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Abstract

Background: DNA fingerprinting of Mycobacterium tuberculosis isolates offers better opportunities
to study links between tuberculosis (TB) cases and can highlight relevant issues in urban TB control
in low-endemic countries.

Methods: A medium-sized molecular cluster of TB cases with identical DNA fingerprints was used
for the development of a visual presentation of epidemiologic links between cases.

Results: Of 32 cases, |17 (53%) were linked to the index case, and | | (34%) to a secondary case.
The remaining four (13%) could not be linked and were classified as possibly caused by the index
patient. Of the 21 cases related to the index case, TB developed within one year of the index
diagnosis in |1 patients (52%), within one to two years in four patients (19%), and within two to
five years in six patients (29%).

Conclusion: Cluster analysis underscored several issues for TB control in an urban setting, such
as the recognition of the outbreak, the importance of reinfections, the impact of delayed diagnosis,
the contribution of pub-related transmissions and its value for decision-making to extend contact
investigations. Visualising cases in a cluster diagram was particularly useful in finding transmission
locations and the similarities and links between patients.

tion (LTBI) and is usually determined by a tuberculin skin
test (TST). Persons with LTBI have approximately a 10%
lifetime risk to progress to disease.

Background

Tuberculosis (TB) is an infectious disease that caused 9.2
million new cases and 1.7 million deaths in the world in
2006 [1]. Over one-third of the world population is

infected with Mycobacterium tuberculosis, the causative
organism of TB. The asymptomatic stage, without clinical
or radiological symptoms, is referred to as latent TB infec-

In descriptive epidemiology, the distribution and trans-
mission of infectious diseases is usually described in terms
of place, person, and time. This approach is appropriate
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for diseases with a short incubation period but far less so
for chronic diseases such as tuberculosis (TB), which
progresses from latent infection to active disease over a
period ranging from months to many years. In TB epide-
miology, graphic presentation is often limited to trend
description over years in a defined region, with sociode-
mographic characteristics of the patients [1,2]. However,
in outbreak management, one would like to know which
secondary cases are caused by an index patient, i.e. the
source case of the outbreak. Presentation in a time line
may help to detect epidemics, plan interventions, and
evaluate these efforts.

In many developed countries of the world, M. tuberculosis
isolates of TB patients are subject to DNA fingerprinting.
The most widely applied method has been the restriction
fragment length polymorphism (RFLP) typing. The tech-
nique is based on identifying specific insertion sequences
(IS6110) that are common in bacterial genomes [3]. Clus-
ters are defined as groups of patients having isolates with
fully identical RFLP patterns or, if strains have fewer than
five IS6110 copies, with identical sub-typing determined
by the Polymorphic GC-Rich Sequence probe [4]. DNA
fingerprinting has improved the understanding of TB
transmission and helped to identify outbreaks, high-risk
groups, and laboratory cross-contaminations [5,6]. To
allow adequate interpretation and comparison however,
molecular studies should involve a high proportion of
cases in a population, be combined with conventional
epidemiological investigations, and specify patient char-
acteristics and study length [6,7]. In the Netherlands a sys-
tem of universal genotyping exists for more than 14 years
with nearly all M. tuberculosis isolates genotyped, and
results are available at Municipal Public Health Services
(MPHS) [8,9].

We describe a cluster of cases in the Rotterdam area, intro-
ducing a novel cluster diagram that shows epidemiologic
links between cases. The cluster analysis is used to discuss
relevant issues in urban TB control in low-endemic coun-
tries.

Methods

Setting

The MPHS Rotterdam-Rijnmond covers the municipality
Rotterdam (about 600,000 inhabitants) and 27 other
municipalities, serving a total population of 1.3 million.
Between 1993 and 2006, 2,562 TB cases were reported,
resulting in an average annual incidence rate of 23.3 per
100,000 for Rotterdam municipality and 6.6 per 100,000
for other municipalities. Of the 2,562 cases, M. tuberculosis
was cultured in 1,969 (76.9%), of which 1,938 (98.4%)
were RFLP-typed. Of these, 881 (45.5%) were unique or
initially unique first cases in a cluster, and 1,057 (54.5%)
were non-first cases in a cluster. Of the RFLP-clustered
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cases, 391 (37.0%) were the 2-5t case in a national clus-
ter, 529 (49.9%) the 6-50th case, while 139 cases (13.2%)
were 515t or subsequent case in three large national, pre-
dominantly Rotterdam, clusters. TB control nurses of
MPHSs explore possible links between RFLP-clustered
cases during visits to patients.

