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TUBERCULOSISS AS A PUBLIC HEALTH PROBLEM 

Thee World Health Organisation estimates that every year 
approximatelyy two million people die of tuberculosis. The global 
epidemicc is growing and the breakdown in health services, the spread 
off HIV/AIDS and the emergence of multidrug-resistant tuberculosis are 
contributingg to the impact of this disease. In addition, the global 
movementt of people is helping the spread of tuberculosis. Between 
20000 and 2020, nearly one billion people wil l be newly infected, 200 
millionn people wil l develop the disease, and 35 million wil l die from 
tuberculosiss - if control is not further strengthened [1]. 

Inn The Netherlands, however, the incidence of tuberculosis is low (9.7 
perr 100,000 population in 1999 [2]) and is lower than the average 
incidencee of tuberculosis in Europe (13.2 per 100,000 population in 
19988 [3]). With around 1500 new patients a year, tuberculosis is now 
inn its elimination phase. 

Overr the years the proportion of Dutch patients has been decreasing 
andd of non-Dutch patients increasing (Figure 1). The incidence of 
tuberculosiss in non-Dutch patients was 141 per 100,000 in 1999, 
includingg those found at screening at entrance in The Netherlands [2]. 
Inn The Netherlands risk groups for tuberculosis are immigrants, both 
legall and illegal, drug addicts, health care workers, travellers to 
endemicc areas and prisoners [2]. Tuberculosis occurs mainly in the 
olderr age groups among Dutch and in the younger age groups among 
non-Dutchh patients (Figure 2). 

Figur ee 1. Number of tuberculosis patients in The Netherlands in the period 1980 to 
1999,, according to nationality (Source: National Tuberculosis Register [2]). 
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Figur ee 2. Age distribution of tuberculosis patients in The Netherlands in 1999, 
accordingg to nationality (Source: National Tuberculosis Register [2]). 
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THEE EPIDEMIOLOGY OF TUBERCULOSIS 

Thee major factors that determine the risk of becoming exposed to 
tuberclee bacilli include the number of incident infectious cases in the 
community,, the duration of their infectiousness, and the number and 
naturee of interactions between a case and a susceptible contact per 
unitt time of infectiousness. The annual risk of infection in the 
Netherlandss was estimated to be less than 10 per 100,000 population 
inn 1990 [4]. If a patient has pulmonary tuberculosis, airborne 
transmissionn of tuberculosis from this index patient to other persons 
takess place via coughing aerosols containing the bacteria. If a patient 
hass extrapulmonary tuberculosis, transmission of tuberculosis to other 
patientss is much less likely, but can take place when another person 
hass direct contact with the infected tissue(s). Not all contacts 
infectedd by an index patient develop tuberculosis. Risk factors for 
diseasee given that infection has occurred are time elapsed since 
becomingg infected, infection with the human immunodeficiency virus 
(HIV),, age, genetic factors, environmental factors, e.g., smoking, 
medicall conditions, e.g., silicosis, pregnancy and factors associated 
withh the micro-organism, e.g., strain virulence. The estimated risk of 
developingg tuberculosis following primary infection is 6% in a five-year 
periodd [5]. Modelling showed that this risk increases with age [6]. 
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Inn addition to primary infection, tuberculosis can be attributable to an 
endogenouss reactivation of a latent infection. Whether a reactivation 
takess place depends again on the immune status of the infected 
person,, and presumably the virulence of the M. tuberculosis strain. In 
thee western world most tuberculosis among elderly cases are due to 
reactivationn [6,7]. 

Finally,, tuberculosis can occur due to exogenous re-infection. A person 
iss reinfected, if a person has been infected in the past with a certain 
M.M. tuberculosis strain and thereafter becomes infected with another 
strain.. Although exogenous re-infection after cure is rare in countries 
withh a low incidence of tuberculosis, in certain settings the proportion 
off recurrent tuberculosis due to exogenous re-infection has been 
estimatedd to be as high as 75% [8,9]. However, most tuberculosis 
attributablee to reinfection occurs in persons who had a latent 
infection.. Especially in settings where tuberculosis is endemic, the 
contributionn of exogenous reinfection to tuberculosis morbidity is 
substantiall [5]. 

