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During July 2015 a brucellosis outbreak was detected 
in Kyustendil district, west Bulgaria. As of 15 August, 
31 patients have been diagnosed all with an epide-
miological connection to Rila town. Patients have 
not travelled/worked abroad. Breeding family-owned 
goats and/or improper use of their milk appear to be 
the main risk factors for transmission of the infection. 
This second autochthonous brucellosis outbreak in 
Bulgaria since 2006, affects the western part of the 
country.

At the beginning of July 2015, a man in his late 30s pre-
sented at the National Reference Laboratory for High 
Medical Risk Infections (NRL HMRI) in Bulgaria for a 
consultation and testing in connection with undulant 
fever up to 38–38.5 °C, that had lasted for ca 30 days. 
He had had a prior episode of fever starting at the end 
of April, with an initial empirical antibiotic treatment 
providing some relief, but soon after the fever had 
returned, together with myalgia, night sweats and pro-
gressive fatigue. The patient resides in Rila town within 
the Kyustendil district, a district in the west part of the 
country that has common borders to Serbia and the 
former Yugoslav Republic of Macedonia (Figure 1). He 
works as a stock-breeder and declared not consuming 
milk or milk products of foreign origin. Additionally, he 
did not report any travel abroad up to one year prior 
to the onset of symptoms. On the day of the consul-
tation at NRL HMRI, a serum sample from the patient 
was tested using the Rose Bengal test (BioSystems, 
Spain) and Brucellacapt (Vircell, Spain), yielding a 
specific Brucella antibody titre of 1:10,240 (diagnos-
tic titre ≥ 1:640). Four days later, during a second visit 
to the laboratory, a blood culture was initiated on 
Hemoline Performance Diphasic (Biomerieux, France) 
at 37 °C with 5% CO2 and resulted in growth of Brucella 
spp. on day 10. Based on the serological findings and 
the clinical presentation, the patient was admitted at 
the University Infectious Disease Hospital in Sofia for 
treatment of brucellosis. 

Outbreak in Kyustendil district
Within 24 hours of the diagnosis of the patient, an 
urgent notification was sent to the Regional Health 
Inspectorate (RHI), Kyustendil, and the Ministry of 
Health in accordance with Order 21/2005 for mandatory 
reportable infectious diseases [1]. Nineteen days after, 
two other patients, both goat-breeders from the same 
town as the first patient, were diagnosed with brucel-
losis. An epidemiological investigation was started 
immediately in Rila town (2,762 inhabitants). An alert 
was also sent to the Veterinary Health Service and test-
ing of herds in the area was initiated.

As of 15 August, 31 human infections have been sero-
logically confirmed at the NRL HMRI (Figure 2). Three 
of the infected persons have professions exposing 
them to herd animals (2 shepherds and 1 veterinarian), 
22 are animal owners/breeders and additionally con-
sumed unpasteurised dairy products from their farms, 
and six consumed unpasteurised local dairy products 
only. In accordance with the Public Health Law Act [2], 
all patients with diagnostic titres are referred to the 
University Infectious Disease Hospital in Sofia for clini-
cal assessment and treatment. Patients are between 
25 and 77 years-old (median: 52.7 years). The most 
affected age group is that between 60 and 69 years-
old (n=8 cases), followed by 30 to 39 year-olds (n=6 
cases), two age categories comprising 50 to 59 year-
olds and 70 year-olds and over (n=5 cases each), 40 to 
49 year-olds (n=4 cases) and 20 to 29 year-olds (n=3 
cases). In total, five patients are male and 26 female. 
Twenty-nine persons are Rila town residents. Two reside 
outside of the town but visited it or were in its vicinity 
less than one month prior to illness onset. Of these, 
one is from another district than Kyustendil, but went 
to see relatives in Rila town; the other is from a neigh-
bouring city within Kyustendil district, but worked as a 
veterinarian in an area near the town.
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Brucellosis in Bulgaria
Brucellosis caused by B. melitensis is a widespread 
zoonosis that can affect every organ and system of the 
human body [3]. Transmission to humans can occur via 
direct contact with infected animals and/or consump-
tion of contaminated unpasteurised milk and dairy 
products. The disease is endemic in many parts of the 
world, particularly in some areas of the Mediterranean 
region close to Bulgaria [4]. Despite this, for several 
decades up to 2006, no autochthonous human brucel-
losis cases were notified in Bulgaria. In this period, 
only one outbreak occurred in the country in 2005, 
but results of a detailed epidemiological investigation 
revealed that all human cases had been imported [5].

Primary and confirmatory diagnosis of brucellosis in 
Bulgaria is performed by the NRL HMRI at the National 
Center of Infectious and Parasitic Diseases, together 
with the diagnosis of other dangerous infections 
such as anthrax, glanders, melioidosis, plague, and 
tularaemia. 

In 2006, seven human cases were microbiologi-
cally confirmed in the country, all without any 

epidemiological data pointing to importation. These 
patients marked the beginning of an autochthonous 
outbreak in the south of Bulgaria, with Haskovo dis-
trict (Figure 1) constituting the most affected area. 
Epizootiological investigations revealed that the cause 
of this outbreak was illegal importation of infected ani-
mals from a neighbouring endemic country. As a result, 
by the end of 2008, 71 persons had been infected and 
more than 600 animals had to be destroyed. 

Brucellosis control for herds in Bulgaria is based on the 
‘test and slaughter’ approach. Together with efforts of 
the Human Public Health authorities, this policy led to 
a significant reduction in the number of human cases 
after 2008 [6]. Since 2010, the number of epidemio-
logically unrelated infections reported annually among 
Bulgarian residents ranges between zero and two (data 
not shown).

Based on regular serological testing performed by the 
Veterinary Health Service, the last having occurred in 
October 2014, animal herds in the Kyustendil district 
were considered brucellosis-free up to the current 
human outbreak. After its detection, serological testing 

Figure 1
Map showing districts previously (Haskovo) and presently (Kyustendil) affected by autochthonous human brucellosis 
outbreaks, Bulgaria, 2006–2015
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Haskovo district, in green, was the most affected area during a 2006 to 2008 outbreak of brucellosis. Kyustendil district, in red, is where the 
current 2015 outbreak is still ongoing. All patients in this outbreak have a connection to Rila town, which is also indicated.
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of the animals was resumed, and as of 15 August, 97 
of 2,245 tested animals were found positive. For more 
than five decades before the current outbreak, no 
autochthonous human cases had occurred in this area. 
Registers point only to one patient, diagnosed in 2006, 
whereby according to results of an epidemiological 
investigation, infection most probably occurred when 
working at a dairy farm in Italy (data not shown).

