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The aim of this study was to develop a national model and analyze the value of a molecular epidemiological
Mycobacterium tuberculosis DNA fingerprint-outbreak database. Incidents were investigated by the United
Kingdom PHLS Mycobacterium Reference Unit (MRU) from June 1997 to December 2001, inclusive. A total
of 124 incidents involving 972 tuberculosis cases, including 520 patient cultures from referred incidents and
452 patient cultures related to two population studies, were examined by using restriction fragment length
polymorphism IS6110 fingerprinting and rapid epidemiological typing. Investigations were divided into the
following three categories, reflecting different operational strategies: retrospective passive analysis, retrospec-
tive active analysis, and retrospective prospective analysis. The majority of incidents were in the retrospective
passive analysis category, i.e., the individual submitting isolates has a suspicion they may be linked. Outbreaks
were examined in schools, hospitals, farms, prisons, and public houses, and laboratory cross-contamination
events and unusual clinical presentations were investigated. Retrospective active analysis involved a major
outbreak centered on a high school. Contact tracing of a teenager with smear-positive pulmonary tuberculosis
matched 14 individuals, including members of his class, and another 60 cases were identified in schools
clinically and radiologically and by skin testing. Retrospective prospective analysis involved an outbreak of 94
isoniazid-resistant tuberculosis cases in London, United Kingdom, that began after cases were identified at one
hospital in January 2000. Contact tracing and comparison with MRU databases indicated that the earliest
matched case had occurred in 1995. Subsequently, the MRU changed to an active prospective analysis targeting
linked isoniazid-monoresistant isolates for follow up. The patients were multiethnic, born mainly in the United
Kingdom, and included professionals, individuals from the music industry, intravenous drug abusers, and

prisoners.

Mycobacterium tuberculosis is the causative organism of tu-
berculosis (TB) and produces 8 million new cases of TB and
leads to 2 million deaths annually (14, 16, 49).

The development of novel molecular DNA fingerprinting
techniques over the last decade has improved our understand-
ing of TB transmission, supplementing information from con-
ventional epidemiological methods such as contact tracing
(47). Molecular fingerprinting can be used at a local level to
identify or exclude laboratory cross-contamination or establish
or refute the existence of an outbreak. Outbreaks of drug-
sensitive and -resistant TB in human immunodeficiency virus
(HIV)-positive or -negative individuals have been established
in hospitals, schools, bars, prisons, nursing homes, and home-
less shelters in the United States, Europe, and elsewhere (8, 9,
10,13, 17, 20, 21, 22, 23, 29, 36, 39). These techniques have also
been used in population studies to detect outbreaks missed by
conventional methods and to estimate transmission levels by
comparing the proportion of strains with the same or very
similar fingerprint to those of unique isolates (1, 2, 27, 33, 40).
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In the last few years several new techniques have been de-
veloped with different advantages and disadvantages. Argu-
ably, the “gold standard” method is that of restriction fragment
length polymorphism (RFLP) analysis based on the insertion
sequence 1S6710 (32, 44, 47). In general, RFLP methods are
the most discriminating (32) but are slow, as they require
viable organisms and, as there is no amplification stage, suffi-
cient mycobacterial growth to extract enough DNA for analy-
sis. More-rapid techniques employ a nucleic acid amplification
step first (which is usually PCR) and so can be performed on
cultures with little bacterial growth, on nonviable organisms, or
with limited success, on heavily smear-positive sputum (30, 47).
The principal methods are divided into those such as spacer-
oligonucleotide typing (spoligotyping) (31) and variable num-
ber tandem repeat (VNTR) (24), which can be codified and
stored electronically for comparative purposes, and rapid and/
or arbitrary primed methods. Alternatively, rapid PCR-based
epidemiological typing (RAPET) (50) and comparable meth-
ods can analyze small numbers of strains, which can be com-
pared visually, but the results are usually not amenable for
storage in electronic databases.