TUBERCULOSISS CONTROL 

Too reduce tuberculosis morbidity and mortality, tuberculosis patients 
needd to be treated. To reduce transmission of M. tuberculosis, new 
tuberculosiss cases need to be diagnosed in an early stage and treated 
completelyy [10]. In addition, it has been postulated that, in a low 
incidencee country, preventive therapy for infected patients may also 
havee a major impact on the interruption of transmission [11]. For 
tuberculosiss patients to be diagnosed, good access to adequate health 
caree is paramount. As the incidence of tuberculosis is low in The 
Netherlands,, most health care workers hardly ever see a tuberculosis 
patient.. As a result, health care workers may have lost the experience 
too correctly diagnose and treat tuberculosis [12], and to identify 
secondaryy infections. In addition, diagnostic laboratories may not have 
experiencee with current routine tuberculosis laboratory tests [13,14]. 
Thiss can result in false-positive and false-negative test results. 

Transmissionn of tuberculosis from an index patient to other persons is 
traditionallyy identified through contact investigations. In a contact 
investigationn public health workers investigate whether persons 
aroundd the patient have been infected with tuberculosis. This 
investigationn is carried out according to the "stone-in-the-pond" 
principle:: searching for contacts in concentric circles around the 
sourcee case. The circles are defined on the basis of closeness and 
frequencyy of contact [15]. The investigation itself consists of two 
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parts:: the identification of possible contacts through epidemiological 
surveyss and the confirmation of infection or disease in contacts 
throughh tuberculin skin tests or chest X-rays. Among patients 
originatingg from high prevalence countries, but also among socially 
marginalisedd patients, such as homeless and drug users, these contact 
investigationss are difficult to perform. First of all, there may be 
culturall and language barriers between public health workers and 
thosee patients. Secondly, some patients may not wish to name 
contacts,, if they or their contacts have an illegal status or a criminal 
record.. Thirdly, most immigrants have a bacille Calmette-Guérin 
(BCG)) vaccination, so the tuberculin skin test is less helpful to identify 
personss with a latent infection. 

Thee development of tuberculosis disease after infection can mostly be 
preventedd by prophylactic treatment of infected persons with 
isoniazid.. To treat tuberculosis patients, the standard regimen in The 
Netherlandss is a combination of isoniazid and rifampin for six months, 
complementedd with pyrazinamid during the first two months. If 
resistancee is suspected, e.g., for immigrants, ethambutol is added 
duringg the first two months. Liver dysfunction, neurological, 
psychologicall and gastro-intestinal problems are common side effects 
off these drugs. 

Inn addition, vaccination with BCG is used to prevent disseminated 
formss of tuberculosis, especially meningitis during childhood. In The 
Netherlandss BCG vaccination is not recommended for the general 
public,, because of the low incidence of tuberculosis. However, for 
personss frequently travelling to endemic countries, such as children 
fromm immigrants originating from these countries, BCG vaccination is 
recommendedd to prevent tuberculosis. 

HOWW TO STUDY TRANSMISSION OFAi . TUBERCULOSIS 

In-depthh research on transmission of M. tuberculosis is possible 
throughh DNA fingerprinting. When tuberculosis patients are infected 
withh M. tuberculosis isolates with an identical DNA fingerprint, it is 
assumedd that they are part of the same transmission chain [16]. If acid 
fastt bacilli are detected in sputum, body fluids and/or tissue(s) of 
thosee patients, the bacteria are cultured on dedicated media to grow 
M.M. tuberculosis complex bacteria. From about 70% of the tuberculosis 
patientss in The Netherlands, a M. tuberculosis complex strain can be 
isolatedd [2]. From M. tuberculosis cultures DNA can be isolated and 
purifiedd to analyse the DNA fingerprint of these strains. A comparison 
off the DNA fingerprints of the M. tuberculosis isolates from secondary 
patientss and the index patient can help to verify whether secondary 
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patientss were infected with the same strain as the index patient. 
Becausee contact investigations can not identify all contacts of an 
indexx patient, DNA fingerprints of M. tuberculosis isolates can provide 
additionall information about the transmission of tuberculosis and 
reveall unexpected routes of transmission or unexpected social mixing 
patterns. . 

