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ABSTRACT
Background Information on geographical variation in
localised transmission of TB can inform targeting of
disease control activities. The aim of this study was to
estimate the proportion of TB attributable to localised
transmission for the period 2010–2012 in northern
England and to identify case characteristics associated
with spatiotemporal-genotypical clusters.
Methods We combined genotyping data with
spatiotemporal scan statistics to define an indicator of
localised TB transmission and identified factors
associated with localised TB transmission thus defined in
a multivariable logistics regression model.
Results The estimated proportion of TB cases in
northern England attributable to localised transmission
was 10% (95% CI 9% to 12%). Clustered cases (cases
which were spatiotemporally clustered with others of
identical genotype) were on average younger than non-
clustered cases (mean age 34 years vs 43 years; p value
<0.05). Being UK born (adjusted OR (aOR) 3.6, 95% CI
2.9 to 6.0), presenting with pulmonary disease (aOR
2.2, 95% CI 1.3 to 3.6) and history of homelessness
(aOR 2.8, 95% CI 1.2 to 6.8) or incarceration (aOR 2.6,
95% CI 1.2 to 5.9) were independently associated with
being part of a spatiotemporal-genotypical cluster in a
multivariable model. Belonging to an ethnic group other
than white or mixed/other was also significantly
associated with localised transmission. We identified
localised transmission in 103/1958 middle super output
areas mostly in urban areas.
Conclusions Incorporating highly discriminatory
genotyping data into spatiotemporal analysis of TB
incidence is feasible as part of routine surveillance and
can provide valuable information on groups at greater
risk and areas with localised transmission of TB, which
could be used to inform control measures, such as
intensified contact tracing.

INTRODUCTION
The prevention of transmission of TB is the key to
reducing incidence. Most TB control programmes
rely on contact tracing for the identification of clus-
ters of TB transmission. This method may miss
limited or casual contact and thus may underesti-
mate recent transmission.1–3 Several countries have
used population based genotyping to assess recent
transmission, as represented by the number of

genotypically clustered cases.4 Molecular clustering
may approximate recent transmission in low inci-
dence populations, but it is not always associated
with recent transmission.5

In England, universal typing of TB isolates was
introduced in 2010. The national strain typing
service uses the 24-locus mycobacterial interspersed
repetitive unit variable number tandem repeat
(MIRU-VNTR) typing method.6 One of its objec-
tives is to identify clustered cases that are poten-
tially part of a recent chain of transmission as well
as the characteristics associated with recent

Key messages

What is the key question?
▸ Can we identify risk groups and geographical

areas where new TB cases are likely to
represent person-to-person transmission, in
order to inform targeted control measures?

What is the bottom line?
▸ Using a novel method applying spatiotemporal

statistical methods to a large UK TB data set
with highly discriminatory 24-locus
mycobacterial interspersed repetitive unit
variable number tandem repeat (MIRU-VNTR)
profile for culture-positive cases, we estimated
that one in every 10 cases of TB in the North
of England was highly likely to be the result of
localised transmission and we identified the
following case characteristics: birth in the UK,
pulmonary disease, a history of homelessness
or incarceration and belonging to an ethnic
group other than white or mixed/other as being
significantly associated with localised TB
transmission.

Why read on?
▸ We describe a method using freely available

statistical software to add a genetic dimension
to spatiotemporal analyses, the application of
which has provided valuable information on
transmission of TB in the North of England,
and which has potential applicability to the
study of the distribution of other diseases.
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transmission. The programme defines clustered cases as two or
more cases with indistinguishable MIRU-VNTR profiles, with at
least one case with a complete 24-locus MIRU-VNTR profile.
Additional cases in the cluster may each have one missing
locus.7 The identification of clustered cases was initially fol-
lowed by an epidemiological investigation if there were five
cases or more resident in the same geographical area under the
jurisdiction of a Health Protection Unit, or ten cases within a
regional or national boundary in the last 2 years, with two in
the previous 6 months.7 However a review of the UK strain
typing service in March 2013 found no evidence to suggest that
cluster investigations undertaken on the basis of specific thresh-
olds were effective or cost-effective.8 As a result, cluster investi-
gation undertaken this way was abandoned in favour of a more
locally targeted approach.