Study population

A medium-sized molecular cluster of 28 cases with con-
siderable transmission in and around Rotterdam was used
to develop a cluster diagram with Microsoft Visio® soft-
ware including a time-period bar, zones suggesting loca-
tions of transmission, and symbols representing the
ethnic background, disease site, and infectious status of
patients, and arrows representing documented epidemio-
logical links between cases. The causative M. tuberculosis
strain was susceptible to all first-line TB drugs. Four cul-
ture-negative epidemiological linked cases were included
in the cluster diagram.

Contact tracing

Contact investigation was executed according to Dutch
guidelines, i.e. close contacts of smear-positive TB patients
are examined in two rounds with a TST performed imme-
diately after diagnosis of the index patient and two
months after their last contact. Cases identified with a
latent TB infection are generally treated with six months
isoniazid. Contacts ineligible for TST (born before 1 Janu-
ary 1945, vaccinated with bacille Calmette-Guérin (BCG),
or having positive TST or TB in the past) are examined
twice with a chest radiograph: immediately after diagnosis
of the index and three months after the last contact with
the index. An investigation is extended from close to cas-
ual contacts on finding high rates of recent TB infections
or TB cases. All those investigated are linked to the index
patient in the client information system of the Dept of
Tuberculosis Control. Using this data, we analyzed the
results of TSTs and radiographs of contacts linked to
patients in our cluster.

The Medical Ethics Committee of Erasmus MC, University
Medical Center Rotterdam, Rotterdam approved the study
protocol.

Results

Cluster description

The first strain identified in our cluster (Figure 1) was
from a Surinamese person with pleural TB (case 1). One
month later, pulmonary TB was diagnosed in a Bosnian
woman (case 2), who four months earlier had reported to
the Dept of Tuberculosis Control that a Bosnian man was
her houseguest for several weeks and had subsequently
entered a German hospital with smear-positive pulmo-
nary TB (case X). Due to prior BCG vaccination, the
woman had a chest X-ray at presentation and three
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Cluster diagram of a medium-sized molecular tuberculosis cluster. Each symbol represents a patient. The symbols
are placed on a timeline according to the month of specimen collection. Triangles denote patients with smear-positive pulmo-
nary tuberculosis (TB), circles patients with smear-negative pulmonary TB, and squares patients with extrapulmonary TB. Grey
coloured symbols indicate patients with Yugoslavian ethnicity, and for simplicity, all cases with other background have uncol-
oured symbols. (Origins included Netherlands in 4 persons, Surinam or Netherlands Antilles in 7, Morocco in 5, Indonesia in 3,
India in |, and Turkey in ). Cases with a number are culture-confirmed; cases with a letter are culture-negative cases epidemi-
ologically linked to the cluster. Lines between cases indicate that cases know each other (see also Results). Note: The diagram
can be made with different coloured symbols for ethnic background. Instead of symbols, bars could be used to show the dura-

tion of symptoms of infectious TB patients.

months after her last contact with patient X. Her second
radiograph showed discrete upper lobe infiltrative lesions.
One month later, her sputum culture became positive for
M. tuberculosis; at her next consultation, radiographic
changes were more pronounced and sputum smears were
positive.