All the above methods are employed at the United Kingdom
Public Health Laboratory Service (PHLS) Mycobacterium
Reference Unit (MRU), but one of these techniques, RFLP
1S6110, has been used to type all TB isolates of suspected
outbreaks or hospital or laboratory cross-contamination sub-
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mitted to the MRU since 1995. Since January 2000, our strat-
egy has been to type all TB isolates by the RAPET method
immediately (50) followed by RFLP IS6710 analysis. The strat-
egy is to rapidly fingerprint TB cultures on arrival to distin-
guish laboratory or hospital cross-contamination quickly for
hospital infection-control doctors and those responsible for
controlling community outbreaks. These results are then con-
firmed by the definitive RFLP IS67/10 method once the cul-
tures have grown further.

There is no definitive fingerprinting method for Mycobacte-
rium bovis, a cause of approximately 1% of the bacteriologi-
cally proven TB cases in the United Kingdom. The strategy at
the MRU is to employ a combination of IS6710, spoligotyping,
VNTR, and RAPET in combination with supportive epidemi-
ology to reach a conclusion. This strategy has been developed
in partnership with the United Kingdom Veterinary Labora-
tory Service so that transmission across all mammalian groups,
including humans, may be determined.

This study analyzes suspected outbreaks and cross-contam-
ination events from TB cultures submitted to the United King-
dom PHLS MRU by hospitals and laboratories in the United
Kingdom and Ireland between June 1997 and December 2001.
It attempts to address the question of what the value is of a
national molecular database and describes framework investi-
gative models or strategies for national TB reference centers.

MATERIALS AND METHODS

Mycobacterial isolates. All isolates submitted were cultured onto two Lowen-
stein-Jensen solid medium slopes and, where necessary, into MB BacT liquid
culture medium (Biomerieux, Basingstoke, United Kingdom). Isolates were sub-
sequently stored at —70°C in Middlebrook 7H9 medium for at least 2 years and,
wherever possible, for a longer period of time.

DNA extraction. Extraction of DNA for RAPET was carried out as described
by Yates et al. (50). Briefly, a 1-ul loop of culture was removed from a slope and
placed in 100 pl of sterile distilled water; 100 wl of chloroform (Sigma-Aldrich,
Poole, England) was added to the mixture, which was then vortexed for approx-
imately 10 s. The mixture was heated at 80°C for 20 min and then held at —20°C.
When needed, the mixture was allowed to thaw. While still chilled, the mixture
was centrifuged at 12,000 X g for 5 min in a minifuge; 10 pl of supernatant was
used for PCR.

Extraction of DNA for RFLP analysis was performed by using the standard-
ized protocol (47) once there was a sufficient growth on the slopes.

RAPET. Since January 2000, our strategy has been to type all TB isolates by
using the RAPET method immediately (50) followed by RFLP IS6170 analysis.
RAPET was performed as described previously by Yates et al. (50). Briefly, a
PCR with a single primer (5'-GAGTCTCCGGACTCACCGG-3") was used
which targets an inverted repeat sequence of the IS6/10 element. The PCR was
performed in a reaction volume of 40 pl. The reaction conditions were as follows:
an initial denaturation at 95°C for 120s; 1 cycle of 95°C for 20 s, 45°C for 360 s,
and 72°C for 120 s; 30 cycles of 95°C for 20 s, 62°C for 30 s, and 72°C for 180 s;
and a final extension at 72°C for 10 min. The PCR products were analyzed on a
0.8% agarose gel and visualized by using 0.5 mg of ethidium bromide per ml. The
gel was run at 100 V for 30 min initially and then for a further 20 min, if further
separation was required. PCR products giving similar fingerprints were subjected
to restriction enzyme analysis with HaelIl (Promega, Southhampton, England).
The digested products were analyzed on a 2% (wt/vol) agarose gel containing
ethidium bromide at a concentration of 0.5 mg/ml.