The Centers for Disease Control and Prevention in the USA
recently described a method that combines genotyping data
with spatial scan statistics to estimate recent TB transmission.9

Spatial scan statistics have been widely used for the identifica-
tion of clusters of infectious disease.10–13 The availability of
genotyping data and data on individual cases from the national
Enhanced TB Surveillance (ETS) system has provided an oppor-
tunity to combine these data for the North of England. The
objectives of this study were to employ this method to (1) esti-
mate the proportion of TB in the North of England attributable
to localised transmission for the period 2010–2012, (2) identify
the areas where localised transmission is occurring and (3) iden-
tify the demographic, geographical, clinical and social risk
factors associated with localised TB transmission.

METHODS
Study population
We conducted a cross-sectional study in which cases were
defined as patients resident in the North of England (defined as
Public Health England region, which includes North-East of
England, Cumbria and Lancashire, Yorkshire and the Humber,
Greater Manchester and Cheshire and Merseyside) at the time
of diagnosis with a positive culture of Mycobacterium tubercu-
losis from a clinical specimen and with complete 24-locus

MIRU-VNTR profile between 2010 and 2012. We obtained the
cases from the ETS system. TB nurses and physicians routinely
submit to the ETS system information on case demographics,
clinical characteristics and risk factors for all TB cases notified
in England, which is then linked to microbiological and molecu-
lar data. For cases with more than one isolate and discordant
genotyping we used the first isolate for the analysis. For cases
that did not have a recorded date of onset of symptoms, this
was approximated using other dates in the data set and for cases
with no recorded residence, the postcode of the hospital report-
ing the case was used as a proxy measure of residence in order
to reduce potential selection bias. Case locations were geocoded
with ArcGIS V.10.0,14 using the postcode of residence to assign
cases to middle super output areas (MSOA; MSOAs are well-
defined census neighbourhoods with a population between
5000 and 15 000 people).15 The final study population included
all cases with confirmed culture-positive TB with a complete
24-locus MIRU-VNTR profile, a MSOA within the North of
England and onset of symptoms between January 2010 and
December 2012 inclusive.

Genotype and geospatial clustering
As an indicator of localised TB transmission, we defined clus-
tered cases as cases with an exact match on all 24 MIRU-VNTR
loci within geospatial zones with statistically significant spatio-
temporal scan statistics obtained from SaTScan V.9.2.16 SaTScan
detects clusters in space and time using a moving cylindrical
window method, where the base represents space and the height
represents time.17 For each window, a log-likelihood ratio is
generated, comparing observed with expected cases inside and
outside the moving window. A p value representing how likely
the observed data for a given area and period would be if cases
were occurring randomly in accordance with a Poisson distribu-
tion and independently of each other is assigned to each
window using Monte Carlo simulation.17 Clusters with a
p value of <0.05 were regarded as statistically significant. In our
study the temporal window or longest duration of a cluster was
set to 3 years, the full study period and the spatial window was

Figure 1 Number of cases of TB
reported to Enhanced TB Surveillance
(ETS), including culture-positive cases,
genotyped cases and clustered cases by
the different methods, northern
England, 2010 to 2012. †This number
includes incomplete 24-locus
mycobacterial interspersed repetitive
unit variable number tandem repeat
(MIRU-VNTR) profiles too. ‡Cases with
an onset date that was not between
January 2010 and December 2012 were
removed. *Genotype clustering defined
as two or more cases with identical
24-locus MIRU-VNTR profile identified in
northern England. **Calculated using
the number of cases that were part of a
cluster as per genotype clustering
definition minus the total number of
clusters identified and divided by the
total number of cases with a full
24-locus MIRU-VNTR. ***Two or more
cases with the same 24-locus
MIRU-VNTR profile found to be
spatiotemporally clustered by SaTScan.
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set to 50 km. We selected the option for no geographical
overlap for reporting secondary clusters.

As the number of cases by genotype was small, we ran
SaTScan with all the cases together to first define the spatio-
temporal clusters. We then identified cases that had a genotype
that appeared more than once within each significant spatio-
temporal cluster. For the purpose of this study these cases were
considered to be those more likely to represent localised TB
transmission. The cases that did not fulfil these criteria were
considered more likely to be cases of remotely acquired TB or
reactivation of old TB.