Within a few months after clustering of cases 1 and 2,
another eight cases were diagnosed with TB caused by a
mycobacterial strain having an identical fingerprint.
Almost all these patients frequented a certain pub in Rot-
terdam, and the TB control nurses found that patient X
had been ill for several months and also visited this pub.
Case 8 was a five-year-old child who had a positive TST
and hilar lymphadenopathy on the chest X-ray. TB was
diagnosed by positive culture for M. tuberculosis of the gas-
tric lavage fluids. His brother (case A) likewise had a pos-
itive TST and hilar lymphadenopathy, and started TB
treatment without further diagnostic investigation. Both
children often accompanied their grandfather to the
above-mentioned pub, which was owned by relatives.

Several months after case 10, smear-positive pulmonary
TB was diagnosed in an 18-year old student of a voca-
tional training school (case 11). He had been coughing

for five months and visited his general practitioner several
times. Contact tracing revealed LTBI in all his seven family
members, in classmates, and persons at his vocational
training site, including five persons with TST conversions.
After two months, a second student from the school was
diagnosed with smear-positive pulmonary TB (case 13).
He did not share ethnic background or classes with case
11. His family, friends, and classmates were examined,
but extension of the contact investigation was actually
decided on the basis of DNA fingerprint results. When
they confirmed clustering, the entire school was examined
and yielded one case of pleural TB (case 15) - confirmed
by culture of a pleural biopsy - and 40 LTBI cases. Disease
developed in a brother of case 11 (case 16) despite treat-
ment with isoniazid; he later admitted taking only three
weeks of medication despite attending all medical check-
ups. The disease developed in another relative of case 11
(case 21), who had been treated for TB twenty years ear-
lier.

Five other patients (cases 14, 22-24, and D) had a link
with the pub and were most likely infected by patient X.
Patient D, one of the pub owners, had a chest X-ray in a
general hospital four months before her TB diagnosis; it
showed bilateral opacities and she was treated for pneu-
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monia. Despite repeated visits to her general practitioner,
smear-positive pulmonary TB was diagnosed only when
she travelled to her native country. In the interim, she had
stayed with her disabled child several months in a hospi-
tal, and had infected a nurse (case 27) who seven years
earlier had completed LTBI treatment after converting the
TST.

Patient characteristics

The 32 patients in this outbreak (excluding case X) were
aged 5 to 67 years (average 33 years); 81% were male; 25
(78%) had pulmonary TB, of which 14 were smear-posi-
tive. None were found coinfected with HIV. All 32
patients completed TB treatment. Of the 32 patients, 21
lived in Rotterdam, seven in two nearby towns, and one
(case 22) resided in a village 50 km from Rotterdam. After
genotyping, this last patient was reinterviewed and
revealed regular visits to the Rotterdam pub up to one year
before diagnosis. The remaining three (cases 4, 18 and 27)
lived outside the Rotterdam area but had links to the city
or to other patients in the cluster.

Second and third generation cases in the cluster

Of 32 cases, 17 (53%) were epidemiologically linked to
case X (i.e. secondary cases) based on time intervals, per-
sonal contacts, or meeting places (Table 1), and 11 cases
(34%) were certainly or possibly linked to a secondary
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case (i.e. tertiary cases). The remaining four patients
(13%) could not be linked to a cluster case and were clas-
sified as possibly infected by case X (i.e. secondary cases).

Figure 2 shows the interval between the month of case X
diagnosis and the month specimens were collected from
the 21 persons who were certainly or possibly infected by
him. Of these, TB developed within a year of the index
diagnosis in 11 (52%), within one to two years in four
(19%), and within two to five years in six patients (29%).

Contact investigation

Contact tracing was mainly limited to close contacts of
pulmonary TB cases (Table 2). Three investigations were
extended to many casual contacts after DNA fingerprint-
ing confirmed that transmission had occurred, respec-
tively, in the above-mentioned pub, vocational school,
and hospital. Only a few pub visitors outside the known
contacts could be tested due to non-cooperation of the
primary pub owner.

Discussion

In retrospect, the index patient of the cluster was highly
infectious, causing 11 secondary TB cases within one year
after exposure. Contact investigation after detailed inter-
viewing of an infectious patient normally identifies con-
tacts for screening and preventive treatment. In this case,

Table I: Parameters (time, person, place) by which cases in the cluster were linked.

