberculomas during therapy: case report and review. Clin Infect Dis, 19, 

1092-1099

Ahuja GK, Mohan KK, Prasad K and Behari M. 1994. Diagnostic criteria for tuberculous 

meningitis and their validation. Tuber Lung Dis, 75, 149-52.

Akalin H, Akdis AC, Mistik R, Helvaci S and Kilicturgay K. 1994. Cerebrospinal fluid 

interleukin-1 beta/interleukin-1 receptor antagonist balance and tumor necrosis factor- 

alpha concentrations in tuberculous, viral and acute bacterial meningitis. Scand J  Infect 

Dis, 26, 667-74

Anderson DG and Jewell M. 1945. The absorption, excretion and toxicity of 

streptomycin in man. N E nglJM ed , 233, 485-491

Andrew OT, Schoenfeld PY, Hopewell PC and Humphreys MH. 1980. Tuberculosis in 

patients with end-stage renal disease. Am JM ed, 68, 59-65.

214



References

Anh DD, Borgdorff MW, Van LN, Lan NT, van Gorkom T, Kremer K and van Soolingen 

D. 2000. Mycobacterium tuberculosis Beijing genotype emerging in Vietnam. Emerg 

Infect Dis, 6, 302-5.

Arvanitakis Z, Long RL, Hershfield ES, Manfreda J, Kabani A, Kunimoto D and Power 

C. 1998. M. tuberculosis molecular variation in CNS infection: evidence for strain- 

dependent neuro virulence. Aewro/ogy, 50, 1827-32.

Ashby M and Grant H. 1955. Tuberculous meningitis treated with cortisone. Lancet, 1, 

65-66

ATS. 1990. American Thoracic Society. Diagnostic standards and classification of 

i\IbQXC\x\oûs. Am Rev Respir Dis, 142, 725-35.

ATS. 1994. Treatment o f tuberculosis and tuberculosis infection in adults and children. 

American Thoracic Society. Am JRespir Crit Care Med, 149, 1359-1374.

Baker CA, Cartwright CP, Williams DN, Nelson SM and Peterson PK. 2002. Early 

detection o f central nervous system tuberculosis with the gen- probe nucleic Acid 

amplification assay: utility in an inner city hospital. Clin Infect Dis, 35, 339-42.

Balasubramanian V, Wiegeshaus EH, Taylor BT and Smith DW. 1994. Pathogenesis of 

tuberculosis: pathway to apical localization. Tuber Lung Dis, 75, 168-78.

215



References

Banaiee N, Bobadilla-Del-Valle M, Bardarov S, Jr., Riska PF, Small PM, Ponce-De-Leon 

A, Jacobs WR, Jr., Hatfull GF and Sifuentes-Osomio J. 2001. Luciferase reporter 

mycobacteriophages for detection, identification, and antibiotic susceptibility testing of 

Mycobacterium tuberculosis in Mexico. J  C/m Microbiol, 39, 3883-8

Banaiee N, Bobadilla-del-Valle M, Riska PF, Bardarov S, Jr., Small PM, Ponce-de-Leon 

A, Jacobs WR, Jr., Hatfull GF and Sifuentes-Osomio J. 2003. Rapid identification and 

susceptibility testing of Mycobacterium tuberculosis from MGIT cultures with luciferase 

reporter mycobacteriophages. 52, 557-61

Barclay WR, Ebert RH, LeRoy GV, Manthei RW and Roth LJ. 1953. Distribution and 

excretion o f radioactive isoniazid in tuberculosis patients. Jama, 151, 1384-1388

Barnes PF and Cave MD. 2003. Molecular epidemiology o f tuberculosis. N  Engl J  Med, 

349, 1149-56

Baro M, Acevedo L and Lagos ME. 1996. [Usefulness o f adenosine deaminase 

determination in cerebrospinal fluid for the diagnosis of meningeal tuberculosis: 4 years 

experience at a public hospital]. Rev Med Chil, 124, 319-26.

Bellamy R, Ruwende C, Corrah T, McAdam KP, Whittle HC and Hill AV. 1998. 

Variations in the NRAMPl gene and susceptibility to tuberculosis in West Africans. N  

EnglJM ed, 338, 640-4.

216



References

Berenguer J, Moreno S, Laguna F, Vicente T, Adrados M, Ortega A, Gonzalez-LaHoz J 

and Bouza E. 1992. Tuberculous meningitis in patients infected with the human 

immunodeficiency virus. N  Engl JM ed, 326, 668-72.

Bergmann JS, Yuoh G, Fish G and Woods GL. 1999. Clinical evaluation o f the enhanced 

Gen-Probe Amplified Mycobacterium Tuberculosis Direct Test for rapid diagnosis o f 

tuberculosis in prison inmates. J  C/m Microbiol, 37, 1419-25.

Bemheim F. 1941. The effect o f salicylate on the oxygen uptake o f the tubercle bacillus. 

Science, 92, 204

Beming SE. 2001. The role o f fluoroquinolones in tuberculosis today. Drugs, 61, 9-18

Beming SE, Cherry TA and Iseman MD. 2001. Novel treatment o f meningitis caused by 

multidmg-resistant Mycobacterium tuberculosis with intrathecal levofloxacin and 

amikacin: case report. Clin Infect Dis, 32, 643-6.

Bhargava S, Gupta AK and Tandon PN. 1982. Tuberculous meningitis—a CT study. B r J  

Radiol, 55, 189-96.

Bidstmp C, Andersen PH, Skinhoj P and Andersen AB. 2002. Tuberculous meningitis in 

a country with a low incidence of tuberculosis: still a serious disease and a diagnostic 

challenge. Scand J  Infect Dis, 34, 811-4

217



References

Bishburg E, Sunderam G, Reichman LB and Kapila R . 1986. Central n ervous s ystem 

tuberculosis with the acquired immunodeficiency syndrome and its related complex. Ann 

Intern Med, 105, 210-3.

Bloom BR and Small PM. 1998. The evolving relation between humans and 

Mycobacterium tuberculosis. N E ngl JM ed, 338, 677-8.

Bobrowitz ID. 1972. Ethambutol in tuberculous meningitis. Chest, 61, 629-32.

Bonington A, Strang JI, Klapper PE, Hood SV, Parish A, Swift PJ, Damba J, Stevens H, 

Sawyer L, Potgieter G, Bailey A and Wilkins EG. 2000. TB PCR in the early diagnosis of 

tuberculous meningitis: evaluation of the Roche semi-automated COB AS Amplicor MTB 

test with reference to the manual Amplicor MTB PCR test. Tuber Lung Dis, 80, 191-6

Bonington A, Strang JI, Klapper PE, Hood SV, Rubombora W, Penny M, Willers R and 

Wilkins EG. 1998. Use o f Roche AMPLICOR Mycobacterium tuberculosis PCR in early 

diagnosis o f tuberculous meningitis. J  C/m Microbiol, 36, 1251-4.

Bouza E, Diaz-Lopez MD, Moreno S, Bemaldo de Quiros JC, Vicente T and Berenguer 

J. 1993. Mycobacterium tuberculosis bacteremia in patients with and without human 

immunodeficiency virus infection. Arch Intern Med, 153, 496-500

Brienze VM, Tonon AP, Pereira FJ, Liso E, Tognola WA, dos Santos MA and Ferreira 

MU. 2001. Low sensitivity of polymerase chain reaction for diagnosis o f tuberculous 

meningitis in southeastern Brazil. Rev Soc Bras Med Trop, 34, 389-93.

218



References

Brock TD. 1988. In Robert Koch. A life in Medicine and Bacteriology. American Society 

for Microbiology. New York.

Brooks JB, Daneshvar MI, Haberberger RL and Mikhail lA. 1990. Rapid diagnosis of 

tuberculous meningitis by frequency-pulsed electron- capture gas-liquid chromatography 

detection o f carboxylic acids in cerebrospinal fluid. J  Clin Microbiol, 28, 989-97.

Brouet G, Roussel, G. 1977. Méthodologie globale et synthèse des resultants. Essai 

6.9.12. Rev Fr M al Respir, 5 (suppl 1), 5-13

Brown HC, Chau TT, Mai NT, Day NP, Sinh DX, White NJ, Hien TT, Farrar J and 

Turner GD. 2000. Blood-brain barrier function in cerebral malaria and CNS infections in 

YiQXxvàm. Neurology, 55, 104-11.