We used MSOA population estimates for 2010 from the
Office for National Statistics,18 for all 3 years (the only estimates
available at the time of the analysis).

We used the ‘n–1’ method19 and genotype clustering (two or
more cases with complete identical genotype) as comparator
methods for estimating recent TB transmission.

Statistical analysis
We used logistic regression to examine demographic (ie, age,
sex, ethnicity, country of birth and year of entry in the UK) and
clinical (ie, clinical presentation, sputum smear status, previous
diagnosis and patient receiving directly observed therapy
(DOT)) characteristics and risk factors (ie, having a social risk
factor, homelessness, imprisonment and drug or alcohol abuse)

potentially associated with recent TB transmission. We per-
formed single variable analysis using Pearson’s χ2 test and
Fisher’s exact test. All variables with a significance value of
<0.2 in the single variable analysis were included in the regres-
sion model. We used a backwards stepwise approach to identify
a final model, eliminating variables with the highest χ2 values
first and examining at each step for possible confounders. The
analysis was performed using R V.3.0.3 (The R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS
The overall annual incidence of TB for the North of England was
10.7 cases per 100 000 population in 2010, 10.8 in 2011 and
10.7 in 2012. Between January 2010 and December 2012, 4765
cases of TB were reported to ETS. Of these, 2845 (60%) were
culture-positive. The proportion of culture-positive cases with a
complete genotype result has increased over the 3 years; from
41% (387/942) in 2010; to 57% (562/982) in 2011 and to 58%
(535/921) in 2012. A total of 2782 (98%) isolates were charac-
terised using MIRU-VNTR typing. A total of 2090 (75%) had a
result with at least 23 loci and 1547 (54%) had a full 24-locus
MIRU-VNTR profile. Six cases had multiple isolates and discord-
ant genotypes. We included 1484 TB cases in the analysis, repre-
senting 52% of culture-positive cases. Of those 1146 (78%) had
a unique 24-locus MIRU-VNTR. A total of 13/94 cases reporting

Figure 2 Proportion of TB clustered cases by middle super output areas (MSOAs) and local authority representing the areas where we identified
localised TB transmission in northern England, 2010–2012. The map shows the local authorities in which localised transmission was identified and
the proportion of clustered cases per 1000 by MSOA within each of the local authorities. The number of MSOAs within each local authority in which
we identified localised TB transmission are: Blackburn with Darwen (7), Bolton (3), Bradford (20), Bury (2), Calderdale (3), Doncaster (1), Kirklees
(13), Lancashire (7), Leeds (6), Manchester (14), Middlesbrough (3), North Yorkshire (1), Oldham (7), Rochdale (4), Salford (3), Sheffield (3) and
Tameside (6).
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history of being homeless did not have a postcode. For these
cases, we used the postcode of the reporting hospital or labora-
tory. Only one of these cases was classified as being part of a
cluster. Therefore, this procedure was unlikely to cause artificial
clustering around reporting hospitals or laboratory.

Estimation of the proportion of TB in the North of England
attributable to localised transmission
Of the 1484 cases included in the analysis, 153 (10%; 95% CI 9
to 12) were clustered in space and time and by genotype using
the method described in this paper. Eighty-five per cent of clus-
ters had four members or less and 58% of the clusters had only
two members (median cluster size 2; range 2–14) (figure 1). The
estimate of the proportion due to recent transmission varied
depending on the method used, from 32% of all cases in our
study population being attributed to recent TB transmission if
only genotyping clustering was used to a more conservative esti-
mate of 10% with the method described in this paper (figure 1).
Using the ‘n–1’ method the proportion of clustered cases in our
study population was 23%.

Areas where localised transmission was found to be occurring
Of all clustered cases, 3% (5/153) were residents in the
North-East, 14% (21/153) in Cumbria and Lancashire, 37%
(57/153) in Greater Manchester and 46% (70/153) in Yorkshire
and Humberside. No clustering was identified in Cheshire and
Merseyside. The proportion of all cases that were clustered
(ie, consistent with localised transmission) varied by geographical
area. In the North-East, 3% (5/164) of all cases were clustered

compared with 13% (21/183) in Cumbria and Lancashire, 13%
(70/591) in Yorkshire and Humberside and 15% (57/429) in
Greater Manchester. We identified clustered cases in 103 MSOAs
out of a total of 1958 that constitute the North of England.
Bradford, Manchester and Kirklees local authorities accounted
for the majority of these MSOAs (46%; 47/103) (figure 2).