RFLP. RFLP typing targeting the insertion sequence IS67/10 was performed
accordingly to the internationally standardized protocol described by Van Emb-
den et al. (44).

Epidemiological information. All those submitting an isolate were asked to
complete a standard molecular epidemiological form (available from the PHLS
website and in reference 15), which requests information about the patient
(name, gender, date of birth or age, hospital name, address, and location, clinical
details, and the names of the treating physician and laboratory director). Further
information may be provided on the form, by accompanying letter, or in practice
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by prior telephone consultation. All data were collated and stored electronically
with the IS6710 fingerprint.

RESULTS

Over the period of 55 months from June 1997 to December
2001, inclusive, a total of 124 incidents occurred. This involved
a total of 972 TB cases. These included a total number of 520
patients whose samples were examined by RFLP 1S6770 from
small referred incidents and 452 patients related to two pop-
ulation incidents involving isoniazid-resistant TB in London,
England, and an outbreak of drug-sensitive TB in Leicester,
England. Three analytical strategies are examined separately
and subdivided by incident categories illustrating how these
strategies are implemented operationally within the MRU.

Incident strategy 1: retrospective passive analysis. The ma-
jority of incidents (n = 122) fell (and continue to fall) into this
category. In this group, an initial suspicion usually exists on the
part of the individual submitting the isolates that they may be
part of a linked event, e.g., a laboratory cross-contamination
event, multiple positive results in a short time period, or clin-
ical doubt over TB diagnosis. In these incidents, the numbers
of cases involved are usually small and there is a high proba-
bility that some or most of the cases are linked. Epidemiolog-
ical evidence supporting linkage of cases is usually available.

Within this group, there were 122 incidents (121 were M.
tuberculosis and 1 was M. bovis), with 520 patient isolates ex-
amined by using RFLP IS6170; 205 isolates were also exam-
ined by using RAPET. Incidents were characterized as (i) out-
breaks, (ii) clinical confirmation, (iii) cross-contamination of
specimens, or (iv) reinfection or reactivation of a past infec-
tion.

The average number of incidents investigated annually by
the MRU was 28.5, but there was an increasing trend from
1996 to 2001 (Fig. 1). The majority of incidents (65 of 122, or
53.3%) submitted for molecular investigation were from pos-
sible outbreaks of TB, which were all confirmed by RFLP. One
outbreak involved M. bovis (see below).

The RAPET method, newly developed and introduced as a
rapid screening method, gave results concordant with the
RFLP results in all incidents investigated (58 of 124, or 46.8%,
where both techniques were performed).

The average number of cases per outbreak was 4.8 (range,
2 to 25). The following incidents describe the range and na-
ture of the work of the MRU. Incidents or outbreaks involving
schools, hospitals, public houses, nurseries, and other congre-
gate settings dominate this category of work.

Category 1: outbreaks. (i) Category 1a: schools. The largest
outbreak in the retrospective passive analysis category was
recorded in 2001 (one of two major incidents centered on
schools in the whole database). The outbreak centered on
a secondary school in Wales and involved 25 patients. These
included school children, relatives, and friends at other
schools. The index case, that of a 17-year-old boy, was identi-
fied. After RAPET and RFLP analysis, two clusters emerged.
One cluster of 10 cases, included the index case, and a second
but different cluster of 2 cases were also identified. The re-
maining 13 isolates were unique. Outbreaks commonly occur
in schools and have been well documented. In total, six out-
breaks occurred in schools during the study period. This inci-
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FIG. 1. Number of incidents investigated by the MRU.

dent and a larger one described in the next category reflect on
the vulnerability of school children. Child-to-child transmission
is believed to be rare in young children, but we should be
cautious in extrapolating this to older children. School chil-
dren, in any case, are exposed to potentially infectious adults,
including teachers, parents, and other support staff who should
not be overlooked.