BTS. 1998. Chemotherapy and management of tuberculosis in the United Kingdom: 

recommendations 1998. Joint Tuberculosis Committee o f the British Thoracic Society. 

Thorax, 53, 536-48.

Bullock MR and Welchman JM. 1982. Diagnostic and prognostic features of tuberculous 

meningitis on CT sc2camng. J  Neurol Neurosurg Psychiatry, 45, 1098-101.

Cave AJE. 1939. The evidence for the incidence o f spinal tuberculosis in ancient Eygpt. 

British Journal o f  Tuberculosis, 33, 142

219



References

Caws M, Wilson SM, Clough C and Drobniewski F. 2000. Role o f IS6110-targeted PCR, 

culture, biochemical, clinical, and immunological criteria for diagnosis o f tuberculous 

meningitis. /  C/m Microbiol, 38, 3150-5.

CDC. 1998. Prevention and treatment of tuberculosis among patients infected with 

human immunodeficiency virus: principles of therapy and revised recommendations. 

Morb Mortal Wkly Rep, 47 (No. RR-20), 1-58

Chandramuki A, Lyashchenko K, Kumari HB, Khanna N, Brusasca P, Gourie-Devi M, 

Satishchandra P, Shankar SK, Ravi V, Alcabes P, Kanaujia GV and Gennaro ML. 2002. 

Detection of antibody to Mycobacterium tuberculosis protein antigens in the 

cerebrospinal fluid of patients with tuberculous meningitis. J  Infect Dis, 186, 678-83.

Chaves F, Dronda F, Alonso-Sanz M and Noriega AR. 1999. Evidence o f exogenous 

reinfection and mixed infection with more than one strain o f Mycobacterium tuberculosis 

among Spanish HIV-infected inmates. Aids, 13, 615-20.

Chedore P and Jamieson FB. 2002. Rapid molecular diagnosis o f tuberculous meningitis 

using the Gen-probe Amplified Mycobacterium Tuberculosis direct test in a large 

Canadian public health laboratory. Int J  Tuberc Lung Dis, 6, 913-9.

Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg HV and Mosteller 

F. 1994. Efficacy o f BCG vaccine in the prevention of tuberculosis. Meta- analysis o f the 

published literature. Jama, 271, 698-702.

220



References

Cole ST, Brosch R, Parkhill J, Gamier T, Churcher C, Harris D, Gordon SV, Eiglmeier 

K, Gas S, Barry CE, 3rd, Tekaia F, Badcock K, Basham D, Brown D, Chillingworth T, 

Connor R, Davies R, Devlin K, Feltwell T, Gentles S, Hamlin N, Holroyd S, Homsby T, 

Jagels K, Barrell BG and et al. 1998. Deciphering the biology o f Mycobacterium 

tuberculosis from the complete genome sequence. Nature, 393, 537-44.

Collins CH, Grange JM and Yates MD. 1997. In Tuberculous Bacteriology: Organisation 

and Practice. Butterworth-Heinemann. Oxford.

Collins DM, Kawakami RP, de Lisle GW, Pascopella L, Bloom BR and Jacobs WR, Jr. 

1995. Mutation of the principal sigma factor causes loss of vimlence in a strain of the 

Mycobacterium tuberculosis complex. Proc Natl Acad Sci U S A ,  92, 8036-40.

Coninx R, Mathieu C, Debacker M, Mirzoev F, Ismaelov A, de Haller R and Meddings 

DR. 1999. First-line tuberculosis therapy and dmg-resistant Mycobacterium tuberculosis 

in prisons. Lancet, 353, 969-73.

Coovadia YM, Dawood A, Ellis ME, Coovadia HM and Daniel TM. 1986. Evaluation of 

adenosine deaminase activity and antibody to Mycobacterium tuberculosis antigen 5 in 

cerebrospinal fluid and the radioactive bromide partition test for the early diagnosis of 

tuberculosis meningitis. Arch Dis Child, 61, 428-35.

Covert BA, Spencer JS, Orme IM and Belisle JT. 2001. The application o f proteomics in 

defining the T cell antigens o f Mycobacterium tuberculosis. Proteomics, 1, 574-86

221



References

Crofton J. 1958. Sputum conversion and the metabolism of isoniazid. Am Rev Respir Dis, 

77, 869-871

Daikos GL, Cleary T, Rodriguez A and Fischl MA. 2003. Multidrug-resistant tuberculous 

meningitis in patients with AIDS. Int J  Tuberc Lung Dis, 7, 394-8

Dannenberg AM, Jr. 1991. Delayed-type hypersensitivity and cell-mediated immunity in 

the pathogenesis o f tuberculosis. Immunol Today, 12, 228-33.

Dastur DK, Manghani DK and Udani PM. 1995. Pathology and pathogenetic mechanisms 

in neurotuberculosis. Radiol Clin North Am, 33, 733-52.

Davis LE, Rastogi KR, Lambert LC and Skipper BJ. 1993. Tuberculous meningitis in the 

southwest United States: a community- based study. Neurology, 43, 1775-8.

De Cock KM, Soro B, Coulibaly IM and Lucas SB. 1992. Tuberculosis and HIV 

infection in sub-Saharan Africa. JAMA, 268, 1581-7.

de March-Ayuela P. 1994. Trend in tuberculous meningitis in Barcelona in children aged 

0-4 years: correlation with the annual risk of tuberculous infection. Tuber Lung Dis, 75, 

423-8.

Di Perri G, Cruciani M, Danzi MC, Luzzati R, De Checchi G, Malena M, Pizzighella S, 

Mazzi R, Solbiati M, Concia E and et al. 1989. Nosocomial epidemic o f active 

tuberculosis among HIV-infected patients. Lancet, 2, 1502-4.

222



References

Dieli F, Sireci G, Di Sano C, Champagne E, Fournie JJ and Salerno JI. 1999. 

Predominance o f Vgamma9Wdelta2 T lymphocytes in the cerebrospinal fluid of children 

with tuberculous meningitis: reversal after chemotherapy. Mol Med, 5, 301-12.

D'Oliveira JJ. 1972. Cerebrospinal fluid concentrations o f rifampin in meningeal 

tuberculosis. Am Rev Respir Dis, 106, 432-7.

Donald PR, Gent WL, Seifart HI, Lamprecht JH and Parkin DP. 1992. Cerebrospinal 

fluid isoniazid concentrations in children with tuberculous meningitis: the influence of 

dosage and acétylation status. Pediatrics, 89, 247-50.

Donald PR, Schoeman JF, Beyers N, Nel ED, Carlini SM, Olsen KD and McCracken 

GH. 1995. Concentrations of interferon gamma, tumor necrosis factor alpha, and 

interleukin-1 beta in the cerebrospinal fluid of children treated for tuberculous meningitis. 

Clin Infect Dis, 21, 924-9.

Donald PR, Schoeman JF, Van Zyl LE, De Villiers JN, Pretorius M and Springer P. 

1998. Intensive short course chemotherapy in the management o f tuberculous meningitis. 

Int J  Tuberc Lung Dis, 2, 704-11.

Donald PR and Seifart H. 1988. Cerebrospinal fluid pyrazinamide concentrations in 

children with tuberculous meningitis. Pediatr Infect Dis J, 7, 469-71.

Donald PR and Seifart HI. 1989. Cerebrospinal fluid concentrations o f ethionamide in 

children with tuberculous meningitis. J  Pediatr, 115, 483-6.

223



References

Donald PR, Victor TC, Jordaan AM, Schoeman JF and van Helden PD. 1993. 

Polymerase chain reaction in the diagnosis o f tuberculous meningitis. Scand J  Infect Dis, 

25, 613-7

Dooley DP, Carpenter JL and Rademacher S. 1997. Adjunctive corticosteroid therapy for 

tuberculosis: a critical reappraisal o f the literature. Clin Infect Dis, 25, 872-87.