TECHNICALL BACKGROUND OF DNA FINGERPRINTING 

Thee DNA fingerprinting techniques which are applied in routine typing 
off M. tuberculosis isolates in The Netherlands are \S6110 restriction 
fragmentt length polymorphism (RFLP) typing, the polymorphic GC rich 
sequencee (PGRS) RFLP typing, and the spacer oligonucleotide typing 
(spoligotyping).. The table presents the characteristics of these DNA 
fingerprintingg techniques. 

Table .. Overview of the characteristics of DNA fingerprinting techniques 
routinelyy used to type M. tuberculosis complex isolates in The Netherlands 
(++:: very good; +: good; -: poor; --: very poor). 
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\S6110\S6110 RFLP typing is the most widely used technique and the current 
"goldd standard" [17,18]. It is based on digestion of chromosomal DNA 
withh the restriction enzyme Pvull, separation of the DNA fragments by 
electrophoresiss on a 0.8% agarose gel, Southern blot hybridisation with 
aa DNA probe matching the sequence of the right part of the \S6110 
sequence,, and enhanced chemiluminescence detection of the 
peroxidasee labelled probe (Figure 3). The resulting band pattern on 
thee autoradiogram is typical of a specific M. tuberculosis strain. 

Figuree 3. Schematic representation of \S6110 RFLP typing of M. tuberculosis. 

11 2 3 
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Legend Legend 
1.. Chromosome of a M. tuberculosis isolate with one \S6110 copy 
2.. Result from DNA digestion using Pvull and separation of the DNA 

fragmentss by gel electrophoresis - a restriction fragment pattern 
3.. Results of Southern blot hybridisation using the right hand side of the 

Pvulll side of the \S6110 element as a probe and enhanced 
chemiluminescencee detection - an RFLP pattern 

Whilee \S6110 RFLP typing is based on the detection of \S6110 insertion 
elementss in the genome of M. tuberculosis, the PGRS RFLP typing is 
basedd on detection of the polymorphic GC rich sequence in the 
genome.. The enzymatic digestion of DNA using Alu\ and separation by 
gell electrophoresis are the first steps of PGRS RFLP typing, followed 
byy Southern blot hybridisation with the PGRS sequence as a probe 
[19].. The results of this hybridisation are also shown with enhanced 
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chemiluminescenc ee detection . The pattern s obtaine d wit h PGRS RFLP 
aree much mor e comple x than thos e obtained  wit h \S6110 RFLP, whic h 
makess the computer-assiste d analysi s of the pattern s cumbersome . 

Spoligotypin gg is a typin g metho d whic h detect s the presenc e of 43 
know nn space r sequence s whic h interspers e the direc t repeat s (DRs) in 
thee genomi c DR regio n of M. tuberculosis  comple x strain s [20] . Spacer 
DNAA is amplifie d in PCR by usin g primer s directe d to the repea t 
sequences .. The biotine-labelle d PCR produc t is hybridise d to the 43 
immobilise dd spaceroligonucleotides , followe d by incubatio n wit h 
streptavidine-peroxidas ee and enhance d chemiluminescenc e detection . 
Itt  does not requir e larg e quantitie s of DNA, and allow s processin g of 
bandd pattern s wit h any compute r software . 