Identification of characteristics associated with localised TB
transmission
Single variable analysis
Clustered cases were on average younger than non-clustered
cases (mean 34 years old compared with 43 years; p value
<0.05), and almost three times more likely to be UK born (OR
2.7, 95% CI 1.4 to 33.0) (table 1). Having entered the UK in
the previous 2–4 years increased the risk of being part of a
cluster by OR 2.2 (95% CI 1.0 to 4.7) compared with entering
in the year previous to diagnosis (table 1).

Presenting with pulmonary disease was associated with being
part of a cluster (OR 2.3, 95% CI 1.5 to 3.7) (table 2). Cases
having a social risk factor were two times more likely to be part
of a cluster (OR 2.1, 95% CI 1.2 to 3.4) (table 2). Having a
history of homelessness (OR 3.0, 95% CI 1.3 to 6.5), being
homeless at the time of diagnosis (OR 4.1, 95% CI 1.1 to 12.8)
and having been to prison (OR 2.4, 95% CI 1.1 to 5.0) were all
associated with being part of a cluster (table 2). Among the
cluster cases we identified nine children. Seven of them were
born in the UK. Of the other three only one entered the UK
within 1 year, the rest had entered the UK more than 5 years

Table 1 Demographic characteristics of clustered cases or cases involved in recent TB transmission events; North of England, 2010–2012

Variable No. (%) clustered Total no. available Crude OR (95% CI) Adjusted OR (95% CI)†

Sex, n=1478
Male 94 (61.8) 866 1.16 (0.81 to 1.67)
Female 58 (38.2) 612 Referent

Age group (years), n=1484
0–4 2 (1.3) 15 1.31 (0.29 to 5.95)
5–14 7 (4.6) 22 3.99 (1.57 to 10.13)
15–24 29 (19.0) 235 1.20 (0.76 to 1.91)
25–44 66 (43.1) 630 Referent
45–64 29 (19.0) 313 0.87 (0.55 to 1.38)

65+ 20 (13.1) 269 0.69 (0.41 to 1.16)
Ethnicity, n=1484‡
Black African 25 (10.9) 207 1.14 (0.66 to 1.98) 4.68 (2.24 to 9.75)
Black Caribbean 3 (1.3) 13 3.26 (0.85 to 12.48) 5.56 (1.34 to 23.0)
Indian 27 (11.8) 201 1.05 (0.59 to 1.85) 2.83 (1.31 to 6.08)
Mixed/other 14 (6.1) 107 0.65 (0.3 to 1.42) 2.05 (0.81 to 5.17)
Pakistani 88 (38.4) 418 1.48 (0.97 to 2.27) 4.87 (2.76 to 8.57)
White 68 (29.7) 477 Referent

Country of birth, n=1381
UK 75 (51.7) 497 2.7 (1.44 to 2.97) 3.62 (2.19 to 5.99)
Not UK born 70 (45.8) 884 Referent

Year of entry, n=773
Entry <1 year 11 (16.7) 178 Referent
Entry UK 2–4 years 22 (33.3) 173 2.21 (1.04 to 4.71) §
Entry UK 5 to 9 years 14 (21.2) 177 1.30 (0.58 to 2.96)
Entry UK > 10 years 19 (28.8) 245 1.28 (0.59 to 2.75)

n represents the number of persons for whom information for each category was available.
†Final model, n=1356.
‡Bangladeshi, Chinese and black/other were grouped under mixed/other as no clustered cases were identified.
§Not included in the model, to include UK born and non-UK born.
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Table 2 Clinical and social risk factor characteristics of clustered cases or cases involved in recent TB transmission events; North of England,
2010–2012

Variable No. (%) clustered Total no. available Crude OR (95% CI) Adjusted OR (95% CI)*