Doster B, Murray FJ, Newman R and Woolpert SF. 1973. Ethambutol in the initial 

treatment o f pulmonary tuberculosis. Am Rev Respir Dis, 107, 177-90

Dube MP, Holtom PD and Larsen RA. 1992. Tuberculous meningitis in patients with and 

without human immunodeficiency virus infection. Am JM ed, 93, 520-4.

Ehlers S, Ignatius R, Regnath T and Hahn H. 1996. Diagnosis o f extrapulmonary 

tuberculosis by Gen-Probe amplified Mycobacterium tuberculosis direct test. J  Clin 

Microbiol, 34, 2275-9.

Ehrlich P. 1882. Modification der von Koch angegbene methode der farbung von 

tuberkelbacillen. Deutsche Medizinische Wochenschrift, 8, 269-270

Ellard GA, Humphries MJ and Allen BW. 1993. Cerebrospinal fluid drug concentrations 

and the treatment o f tuberculous meningitis. Am Rev Respir Dis, 148, 650-5.

Ellard GA, Humphries MJ, Gabriel M and Teoh R. 1987. Penetration o f pyrazinamide 

into the cerebrospinal fluid in tuberculous meningitis. Br Med J  (Clin Res Ed), 294, 284- 

5.

224



References

Elmendorf DF, Cawthom WU, Muschenheim C and McDermott W. 1952. The 

absorption, distribution, excretion and short term toxicity of isonicotinic acid bydrazide 

(Nydrazid) in man. Am Rev Tuberc, 65, 429-442

El-Naggar A and Higasbi GL 1981. Tuberculous meningitis: E-rosette-forming T 

lymphocytes in cerebrospinal fluid. Neurology, 31, 610-2.

Escobar JA, Belsey MA, Duenas A and Medina P. 1975. Mortality from tuberculous 

meningitis reduced by steroid therapy. 56, 1050-5.

Espinal MA, Laszlo A, Simonsen L, Boulabbal F, Kim SJ, Reniero A, Hoffher S, Rieder 

HL, Binkin N, Dye C, Williams R and Raviglione MC. 2001. Global trends in resistance 

to antituberculosis drugs. World Health Organization-International Union against 

Tuberculosis and Lung Disease Working Group on Anti-Tuberculosis Drug Resistance 

SmwQiWdincQ. N  E n g lJ  Med, 344, 1294-303.

Farer LS, Lowell AM and Meador MP. 1979. Extrapulmonary tuberculosis in the United 

States. Am JEpidemiol, 109, 205-17.

Farinha NJ, Razali KA, Holzel H, Morgan G and Novelli VM. 2000. Tuberculosis o f the 

central nervous system in children: a 20-year survey. J  Infect, 41, 61-8.

Farmer P. 2001. The major infectious diseases in the world—to treat or not to treat? N  

EnglJM ed, 345, 208-10.

225



References

Feigin RD and Shackelford PG. 1973. Value o f repeat lumbar puncture in the differential 

diagnosis o f meningitis. N  E n g lJ  Med, 289, 571-4.

Filley E A and Rook G A. 1991. Effect o f  mycobacteria on  s ensitivity to  the  cytotoxic 

effects o f tumor necrosis factor. Infect Immun, 59, 2567-72.

Fine PE and Small PM. 1999. Exogenous reinfection in tuberculosis. N  Engl J  Med, 341, 

1226-7.

Fish DN and Chow AT. 1997. The clinical pharmacokinetics o f levofloxacin. Clin 

Pharmacokinet, 32, 101-19.

Fishman R. 1992. In Cerebrospinal flu id  in diseases o f  the nervous system, p 183-252. 

W.B. Saunders. Philadelphia, USA.

Flynn JL and Chan J. 2001. Immunology of tuberculosis. Annu Rev Immunol, 19, 93-129

Flynn JL, Goldstein MM, Chan J, Triebold KJ, Pfeffer K, Lowenstein CJ, Schreiber R, 

Mak TW and Bloom BR. 1995. Tumor necrosis factor-alpha is required in the protective 

immune response against Mycobacterium tuberculosis in mice. Immunity, 2, 561-72.

Folgueira L, Delgado R, Palenque E and Noriega AR. 1994. Polymerase chain reaction 

for rapid diagnosis o f tuberculous meningitis in AIDS patients. Neurology, 44, 1336-8.

Forgan-Smith R, Ellard GA, Newton D and Mitchison DA. 1973. Pyrazinamide and other 

drugs in tuberculous meningitis. Lancet, 2, 374.

226



References

Foulds J and O'Brien R. 1998. New tools for the diagnosis o f tuberculosis: the 

perspective o f developing countries. Int J  Tuberc Lung Dis, 2, 778-83.

Fox W. 1981. Whither short-course chemotherapy? B r J Dis Chest, 75, 331-57.

Fox W , E Hard G A a nd M itchison DA. 1999. Studies on  the t reatment o f t  uberculosis 

undertaken by the British Medical Research Council Tuberculosis Units, 1946-1986, with 

relevant subsequent publications. Int J  Tuberc Lung Dis, 3(10), S231-279

Fox W and Sutherland I. 1956. A five year assessment of patients in a controlled trial of 

streptomycin, para-aminosalicylic acid, and streptomycin plus para-aminosalicylic acid, 

in pulmanoary tuberculosis. Quarterly Journal o f  Medicine, 25, 221-243

Frieden TR, Sterling TR, Munsiff SS, Watt CJ and Dye C. 2003. Tuberculosis. Lancet, 

362,887-99

Gajalakshmi V, Peto R, Kanaka TS and Jha P. 2003. Smoking and mortality from 

tuberculosis and other diseases in India: retrospective study o f 43000 adult male deaths 

and 35000 controls. Lancet, 362, 507-15

Gambhir IS, Mehta M, Singh DS and Khanna HD. 1999. Evaluation o f CSF-adenosine 

deaminase activity in tubercular meningitis. J  Assoc Physicians India, 47, 192-4.

227



References

Gamboa F, Fernandez G, Padilla E, Manterola JM, Lonca J, Cardona PJ, Matas L and 

Ausina V. 1998. Comparative evaluation o f initial and new versions o f the Gen-Probe 

Amplified Mycobacterium Tuberculosis Direct Test for direct detection of 

Mycobacterium tuberculosis in respiratory and nonrespiratory specimens. J  Clin 

Microbiol, 36, 684-9.

Gamboa F, Manterola JM, Lonca J, Vinado B, Matas L, Gimenez M, Manzano JR, 

Rodrigo C, Cardona PJ, Padilla E, Dominguez J and Ausina V. 1997a. Rapid detection of 

Mycobacterium tuberculosis in respiratory specimens, blood and other non-respiratory 

specimens by amplification o f rRNA. Int J  Tuberc Lung Dis, 1, 542-55

Gamboa F, Manterola JM, Vinado B, Matas L, Gimenez M, Lonca J, Manzano JR, 

Rodrigo C, Cardona PJ, Padilla E, Dominguez J and Ausina V. 1997b. Direct detection 

of Mycobacterium tuberculosis complex in nonrespiratory specimens by Gen-Probe 

Amplified Mycobacterium Tuberculosis Direct Test. J  Clin Microbiol, 35, 307-10

Garg RK. 1999. Tuberculosis o f the central nervous system. Postgrad M ed J, 75, 133-40.

Girgis NI, Farid Z, Kilpatrick ME, Sultan Y and Mikhail LA. 1991. Dexamethasone 

adjunctive treatment for tuberculous meningitis. Pediatr Infect Dis J, 10, 179-83.

Girgis NI, Sultan Y, Farid Z, Mansour MM, Erian MW, Hanna LS and Mateczun AJ. 

1998. Tuberculosis meningitis, Abbassia F ever Hospital-Naval M edical Research U nit 

No. 3-Cairo, Egypt, from 1976 to 1996. Am J  Trop Med Hyg, 58, 28-34.

228



References

Glimaker M, Kragsbjerg P, Forsgren M and Olcen P. 1993. Tumor necrosis factor-alpha 

(TNF alpha) in cerebrospinal fluid from patients with meningitis o f different etiologies: 

high levels o f TNF alpha indicate bacterial meningitis. J  Infect Dis, 167, 882-9.