Epidemiological investigation in Kyustendil 
district and control measures
Active epidemiological investigation of the current 
outbreak in Kyustendil not only unveiled new cases 
of the disease, but also revealed that raw milk stored 
at ambient temperature, which in July this year was 
above 30 °C (http://www.meteo.bg/), was frequently 
consumed by local residents. Based on preliminary 
descriptive epidemiological findings, breeding of fam-
ily goats and/or consumption of unboiled milk and 
homemade soft cheese appear as potential risk factors 
for transmission of the infection. Some of the patients 
have no goats but consumed milk and dairy products 
supplied from friends with small-scale farms. RHI has 
spread information (through media and leaflets) about 
the dangerous nature of the disease, mechanisms of 
transmission, clinical manifestations and the neces-
sary preventive measures, including the recommenda-
tion to boil milk for at least 10 min before consumption. 
During the active surveillance, door-to-door visits have 
been made not only to ensure the distribution of this 
information, but also to seize and destroy all improp-
erly homemade and/or stored dairy products. Until 
further notice, a ban on the use of domestic milk or 
milk products, such as soft cheese and butter, as well 
as uncontrolled slaughtering of animals is imposed. 
According to data from the Bulgarian Food Safety 
Agency, dairy products available in markets comply 
with the European regulations of hygiene and safety.

Epizootiological measures
Animal movement is prohibited. Serological testing 
of small ruminants and cattle for brucellosis is still 
ongoing in the area. Animals testing positive are sub-
jected to euthanasia and destruction. Animal own-
ers will receive compensation according to the Law 
of Veterinary Activity. The affected farms, all of them 
family owned, have been disinfected with Sanofit 1% 
(Ukrzoovet). The source of infection for the animals 
and their movement prior the outbreak discovery is 
under investigation. 

Discussion and conclusion
Although the brucellosis outbreak in Kyustendil is still 
ongoing, the aim of the current report is to highlight 
its onset. At time of writing, the field investigation is 
still under way and information on cases occurring 
after mid-August 2015 is not yet fully complete/avail-
able. On the basis of the past history of Kyustendil 
district as a brucellosis-free area, and the epizootio-
logical situation in the rest of Bulgaria, the current out-
break is most probably a consequence of unauthorised 
import of infected animals from endemic country/ies. 
That infected animals in this outbreak were imported 
from Haskovo district, which was the last previous 
area with a brucellosis outbreak in Bulgaria is unlikely, 
as animals in Haskovo district have been regularly 
tested for Brucella since 2008 and to date none have 
been found positive. Animals from Kyustendil were not 
likely exposed to contaminated pastures in the vicinity 
of endemic countries either, as Rila town and its sur-
rounding pastures lie ca 80 km away from the border 
with the former Yugoslav Republic of Macedonia and 
ca 140 km from that with Serbia. Uncontrolled move-
ment of animals to/through the borders is moreover 
prohibited and, according to data from the National 
Veterinary Health Service no herds positive for bru-
cellosis have been so far detected along the border. 
Typing and sequencing of Brucella isolates is currently 
under way and may provide more clues as to the source 
of the outbreak in the future.

As it is well known, prevention of human brucello-
sis depends on the control of the disease in animals. 
Ovine/caprine brucellosis has been eliminated in 
Bulgaria since 1941 and bovine brucellosis since 1958 
[7]. As a result, prior to 2006, there had not been any 
autochthonous human cases in the country for dec-
ades. The current outbreak, as well as the previous one 
(2006–2008), give grounds to pay particular attention 
to two important points, namely: (i) the occurrence of 
positive animals in brucellosis-free regions stress on 
the need for more stringent measures with regard to 
uncontrolled trade/migration of animals, especially in 
regions bordering enzootic countries; (ii) the under-
estimation of the importance of applying preventive 
measures in local family-owned farms appears to be 
the main risk factor for brucellosis among Bulgarian 
residents. More joint efforts are needed from the 
responsible public health and veterinary authori-
ties to solve these problems. Brucellosis remains a 

Figure 2
Distribution of numbers of brucellosis human cases 
according to date of diagnosis, ongoing outbreak of 
brucellosis, Kyustendil district, Bulgaria, 2015 (n=31 cases)
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serious challenge for many of the countries surround-
ing Bulgaria [8]. Without rapid implementation and 
continuous compliance with the appropriate measures 
we could expect a more frequent re-emergence of this 
zoonosis in the country.
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Investigations of infectious disease outbreaks are 
conventionally framed in terms of person, time and 
place. Although geographic information systems have 
increased the range of tools available, spatial analy-
ses are used relatively infrequently. We conducted a 
systematic review of published reports of outbreak 
investigations worldwide to estimate the prevalence of 
spatial methods, describe the techniques applied and 
explore their utility. We identified 80 reports using 
spatial methods published between 1979 and 2013, 
ca 0.4% of the total number of published outbreaks. 
Environmental or waterborne infections were the most 
commonly investigated, and most reports were from 
the United Kingdom. A range of techniques were used, 
including simple dot maps, cluster analyses and mod-
elling approaches. Spatial tools were usefully applied 
throughout investigations, from initial confirmation 
of the outbreak to describing and analysing cases 
and communicating findings. They provided valuable 
insights that led to public health actions, but there is 
scope for much wider implementation and develop-
ment of new methods.

Introduction
Detecting and responding to outbreaks of infectious 
diseases is a key role of front-line public health organi-
sations [1]. The primary reason for conducting an 
investigation into an outbreak is prevention of further 
cases through control measures, while other motiva-
tions include addressing public or political concerns, 
evaluating health programmes and advancing under-
standing of the disease [2]. Investigations are usually 
cross-agency exercises and conventionally involve 
examination of the outbreak in terms of person, time 
and place.

John Snow famously demonstrated the power of plot-
ting the spatial locations of individuals affected in 

an outbreak [3]. His map of cholera cases in London 
in 1854 showed a clear pattern that implicated a 
water pump as the likely source of the illness. Today, 
guidelines for investigating outbreaks, including the 
European Centre for Disease Prevention and Control 
(ECDC) Outbreak Investigation Toolbox, invariably 
also recommend consideration of case locations [4-7]. 
Nevertheless, epidemiological investigations of out-
breaks, and research into novel approaches for such 
investigations, have tended to focus more on analysis 
of person and time than of place [8]. Development of 
advanced molecular tools, for example, has allowed 
transmission of infectious agents among populations 
to be traced with ever increasing detail. Without also 
considering the spatial aspects of an outbreak, how-
ever, important relationships and therefore aetiological 
insights may be missed [8].