Tuberculosis case in cluster Linked to source patient Time Person Place
2,3 Case X Yes Yes Yes
1,4, 11 Case X Yes No No
56,7,89,10, A Case X Yes No Yes
14,22, 23 Case X No No Yes
24,D Case X No Yes Yes
12, 13, I5 Case || Yes No Yes
16,21 Case || Yes Yes Yes
B, 17 Case 14 Yes Yes Yes
C Case 18 Yes Yes Yes
26, 27 Case D Yes No Yes
28 Case 23 No Yes Yes
18, 19, 20, 25 No link established No No No
Cases with a number are culture-confirmed; cases with a letter are culture-negative cases epidemiologically linked to the cluster.
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Curve of the time between tuberculosis infection and development of disease in 21 secondary cases. * The date
of development of disease was defined as the date of specimen collection and time of infection was assumed as the diagnosis

date of the index patient.

however, the index patient was initially unknown and the
natural history of the disease was unimpeded. Five years
after the index diagnosis, 28 culture-confirmed cases with
identical fingerprints had been identified, forming a new
molecular cluster. The cluster diagram highlights several
issues relevant to urban TB control in low-incidence coun-
tries.

Natural history of tuberculosis

The classification of patients in the cluster allowed us to
draw a curve of secondary cases. Of these cases, TB devel-
oped within one year of infection in 11 (52%), within two
years in 15 (71%), and between two to five years in six
patients (29%). The curve recalls results of previous tuber-
culin conversion studies, which estimated that TB devel-
ops within five years in 14% of adults infected, with 60%
of cases presenting within one year, 85% within two years,
and 15% within two to five years [10]. Some of our late-
secondary cases may have been misclassified as caused by
the index patient, raising the proportion of secondary
cases that occurred within two years.

The number of secondary cases reported in the first year
allows one to estimate the total number of persons
infected by the index patient and to predict the number to
be expected in the next few years. As illustrated by our
cluster, secondary cases can generate tertiary cases, and
together with late-secondary cases they can protract an TB
outbreak over many years [3,11-14].

Our study included four culture-negative TB cases and 75
LTBI cases, indicating that conventional epidemiological
investigation and molecular typing should be combined
[5]. Studies using only genotyping data exclude such cases
and may thus underestimate the true extent of an out-
break and the value of active case finding.

Reinfection

Cluster analysis and conventional epidemiological inves-
tigation revealed two reinfections (cases 21 and 27).
Molecular studies have demonstrated that the extent of
exogenous reinfection in recurrent TB depends largely on
the epidemiological context [4,15]. In populations at low
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Table 2: Contact tracing results of smear-positive pulmonary and other tuberculosis patients of the cluster.

Number of contacts Number of contacts Number of Proportion of Tuberculosis cases
examined examined with TST tuberculosis tuberculosis infections
infections among those tested
Mr. X 3 | | 100 Case 2
Case 2 23 14 | 7 Case 3
Case 4 0 0 0 0
Case 9 24 5 0 0
Case 10 50 41 | 2
Case || 194 154 24 16 (Case 16)
Case 13 45 33 0 0
School 1,730 964 40 4 Case |5
Case 14 | 0 0 0 Case B
Case 18 I 4 0 0 Case C
Case 22 31 15 | 7
Case 23 4 4 | 25
Case D 3 3 3 100
Case 25 10 2 0 0
Hospital 100 92 | 0
Case 28 32 8 3 38
Other 67 32 3 9 Case A
Total 2,328 1,372 79 5.8 6

Cases with a number are culture-confirmed; cases with a letter are culture-negative cases epidemiologically linked to the cluster. Case 16 (in
brackets) was diagnosed with latent TB infection and later developed TB (see also Results).

risk, most recurrence results from reactivation, although
the proportion due to reinfection in some low-endemic
countries may exceed expectations, ranging between 16%
and 44% [16-18]. Our two reinfection cases illustrate that
a contact investigation must also look carefully at previ-
ously infected persons.