Goetzl E J, B anda M J and Leppert D . 1996. Matrix metalloproteinases in immunity. J  

Immunol, 156, 1-4.

Green PH. 1836. Tubercular meningitis. Lancet, 232-235

Grzybowski S, Barnett GD and Styblo K. 1975. Contacts o f cases o f active pulmonary

tuberculosis. Bull Int Union Tuberc, 50, 90-106

Gulati PD, Mathur GP and Vaishnava H. 1970. Prognosis and sequelae o f tuberculous

meningitis in adults. J  Assoc Physicians India, 18, 281-6.

Gundert-Remy U, Klett M and Weber E. 1973. Concentration o f ethambutol in 

cerebrospinal fluid in man as a function o f the non-protein-bound drug fraction in serum. 

Eur J  Clin Pharmacol, 6, 133-6.

Holdiness MR. 1987. Neurological manifestations and toxicities o f the antituberculosis 

drugs. A review. M ed Toxicol, 2, 33-51.

Hosoglu S, Geyik ME, Balik I, Aygen B, Erol S, Aygencel TG, Mert A, SaltogluN , 

Dokmetas I, Felek S, Sunbul M, Irmak H, Aydin K, Kokglu OF, Ucmak H, Altindus M 

and Loeb M. 2002. Predictors o f outcome in patients with tuberculous meningitis. Int J  

Tuberc Lung Dis, 6, 64-70

229



References

Hsieh FY, Chia LG and Shen WC. 1992. Locations of cerebral infarctions in tuberculous 

meningitis. Neuroradiology, 34, 197-9

Humphries M. 1992. The management o f tuberculous meningitis. Thorax, 47, 577-81.

Humphries MJ, Teoh R, Lau J and Gabriel M. 1990. Factors of prognostic significance in 

Chinese children with tuberculous meningitis. Tubercle, 71, 161-8.

Iseman MD. 2000. In A Clinician's guide to tuberculosis. Lippincott Williams and 

Wilkins. Philadelphia.

lUATLD. 1964. An international investigation o f the efficacy o f chemotherapy in 

previously untreated patients with pulmonary tuberculosis. Bull Int Union Tuberc, 34, 80- 

91

Jeren T and Beus 1 .1982. Characteristics o f cerebrospinal fluid in tuberculous meningitis. 

Acta Cytol, 26, 678-80.

Johansen IS, Lundgren B, Sosnovskaja A and Thomsen Vs VO. 2003. Direct detection o f 

multidrug-resistant Mycobacterium tuberculosis in clinical specimens in low- and high- 

incidence countries by line probe assay. J  Clin Microbiol, 41, 4454-6

230



References

Johnson PD, Stuart RL, Grayson ML, Olden D, Clancy A, Ravn P, Andersen P, Britton 

WJ and Rothel JS. 1999. Tuberculin-purified protein derivative-, MPT-64-, and ESAT-6- 

stimulated gamma interferon responses in medical students before and after 

Mycobacterium bovis BCG vaccination and in patients with tuberculosis. Clin Diagn Lab 

Immunol, 6, 934-7

Juffermans NP, Verbon A, van Deventer SJ, van Deutekom H, Belisle JT, Ellis ME, 

Speelman P and van der Poll T. 1999. E levated chemokine concentrations in sera of 

human immunodeficiency virus (HlV)-seropositive and HIV-seronegative patients with 

tuberculosis: a possible role for mycobacterial lipoarabinomannan. Infect Immun, 67, 

4295-7.

Kadival GV, Mazarelo TB and Chaparas SD. 1986. Sensitivity and specificity of 

enzyme-linked immunosorbent assay in the detection o f antigen in tuberculous meningitis 

cerebrospinal fluids. J  Clin Microbiol, 23, 901-4.

Kalish SB, Radin RC, Levitz D, Zeiss CR and Phair JP. 1983. The enzyme-linked 

immunosorbent assay method for IgG antibody to purified protein derivative in 

cerebrospinal fluid o f patients with tuberculous meningitis. Ann Intern Med, 99, 630-3.

Kalita J and Misra UK. 1999. Outcome of tuberculous meningitis at 6 and 12 months: a 

multiple regression analysis. Int J  Tuberc Lung Dis, 3, 261-5.

Kalita J, Misra UK and Das BK. 2002. SPECT changes and their correlation with EEG 

changes in tuberculous meningitis. Electromyogr Clin Neurophysiol, 42, 39-44

231



References

Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D, Kuijper S, 

Bunschoten A, Molhuizen H, Shaw R, Goyal M and van Embden J. 1997. Simultaneous 

detection and strain differentiation o f Mycobacterium tuberculosis for diagnosis and 

epidemiology. /  C/m Microbiol, 35, 907-14.

Kaneko K, Onodera O, Miyatake T and Tsuji S. 1990. Rapid diagnosis o f tuberculous 

meningitis by polymerase chain reaction (PGR). Neurology, 40, 1617-8.

Kaojarem S, Supmonchai K, Phuapradit P, Mokkhavesa C and Krittiyanunt S. 1991. 

Effect of steroids on cerebrospinal fluid penetration of antituberculous drugs in 

tuberculous meningitis. Clin Pharmacol Ther, 49, 6-12.

Karstaedt AS, Valtchanova S, Barrière R and Crewe-Brown HH. 1998. Tuberculous 

meningitis in South African urban adults. Qjm, 91, 743-7.

Kay R, Cheng AF and Tse CY. 1995. Streptococcus suis infection in Hong Kong. Qjm, 

88, 39-47.

Kennedy DH and Fallon RJ. 1979. Tuberculous meningitis. Jama, 241, 264-8.

Kenny MT and Strates B. 1981. Metabolism and pharmacokinetics o f the antibiotic 

ù Î2impm. Drug Metab Rev, 12, 159-218

Kent SJ, Crowe SM, Yung A, Lucas CR and Mijch AM. 1993. Tuberculous meningitis: a 

30-year review. Clin Infect Dis, 17, 987-94.

232



References

Kilic T, Elmaci I, Ozek MM and Pamir MN. 2002. Utility o f transcranial Doppler 

ultrasonography in the diagnosis and follow-up o f tuberculous meningitis-related 

vasculopathy. Childs Nerv Syst, 18, 142-6

Kim SJ, Hong YP, Lew WJ, Yang SC and Lee EG. 1995. Incidence o f pulmonary 

tuberculosis among diabetics. Tuber Lung Dis, 76, 529-33.

Koch R. 1882. Die aetiologie der tuberculosis. Berlin Klinische Wochenschrift, 19, 221- 

230

Korzeniewska-Kosela M, Krysl J, Muller N, Black W, Allen E and FitzGerald JM. 1994. 

Tuberculosis in young adults and the elderly. A prospective comparison study. Chest, 

106, 28-32.

Kox LF, Kuijper S and Kolk AH. 1995. Early diagnosis o f  tuberculous meningitis by 

polymerase chain reaction. Neurology, 45, 2228-32.

Kucers A, Crowe SM, Grayson ML and Hoy JF. 1997. In The use o f  antibiotics. A 

clinical review o f  Antibacterial, Antifungal, and Antiviral Drugs. Butterworth- 

Heinemann. Oxford.

Kumar R, Kohli N, Thavnani H, Kumar A and Sharma B. 1996. Value of CT scan in the 

diagnosis of meningitis. Indian Pediatr, 33, 465-8.

Kumar R, Singh SN and Kohli N. 1999. A diagnostic rule for tuberculous meningitis. 

Arch Dis Child, 81, 221-4.

233



References

Kurashima K, Mukaida N, Fujimura M, Yasui M, Nakazumi Y, Matsuda T and 

Matsushima K. 1997. Elevated chemokine levels in bronchoalveolar lavage fluid of 

tuberculosis patients. Am JR espir Crit Care Med, 155, 1474-7.

Laennec RTH. 1821. In Traite de l'auscultation mediate et des maladies des poumons at 

du couer. Paris.

Laguna F, Adrados M, Ortega A and Gonzalez-Lahoz JM. 1992. Tuberculous meningitis 

with acellular cerebrospinal fluid in AIDS patients. Aids, 6, 1165-7.