Geographic information systems (GIS) have increased 
the availability and range of tools that can be used to 
analyse outbreaks. A GIS is a database designed to 
handle geographically-referenced information comple-
mented by software tools for the input, management, 
analysis and display of data [9]. GIS are used widely in 
epidemiology and the simplest application in an out-
break investigation is to create maps displaying the rel-
ative locations of cases, potential sources and/or risk 
factors. Maps are an engaging and easy-to-understand 
means of presenting data and can be used to describe 
patterns, identify outliers and communicate findings. 
Cases can be plotted using their point locations or 
aggregated into administrative areas and displayed 
as rates. Smoothed incidence maps are an alternative 
means of visualising point locations as continuous dis-
tributions of disease risk, generated by adjusting the 
density at each point according to the number of cases 
in adjacent areas [9]. Areas can also be demarcated 
according to locations of potential sources of infection. 
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Figure 1
Maps of John Snow’s cholera outbreak investigation in London in 1854
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Examples of these different approaches to mapping, 
using Snow’s cholera data, are shown in Figure 1.

Spatial relationships not immediately apparent from 
maps can also be explored using GIS. Measuring dis-
tances from cases to potential sources, for example, 
can be informative if an infection is suspected to derive 
from an environmental point source. In outbreaks of 
Legionnaires’ disease, this method has been applied 
to identify cooling towers or other aerosol-producing 
devices proximal to the cases and therefore generate 
hypotheses about the likely source [10]. Integration of 
additional data in the GIS, such as wind direction, can 
further aid hypothesis generation, for example by iden-
tifying areas most likely to be exposed to air emitted 
from a suspected source during an outbreak of Q fever 
[11].

Identification and analysis of clusters, areas with 
higher than expected levels of disease risk, can trig-
ger and be informative during outbreak investigations. 
Numerous geostatistical methods have been devel-
oped to detect clusters, including methods for point 
and aggregated data [9,12]. ‘Global’ tests evaluate 
the entire area for any evidence of clustering, without 
pinpointing specific clusters, while ‘local’ (or ‘cluster 
detection’) tests identify the positions of specific clus-
ters. Cuzick and Edwards’ k-nearest neighbour test, for 
example, is a global method for assessing clustering 
in case–control point data [13]. It counts the number 
of nearest neighbours of cases that are also cases, 
and compares it to the number that would be expected 
under the null hypothesis that cases and controls were 
randomly distributed. Kulldorff’s spatial scan statistic 
is a method used to identify local clustering, usually 
in point data [14]. Observed numbers of cases within 
windows of various sizes are compared with numbers 
that would be expected under a random distribution. 
Circular or elliptical regions of elevated risk of disease 
are then located. Scan statistics and the k-nearest 
neighbour test have also been adapted to identify spa-
tiotemporal clustering, testing the null hypothesis that 
cases geographically close to each other occur at ran-
dom times [15,16].

Spatial relationships in outbreak data can also be 
analysed through modelling. A range of techniques 
can be used which, broadly, aim to create informative 
representations of features, events and processes in 
geographical space. Environmental risk mapping, for 
example, uses statistical methods to define relation-
ships between spatially referenced variables and dis-
ease risk [9]. Air dispersion models, meanwhile, can be 
used to identify spatial locations likely to have been 
exposed to air-borne infections and infer potential 
release sites [10].

In this study, we explore through a systematic literature 
review how methods of spatial visualisation and analy-
sis have been employed in infectious disease outbreak 
investigations. We aimed to use published reports of 

outbreak investigations (i) to describe the prevalence, 
utility and outcomes of applying spatial methods and 
(ii) to make recommendations for improving practice 
and identify opportunities for further development in 
this area.

Methods

Search strategy and selection criteria
The aim of our literature search was to identify pub-
lished reports of infectious disease outbreak inves-
tigations that used spatial methods. We defined an 
outbreak as the occurrence of a series of cases of dis-
ease in excess of the number expected in a given time 
and place. We focused only on outbreaks with local or 
regional impact and excluded large national or multi-
national studies of epidemics or pandemics, such as 
pandemic influenza. Studies describing retrospective 
analyses of outbreaks that used spatial methods which 
could theoretically be applied in real-time investiga-
tions were included.

We employed a broad search strategy of multiple elec-
tronic databases with few restrictions in order to mini-
mise the risk of bias: We searched Embase, Medline 
and Web of Science for items with terms relating to 
spatial analysis (‘spatial’, ‘cluster’, ‘geographic infor-
mation systems’, ‘GIS’, ‘mapping’) and outbreaks (‘dis-
ease outbreak’, ‘outbreak’, ‘epidemic’). The search 
was run on 28 November 2013 and restricted to arti-
cles published after 1980 (Embase), 1946 (Medline) 
and 1900 (Web of Science). No exclusions were made 
on basis of language or location, and articles were not 
limited to human disease. Additional relevant articles 
known to the authors that were not retrieved from the 
database search were also added to the results.

After deduplication, titles and abstracts were reviewed 
to identify articles that met our inclusion criteria: 
Articles had to relate to an infectious disease, they had 
to describe an investigation of an outbreak (as defined 
above) and they had to involve application of spatial 
analysis or mapping. Abstracts that did not include 
clear information on the inclusion criteria were brought 
forward for full-text review. Full texts of articles were 
assessed with the same inclusion criteria.

We then ran a search of the same databases using only 
the outbreak investigation terms. We simulated the 
deduplication and screening process that would result 
from this search by excluding the same proportion of 
articles at each step as in the original search. This 
allowed us to obtain a crude estimate of the total num-
ber of published reports of infectious disease outbreak 
investigations and therefore the proportion that used 
spatial methods.