(ii) Category 1b: public houses. Twenty TB cases in 4 inci-
dents involving bars or public houses were investigated. One
incident occurred in 2001 in a public house in Newton Abbot,
England, and involved 9 individuals (6 males and 3 females),
8 of whom drank in the pub. The RFLP IS6770 analysis (sup-
ported by RAPET analysis) indicated that the TB isolates from
the 8 individuals had indistinguishable fingerprints. The ninth
TB case was found to have a unique fingerprint. The patient
lived in close proximity to the public house but did not actually
drink there.

(iii) Category lc: hospital. The majority of potential out-
breaks investigated occurred in hospitals (20%) (Table 1). An
outbreak of drug-sensitive TB at a hospital in Cheltenham,
England, involved a medical student, two nurses, and a patient
who were all HIV negative. The index case was that of the male
patient, and a further three cases were identified. The investi-
gation is continuing.

DNA fingerprinting has also been used to exclude the exis-
tence of outbreaks. For example, multiple TB cases in a renal
unit at a London teaching hospital in 1995 were thought to be
linked epidemiologically but were subsequently shown to be
multiple separate events (7). In this study, a suspected out-
break involving a doctor and four patients with TB occurred at
a Birmingham, England, hospital in 1998. As the doctor had
been in contact with all the other patients, he was presumed to
be the source, but his isolate was unique. Two of the patients

had indistinguishable isolates which differed from that of the
doctor, and the remaining two had unique isolates.

(iv) Category 1d: nursery. At a nursery in Leicester, En-
gland, TB was identified in a nursery nurse, the school cook,
and two children, one of whom subsequently died (of TB
meningitis). Conventional epidemiological follow-up suggest-
ed that the school nurse had had the source case, but subse-
quent analysis indicated that the DNA fingerprint of the isolate
was unique and that, in fact, the isolate from the school cook
was indistinguishable from that seen in the children. This in-
cident had ramifications for a subsequent incident in the same
town (see below).

TABLE 1. Place of contact for each retrospective
passive outbreak investigated

No. of o of total no.
Place or form of contact outbreaks gf)f outbreaks
School 5 7.7
Hospital 13 20.0
Nursing home 3 4.6
Public house 4 6.2
Work 5 7.7
Shared house or flat 4 6.2
Nursery 1 1.5
Farm 1 1.5
Family and/or friends 9 13.8
Community and/or prison? 12 18.5
Other 8 12.3
Total 65 100

“ Five of 20 cases in one community outbreak had occurred in prison. Simi-
larly, in another incident of isoniazid-resistant TB in London, England, several
cases were associated with a prison. The prison outbreaks have been counted as
part of community outbreaks rather than as a specific prison incident.
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(v) Category le: farm. This represents the only incident in
our database involving M. bovis in humans. Two teenagers, a
brother and sister working on their family farm, were both
diagnosed with TB. There had been cattle herd breakdowns
and badgers on the farm, from which M. bovis had been iso-
lated in previous years. Although there is no definitive molec-
ular typing system, working in partnership with the United
Kingdom Veterinary Laboratory Agency, the MRU applied
spoligotyping, VNTR, RFLP 1S6710, and RAPET to the hu-
man and animal isolates. All the systems applied suggested that
the isolates were indistinguishable. The male teenager had
helped on the farm and had been covered with cattle nasal
secretions as he restrained the animals. He became symptom-
atic, and several months later, his sister became unwell with
classic symptoms of TB. His sister was diabetic and pregnant,
and considering the relative time intervals, it appears most
likely that, while the brother was probably infected from the
cattle, she was infected by exposure to her brother. In both
cases, standard chemotherapy was successful.