Lalvani A, Pathan AA, Durkan H, Wilkinson KA, Whelan A, Deeks JJ, Reece WH, Latif 

M, Pasvol G and Hill AV. 2001. Enhanced contact tracing and spatial tracking of 

Mycobacterium tuberculosis infection by enumeration of antigen-specific T cells. Lancet, 

357, 2017-21

Lamprecht D, Schoeman J, Donald P and Hartzenberg H. 2001. Ventriculoperitoneal 

shunting in childhood tuberculous meningitis. Br JNeurosurg, 15, 119-25.

Lang AM, Feris-Iglesias J, Pena C, Sanchez JF, Stockman L, Rys P, Roberts GD, Henry 

NK, Persing DH and Cockerill FR, 3rd. 1998. Clinical evaluation o f the Gen-Probe 

Amplified Direct Test for detection o f Mycobacterium tuberculosis complex organisms in 

cerebrospinal fluid. /  C/m Microbiol, 36, 2191-4.

234



References

Lee BW, Tan JA, Wong SC, Tan CB, Yap HK, Low PS, Chia JN and Tay JS. 1994. The 

diagnosis o f tuberculous meningitis using the polymerase chain reaction. Singapore Med 

J, 35, 360-3.

Leonard JM and Des Prez RM. 1990. Tuberculous meningitis. Infect Dis Clin North Am, 

4, 769-87.

Lepper MH and Spies HW. 1963. The present status o f the treatment o f tuberculosis of 

the central nervous system. Ann N Y  Acad Med, 106, 106-123

Lin JJ, Ham HJ, Hsu YD, Tsao WL, Lee HS and Lee WH. 1995. Rapid diagnosis of 

tuberculous meningitis by polymerase chain reaction assay o f cerebrospinal fluid. J  

Neurol, 242, 147-52.

Lincoln EM, Sordillo SUR and Davies PA. 1960. Tuberculous meningitis in children. J  

Pediatr, 57, 807-823

Liu PY, Shi ZY, Lau YJ and Hu BS. 1994. Rapid diagnosis of tuberculous meningitis by 

a simplified nested amplification protocol. Neurology, 44, 1161-4.

Lopez-Cortes LF, Cmz-Ruiz M, Gomez-Mateos J, Jimenez-Hemandez D, Jimenez- 

Mejias E, Pachon J and Castillo J. 1995. Adenosine deaminase activity in the CSF of 

patients with aseptic meningitis: utility in the diagnosis o f tuberculous meningitis or 

neurobmcellosis. Clin Infect Dis, 20, 525-30.

235



References

Lorber J. 1960. The treatment of tuberculous meningitis. British Medical Journal, i, 

1309-1312

Louise R, Skjot V, Agger EM and Andersen P. 2001. Antigen discovery and tuberculosis 

vaccine development in the post-genomic era. Scand J  Infect Dis, 33, 643-7

Lurie MB. 1964. In Resistance to tuberculosis: experimental studies in native and 

acquired defensive mechanisms. Harvard University Press. Cambridge, Mass.

Machado LR, Livramento JA, Bydlowski SP, Bendit I, Bravo LM and Spina-Franca A. 

1994. Polymerase chain reaction in the diagnosis of tuberculous meningitis. Preliminary 

report. Arq Neuropsiquiatr, 52, 445-6.

Manabe YC, Dannenberg AM, Jr., Tyagi SK, Hatem CL, Yoder M, Woolwine SC, Zook 

BC, Pitt ML and Bishai WR. 2003. Different strains o f Mycobacterium tuberculosis 

cause various spectrums o f disease in the rabbit model of tuberculosis. Infect Immun, 71, 

6004-11

Mann MD, Macfarlane CM, Verburg CJ and Wiggelinkhuizen J. 1982. The bromide 

partition test and CSF adenosine deaminase activity in the diagnosis o f tuberculosis 

meningitis in children. SA fr  Med J, 62, 431-3.

Mann T. 1947. In Dr Faustus. Lowe-Porter HT. 484-485. David Campbell. London.

Mardh PA, Larsson L, Hoiby N, Engbaek HC and Odham G. 1983. Tuberculostearic acid 

as a diagnostic marker in tuberculous meningitis. Lancet, 1, 367.

236



References

Marei AM, El-Behedy EM, Mohtady HA and Afify AF. 2003. Evaluation of a rapid 

bacteriophage-based method for the detection o f Mycobacterium tuberculosis in clinical 

samples. J  M ed Microbiol, 52, 331-5

Mastroianni CM, Paoletti F, Lichtner M, D’Agostino C, Vullo V and Delia S. 1997. 

Cerebrospinal fluid cytokines in patients with tuberculous meningitis. Clin Immunol 

Immunopathol, 84, 171-6.

Mathai A, Radhakrishnan VV and Shobha S. 1994. Diagnosis o f tuberculous meningitis 

confirmed by means of an immunoblot method. J  Infect, 29, 33-9.

Mathew JM, Rajshekhar V and Chandy MJ. 1998. Shunt surgery in poor grade patients 

with tuberculous meningitis and hydrocephalus: effects o f response to external 

ventricular drainage and other variables on long term outcome. J  Neurol Neurosurg 

Psychiatry, 65, 115-8.

Matsuura E, Umehara F, Hashiguchi T, Fujimoto N, Okada Y and Osame M. 2000. 

Marked increase of matrix metalloproteinase 9 in cerebrospinal fluid o f patients with 

fungal or tuberculous meningoencephalitis. J  Neurol Sci, 173, 45-52.

Middlebrook G and Cohn ML. 1953. Some observations on the pathogenicity of 

isoniazid-resistant variants of tubercle bacilli. Science, 118, 297-9

237



References

Miomer H, Sjobring U, Nayak P and Chandramuki A. 1995. Diagnosis o f tuberculous 

meningitis: a comparative analysis of 3 immunoassays, an immune complex assay and 

the polymerase chain reaction. Tuber Lung Dis, 76, 381-6.

Mishra OP, Loiwal V, AH Z, Nath G and Chandra L. 1996. Cerebrospinal fluid adenosine 

deaminase activity for the diagnosis of tuberculous meningitis in children. J  Trop 

Pediatr, 42, 129-32.

Mishra OP, Loiwal V, Ali Z, Nath G, Chandra L and Das BK. 1995. Cerebrospinal fluid 

adenosine deaminase activity and C-reactive protein in tuberculous and partially treated 

bacterial meningitis. Indian Pediatr, 32, 886-9.

Mitchison DA. 2000. Role of individual drugs in the chemotherapy o f tuberculosis. Int J  

Tuberc Lung Dis, 4, 796-806.

Mitchison DA and Nunn AJ. 1986. Influence of initial drug resistance on the response to 

short-course chemotherapy o f pulmonary tuberculosis. Am Rev Respir Dis, 133, 423-30.

Mokrousov I, Otten T, Vyshnevskiy B and Narvskaya O. 2003. Allele-specific rpoB PCR 

assays for detection o f rifampin-resistant Mycobacterium tuberculosis in sputum smears. 

Antimicrob Agents Chemother, 47, 2231-5

Mori MA, Leonardson G and Welty TK. 1992. The benefits o f isoniazid 

chemoprophylaxis and r isk f  actors f o r t  uberculosis a mong O glala S ioux I ndians. A rch 

Intern Med, 152, 547-50.

238



References

MRC. 1948a. Streptomycin treatment of pulmonary tuberculosis. British Medical 

Journal, 2, 769-782

MRC. 1948b. Streptomycin treatment of tuberculous meningitis. British Medical 

Journal, i, 582-597

Narayanan S, Parandaman V, Narayanan PR, Venkatesan P, Girish C, Mahadevan S and 

Rajajee S. 2001. Evaluation of PCR using TRC(4) and IS6110 primers in detection of 

tuberculous meningitis. J  Clin Microbiol, 39, 2006-8.

Narita M, Ashkin D, Hollender ES and Pitchenik AE. 1998. Paradoxical worsening of 

tuberculosis following antiretroviral therapy in patients with AIDS. Am J  Respir Crit 

Care Med, 158, 157-61.