Geographical clustering and urban spread

The outbreak was mainly limited to the Rotterdam area;
patients outside the area were epidemiologically linked
with a clustered case. Our experience with DNA cluster

analysis is that most clustered patients in the Netherlands
are residents of the same geographical region.

Genotyping can be used to monitor the magnitude of the
problem of TB transmission. Several studies have demon-
strated that the proportion of clustered cases in urban
areas comprise 20 to more than 50 percent of all local TB
cases, indicating recent transmission [3,4,19-23]. A recent
outbreak of an isoniazid-resistant M. tuberculosis strain
with more than 132 cases in London and a molecular
cluster of 150 in the Netherlands (of which 85% are in
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Rotterdam), underscore the need in large cities for inter-
ventions tailored to specific risk groups [12,13,24].

Tuberculosis among foreign-born persons

Typically, foreign-born residents account for more than
50% of TB cases reported in low-endemic countries [2].
Although most are probably infected in their native coun-
tries [25], recent transmission in the country of residence
can contribute significantly to high incidence in the for-
eign-born. In our cluster, the index patient directly and
indirectly caused disease in 32 persons, of whom 10
(31%) shared his ethnic background and 22 (69%) did
not. In general, transmission between foreign nationali-
ties and to the indigenous nationality varies widely in
low-endemic countries, probably reflecting different
social mixing patterns [25-28].

Transmission in high-risk settings

Our cluster diagram shows that half of the cases were
infected in the same pub. Bars are known for high trans-
mission rates due to crowding and poor ventilation
[11,29,30]. Smoking may also increase the risk of M.
tuberculosis infection [31]. Contact investigation is often
hampered by pub owners' reluctance to assist in inform-
ing the clientele, difficulties in finding contacts, and
unwillingness of infected persons to start a potentially
hepatotoxic preventive treatment that precludes the use of
alcohol [11].

Our cluster analysis also confirmed TB transmission at a
school and in a hospital. The increased risk for health care
workers is well-documented and is usually related to
delayed diagnosis of TB patients [32,33]. In our study, a
patient's relative was the source case of TB transmission to
a health care worker, so the nosocomial setting was inci-
dental.

Promoting early case detection and maintaining clinical
expertise

Delays in seeking medical attention or receiving diagnosis
facilitate TB transmission [4]. Our index patient severely
delayed seeking care despite the urging of his friends. On
the other hand, two secondary patients repeatedly visited
their general practitioners before being diagnosed with
TB, and one of these was diagnosed abroad. Delays in
these three cases led to several LTBI and TB cases. In many
low-incidence countries, TB expertise is declining in gen-
eral practitioners, clinical specialists, and public health
professionals, but resulting delays in diagnosis can be
reduced by continuing education [34]. Delays in seeking
care can be reduced by public health education and low-
threshold access to TB diagnostic and therapeutic services.

Outbreak management and contact investigation
In our outbreak, 6 TB cases and 75 persons with LTBI were
traced. Most LTBI cases were diagnosed in the school
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investigation, and treatment controlled the situation
because no more cases were identified in three years of fol-
low-up. The importance of preventive therapy was high-
lighted by a noncompliant patient with LTBI who
subsequently developed TB.

Failure to identify and examine eligible contacts, as
occurred in the pub investigation, is a major reason for
disease development [14]. Our diagram shows that even
detailed interviewing failed to disclose all links between
patients and potential locations of transmission, a prob-
lem also encountered by others [3,4,7,11,14,35]. How-
ever, our study clearly demonstrates that clustering of
cases in time and place, with similar sociodemographic
patterns, resulted from recent transmission in the Nether-
lands.

Conclusion

In an urban area in a low-endemic country with ongoing
TB transmission, cluster analysis was a useful complement
to conventional epidemiological investigation. It revealed
that foreign-born patients were infected in this low-
endemic country and not in their native countries, as
might have been assumed. Visualising cases in a cluster
diagram was particularly useful in finding transmission
locations and the similarities and links between patients.
It also helped to monitor the cluster and outbreak over
time and to estimate the number and timing of future
cases.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

GV was responsible for study design, data collection, data
analysis, drafting and revising the manuscript, RH con-
tributed to study design, data collection, data analysis,
drafting and revising the manuscript, CB contributed to
data collection, data analysis, drafting and revising the
manuscript, DS contributed to drafting and revising the
manuscript and JR contributed to study design, drafting
and revising the manuscript. All authers read and
approved the final manuscript.