Category 2: clinical case confirmation. In this incident, DNA
fingerprinting techniques were used to confirm clinical trans-
mission. Most analyses have focused on pulmonary cases, as
these are the most common and are likely to be infectious and
transmissible; extrapulmonary TB can be infectious, and out-
breaks have been associated with aerosol-generating proce-
dures, e.g., irrigation of wound abscesses. DNA fingerprinting
was used to establish an unusual case of sexually transmitted
TB in a married couple (3). Fully drug-sensitive M. tuberculosis
was cultured from a painless ulcer at the tip of the penis of a
50-year-old Indian man. Three early morning urine samples
were negative for TB. Histopathological analysis showed the
presence of caseating granulomas in a punch biopsy taken from
the lesion. He was placed on appropriate TB chemotherapy for
6 months and was cured. A year later, his 49-year-old wife
presented to the gynecologist with a 3-month history of men-
orrhagia, fever, night sweats, and weight loss. Endometrial
biopsies were taken, caseating granulomas were seen, and
drug-sensitive M. tuberculosis was isolated. RAPET and RFLP
IS6110 analysis indicated that the isolates were indistinguish-
able. This was the first instance of the use of molecular finger-
printing to prove that sexual transmission of TB can occur.

Category 3: cross-contamination. The 39 incidents investi-
gated were divided into three main types: laboratory cross-
contamination (37 incidents) and bronchoscopic-related (2 in-
cidents) and ward-based (1 incident) contamination. In the
ward incident, the fingerprint results confirmed that specimens
from two patients had been mislabeled and mixed up. Misla-
beling, contamination of reagents, or poor laboratory tech-
niques in the generation of aerosols accounted for the majority
of the laboratory incidents.

Category 4: reinfection and/or reactivation. Prior to the de-
velopment of molecular fingerprinting techniques, it was im-
possible to determine whether a second episode of TB was a
relapsed case or a new infection. In eight episodes which were
investigated, DNA fingerprinting established which of the
above two events had occurred. In one case, a male patient was
diagnosed and apparently treated successfully for three epi-
sodes of TB in 1997, 1998, and 2000. RFLP IS67/10 analysis
gave indistinguishable fingerprints, indicating that his subse-
quent illness was due to relapse of the original disease. In two
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cases, disease which was initially due to drug sensitive isolates
was followed by disease caused by drug-resistant strains, in-
cluding a multiple-drug-resistant isolate. Fingerprinting estab-
lished that the strains were the same, i.e., they were cases of
acquired drug resistance rather than reinfection.

Pseudoincidents. In the final 9 (9 of 122, or 7.4%) episodes
investigated in which either an outbreak or laboratory contam-
ination was suspected, RFLP 1S6170 and RAPET analysis in-
dependently confirmed that the isolates were unique and that
there had been no incident.

Incident strategy 2: retrospective active analysis. This usu-
ally develops from retrospective passive analysis. The most sig-
nificant example relates to an outbreak centered on a high
school in Leicester, England.

Contact tracing of a teenager with smear-positive pulmonary
TB indicated that several other members of the same class had
signs and symptoms of TB or radiological and/or bacteriolog-
ical evidence of TB or were tuberculin skin test positive, sug-
gesting infection. The source case patient had been symptom-
atic for 10 months and was highly infectious.

DNA fingerprint matches of 90% similarity or greater were
obtained from 14 individuals in the main incident investigated,
which included the source case patient’s father and fellow
students. Subsequently linked cases were seen at other educa-
tional establishments, and over 60 TB cases were subsequently
identified in the town’s schools clinically and radiologically and
by skin testing. M. tuberculosis was cultured in only a small
proportion of cases, which is not unusual in pediatric cases.
Nevertheless, without bacteria for molecular fingerprinting it is
impossible to distinguish disease due to different multiple ex-
posures.

Concern was expressed that the schools might be acting as a
sentinel for a wider-ranging unnoticed epidemic in the town.
Six months previously, a young child in the same city had died
of TB (see above), and there was concern that the TB strain
might be the same. Using rapid PCR-based RAPET and spo-
ligotyping, the MRU established by the first meeting of the
outbreak committee that the incident was not linked to the
earlier nursery one and that the strains of the source case
patient and his or her parent were the same.

Overall, it seemed likely that the long duration of exposure
to a highly infectious case could explain the high attack rate,
although the strain is under continuing investigation by the
incident team for intrinsic properties that might have made it
either more infectious or virulent.