Nau R, Prange HW, Martell J, Sharifi S, Kolenda H and Bircher J. 1990. Penetration of 

ciprofloxacin into the cerebrospinal fluid of patients with uninflamed meninges. J  

Antimicrob Chemother, 25, 965-73.

Nau R, Prange HW, Menck S, Kolenda H, Visser K and Seydel JK. 1992. Penetration of 

rifampicin into the cerebrospinal fluid o f adults with uninflamed meninges. J  Antimicrob 

Chemother, 29, 719-24.

Neelsen F. 1883. Ein casuistischer beitrag zur lehre von der tuberkulose. Centralblatt 

Medizinische Wissenschaffen, 21, 497-501

239



References

Nguyen LN, Kox LF, Pham LD, Kuijper S and Kolk AH. 1996. The potential 

contribution o f the polymerase chain reaction to the diagnosis o f tuberculous meningitis. 

Arch Neurol, 53, 771-6.

Nguyen TH, Hoang TL, Pham KC, van Ameijden EJ, Deville W and Wolffers I. 1999. 

HIV monitoring in Vietnam: system, methodology, and results o f sentinel surveillance. J  

Acquir Immune Defic Syndr, 21, 338-46.

Noordhoek GT, van Embden JD and Kolk AH. 1996. Reliability o f nucleic acid 

amplification for detection of Mycobacterium tuberculosis: an international collaborative 

quality control study among 30 laboratories. J  Clin Microbiol, 34, 2522-5.

Offenbacher H, Fazekas F, Schmidt R, Kleinert R, Payer F, Kleinert G and Lechner H. 

1991. MRI in tuberculous meningoencephalitis: report o f four cases and review o f the 

neuroimaging literature. J  Neurol, 238, 340-4.

Orme IM . 1998. The immunopathogenesis o f  tuberculosis: a new working hypothesis. 

Trends Microbiol, 6, 94-7.

Ozates M, Kemaloglu S, Gurkan F, Ozkan U, Hosoglu S and Simsek MM. 2000. CT of 

the brain in tuberculous meningitis. A review o f 289 patients. Acta Radiol, 41, 13-7.

Pablos-Mendez A, Blustein J and Knirsch CA. 1997. The role o f diabetes mellitus in the 

higher prevalence o f tuberculosis among Hispanics. Am J  Public Health, 87, 574-9.

240



References

Pai M, Flores LL, Pal N, Hubbard A, Riley LW and Colford JM. 2003. Diagnostic 

accuracy o f nucleic acid amplification tests for tuberculous meningitis: a systematic 

review and meta-analysis. Lancet Infect Dis, 3, 633-43

Palur R, Rajshekhar V, Chandy MJ, Joseph T and Abraham J. 1991. Shunt surgery for 

hydrocephalus in tuberculous meningitis: a long-term follow-up study. J  Neurosurg, 74, 

64-9.

Park DJ, Drobniewski FA, Meyer A and Wilson SM. 2003. Use o f a phage-based assay 

for phenotypic detection o f mycobacteria directly from sputum. J  Clin Microbiol, 41, 

680-8

Pedrosa J, Saunders BM, Appelberg R, Orme IM, Silva MT and Cooper AM. 2000. 

Neutrophils play a protective nonphagocytic role in systemic Mycobacterium 

tuberculosis infection of mice. Infect Immun, 68, 577-83.

Terriens JH, Colebunders RL, Karahunga C, Willame JC, Jeugmans J, Kaboto M, 

Mukadi Y, Pauwels P, Ryder RW, Prignot J and et al. 1991. Increased mortality and 

tuberculosis treatment failure rate among human immunodeficiency virus (HIV) 

seropositive compared with HIV seronegative patients with pulmonary tuberculosis 

treated with "standard" chemotherapy in Kinshasa, Zaire. Am Rev Respir Dis, 144, 750-5.

Pfyffer GE. 1999. Nucleic acid amplification for mycobacterial diagnosis. J  Infect, 39, 

21 -6 .

241



References

Pfyffer GE, Kissling P, Jahn EM, Welscher HM, Salfinger M and Weber R. 1996. 

Diagnostic performance o f amplified Mycobacterium tuberculosis direct test with 

cerebrospinal fluid, other nonrespiratory, and respiratory specimens. J  Clin Microbiol, 

34, 834-41.

Phuapradit P, Supmonchai K, Kaojarem S and Mokkhavesa C. 1990. The 

blood/cerebrospinal fluid partitioning of pyrazinamide: a study during the course of 

treatment of tuberculous meningitis. J  Neurol Neurosurg Psychiatry, 53, 81-2.

Pineda PR, Leung A, Muller NL, Allen EA, Black WA and FitzGerald JM. 1993. 

Intrathoracic paediatric tuberculosis: a report o f 202 cases. Tuber Lung Dis, 74, 261-6.

Prasad K, Volmink J and Menon GR. 2000. Steroids for treating tuberculous meningitis. 

Cochrane Database Syst Rev, 3,

Price NM, Farrar J, Tran TT, Nguyen TH, Tran TH and Friedland JS. 2001. Identification 

of a matrix-degrading phenotype in human tuberculosis in vitro and in vivo. J  Immunol, 

166, 4223-30.

Pym AS, Saint-Joanis B and Cole ST. 2002. Effect o f katG mutations on the vimlence of 

Mycobacterium tuberculosis and the implication for transmission in humans. Infect 

Immun, 70, 4955-60

242



References

Radhakrishnan VV, Sehgal S and Mathai A. 1990. Correlation between culture of 

Mycobacterium tuberculosis and detection of mycobacterial antigens in cerebrospinal 

fluid o f patients with tuberculous meningitis. J  Med Microbiol, 33, 223-6.

Ramachandran P, Duraipandian M, Nagarajan M, Prabhakar R, Ramakrishnan CV and 

Tripathy SP. 1986. Three chemotherapy studies o f  tuberculous meningitis in  children. 

Tubercle, 67, 17-29.

Ramachandran P, Duraipandian M, Reetha AM, Mahalakshmi SM and Prabhakar R. 

1989. Long-term status o f children treated for tuberculous meningitis in south India. 

Tubercle, 70, 235-9.

Ranjan P, Kalita J and Misra UK. 2003. Serial study o f clinical and CT changes in 

tuberculous meningitis. 10, 10

Raviglione MC, Snider DE, Jr. and Kochi A. 1995. Global epidemiology of tuberculosis. 

Morbidity and mortality o f a worldwide epidemic. Jama, 273, 220-6.

Raymond CA. 1986. Increase in AIDS-associated illnesses focuses new attention on an 

old nemesis. Jama, 256, 3323-5, 3330.

Reider HL. 2002. In Interventions fo r  Tuberculosis Control and Elimination. Disease 

lUATaL. lUATLD. Paris.

243



References

Ribera E, Martinez-Vazquez JM, Ocana I, Segura RM and Pascual C. 1987. Activity of 

adenosine deaminase in cerebrospinal fluid for the diagnosis and follow-up of 

tuberculous meningitis in adults. J  Infect Dis, 155, 603-7.

Rich AR and McCordock HA. 1933. The pathogenesis o f tuberculous meningitis. Bull 

John Hopkins Hosp, 52, 5-37

Riley RL, Mills C, O'Grady F, Sultan LU, Wittstadt F and Shivpuri DN. 1962. 

Infectiousness o f air from a tuberculosis ward; ultraviolet irradiation o f infected air - 

comparative infectiousness o f different patients. Am JR espir Crit Care Med, 85, 511-525

Riley RL and O'Grady F. 1961. In Airbourne infection: transmission and control. 

Macmillan. New York.

Roberts MT, Mendelson M, Meyer P, Carmichael A and Lever AM. 2003. The use of 

thalidomide in the treatment of intracranial tuberculomas in adults: two case reports. J  

Infect, A l,2 5 \-5

Rohani MY, Cheong YM and Rani JM. 1995. The use o f adenosine deaminase activity as 

a biochemical marker for the diagnosis of tuberculous meningitis. Malays J  Pathol, 17, 

67-71.

Rook GA, Taverne J, Leveton C and Steele J. 1987. The role o f gamma-interferon, 

vitamin D3 metabolites and tumour necrosis factor in the pathogenesis o f tuberculosis. 