Acknowledgements

This study is part of the Huisman Research Center, the collaboration
between the Erasmus MC Rotterdam and the Municipal Public Health Serv-
ice Rotterdam-Rijnmond for research in the field of infectious diseases and
public health.

We thank L.D. Phillips for editorial review.

References

I. World Health Organization: Global tuberculosis control: sur-
veillance, planning, financing. WHO report 2008 (WHO/
HTM/TB/2008.393). Geneva: World Health Organization; 2008.

Page 7 of 8

(page number not for citation purposes)



BMC Infectious Diseases 2009, 9:151

Erkens CGM, Kalisvaart NA, Slump E, Sebek M, van Soolingen D:
Tuberculosis in the Netherlands 2006. KNCV Tuberculosis
Foundation. The Hague: KNCV Tuberculosis Foundation; 2008.
van Embden |D, Cave MD, Crawford JT, Dale JW, Eisenach KD, Gic-
quel B, Hermans P, Martin C, McAdam R, Shinnick TM, Small PM:
Strain identification of Mycobacterium tuberculosis by DNA
fingerprinting: recommendations for a standardized meth-
odology. | Clin Microbiol 1993, 31(2):406-409.

van Soolingen D, de Haas PE, Hermans PW, Groenen PM, van
Embden JD: Comparison of various repetitive DNA elements
as genetic markers for strain differentiation and epidemiol-
ogy of Mycobacterium tuberculosis. | Clin Microbiol 1993,
31(8):1987-1995.

Small PM, Hopewell PC, Singh SP, Paz A, Parsonnet |, Ruston DC,
Schecter GF, Daley CL, Schoolnik GK: The epidemiology of
tuberculosis in San Francisco. A population-based study
using conventional and molecular methods. N Engl | Med 1994,
330(24):1703-1709.

Barnes PF, Cave MD: Molecular epidemiology of tuberculosis.
N Engl | Med 2003, 349(12):1149-1156.

Glynn JR, Bauer , de Boer AS, Borgdorff MW, Fine PE, Godfrey-Faus-
sett P, Vynnycky E: Interpreting DNA fingerprint clusters of
Mycobacterium tuberculosis. European Concerted Action
on Molecular Epidemiology and Control of Tuberculosis. Int
J Tuberc Lung Dis 1999, 3(12):1055-1060.

van Soolingen D, Borgdorff MW, de Haas PE, Sebek MM, Veen ], Des-
sens M, Kremer K, van Embden |D: Molecular epidemiology of
tuberculosis in the Netherlands: a nationwide study from
1993 through 1997. | Infect Dis 1999, 180(3):726-736.
Lambregts-van Weezenbeek CS, Sebek MM, van Gerven PJ, de Vries
G, Verver S, Kalisvaart NA, van Soolingen D: Tuberculosis contact
investigation and DNA fingerprint surveillance in The Neth-
erlands: 6 years' experience with nation-wide cluster feed-
back and cluster monitoring. Int | Tuberc Lung Dis 2003, 7(12
Suppl 3):5463-470.

Vynnycky E, Fine PE: The natural history of tuberculosis: the
implications of age-dependent risks of disease and the role of
reinfection. Epidemiol Infect 1997, 119(2):183-201.

Diel R, Meywald-Walter K, Gottschalk R, Rusch-Gerdes S, Niemann
S: Ongoing outbreak of tuberculosis in a low-incidence com-
munity: a molecular-epidemiological evaluation. Int | Tuberc
Lung Dis 2004, 8(7):855-861.