All TB isolates from patients within the town isolated during
the preceding year were DNA fingerprinted. One hundred
seventy-four isolates were fingerprinted by RFLP 1S6110
analysis. Strains clustering together or those with 5 or fewer
IS6110-containing bands were reanalyzed by spoligotyping.
Isolates within the original school or with the school fingerprint
were also analyzed by VNTR analysis. In addition to the rec-
ognized cluster, 17 other groups of indistinguishable isolates
were noticed with two clusters acting as internal controls in
that they were subsequently shown to be repeat isolates from
the same individuals. In most of the remaining 15 groups, case
numbers were small (2 to 6 cases per incident), with the ma-
jority represented by pairs of incident cases in household con-
tact. A detailed report of the incident is in preparation.
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FIG. 2. 1S6110 fingerprints from outbreaks in London and Leicester and from some of the smaller proven outbreaks. Lanes: 1, Leicester
outbreak strain; 2, London Inh® strain; 3 to 14, strains from five different outbreaks, each of which contained between two and three cases.

Incident strategy 3: retrospective prospective analysis. This
group is represented by an outbreak of isoniazid-monoresis-
tant TB in London, United Kingdom. Until 1 May 2002, 94
cases had been identified as part of the outbreak (84 in London
and 10 cases outside London). The outbreak began as a ret-
rospective passive analysis: astute medical microbiologists re-
alized that they might have an outbreak after three cases of
isoniazid-monoresistant TB were identified by the PHLS MRU
at their hospital in January 2000. DNA fingerprinting (RAPET
and RFLP 1S6710) of all isoniazid-resistant TB isolates from
the hospital from the beginning of 1999 identified a further 11
cases.

Contract tracing and analysis of the outbreak fingerprint
with MRU databases indicated that the earliest matched case
had occurred in a Nigerian student in 1995, and two further
cases were identified from 1998. All isoniazid-monoresistant
isolates from neighboring hospitals from 1999 onwards were
DNA fingerprinted retrospectively, and 15 further cases were
identified, nearly all of them in London.

Subsequently, the analysis changed from a passive to active
retrospective one and then to an active prospective analysis
with all London isoniazid-monoresistant isolates fingerprinted
and linked cases identified. These cases were targeted for de-
tailed follow up, and other unlinked isoniazid-resistant cases
were targeted for routine contact tracing. The patients were
multiethnic and mainly United Kingdom born, and some were
professional or connected to the music industry, secondhand
car sales, and intravenous drug abuse.

In the initial investigation, a link was identified with prison-
ers with TB. This has been the first documented case of TB
transmission within a United Kingdom prison. Subsequently,
16 cases were found to be associated with the outbreak, and 9
transmissions probably occurred in the prison.

Opverall, the local TB notification rate increased in London
from 29.1 per 100,000 in 1995 to 40.3 per 100,000 in 2000 with
the proportion of isoniazid-resistant TB remaining approxi-
mately the same at 6 to 7% nationally (but higher [7.6%] in

London) (12). Detailed accounts of this outbreak are in prep-
aration.

IS6110 fingerprints from outbreaks in each of the three
categories are given in Fig. 2.

DISCUSSION

The development of robust molecular fingerprinting systems
for M. tuberculosis in the last 5 to 10 years has revolutionized
our understanding of TB transmission. Comparison can be
made between isolates of M. tuberculosis complementing con-
ventional contact-tracing techniques. These techniques are of
value clinically, for surveillance and to address public health
issues. Methods must be based on genetic elements which can
generate sufficient variability but which are sufficiently stable
for longitudinal comparisons in population analyses.