Immunology, 62, 229-34.

244



References

Rydberg J, Miomer H, Chandramuki A and Lantz M. 1995. Assessment o f a possible 

imbalance between tumor necrosis factor (TNF) and soluble TNF receptor forms in 

tuberculous infection o f the central nervous system. J  Infect Dis, 172, 301-4.

Sada E, Ruiz-Palacios GM, Lopez-Vidal Y and Ponce de Leon S . 1983. Detection o f  

mycobacterial antigens in cerebrospinal fluid o f patients with tuberculous meningitis by 

enzyme-linked immunosorbent assay. Lancet, 2, 651-2.

Sahn SA and Lakshminarayan S. 1976. Tuberculosis after corticosteroid therapy. Br J  

Dis Chest, 70, 195-205.

Scarpellini P, Racca S, Cinque P, Delfanti F, Gianotti N, Terreni MR, Vago L and 

Lazzarin A. 1995. Nested polymerase chain reaction for diagnosis and monitoring 

treatment response in AIDS patients with tuberculous meningitis. Aids, 9, 895-900.

Schieffelbein C W, Jr. and Snider DE, Jr. 1988. Tuberculosis control among homeless 

Arch Intern Med, 148, 1843-6.

Schoeman J, Hewlett R  and Donald P. 1988. MR of childhood tuberculous meningitis. 

Neuroradiology, 30, 473-7

Schoeman JF, Elshof JW, Laubscher JA, Janse van Rensburg A and Donald PR. 2001. 

The effect o f adjuvant steroid treatment on serial cerebrospinal fluid changes in 

tuberculous meningitis. Ann Trop Paediatr, 21, 299-305.

245



References

Schoeman JF, Springer P, Ravenscroft A, Donald PR, Bekker LG, van Rensburg AJ, 

Hanekom WA, Haslett PA and Kaplan G. 2000. Adjunctive thalidomide therapy of 

childhood tuberculous meningitis: possible anti-inflammatory role. J  Child Neurol, 15, 

497-503

Schoeman JF, Van Zyl LE, Laubscher JA and Donald PR. 1997. Effect o f corticosteroids 

on intracranial pressure, computed tomographic findings, and clinical outcome in young 

children with tuberculous meningitis. Pediatrics, 99, 226-31.

Selwyn PA, Hartel D, Lewis VA, Schoenbaum EE, Vermund SH, Klein RS, Walker AT 

and Friedland GH. 1989. A prospective study of the risk o f tuberculosis among 

intravenous drug users with human immunodeficiency virus infection. N  Engl J  Med, 

320, 545-50.

Sepkowitz KA. 1994. Tuberculosis and the health care worker: a historical perspective. 

Ann Intern Med, 120, 71-9.

Seth P, Ahuja GK, Bhanu NV, Behari M, Bhowmik S, Broor S, Dar L and Chakraborty 

M. 1996. Evaluation o f polymerase chain reaction for rapid diagnosis o f clinically 

suspected tuberculous meningitis. Tuber Lung Dis, 77, 353-7.

Shankar P, Manjunath N, Mohan KK, Prasad K, Behari M, Shriniwas and Ahuja GK. 

1991. Rapid diagnosis o f tuberculous meningitis by polymerase chain reaction. Lancet, 

337, 5-7.

246



References

Sharief MK, Ciardi M and Thompson EJ. 1992. Blood-brain barrier damage in patients 

with bacterial meningitis: association with tumor necrosis factor-alpha but not 

interleukin-1 beta. J  Infect Dis, 166, 350-8.

Sippel JE, Mikhail lA, Girgis NI and Youssef HH. 1974. Rifampin concentrations in 

cerebrospinal fluid o f patients with tuberculous meningitis. Am Rev Respir Dis, 109, 579- 

80.

Skerman VDB, McGowan V and Sneath PHA. 1980. Approved list o f bacterial names. 

International Journal o f  Systematic Bacteriology, 30, 225-420

Small PM and Fujiwara PI. 2001. Management o f tuberculosis in the United States. N  

Engl J  Med, 345, 189-200.

Smith HV. 1963. Tuberculous m e n i n g i t i s . 4, 134-157

Smith T. 1898. A comparative study of bovine tubercle bacilli and o f human bacilli from 

sputum. Journal o f  Experimental Medicine, 3, 451-551

Snider DE, Jr. 1978. The relationship between tuberculosis and silicosis. Am Rev Respir 

Dis, 118, 455-60.

Snider DE, Jr. 1985. Tuberculosis and gastrectomy. Chest, 87, 414-5.

Starke JR and Taylor-Watts KT. 1989. Tuberculosis in the pediatric population of 

Houston, Texas. Pediatrics, 84, 28-35.

247



References

Stead WW. 1978. Undetected tuberculosis in prison. Source o f infection for community 

at large. Jama, 240, 2544-7.

Stead WW. 1981. Tuberculosis among elderly persons: an outbreak in a nursing home. 

Ann Intern Med, 94, 606-10.

Stead WW. 1992. Genetics and resistance to tuberculosis. Could resistance be enhanced 

by genetic engineering? Ann Intern Med, 116, 937-41.

Stead WW, Senner JW, Reddick WT and Lofgren JP. 1990. Racial differences in 

susceptibility to infection by Mycobacterium tuberculosis. N  Engl J  Med, 322, 422-7.

Stewart SM. 1953. The bacteriological diagnosis o f tuberculous meningitis. Journal o f  

clinical Pathology, 6, 241-242

Sultan L, Nyka W, Mills C, O'Grady F, Wells W and Riley RL. 1960. T uberculosis 

disseminators: a study o f the variability of aerial infectivity o f tuberculosis patients. 

American review o f  respiratory disease, 82, 358 - 369

Sun H, Fadiran EG, Jones CD, Lesko L, Huang SM, Higgins K, Hu C, Machado S, 

Maldonado S, Williams R, Hossain M and Ette EL 1999. Population pharmacokinetics. A 

regulatory perspective. Clin Pharmacokinet, 37, 41-58

Tahaoglu K, Torun T, Sevim T, Atac G, Kir A, Karasulu L, Ozmen I and Kapakli N. 

2001. The treatment o f multidrug-resistant tuberculosis in Turkey. N  Engl J  Med, 345, 

170-4.

248



References

Tartaglione T, Di Leila GM, Cerase A, Leone A, Moschini M and Colosimo C. 1998. 

Diagnostic imaging o f neurotuberculosis. Rays, 23, 164-80.

Tauber MG, Khayam-Bashi H and Sande MA. 1985. Effects o f ampicillin and 

corticosteroids on brain water content, cerebrospinal fluid pressure, and cerebrospinal 

fluid lactate levels in experimental pneumococcal meningitis. J  Infect Dis, 151, 528-34.

Teoh R, Humphries MJ, Hoare RD and OMahony G. 1989. Clinical correlation of CT 

changes in 64 Chinese patients with tuberculous meningitis. J  Neurol, 236, 48-51.

Teoh R, O’Mahony G and Yeung VT. 1986. Polymorphonuclear pleocytosis in the 

cerebrospinal fluid during chemotherapy for tuberculous meningitis. J  Neurol, 233, 237- 

41.

Thwaites G, Chau TT, Mai NT, Drobniewski F, McAdam K and Farrar J. 2000. 

Tuberculous meningitis. J  Neurol Neurosurg Psychiatry, 68, 289-99.

Tsenova L, Bergtold A, Freedman VH, Young RA and Kaplan G. 1999. Tumor necrosis 

factor alpha is a determinant of pathogenesis and disease progression in mycobacterial 

infection in the central nervous system. Proc Natl Acad Sci U S A ,  96, 5657-62.

Tsenova L, Sokol K, Freedman VH and Kaplan G. 1998. A combination o f thalidomide 

plus antibiotics protects rabbits from mycobacterial meningitis-associated death. J  Infect 

Dis, 177, 1563-72.

249



References

Turner OC, Basaraba RJ and Orme IM. 2003. Immunopathogenesis o f Pulmonary 

Granulomas in the Guinea Pig after Infection with Mycobacterium tuberculosis. Infect 

Immun, 71, 864-71.