Data extraction
Each included study was reviewed and information 
about the spatial methods and outcomes of the stud-
ies extracted (Table 1). Descriptive details obtained 



9www.eurosurveillance.org

Ta
bl

e 
1a

D
et

ai
ls 

of
 in

cl
ud

ed
 st

ud
ie

s, 
sy

st
em

at
ic

 li
te

ra
tu

re
 re

vi
ew

 o
n 

sp
at

ia
l m

et
ho

ds
 in

 in
fe

ct
io

us
 d

is
ea

se
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 (n

 =
 8

0)

Re
fe

re
nc

e
In

fe
ct

io
us

 d
is

ea
se

Lo
ca

tio
n

Pu
bl

ic
at

io
n 

ye
ar

Co
nt

ex
t

Pr
os

pe
ct

iv
e/

 
re

tr
os

pe
ct

iv
e

Sp
at

ia
l m

et
ho

ds
 u

se
d

St
ag

e 
of

 
in

ve
st

ig
at

io
na

O
ut

co
m

e 
su

m
m

ar
y

Ac
he

so
n 

[4
4]

Sy
ph

ili
s

Un
ite

d 
Ki

ng
do

m
20

11
Se

xu
al

 
tr

an
sm

is
si

on
P

Do
t m

ap
; r

at
e 

m
ap

4,
 7

So
m

e 
cl

us
te

rs
 fo

un
d 

in
 h

ig
h 

de
pr

iv
at

io
n 

ar
ea

s;
 a

dv
er

ts
 p

la
ce

d 
on

 s
oc

ia
l n

et
w

or
ks

 
lin

ke
d 

to
 u

se
rs

’ p
os

tc
od

es

Bo
cc

ia
 [6

7]
Sa

lm
on

el
lo

si
s

Un
ite

d 
Ki

ng
do

m
20

04
Fo

od
P

Do
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; s

ou
rc

e 
pr

ox
im

it
y

3,
 4

, 5
No

 s
ig

ni
fic

an
t d

iff
er

en
ce

 b
et

w
ee

n 
cl

os
es

t 
ca

se
 a

nd
 c

on
tr

ol
 to

 s
us

pe
ct

 o
ut

le
ts

Ca
rr

 [5
9]

Le
gi

on
na

ire
s’

 
di

se
as

e
Un

ite
d 

Ki
ng

do
m

20
10

En
vi

ro
nm

en
ta

l
P

Do
t m

ap
; c

as
e 

m
ov

em
en

t m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

3,
 4

Id
en

tif
ie

d 
no

 h
ot

 s
po

ts
; c

on
cl

ud
ed

 
ps

eu
do

-c
lu

st
er

Hy
la

nd
 [4

7]
Le

gi
on

na
ire

s’
 

di
se

as
e

Un
ite

d 
Ki

ng
do

m
20

08
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; c
as

e 
m

ov
em

en
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
3,

 4
, 5

, 6
, 7

, 8
Su

lla
ge

 ta
nk

s 
id

en
tif

ie
d 

as
 s

ou
rc

e;
 

re
vi

ew
 o

f n
at

io
na

l g
ui

de
lin

es

Ke
ra

m
ar

ou
 [2

6]
Le

gi
on

na
ire

s’
 

di
se

as
e

Un
ite

d 
Ki

ng
do

m
20

10
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; c
as

e 
m

ov
em

en
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
3,

 4
Tw

o 
di

st
in

ct
 s

pa
tio

te
m

po
ra

l c
lu

st
er

s 
id

en
tif

ie
d 

bu
t n

o 
de

fin
iti

ve
 s

ou
rc

e

Ki
rr

ag
e 

[4
0]

Le
gi

on
na

ire
s’

 
di

se
as

e
Un

ite
d 

Ki
ng

do
m

20
07

En
vi

ro
nm

en
ta

l
P

Do
t m

ap
; c

as
e 

m
ov

em
en

t m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; s
ou

rc
e 

pr
ox

im
it

y
3,

 4
, 5

, 7
Id

en
tif

ie
d 

cl
us

te
r o

f c
oo

lin
g 

to
w

er
s 

as
 

lik
el

y 
so

ur
ce

; c
lo

se
d 

an
d 

cl
ea

ne
d 

on
e 

of
 

th
e 

to
w

er
s

Ne
ira

-M
un

oz
 [6

8]
Cr

yp
to

sp
or

id
io

si
s

Un
ite

d 
Ki

ng
do

m
20

07
W

at
er

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
3,

 4
, 6

Hy
po

th
es

is
 th

at
 lo

w
 le

ve
l c

on
ta

m
in

at
io

n 
of

 d
rin

ki
ng

 w
at

er
 c

au
se

d 
ou

tb
re

ak
; 

po
te

nt
ia

l c
ha

ng
e 

in
 w

at
er

 m
on

ito
rin

g 
su

gg
es

te
d

Sa
ns

on
 [6

9]
Fo

ot
 a

nd
 m

ou
th

 
di

se
as

e
Un

ite
d 

Ki
ng

do
m

20
11

Fa
rm

R
Do

t m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; s
ou

rc
e 

pr
ox

im
it

y;
 c

as
e–

ca
se

 d
is

ta
nc

e;
 a

ir 
di

sp
er

si
on

 
m

od
el

lin
g

5,
 6

Di
st

an
ce

 a
nd

 d
ire

ct
io

n 
fr

om
 in

de
x 

fa
rm

 
si

gn
ifi

ca
nt

 p
re

di
ct

or
s 

of
 in

fe
ct

io
n 

st
at

us
; 

m
in

im
um

 in
fe

ct
iv

e 
do

se
 m

ig
ht

 b
e 

le
ss

 
th

an
 p

re
vi

ou
sl

y 
es

ta
bl

is
he

d

W
al

le
ns

te
n 

[3
3]

Q
 fe

ve
r

Un
ite

d 
Ki

ng
do

m
20

10
Fa

rm
P

Do
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; a

ir 
di

sp
er

si
on

 m
od

el
lin

g
3,

 4
, 5

Ai
r f

ro
m

 e
ac

h 
of

 s
us

pe
ct

ed
 fa

rm
s 

m
ay

 
ha

ve
 e

xp
os

ed
 to

w
n,

 c
ou

ld
n’

t r
ul

e 
an

y 
ou

t 
as

 p
ot

en
tia

l s
ou

rc
es

Le
 C

om
be

r [
34

]
Ch

ol
er

a 
&

 m
al

ar
ia

Un
ite

d 
Ki

ng
do

m
 &

 
Eg

yp
t

20
11

Ve
ct

or
/w

at
er

R
Do

t m
ap

; s
pa

tia
l a

ve
ra

ge
; g

eo
gr

ap
hi

c 
pr

of
ili

ng
4,

 5
Id

en
tif

ie
d 

m
os

t l
ik

el
y 

lo
ca

tio
ns

 o
f 

so
ur

ce
s 

of
 in

fe
ct

io
n

M
an

fr
ed

i S
el

va
gg

i 
[7

0]
Q

 fe
ve

r
Ita

ly
19

96
Fa

rm
P

Ra
te

 m
ap

; t
he

m
at

ic
 m

ap
; s

pa
tia

l c
as

e 
fin

di
ng

3,
 4

In
fe

ct
ed

 in
di

vi
du

al
s 

te
nd

ed
 to

 li
ve

 c
lo

se
r 

to
 s

he
ep

 m
ig

ra
tio

n 
ro

ut
e

O
rs

i [
71

]
M

ea
sl

es
Ita

ly
20

10
Co

m
m

un
it

y
P

Do
t m

ap
4

Id
en

tif
ie

d 
w

or
st

 a
ff

ec
te

d 
ar

ea
s

Va
ra

ni
 [7

2]
Le

is
hm

an
ia

si
s

Ita
ly

20
13

Ve
ct

or
P

Do
t m

ap
3,

 4
M

os
t p

at
ie

nt
s 

in
 h

ill
y,

 ru
ra

l a
re

as

No
rs

tr
om

 [3
1]