Definitive RFLP analyses such as 1S6710 (32, 47) are highly
discriminating but require viable bacterial growth; alterna-
tively, molecular amplification techniques are more rapid, do
not require viable growth, and for some systems, such as spo-
ligotyping and VNTR, can be digitalized and stored in data-
bases (19, 32). Combinations of these methods may prove as
discriminating as RFLP [S6110. Some methods such as spoli-
gotyping have added value in that they are able to identify to
subspecies level M. bovis BCG and M. tuberculosis and can be
used to analyze dead cultures, smear-positive smears, and for-
malin-fixed specimens (30, 32). They aid in our understanding
of evolution at the molecular level. For example, specific
strains may be dominant and have an impact on TB transmis-
sion and the spread of drug-resistant TB, such as the Beijing
genotype. This genotype has had a high impact on the TB
epidemics in Asia, Vietnam, the former Union of Soviet So-
cialist Republics, and increasingly, in other geographic regions
(11, 35, 45). The occurrence of this strain in Vietnam has been
correlated with young age, suggesting recent transmission (4).

Other PCR methods including mixed-linker PCR (32) and
RAPET (50) may be as discriminatory but are not amenable to
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FIG. 3. Molecular epidemiological outbreak and incident investigation strategy. 1°, primary typing; 2°, secondary typing.

storage on computerized databases. Spoligotyping requires a
commercial membrane product, which makes it more expen-
sive than RAPET, but spoligotyping analysis is easier, can be
captured digitally, and provides diagnostic information as it
can differentiate between members of the M. tuberculosis com-
plete. Spoligotyping and RAPET are rapid methods offering
time advantages over the 1S6170 method.

For any center maintaining a comparative longitudinal da-
tabase, RFLP IS6110 fingerprinting is the current de facto gold
standard, as it is highly discriminating, with relatively stable
fingerprints, well-developed database analytical systems, and
an international comparative methodology. The MRU main-
tains a fingerprint database of RFLP IS6110 isolates from a
combined multicenter study from 1995 to 1997 (33) and a
database of RFLP IS6110 fingerprints from TB isolates from
England in 1998. In addition the MRU maintains a molecular
outbreak database as described in this analysis. In total, the
MRU database contains approximately 5,000 IS6110 finger-
prints as well as substantial databases of spoligotyping pro-
files. In considering all the above factors the overall strategy
adopted by the MRU is illustrated in Fig. 3.

The value of a single center maintaining a longitudinal da-
tabase was illustrated by the isoniazid-monoresistant TB out-
break in London, where cases were identified from earlier
years by comparative examination of the database.

Undiagnosed outbreaks and/or incidents can be identified
through widespread retrospective and prospective analyses.
This can be confined to screening of laboratory cultures, for
example, to detect cross-contamination. These techniques have
established novel chains of transmission of smear-negative pul-
monary cases (6) and of extrapulmonary cases (such as open
abscesses), which have informed public health intervention
strategies. Proof of transmission within the United Kingdom
prison service was only obtained recently through molecular
analysis.

Two major outbreaks of multidrug-resistant TB at two Lon-
don teaching hospitals among mainly HIV-positive individuals
were investigated by the MRU in 1995 and 1996 prior to the
introduction of routine analysis. Isolates were found to be
indistinguishable (8). TB is no more infectious to HIV-positive
individuals than to HIV-negative individuals, but HIV infec-
tion increases susceptibility to clinical TB following infection.
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These events are not described in this study but are important,
as they illustrated the high fatality rates associated with this
combination of diseases and the importance of rapid identifi-
cation and intervention within the institutions to prevent fur-
ther nosocomial spread.

TB carries a stigma, and there may be a personal stigma for
healthcare staff if they or others believe that they have trans-
mitted the disease to their patients. The potential for transfer
to sick or immunocompromised patients with consequent me-
dia and political attention complicates medical management,
as the case in Birmingham, England, indicated. Conventional
epidemiological analysis suggested that the likely source was
the attending doctor, but molecular analysis demonstrated that
this could not have been the case. Similarly, in the incident
involving a child who died after apparently being infected by
the nursery nurse, molecular analysis established that she
could not have been the source of the infection.