Valway SE, Sanchez MP, Shinnick TF, Orme I, Agerton T, Hoy D, Jones JS, 

Westmoreland H and Onorato IM. 1998. An outbreak involving extensive transmission of 

a virulent strain o f Mycobacterium tuberculosis. N  Engl JM ed, 338, 633-9.

van Crevel R, Ottenhoff TH and van der Meer JW. 2002. Innate immunity to 

Mycobacterium tuberculosis. C/m Rev, 15,294-309.

van Loenhout-Rooyackers JH, Keyser A, Laheij RJ, Verbeek AL and van der Meer JW. 

2001. Tuberculous meningitis: is a 6-month treatment regimen sufficient? Int J  Tuberc 

Lung Dis, 5, 1028-35.

van Rie A, Warren R, Richardson M, Victor TC, Gie RP, Enarson DA, Beyers N  and van 

Helden PD. 1999. Exogenous reinfection as a cause o f recurrent tuberculosis after 

curative treatment. JMeûf, 341, 1174-9.

van Soolingen D, Hoogenboezem T, de Haas PE, Hermans PW, Koedam MA, Teppema 

KS, Brennan PJ, Besra GS, Portaels F, Top J, Schouls LM and van Embden JD. 1997. A 

novel pathogenic taxon o f the Mycobacterium tuberculosis complex, Canetti: 

characterization of an exceptional isolate from Africa. Int J  Syst Bacteriol, 47, 1236-45.

250



References

Verdon R, Chevret S, Laissy JP and W olff M. 1996. Tuberculous meningitis in adults: 

review o f 48 cases. Clin Infect Dis, 22, 982-8.

Wandinger KP, Lunemann JD, Wengert O, Bellmann-Strobl J, Aktas O, Weber A, 

Grundstrom E, Ehrlich S, Wemecke KD, Volk HD and Zipp F. 2003. TNF-related 

apoptosis inducing ligand (TRAIL) as a potential response marker for interferon-beta 

treatment in multiple sclerosis. Lancet, 361, 2036-43

Wandinger KP, Sturzebecher CS, Bielekova B, Detore G, Rosenwald A, Staudt LM, 

McFarland HF and Martin R. 2001. Complex immunomodulatory effects o f interferon- 

beta in multiple sclerosis include the upregulation o f T helper 1-associated marker genes. 

Ann Neurol, 50, 349-57

Watt G, Zaraspe G, Bautista S and Laughlin LW. 1988. Rapid diagnosis o f tuberculous 

meningitis by using an enzyme-linked immunosorbent assay to detect mycobacterial 

antigen and antibody in cerebrospinal fluid. J  Infect Dis, 158, 681-6.

Watterson SA and Drobniewski FA. 2000. Modem laboratory diagnosis o f mycobacterial 

infections. J  Clin Pathol, 53, 727-32.

Wei CY, Hwang JJ, Chu CH and Lee CP. 1999. Detection and identification of 

Mycobacterium tuberculosis by nested PCR assays in cerebrospinal fluid samples from 

patients with suspected tuberculous meningitis. Kaohsiung J  M ed Sci, 15, 475-83.

251



References

WHO. 1997. In Treatment o f  tuberculosis: guidelines fo r  national programmes. WHO. 

Geneva.

WHO. 1998. In The World Health Report. World Health Organisation. Geneva.

WHO. 2002. In The World Health Report. World Health Organisation. Geneva.

WHO. 2003. In Gobal tuberculosis report. 120-122. WHO. Geneva.

Wilkins EG and Ivanyi J. 1990. Potential value o f serology for diagnosis of 

extrapulmonary tuberculosis. Lancet, 336, 641-4.

Wilkinson RJ, Llewelyn M, Toossi Z, Patel P, Pasvol G, Lalvani A, Wright D, Latif M 

and Davidson RN. 2000. Influence o f vitamin D deficiency and vitamin D receptor 

polymorphisms on tuberculosis among Gujarati Asians in west London: a case-control 

study. Lancet, 355, 618-21.

Wilson SM. 1998. Application of molecular methods to the study o f diseases prevalent in 

low income countries. Trans R Soc Trop Med Hyg, 92, 241-4.

Wilson SM, al-Suwaidi Z, McNemey R, Porter J and Drobniewski F. 1997. Evaluation of 

a new rapid bacteriophage-based method for the drug susceptibility testing of 

Mycobacterium tuberculosis. Nat Med, 3, 465-8

Woo J, Humphries K, Chan K, O’Mahony G and Teoh R. 1987. Cerebrospinal fluid and 

serum levels o f pyrazinamide and rifampicin in patients with tuberculous meningitis. 

Current Therapeutic Research, 42, 235-242

252



References

Woods GL. 2001. M olecular techniques in mycobacterial detection. Arch Pathol Lab 

Med, 125, 122-6.

Yechoor VK, Shandera WX, Rodriguez P and Cate TR. 1996. Tuberculous meningitis 

among adults with and without HIV infection. Experience in an urban public hospital. 

Arch Intern Med, \56, 1110-6.

Zhang LX, Tu DH and Enarson DA. 2000a. The impact o f directly-observed treatment on 

the epidemiology of tuberculosis in Beijing. Int J  Tuberc Lung Dis, 4, 904-10.

Zhang LX, Tu DH, He GX, Ma ZQ, Nagelkerke NJ, Borgdorff MW, Enarson DA and 

Brockmans JF. 2000b. Risk o f tuberculosis infection and tuberculous meningitis after 

discontinuation o f Bacillus Calmette-Guerin in Beijing. Am JR esp ir Crit Care Med, 162, 

1314-7.

Zhang M , Lin Y , I yer D V, G ong J , A brams J S and B ames P F. 1995. T-cell cytokine 

responses in human infection with Mycobacterium tuberculosis. Infect Immun, 63, 3231- 

4.

253



APPENDIX: PUBLICATIONS ARISING

FROM THIS THESIS

Thwaites G, Chau TT, Mai NT, Drobniewski F, McAdam K and Farrar J. 2000. 

Tuberculous meningitis. J  Neurol Neurosurg Psychiatry, 68, 289-99

Thwaites G.E. 2002. The diagnosis and management of tuberculous meningitis. J  

Practical Neurology. 2:250-261.

Thwaites G.E, Farrar J.J. 2002. Miliary tuberculosis and meningitis. J  Practical 

Neurology, 2:230-231.

Thwaites GE, Chau TT, Caws M, Phu NH, Chuong LV, Sinh DX, Drobniewski F, White 

NJ, Parry CM and Farrar JJ. 2002. Isoniazid resistance, mycobacterial genotype and 

outcome i n V ietnamese a dults w ith t uberculous m eningitis. In t J  Tuberc L ung D is, 6, 

865-71

Thwaites GE, Chau TT, Stepniewska K, Phu NH, Chuong LV, Sinh DX, White NJ, Parry 

CM and Farrar JJ. 2002. Diagnosis o f adult tuberculous meningitis by use o f clinical and 

laboratory features. Lancet, 360, 1287-92

254



Publications arising

Thwaites GE, Simmons CP, Than Ha Quyen N, Thi Hong Chau T, Phuong Mai P, Thi 

Dung N, Hoan Phu N, White NJ, Tinh Hien T and Farrar JJ. 2003. Pathophysiology and 

prognosis in Vietnamese adults with tuberculous meningitis. J  Infect Dis, 188, 1105-15

Thwaites GE, Thwaites CL, Hien TT and Farrar JJ. 2003. Ethics o f large clinical trials in 

rapidly lethal diseases. Lancet, 361, 1296

IN PRESS:

Thwaites GE, Caws M, Chau TT, Dung NT, Campbell JI, Phu NH, Hien TT, White NJ 

and Farrar JJ. Conventional bacteriology compared with nucleic acid amplification (the 

Amplified Mycobacterium Direct Test) for the diagnosis o f tuberculous meningitis before 

and after starting anti-tuberculosis chemotherapy. J  Clin Microbiol

Thwaites GE, Chau TTH and Farrar JJ. Improving the bacteriological diagnosis of 

tuberculous meningitis. J  Clin Microbiol

255

Reproduced with permission of copyright owner. Further reproduction prohibited without permission.