Ac
ut

e 
re

sp
ira

to
ry

 
di

se
as

e
No

rw
ay

19
99

Fa
rm

R
Do

t m
ap

; s
m

oo
th

ed
 in

ci
de

nc
e 

m
ap

; s
pa

tia
l 

ca
se

 d
ef

in
iti

on
; s

pa
ce

-t
im

e 
sc

an
 s

ta
tis

tic
; 

k-
ne

ar
es

t n
ei

gh
bo

ur
 te

st
; K

no
x 

te
st

3,
 4

, 5
De

sc
rib

ed
 p

ro
gr

es
si

on
 o

f o
ut

br
ea

k;
 

id
en

tif
ie

d 
cl

us
te

r;
 s

up
po

rt
s 

hy
po

th
es

is
 o

f 
si

ng
le

 c
om

m
on

 s
ou

rc
e 

of
 in

fe
ct

io
n

Ny
ga

rd
 [3

2]
Le

gi
on

na
ire

s’
 

di
se

as
e

No
rw

ay
20

08
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; c
as

e 
m

ov
em

en
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; s

ou
rc

e 
pr

ox
im

it
y;

 a
ir 

di
sp

er
si

on
 

m
od

el
lin

g
3,

 4
, 5

, 6
, 7

Id
en

tif
ie

d 
in

du
st

ria
l a

ir 
sc

ru
bb

er
 a

s 
so

ur
ce

 o
f o

ut
br

ea
k;

 s
cr

ub
be

r c
lo

se
d,

 
ne

w
 ro

ut
in

es
 fo

r c
le

an
in

g 
an

d 
na

tio
na

l 
re

gu
la

tio
ns

 im
pl

em
en

te
d

M
M

R:
 m

ea
sl

es
-m

um
ps

-r
ub

el
la

 v
ac

ci
ne

; N
A:

 n
ot

 a
va

ila
bl

e;
 P

: p
ro

sp
ec

tiv
e;

 R
: r

et
ro

sp
ec

tiv
e;

 S
AR

S:
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e.

a  S
ta

ge
s 

in
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 d

ef
in

ed
 a

s:
 1

. E
st

ab
lis

hi
ng

 e
xi

st
en

ce
 o

f a
n 

ou
tb

re
ak

; 2
. C

on
fir

m
in

g 
di

ag
no

si
s;

 3
. D

ef
in

in
g 

an
d 

id
en

tif
yi

ng
 o

ut
br

ea
k 

ca
se

s;
 4

. D
es

cr
ib

in
g 

ca
se

s 
an

d 
de

ve
lo

pi
ng

 h
yp

ot
he

se
s;

 
5.

 E
va

lu
at

in
g 

hy
po

th
es

es
 a

nd
 d

ra
w

in
g 

co
nc

lu
si

on
s;

 6
. C

om
pa

rin
g 

w
ith

 e
st

ab
lis

he
d 

fa
ct

s;
 7

. E
xe

cu
tin

g 
pr

ev
en

tio
n 

m
ea

su
re

s;
 8

. C
om

m
un

ic
at

in
g 

fin
di

ng
s.



10 www.eurosurveillance.org

Re
fe

re
nc

e
In

fe
ct

io
us

 d
is

ea
se

Lo
ca

tio
n

Pu
bl

ic
at

io
n 

ye
ar

Co
nt

ex
t

Pr
os

pe
ct

iv
e/

 
re

tr
os

pe
ct

iv
e

Sp
at

ia
l m

et
ho

ds
 u

se
d

St
ag

e 
of

 
in

ve
st

ig
at

io
na

O
ut

co
m

e 
su

m
m

ar
y

Ny
ga

rd
 [4

1]
Gi

ar
di

as
is

No
rw

ay
20

06
W

at
er

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
3,

 4
, 5

, 7
Hi

gh
er

 a
tt

ac
k 

ra
te

 in
 z

on
e 

su
pp

lie
d 

by
 

w
at

er
 s

up
pl

y 
A;

 b
oi

l w
at

er
 n

ot
ic

e 
is

su
ed

; 
flu

sh
ed

 d
is

tr
ib

ut
io

n 
sy

st
em

Ab
el

la
n 

[7
3]

Le
gi

on
na

ire
s’

 
di

se
as

e
Sp

ai
n

20
02

En
vi

ro
nm

en
ta

l
R

Do
t m

ap
; s

m
oo

th
ed

 in
ci

de
nc

e 
m

ap
; k

-f
un

ct
io

n
4 

,5
Ca

se
s 

m
or

e 
ag

gr
eg

at
ed

 th
an

 c
on

tr
ol

s;
 

co
nf

irm
ed

 e
nv

iro
nm

en
ta

l o
rig

in
 o

f 
ou

tb
re

ak

Ga
rc

ia
-F

ul
gu

ei
ra

s 
[5

7]
Le

gi
on

na
ire

s’
 

di
se

as
e

Sp
ai

n
20

03
En

vi
ro

nm
en

ta
l

P
Ra

te
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; s

ou
rc

e 
pr

ox
im

it
y

3,
 4

, 5
, 6

Zo
ne

 o
f e

xp
os

ur
e 

ar
ou

nd
 h

os
pi

ta
l 

as
so

ci
at

ed
 w

ith
 il

ln
es

s;
 re

pl
ac

ed
 c

oo
lin

g 
to

w
er

; L
eg

io
ne

lla
 m

ay
 b

e 
ab

le
 to

 s
pr

ea
d 

ov
er

 la
rg

er
 d

is
ta

nc
es

 fr
om

 s
ou

rc
e 

th
an

 
pr

ev
io

us
ly

 th
ou

gh
t

Ja
ns

a 
[5

8]
Le

gi
on

na
ire

s’
 

di
se

as
e

Sp
ai

n
20

02
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

3,
 4

Co
ol

in
g 

to
w

er
s 

id
en

tif
ie

d 
as

 s
ou

rc
e

Ha
ck

er
t [

11
]