Ruddy MC, Davies AP, Yates MD, Yates S, Balasegaram S, Drabu Y,
Patel B, Lozewicz S, Sen S, Bahl M, James E, Lipman M, Duckworth G,
Watson JM, Piper M, Drobniewski FA, Maguire H: Outbreak of iso-
niazid resistant tuberculosis in north London. Thorax 2004,
59(4):279-285.

de Vries G, van Hest RA, Richardus JH: Impact of Mobile Radio-
graphic Screening on Tuberculosis among Drug Users and
Homeless Persons. Am | Respir Crit Care Med 2007, 176:201-207.
Chin DP, Crane CM, Diul MY, Sun §J, Agraz R, Taylor S, Desmond E,
Wise F: Spread of Mycobacterium tuberculosis in a commu-
nity implementing recommended elements of tuberculosis
control. JAMA 2000, 283(22):2968-2974.

Verver S, Warren RM, Beyers N, Richardson M, Spuy GD van der,
Borgdorff MW, Enarson DA, Behr MA, van Helden PD: Rate of rein-
fection tuberculosis after successful treatment is higher than
rate of new tuberculosis. Am | Respir Crit Care Med 2005,
171(12):1430-1435.

Bandera A, Gori A, Catozzi L, Degli Esposti A, Marchetti G, Molteni
C, Ferrario G, Codecasa L, Penati V, Matteelli A, Franzetti F: Molec-
ular epidemiology study of exogenous reinfection in an area
with a low incidence of tuberculosis. | Clin Microbiol 2001,
39(6):2213-2218.

Caminero JA, Pena M), Campos-Herrero Ml, Rodriguez JC, Afonso O,
Martin C, Pavon JM, Torres M), Burgos M, Cabrera P, Small PM, Enar-
son DA: Exogenous reinfection with tuberculosis on a Euro-
pean island with a moderate incidence of disease. Am | Respir
Crit Care Med 2001, 163(3 Pt 1):717-720.

de Boer AS, Borgdorff MW, Vynnycky E, Sebek MM, van Soolingen D:
Exogenous re-infection as a cause of recurrent tuberculosis
in a low-incidence area. IntJ Tuberc Lung Dis 2003, 7(2):145-152.
Cattamanchi A, Hopewell PC, Gonzalez LC, Osmond DH, Masae
Kawamura L, Daley CL, Jasmer RM: A |3-year molecular epide-
miological analysis of tuberculosis in San Francisco. Int |
Tuberc Lung Dis 2006, 10(3):297-304.

http://www.biomedcentral.com/1471-2334/9/151

20. van Deutekom H, Gerritsen JJ, van Soolingen D, van Ameijden EJ, van
Embden D, Coutinho RA: A molecular epidemiological
approach to studying the transmission of tuberculosis in
Amsterdam. Clin Infect Dis 1997, 25(5):1071-1077.

21. Geng E, Kreiswirth B, Driver C, Li J, Burzynski ], DellaLatta P, LaPaz
A, Schluger NW: Changes in the transmission of tuberculosis
in New York City from 1990 to 1999. N Engl | Med 2002,
346(19):1453-1458.

22. Alland D, Kalkut GE, Moss AR, McAdam RA, Hahn JA, Bosworth W,
Drucker E, Bloom BR: Transmission of tuberculosis in New
York City. An analysis by DNA fingerprinting and conven-
tional epidemiologic methods. N Engl | Med 1994,
330(24):1710-1716.

23. Barnes PF, Yang Z, Preston-Martin S, Pogoda JM, Jones BE, Otaya M,
Eisenach KD, Knowles L, Harvey S, Cave MD: Patterns of tubercu-
losis transmission in Central Los Angeles. JAMA 1997,
278(14):1159-1163.

24. Kong PM, Tapy J, Calixto P, Burman W], Reves RR, Yang Z, Cave MD:
Skin-test screening and tuberculosis transmission among the
homeless. Emerg Infect Dis 2002, 8(11):1280-1284.

25. Chin DP, DeRiemer K, Small PM, de Leon AP, Steinhart R, Schecter
GF, Daley CL, Moss AR, Paz EA, Jasmer RM, Agasino CB, Hopewell
PC: Differences in contributing factors to tuberculosis inci-
dence in U.S. -born and foreign-born persons. Am | Respir Crit
Care Med 1998, 158(6):1797-1803.