RFLPP typin g usin g othe r repeat sequences , such as the DR locus , 
(GTG)55 and \S1081 are availabl e if the routin e DNA fingerprintin g 
technique ss are not sufficient , e.g. , for specifi c researc h questions . 
PCR-basedd typin g method s tha t are availabl e are \S6110 mixed-linke r 
PCR,, \S6110 invers e PCR, \S6110 ampliprintin g and doubl e repetitiv e 
elemen tt  (DRE) PCR. Multilocu s DNA sequencin g of M. tuberculosis 
strain ss canno t be used to differentiat e strains , becaus e the geneti c 
diversit yy  among strain s withi n the M. tuberculosis  comple x is very 
smal ll  [21] , A promisin g new PCR typin g techniqu e is the variabl e 
numbe rr  of tande m repeat s (VNTR) typing , whic h exploit s the 
polymorphis mm at variou s repeat loc i [22] , and the mycobacteria l 
intersperse dd repeat unit s (MlRUs) [23] . Primer s targetin g the flankin g 
region ss of such repeat s are used to amplif y thes e loci , and the numbe r 
off  repeat s at a certai n locu s is determine d by the size of the PCR 
product .. The result s of typin g variou s loc i can be expresse d by a 
numbe rr  in whic h each locu s is represente d by a digi t reflectin g the 
numbe rr  of repeat s at tha t locus . MIRU-VNTR typin g has been optimise d 
too allo w an automate d high-throughput . As an automate d typin g 
techniqu ee MIRU-VNTR-typin g is less labour-intensiv e than \S6110 RFLP 
typing ,, and its result s are possibl y easier to reproduc e and easier to 
compar ee among laboratorie s in larg e centr e studie s [24] . Kreme r et al . 
foun dd tha t RFLP typin g method s were highl y reproducibl e and tha t the 
reliabilit yy  of the PCR-based method s was highes t for the mixed-linke r 
PCR,, followe d by VNTR-typin g and spoligotypin g [18] . 

THEE APPLICATION OF IS6110 RFLP TYPING 

RFLPP typin g of M. tuberculosis  has been widel y used sinc e the early 
1990ss to stud y the epidemiolog y of tuberculosis . RFLP typin g has 
permitte dd the differentiatio n of clinica l M. tuberculosis  isolate s in 
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manyy parts of the world [25-33]. M. tuberculosis isolates with 
identicall IS6 /10 RFLP patterns are considered to be clonally related 
andd thus to represent ongoing transmission [34], except for the 
situationn in which identical patterns identify laboratory cross-
contaminationss with M. tuberculosis [16,35-37]. Comparing RFLP 
patternss of M. tuberculosis isolates proved useful in investigating 
outbreakss in closed communities such as hospitals and prisons [38-48]. 
Severall population-based studies have also been carried out [5,16,49-
56].. Since the introduction of \S6110 RFLP typing of M. tuberculosis, 
thee application of this technique has provided insight in the 
transmissionn of tuberculosis not provided by traditional contact 
investigation.. Using RFLP typing, several risk factors for transmission 
couldd be identified [6,52,54,55,57,58]. Comparisons of RFLP typing 
resultss with information from contact investigations showed that 
transmissionn through casual contact can be important [59,60] and 
revealedd unexpected ways of transmission [61,62]. RFLP typing also 
facilitatedd investigations on the dynamics of transmission of 
M.M. tuberculosis [63-68]. In addition, RFLP typing helped to decide if 
consecutivee episodes of disease after curative treatment were 
attributablee to the same M. tuberculosis strain, due to a relapse or a 
reactivationn [69-71], or to an infection with a new strain, indicating a 
re-infectionn [8,9,72-78] or a multiple infection [79-82]. 

RFLPP typing has also been used to study genetic characteristics of 
M.M. tuberculosis. Topics studied vary from the association between 
\S6110\S6110 insertion and a strain's capacity for transmission and/or 
replicationn [83], heteroresistance in strains [84], \S6110 insertion sites 
inn coding regions of the genome [85], and IS67 70-mediated 
transpositionn or homologous recombination [86]. 

RFLPP typing has also been used to study the phylogeny of 
M.M. tuberculosis. A recent review of studies on the "Beijing" genotype 
showedd that these strains are found all over the world and are 
frequentlyy associated with outbreaks and drug resistance [87]. Isolates 
off M. tuberculosis from two different geographical regions contained 
\S6110\S6110 copies at five identical loci in the genome, but because there 
wass no phylogenetic relationship between these isolates, this study 
suggestedd that insertions at identical loci may arise from more than 
onee event [88]. In a study on multidrug resistant M. tuberculosis "W" 
isolates,, five identical \S6110 chromosomal insertion sites in all 
isolatess revealed a phylogeneticc relationship [89]. The phylogenetic 
relatednesss of M. tuberculosis strains from all over the world was 
shownn using IS6f 10, \S1081 and DR locus RFLP typing, and VNTR typing 
[90].. A phylogenetic study using \S6110, DRr and MTB484(1) RFLP 
typing,, described the evolutionary history of a group of closely related 
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M.M. tuberculosis isolates [91]. By whole genome comparisons large 
genomicc deletions were detected [92,93]. Based on the occurrence of 
thesee deleted regions a new evolutionary scenario was hypothesised 
forr the M. tuberculosis complex [94]. 