Clinical presentation of TB, n=1482
Pulmonary 125 (81.7) 999 2.32 (1.5 to 3.69) 2.17 (1.32 to 3.57)
Extrapulmonary only 28 (18.3) 483 Referent

Sputum smear positivity n=506
Yes 56 (76.7) 369 1.26 (0.69 to 2.41)
No 17 (23.3) 137 Referent

Previous TB diagnosis, n=1362
Yes 13 (9.3) 86 1.61 (0.8 to 3.03)
No 127 (90.7) 1276 Referent

Patient on DOT, n=1149
Yes 15 (13.2) 96 1.78 (0.92 to 3.27)
No 99 (86.8) 1053 Referent

Having a social risk factor, n=1484
Yes 25 (16.3) 140 2.07 (1.24 to 3.35)
No 128 (83.7) 1344 Referent

History of being homeless, n=1484
Yes 10 (6.5) 40 3.03 (1.29 to 6.53) 2.84 (1.18 to 6.80)
No 143 (93.5) 1444 Referent

Currently homeless, n=1484
Yes 3 (2) 18 4.05 (1.09 to 12.8)
No 150 (98) 1466 Referent

Homeless in the last 5 years n=1484
Yes 5 (3.3) 16 3.04 (0.91 to 9.07)
No 148 (96.7) 1468 Referent

Homeless >5 years ago, n=1484
Yes 1 (0.4) 4 2.91 (0.06 to 36.5)
No 152 (99.6) 1480 Referent

History current alcohol use, n=1484
Yes 10 (6.5) 61 1.76 (0.78 to 3.59)
No 143 (93.5) 1423 Referent

History or current drug use, n=1484
Yes 9 (5.9) 53 2.11 (0.61 to 5.85)
No 144 (96.4) 1458 Referent

Current drug use, n=1484
Yes 5 (3.3) 26 2.3 (0.8 to 5.9)
No 148 (96.7) 1506 Referent

Drug use in the last 5 years, n=1484
Yes 4 (2.5) 21 2.08 (0.5 to 6.47)
No 149 (97.5) 1463 Referent

Drug use >5 years ago, n=1484†
History or currently in prison, n=1484
Yes 11 (7.2) 52 2.44 (1.1 to 4.96) 2.63 (1.18 to 5.87)
No 142 (92.8) 1432 Referent

Currently in prison, n=1484
Yes 2 (1.3) 11 1.95 (0.2 to 9.52)
No 151 (98.7) 1473 Referent

Prison UK last 5 years, n=1484
Yes 6 (2.5) 18 2.53 (0.6 to 8.17)
No 230 (97.5) 1466 Referent

Prison UK >5 years, n=1484
Yes 5 (3.3) 21 2.78 (0.78 to 8.07)
No 148 (96.7) 1463 Referent

Prison abroad last 5 years, n=1484
Yes 1 (0.7) 4 2.91 (0.06 to 36.5)
No 152 (99.3) 1480 Referent

Prison abroad >5 years ago, n=1484†

n represents the number of persons for whom information for each category was available.
*Final model, n=1356.
†No cases with the outcome of interest.
DOT, directly observed therapy.
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ago. Out of the nine, four were of Pakistani origin, three were
of black African origin and two were mixed/other.

Multivariable analysis
In the final multivariable model, being UK born, being home-
less, past incarceration and pulmonary disease remained statistic-
ally significantly associated with being part of a cluster (table 2).
Cases belonging to an ethnic group other than white or mixed/
other were more likely to be clustered, especially cases of black
Caribbean origin (aOR 5.6, 95% CI 1.7 to 23.0) or Pakistani
origin (aOR 4.9, 95% CI 2.8 to 8.6) (table 1).

DISCUSSION
We estimate that 10% of TB cases in the North of England in
2010–2012 were the result of localised transmission. Being UK
born, homelessness, incarceration, presenting with pulmonary
disease and being of an ethnic background other than white or
mixed/other were associated with localised TB transmission.
Our estimate of localised TB transmission showed geographical
variation, although due to artificial geographical boundaries
local estimates may be an underestimate. Our estimate differs
from the estimate using the same method in the Centers for
Disease Control and Prevention study.9 This might be due to
differences in TB epidemiology but the smaller sample size and
the use of 24 as opposed to 12-locus MIRU-VNTR may also
contribute.5 20 In the absence of detailed epidemiological data
for all cases of TB, the use of routine epidemiological data
together with genotyping data offers an alternative way to assess
localised TB transmission at subnational and local levels. This
method obtained a more conservative estimate compared with
methods previously used, allowing more targeted investigation
of clusters. In addition, the method was easy to perform, could
be run regularly and requires minimum training.