Q
 fe

ve
r

Th
e 

Ne
th

er
la

nd
s

20
12

Fa
rm

R
Do

t m
ap

; s
m

oo
th

ed
 in

ci
de

nc
e 

m
ap

; s
pa

tia
l 

ca
se

 d
ef

in
iti

on
; s

ou
rc

e 
pr

ox
im

it
y

3,
 4

, 5
, 6

In
ci

de
nc

e 
in

cr
ea

se
d 

w
ith

 p
ro

xi
m

it
y 

to
 

in
de

x 
fa

rm
; c

as
es

 s
ca

tt
er

ed
 in

 w
ed

ge
 

sh
ap

e 
ar

ea
 d

ow
nw

in
d 

of
 fa

rm

Sc
hi

m
m

er
 [7

4]
Q

 fe
ve

r
Th

e 
Ne

th
er

la
nd

s
20

10
Fa

rm
R

Do
t m

ap
; t

he
m

at
ic

 m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; s
ou

rc
e 

pr
ox

im
it

y;
 s

pa
tia

l a
ve

ra
ge

3,
 4

, 5
Gr

ad
ua

l d
im

in
is

hi
ng

 ri
sk

 fr
om

 c
er

ta
in

 
fa

rm
s,

 id
en

tif
ie

d 
as

 p
ro

ba
bl

e 
so

ur
ce

s

va
n 

de
r H

oe
k 

[5
0]

Q
 fe

ve
r

Th
e 

Ne
th

er
la

nd
s

20
12

Fa
rm

R
Do

t m
ap

; r
at

e 
m

ap
; t

he
m

at
ic

 m
ap

; s
m

oo
th

ed
 

in
ci

de
nc

e 
m

ap
; s

ou
rc

e 
pr

ox
im

it
y

4,
 8

Id
en

tif
ie

d 
5 

ho
t s

po
ts

, a
ll 

ar
ou

nd
 in

fe
ct

ed
 

da
ir

y 
go

at
 fa

rm
s

Gu
bb

el
s 

[4
2]

Ca
m

py
lo

ba
ct

er
io

si
s

De
nm

ar
k

20
12

W
at

er
P

Do
t m

ap
; t

he
m

at
ic

 m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

3,
 4

, 7
Ca

se
s 

liv
ed

 a
cr

os
s 

en
tir

e 
w

at
er

 s
up

pl
y 

ar
ea

; c
on

cl
ud

ed
 c

on
ta

m
in

at
io

n 
of

 c
en

tr
al

 
w

at
er

 s
up

pl
y;

 im
pl

em
en

te
d 

bo
ili

ng
 o

rd
er

Ng
uy

en
 [6

3]
Le

gi
on

na
ire

s’
 

di
se

as
e

Fr
an

ce
20

06
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; r
at

e 
m

ap
; c

as
e 

m
ov

em
en

t m
ap

; 
sp

at
ia

l c
as

e 
de

fin
iti

on
; s

pa
tia

l c
as

e 
fin

di
ng

; 
ai

r d
is

pe
rs

io
n 

m
od

el
lin

g
3,

 4

Di
sp

er
si

on
 o

f p
lu

m
es

 fr
om

 c
oo

lin
g 

to
w

er
 

co
rr

el
at

ed
 w

ith
 g

eo
gr

ap
hi

ca
l d

is
tr

ib
ut

io
n 

of
 c

as
es

; s
pr

ea
d 

ov
er

 lo
ng

er
 d

is
ta

nc
e 

th
an

 p
re

vi
ou

sl
y 

th
ou

gh
t p

os
si

bl
e

Ki
st

em
an

n 
[2

9]
Sa

lm
on

el
lo

si
s

Ge
rm

an
y

20
00

Ho
sp

ita
l

P
Th

em
at

ic
 m

ap
s;

 s
ch

em
at

ic
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
1,

 3
, 4

, 7
, 8

Id
en

tif
ie

d 
fu

nc
tio

na
l r

el
at

io
ns

hi
p 

be
tw

ee
n 

ca
se

s;
 m

ea
su

re
s 

in
tr

od
uc

ed
 to

 
pr

ev
en

t f
ut

ur
e 

ou
tb

re
ak

s

Fi
tz

pa
tr

ic
k 

[2
8]

M
ea

sl
es

Ire
la

nd
20

12
Co

m
m

un
it

y
P

Do
t m

ap
; t

he
m

at
ic

 m
ap

4,
 7

Id
en

tif
ie

d 
em

er
ge

nc
e 

of
 c

lu
st

er
 d

ur
in

g 
ou

tb
re

ak
 in

 re
al

 ti
m

e;
 in

te
rv

en
tio

n 
in

 
hi

gh
 ra

te
 a

re
a 

- e
xp

ed
ia

te
d 

M
M

R 
va

cc
in

e 
sc

he
du

le
/ 

ca
tc

h-
up

 c
am

pa
ig

n

Ul
ug

te
ki

n 
[1

8]
M

ea
sl

es
Tu

rk
ey

20
07

Co
m

m
un

it
y

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
s

4
Id

en
tif

ie
d 

hi
gh

 in
ci

de
nc

e 
ar

ea
s

Ta
bl

e 
1b

D
et

ai
ls 

of
 in

cl
ud

ed
 st

ud
ie

s, 
sy

st
em

at
ic

 li
te

ra
tu

re
 re

vi
ew

 o
n 

sp
at

ia
l m

et
ho

ds
 in

 in
fe

ct
io

us
 d

is
ea

se
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 (n

 =
 8

0)

M
M

R:
 m

ea
sl

es
-m

um
ps

-r
ub

el
la

 v
ac

ci
ne

; N
A:

 n
ot

 a
va

ila
bl

e;
 P

: p
ro

sp
ec

tiv
e;

 R
: r

et
ro

sp
ec

tiv
e;

 S
AR

S:
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e.

a  S
ta

ge
s 

in
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 d

ef
in

ed
 a

s:
 1

. E
st

ab
lis

hi
ng

 e
xi

st
en

ce
 o

f a
n 

ou
tb

re
ak

; 2
. C

on
fir

m
in

g 
di

ag
no

si
s;

 3
. D

ef
in

in
g 

an
d 

id
en

tif
yi

ng
 o

ut
br

ea
k 

ca
se

s;
 4

. D
es

cr
ib

in
g 

ca
se

s 
an

d 
de

ve
lo

pi
ng

 h
yp

ot
he

se
s;

 
5.