SCOPEE OF THIS THESIS 

Thiss thesis assesses RFLP typing of M. tuberculosis and includes 
epidemiologicall studies using this typing technique to identify ongoing 
transmissionn of M. tuberculosis. 

Inn the interpretation of RFLP typing the stability of \S6110 RFLP 
patternss over time is crucial, as instability of the patterns may lead to 
ann underestimation of ongoing transmission, and long-term stability 
mayy lead to an overestimation of transmission. Therefore, this 
stabilityy needs to be quantified. The first study aims to do this by 
estimatingg the probability over time of changes occurring in \S6110 
RFLPP patterns of M. tuberculosis. Secondly, the interpretation of 
\S6110\S6110 RFLP patterns needs to be addressed. The interpretation of 
RFLPP typing results is sometimes ambiguous because of the occurrence 
off low-intensity bands. Therefore, for a proper assessment of RFLP 
typingg the nature and interpretation of low-intensity bands in \S6110 
RFLPP patterns needs to be studied. This may also provide insights in 
thee genetic heterogeneity of M. tuberculosis. To this end, the second 
studyy aims to investigate the prevalence, nature and interpretation of 
low-intensityy bands. Thirdly, when using RFLP typing to study recent 
transmission,, false-positive test results need to be avoided. Based on 
\56110\56110 RFLP patterns of M. tuberculosis, false-positive test results can 
bee identified. However, it is unknown what laboratory factors are 
associatedd with false-positive M. tuberculosis cultures, and what the 
consequencess for patients are. Answers to these questions will 
contributee to the correct use of RFLP typing data in tuberculosis 
controll and epidemiological studies. Therefore, the third study aims to 
quantifyy the occurrence of false-positive M. tuberculosis cultures, to 
identifyy risk factors for false-positive cultures, and to investigate 
consequencess of such false-positive cultures for patients and the 
community. . 
Basedd on the RFLP typing results of all M. tuberculosis isolates 
registeredd in the national database since 1993, this thesis also aims to 
gainn epidemiological insights and provide direct evidence to 
substantiatee modelling results on two issues which have been under 
debatee for years: exogenous re-infection, and the impact of defaulting 
fromm treatment on transmission. First, mathematical modelling has 
repeatedlyy provided indirect evidence on the importance of 
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re-infection.. However, no epidemiological studies have been carried 
outt on the proportion of recurrent tuberculosis attributable to 
exogenouss re-infection. Therefore, the fourth study in this thesis aims 
too estimate this proportion directly. The f i f th study aims to estimate 
whatt proportion of patients with more than one episode of 
tuberculosiss has been re-infected. Mathematical modelling again, has 
shownn that defaulting from treatment results in transmission of 
M.M. tuberculosis. However, no epidemiological studies have been done 
too estimate the impact of defaulting from treatment. Therefore, the 
lastt study in this thesis aims to quantify the impact of defaulting from 
treatmentt on the transmission of M. tuberculosis. 

Chapterr 2 describes the stability of \S6110 RFLP patterns of 
M.M. tuberculosis in serial patient isolates. Chapter 3 describes a study 
onn the genetic heterogeneity of M. tuberculosis isolates reflected in 
\S6110\S6110 RFLP patterns. Chapter 4 is a study on false-positive 
M.M. tuberculosis isolates detected through \S6110 RFLP typing. Chapter 
55 and 6 describe studies on exogenous re-infection as a cause of 
recurrentt tuberculosis. Chapter 7 describes a case-control study which 
providess an estimate of the impact of defaulting from treatment on 
thee transmission of M. tuberculosis. 
Chapterr 8 discusses the interpretation of \S6110 RFLP patterns of 
M.M. tuberculosis and some epidemiological insights gained through 
routinee RFLP typing in The Netherlands, considering methodological 
issuess related to the application of RFLP typing in epidemiological 
studiess of tuberculosis and the benefit of routine RFLP typing for 
tuberculosiss control in The Netherlands. 
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