Studies estimating recent TB transmission have mostly relied
on the identification of cases with indistinguishable MIRU-
VNTR profiles, assuming that they represent recent transmission.
This is not necessarily the case and inferences based on crude
estimates need cautious interpretation. Traditional contact-
tracing only uncovers a small proportion of epidemiological links
between patients in the same molecular cluster.1 3 21 Intensive
contact-tracing can identify a much higher proportion of links,22

but its application is limited by the available resources especially
TB nurse staffing levels.

A precise estimate of recent transmission requires information
on parameters including the annual rate of TB infection, exist-
ence of effective control programmes, intensity of contact
tracing activities, population movements, the number of differ-
ent circulating strains in the past and new introductions and the
number of people infected per case, which may not be
known.23 Interpretation of clustering results based only on gen-
otypical data is challenging. A combination of molecular data
with spatial scan statistics provides an innovative way of defining
TB clusters. Although there is uncertainty about which defin-
ition describes localised TB transmission most accurately, adding
a spatiotemporal component has the advantage of identifying
areas where the number of cases is higher than expected and
where transmission may be ongoing. If performed routinely the
method could be used to inform and evaluate TB control
activities.

The characteristics identified as associated with being part of a
cluster are compatible with reports from London, Denmark and
the USA.24–27 A previous US study that used similar methods to
predict TB outbreaks also reported that the presence of character-
istics such as homelessness and incarceration in at least one of the

three first cases in a cluster indicated a likely outbreak.27

Transmission in these groups could reflect chaotic lifestyles or dif-
ferences in health-seeking behaviour or access to health services
that result in delayed diagnosis. They could also reflect complex
transmission patterns not yet well understood. Routine contact
tracing may miss transient contact in these groups.

The study has a number of limitations. First, our sample
population did not include all cases reported to ETS as only
54% (1547/2845) of the cases were culture-positive and had a
complete genotype. This is likely to have resulted in an under-
estimate of recent transmission, if we assume that non-cultured
cases were also infectious. Second, our study period was only
3 years. Increasing the length of the study could also increase
the proportion of clustered cases. However, using a longer study
period can make interpretation of results challenging as some of
the cases are likely to be due to reactivation of TB acquired
earlier rather than to localised transmission.28 Increasing the
length of the study may increase the number of cases due to
localised transmission only to reach a plateau determined by the
mutation rate of TB.19 The mutation rate influences the degree
of clustering, but uncertainty remains regarding the mutation
rate of TB, with several studies suggesting a low frequency of
MIRU-VNTR genotype changes.29 30 This uncertainty compli-
cates the interpretation of methods using MIRU-VNTR data and
highlights the need to estimate the underlying mutation rate.
Novel approaches such as whole genome sequencing are encour-
aging and are likely to improve our understanding of TB micro-
evolution, heterogeneity and transmission.31–34 Third, although
the definition used in our study is more complex than relying
only on genotyping data, it is still only a surrogate for localised
TB transmission and does not take into account other factors
that affect the interpretation of the results such as migration and
diversity of underlying strains circulating or new introductions.
For instance, similar ethnic groups might settle in the same areas
and introduce genotypes that may reflect common strains in the
country of origin and may not reflect local transmission.35

Fourth, by limiting the study to the North of England we were
likely to miss cases whose exposure or transmission to others
might have occurred outside this geographical area.

Our study suggests that efforts to control TB could target
recent or ongoing transmission by prioritising those with identi-
fied risk factors. Improving access to healthcare and more intense
contact-tracing efforts might be needed but are likely to require
additional resources. Routine use of the method described in this
paper could assist TB control strategies at a local level by identify-
ing and monitoring where TB transmission events are occurring
and the risk factors associated with these events.
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