 E
va

lu
at

in
g 

hy
po

th
es

es
 a

nd
 d

ra
w

in
g 

co
nc

lu
si

on
s;

 6
. C

om
pa

rin
g 

w
ith

 e
st

ab
lis

he
d 

fa
ct

s;
 7

. E
xe

cu
tin

g 
pr

ev
en

tio
n 

m
ea

su
re

s;
 8

. C
om

m
un

ic
at

in
g 

fin
di

ng
s.



11www.eurosurveillance.org

Re
fe

re
nc

e
In

fe
ct

io
us

 d
is

ea
se

Lo
ca

tio
n

Pu
bl

ic
at

io
n 

ye
ar

Co
nt

ex
t

Pr
os

pe
ct

iv
e/

 
re

tr
os

pe
ct

iv
e

Sp
at

ia
l m

et
ho

ds
 u

se
d

St
ag

e 
of

 
in

ve
st

ig
at

io
na

O
ut

co
m

e 
su

m
m

ar
y

La
i [

75
]

In
flu

en
za

Ho
ng

 K
on

g
20

10
Co

m
m

un
it

y
R

Do
t m

ap
; s

m
oo

th
ed

 in
ci

de
nc

e 
m

ap
; s

ta
nd

ar
d 

de
vi

at
io

n 
el

lip
se

; M
or

an
’s

 I;
 G

et
is

-O
rd

 G
i*

 
st

at
is

tic
4,

 5
Id

en
tif

ie
d 

ho
t s

po
ts

 a
nd

 d
ire

ct
io

na
l t

re
nd

La
i [

76
]

SA
RS

Ho
ng

 K
on

g
20

04
Co

m
m

un
it

y
R

Do
t m

ap
; r

at
e 

m
ap

; s
m

oo
th

ed
 in

ci
de

nc
e 

m
ap

; 
st

an
da

rd
 d

ev
ia

tio
n 

el
lip

se
; o

rig
in

–d
es

tin
at

io
n 

pl
ot

s;
 M

or
an

’s
 I;

 n
ea

re
st

 n
ei

gh
bo

ur
 a

na
ly

si
s

4,
 5

Cl
ea

r c
lu

st
er

in
g 

id
en

tif
ie

d;
 d

ire
ct

io
na

l 
bi

as
 a

nd
 ra

di
us

 o
f s

pr
ea

d 
of

 
su

pe
rs

pr
ea

di
ng

 e
ve

nt
s 

de
m

on
st

ra
te

d

Sz
e-

To
 [7

7]
Va

ric
el

la
Ho

ng
 K

on
g

20
11

Ho
sp

ita
l

R
Sc

he
m

at
ic

 m
ap

; a
ir 

di
sp

er
si

on
 m

od
el

lin
g

4,
 5

M
od

el
 m

at
ch

es
 e

pi
de

m
io

lo
gi

ca
l 

di
st

rib
ut

io
n 

of
 c

as
es

W
on

g 
[3

9]
In

flu
en

za
Ho

ng
 K

on
g

20
10

Ho
sp

ita
l

R
Sc

he
m

at
ic

 m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; 
so

ur
ce

 p
ro

xi
m

it
y;

 a
ir 

di
sp

er
si

on
 m

od
el

lin
g

3,
 4

, 5
, 6

Pr
ox

im
it

y 
to

 a
ir 

pu
rif

ie
r a

ss
oc

ia
te

d 
w

ith
 

in
fe

ct
io

n;
 s

ug
ge

st
s 

po
ss

ib
le

 ro
le

 fo
r 

ae
ro

so
l t

ra
ns

m
is

si
on

Yu
 [7

8]
SA

RS
Ho

ng
 K

on
g

20
05

Ho
sp

ita
l

R
Sc

he
m

at
ic

 m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; a
ir 

di
sp

er
si

on
 m

od
el

lin
g

3,
 4

, 5
At

ta
ck

 ra
te

s 
hi

gh
er

 in
 b

ay
s 

cl
os

er
 

to
 in

de
x 

pa
tie

nt
; s

ug
ge

st
s 

ai
rb

or
ne

 
tr

an
sm

is
si

on
 p

la
ye

d 
im

po
rt

an
t r

ol
e

Ba
li 

[2
7]

He
pa

tit
is

 E
In

di
a

20
08

W
at

er
P

Do
t m

ap
; s

pa
tia

l c
as

e 
fin

di
ng

; s
pa

tia
l c

as
e 

de
fin

iti
on

3,
 4

Ca
se

s 
m

ap
pe

d 
to

 w
at

er
 s

up
pl

y 
di

st
rib

ut
io

n 
ar

ea

Ni
sh

a 
[4

3]
De

ng
ue

 fe
ve

r
In

di
a

20
05

Ve
ct

or
P

Do
t m

ap
; s

pa
tia

l c
as

e 
fin

di
ng

; s
ca

n 
st

at
is

tic
3,

 4
, 7

Id
en

tif
ie

d 
cl

us
te

r;
 fo

gg
in

g 
an

d 
la

rv
al

 
re

du
ct

io
n;

 d
ra

w
in

g 
up

 s
ta

nd
ar

d 
pr

ot
oc

ol
 

fo
r G

IS
 in

 o
ut

br
ea

ks

Sa
ha

 [7
9]

Sh
ig

el
lo

si
s

In
di

a
20

09
W

at
er

P
Ra

te
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
3,

 4
In

ci
de

nc
e 

hi
gh

er
 d

ow
ns

tr
ea

m
 o

f 
da

m
ag

ed
 p

ip
el

in
e

Sa
rk

ar
 [4

6]
Di

ar
rh

oe
a

In
di

a
20

07
W

at
er

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; s

ou
rc

e 
pr

ox
im

it
y;

 s
pa

tia
l c

as
e 

fin
di

ng
; s

pa
tia

l s
ca

n 
st

at
is

tic
3,

 4
, 5

, 7
, 8

Sh
ow

ed
 d

is
pe

rs
ed

 n
at

ur
e 

of
 o

ut
br

ea
k;

 n
o 

si
gn

ifi
ca

nt
 c

lu
st

er
in

g;
 fu

nd
s 

re
le

as
ed

 to
 

im
pr

ov
e 

dr
ai

na
ge

 n
et

w
or

k
So

w
m

ya
na

ra
ya

na
n 

[5
6]