26. Borgdorff MW, Nagelkerke N, van Soolingen D, de Haas PE, Veen J,
van Embden |D: Analysis of tuberculosis transmission between
nationalities in the Netherlands in the period 1993-1995
using DNA fingerprinting. Am J Epidemiol 1998, 147(2):187-195.

27. Lillebaek T, Andersen AB, Bauer ], Dirksen A, Glismann S, de Haas P,
Kok-Jensen A: Risk of Mycobacterium tuberculosis transmis-
sion in a low-incidence country due to immigration from
high-incidence areas. | Clin Microbiol 2001, 39(3):855-861.

28. Borgdorff MW, Behr MA, Nagelkerke NJ, Hopewell PC, Small PM:
Transmission of tuberculosis in San Francisco and its associ-
ation with immigration and ethnicity. IntJ Tuberc Lung Dis 2000,
4(4):287-294.

29. Kiers A, Drost AP, van Soolingen D, Veen |: Use of DNA finger-
printing in international source case finding during a large
outbreak of tuberculosis in The Netherlands. Int | Tuberc Lung
Dis 1997, 1(3):239-245.

30. Kline SE, Hedemark LL, Davies SF: Outbreak of tuberculosis
among regular patrons of a neighborhood bar. N Engl | Med
1995, 333(4):222-227.

31. denBoon§, van Lill SW, Borgdorff MW, Verver S, Bateman ED, Lom-
bard CJ, Enarson DA, Beyers N: Association between smoking
and tuberculosis infection: a population survey in a high
tuberculosis incidence area. Thorax 2005, 60(7):555-557.

32. Menzies D, Fanning A, Yuan L, Fitzgerald M: Tuberculosis among
health care workers. N Engl | Med 1995, 332(2):92-98.

33. de Vries G, Sebek MM, Lambregts-van Weezenbeek CS: Health
care workers with tuberculosis infected during work in the
Netherlands. Eur Respir | 2006, 28(6):1216-1221.

34. American Thoracic Society/Centers for Disease Control and
Prevention/Infectious Diseases Society of America: control-
ling tuberculosis in the United States. Am | Respir Crit Care Med
2005, 172(9):1169-1227.

35. van Deutekom H, Hoijng SP, de Haas PE, Langendam MW, Horsman
A, van Soolingen D, Coutinho RA: Clustered tuberculosis cases:
do they represent recent transmission and can they be
detected earlier? Am | Respir Crit Care Med 2004, 169(7):806-810.

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http://www.biomedcentral.com/1471-2334/9/151/pre
pub

Page 8 of 8

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8381814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8381814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8381814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7690367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7690367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7690367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7910661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7910661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7910661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13679530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10599007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10599007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10599007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14677839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14677839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14677839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9363017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9363017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9363017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15260277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15260277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15047945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15047945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17413123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17413123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17413123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10865275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10865275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10865275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11376059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11376059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11376059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11254530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11254530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12588015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12588015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12588015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16562710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16562710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9402360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9402360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9402360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12000815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12000815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7993412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7993412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7993412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9326475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9326475
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12453356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12453356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12453356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9847270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9847270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9457010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9457010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9457010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11230395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11230395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11230395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10777075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10777075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10777075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9432370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9432370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9432370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7791838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7791838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994262
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7990907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7990907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16807264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16807264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16807264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16249321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16249321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16249321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14684559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14684559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14684559
http://www.biomedcentral.com/1471-2334/9/151/prepub

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Setting
	Study population
	Contact tracing

	Results
	Cluster description
	Patient characteristics
	Second and third generation cases in the cluster
	Contact investigation

	Discussion
	Natural history of tuberculosis
	Reinfection
	Geographical clustering and urban spread
	Tuberculosis among foreign-born persons
	Transmission in high-risk settings
	Promoting early case detection and maintaining clinical expertise
	Outbreak management and contact investigation

	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References
	Pre-publication history