Where these techniques can influence health policy most is
when they are used in population studies, although the inter-
pretation of studies is frequently controversial. In countries
where the rates of endemic TB are low, the proportion of new
cases due to recent infection is estimated to be 38 to 41% in
New York, N. Y. (2, 22), 40% in San Francisco, Calif. (40),
28% in Berne, Switzerland (25), 46% in Amsterdam, The
Netherlands (43), 28% in France (42), 38% in Seville, Spain
(38), and 27% in London, England (27).

Fewer molecular epidemiological studies of TB transmission
have been undertaken in countries or regions where HIV and
TB are endemic. Estimates range from only 13% transmission
of 200 isolates from a drug susceptibility study in Botswana (S.
Lockman, J. W. Tappero, C. R. Braden, et al., Int. Union
Tuberc. Lung Dis. UICTMR, abstr. no. 298-PA 02, 1997.), to
32% of 239 TB patients in San Paulo, Brazil, of whom approx-
imately half were HIV infected (18), 25% of 84 patients in
Honduras (37), 33% of 51 patients in Guadeloupe (41), 45% of
38 patients in Havana, Cuba (34), 41% in a study of 41 HIV-
positive TB patients from Nairobi, Kenya (26), 45% of 246
isolates clustered in South Africa (48), 62% in Tunisia (28),
and 53.6% in a small study of 28 TB patients in Harare,
Zimbabwe (30). In a recent study, using a combination of
spoligotyping and VNTR on isolates from Harare, Zimbabwe,
78.6% of 187 patients were identified as being part of a cluster
(P. J. Easterbrook, A. L. Gibson, and F. A. Drobniewski,
unpublished results); this high rate of clustering suggested a
high rate of recent transmission.

Tuberculosis is more likely to develop in the first 12 months
following acquisition of infection in HIV-positive individuals
(5). Among HIV-infected patients living in New York and San
Francisco, more than 60% of new TB cases were the result of
recent transmission (2, 40). Other studies have also found the
frequency of cluster pattern strains is significantly higher
among seropositive patients (2, 18) and AIDS patients (40),
although this has not been a consistent finding (46, 48).

New techniques such as single nucleotide polymorphism
analysis are being investigated at the MRU and at other cen-
ters to develop fingerprint systems which are method indepen-
dent, such as DNA sequencing, where analysis of the DNA
sequence is independent of the system used to produce it, and
do not require the comparison of optical data. Further at-
tempts to automate the IS67/7/0 methodology combine digital
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type methods, such as spoligotyping and VNTR, and develop
method-independent techniques based ideally on sequence
analysis need to be developed. They should be tested against
epidemiologically well-defined culture panels to which the in-
vestigators are blinded. The development of new methods
which are used to investigate the epidemiology of TB trans-
mission in a population such as a town while using the epide-
miology itself to simultaneously validate the new method are
inappropriate.

Cross-contamination events and small outbreaks can be in-
vestigated locally by using a variety of techniques. The inves-
tigation by a single center by using standardized discriminating
techniques such as RFLP IS6710 or RFLP with polymorphic
GC-rich repeat sequences (which remain difficult to standard-
ize at multiple centers) produces added value in that longitu-
dinal and population analyses can be performed. The latter is
essential where overall transmission in relatively low-incidence
regions is to be analyzed and has been introduced with great
success in diverse countries such as The Netherlands, Ger-
many, Denmark, South Africa, Switzerland, and Estonia. The
United Kingdom Veterinary Laboratory Service maintains a
single database, which permits tracking of TB in mobile animal
populations. Humans are at least as mobile, and multiple small
collections will be insufficient to identify and track large inci-
dents such as are occurring in London. Such a center can
operate by using all three modes as described above, depend-
ing on the scope of work. A center performing analyses on a
small number of outbreak strains can prove or disprove the
event by using rapid PCR techniques, but the results cannot be
placed in their wider context unless definitively typed by using
a method whose results can be stored electronically.
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