He
pa

tit
is

 A
In

di
a

20
08

W
at

er
P

Do
t m

ap
; s

pa
tia

l s
ca

n 
st

at
is

tic
4,

 5
Cl

us
te

r n
ot

 s
ig

ni
fic

an
t;

 o
ut

br
ea

k 
ge

ne
ra

lis
ed

 a
cr

os
s 

ar
ea

Fa
ng

 [8
0]

In
flu

en
za

Ch
in

a
20

13
Co

m
m

un
it

y
R

Do
t m

ap
; t

he
m

at
ic

 m
ap

; e
nv

iro
nm

en
ta

l r
is

k 
pr

ed
ic

tio
n 

m
od

el
4

Id
en

tif
ie

d 
hi

gh
 in

ci
de

nc
e 

ar
ea

s;
 

pr
ed

ic
te

d 
ar

ea
s 

w
ith

 h
ig

h 
ris

k 
to

 in
fo

rm
 

fu
tu

re
 c

on
tr

ol
 e

ff
or

ts

Li
an

g 
[8

1]
SA

RS
Ch

in
a

20
07

Co
m

m
un

it
y

R
Ra

te
 m

ap
4

Ra
te

 in
cr

ea
se

d 
w

ith
 d

is
ta

nc
e 

fr
om

 c
it

y 
ce

nt
re

, s
up

po
rt

ed
 s

pa
tia

l q
ua

ra
nt

in
in

g 
of

 
ci

ty
 fo

r f
ut

ur
e 

ou
tb

re
ak

s

Al
i [

82
]

De
ng

ue
 fe

ve
r

Ba
ng

la
de

sh
20

03
Ve

ct
or

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

m
oo

th
ed

 in
ci

de
nc

e 
m

ap
; s

ou
rc

e 
pr

ox
im

it
y;

 s
pa

tia
l c

as
e 

fin
di

ng
; 

kr
ig

in
g

3,
 4

, 5
Cl

us
te

rs
 id

en
tif

ie
d,

 g
en

er
al

ly
 c

lo
se

r t
o 

m
aj

or
 h

os
pi

ta
ls

; s
pa

tia
l a

ss
oc

ia
tio

n 
be

tw
ee

n 
cl

us
te

rs
 a

nd
 v

ec
to

r p
op

ul
at

io
ns

Te
nz

in
 [8

3]
Ra

bi
es

Bh
ut

an
20

10
Co

m
m

un
it

y
R

Do
t m

ap
; s

pa
tia

l a
ve

ra
ge

; s
ta

nd
ar

d 
de

vi
at

io
n 

el
lip

se
4

Vi
su

al
is

ed
 s

pr
ea

d 
of

 o
ut

br
ea

k;
 s

ee
m

ed
 to

 
fo

llo
w

 ro
ad

 n
et

w
or

k 
th

at
 h

ad
 m

an
y 

fr
ee

-
ro

am
in

g 
do

gs

Ta
bl

e 
1c

D
et

ai
ls 

of
 in

cl
ud

ed
 st

ud
ie

s, 
sy

st
em

at
ic

 li
te

ra
tu

re
 re

vi
ew

 o
n 

sp
at

ia
l m

et
ho

ds
 in

 in
fe

ct
io

us
 d

is
ea

se
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 (n

 =
 8

0)

M
M

R:
 m

ea
sl

es
-m

um
ps

-r
ub

el
la

 v
ac

ci
ne

; N
A:

 n
ot

 a
va

ila
bl

e;
 P

: p
ro

sp
ec

tiv
e;

 R
: r

et
ro

sp
ec

tiv
e;

 S
AR

S:
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e.

a  S
ta

ge
s 

in
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 d

ef
in

ed
 a

s:
 1

. E
st

ab
lis

hi
ng

 e
xi

st
en

ce
 o

f a
n 

ou
tb

re
ak

; 2
. C

on
fir

m
in

g 
di

ag
no

si
s;

 3
. D

ef
in

in
g 

an
d 

id
en

tif
yi

ng
 o

ut
br

ea
k 

ca
se

s;
 4

. D
es

cr
ib

in
g 

ca
se

s 
an

d 
de

ve
lo

pi
ng

 h
yp

ot
he

se
s;

 
5.

 E
va

lu
at

in
g 

hy
po

th
es

es
 a

nd
 d

ra
w

in
g 

co
nc

lu
si

on
s;

 6
. C

om
pa

rin
g 

w
ith

 e
st

ab
lis

he
d 

fa
ct

s;
 7

. E
xe

cu
tin

g 
pr

ev
en

tio
n 

m
ea

su
re

s;
 8

. C
om

m
un

ic
at

in
g 

fin
di

ng
s.



12 www.eurosurveillance.org

Re
fe

re
nc

e
In

fe
ct

io
us

 d
is

ea
se

Lo
ca

tio
n

Pu
bl

ic
at

io
n 

ye
ar

Co
nt

ex
t

Pr
os

pe
ct

iv
e/

 
re

tr
os

pe
ct

iv
e

Sp
at

ia
l m

et
ho

ds
 u

se
d

St
ag

e 
of

 
in

ve
st

ig
at

io
na

O
ut

co
m

e 
su

m
m

ar
y

Ni
sh

ig
uc

hi
 [8

4]
In

flu
en

za
Ja

pa
n

20
09

Fa
rm

R
Do

t m
ap

; s
ca

n 
st

at
is

tic
3,

 4
, 5

Id
en

tif
ie

d 
cl

us
te

r a
nd

 fa
ct

or
s 

as
so

ci
at

ed
 

w
ith

 fa
rm

s 
in

si
de

 c
lu

st
er

Si
dd

iq
ui

 [8
5]

Ch
ol

er
a

Pa
ki

st
an

20
06

W
at

er
R

Do
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; k

-n
ea

re
st

 
ne

ig
hb

ou
r t

es
t

3,
 4

, 5
Cl

us
te

rin
g 

in
 o

ne
 o

f t
he

 o
ut

br
ea

ks
 

in
ve

st
ig

at
ed

; w
at

er
 re

se
rv

oi
r i

de
nt

ifi
ed

 
as

 li
ke

ly
 s

ou
rc

e

M
ira

nd
a 

[8
6]

Eb
ol

a
Ph

ili
pp

in
es

20
02

Br
ee

di
ng

 
fa

ci
lit

y
R

Sc
he

m
at

ic
 m

ap
4

Do
cu

m
en

te
d 

pr
og

re
ss

io
n 

of
 o

ut
br

ea
k

Le
 [8

7]
Po

rc
in

e 
hi

gh
 fe

ve
r 

di
se

as
e

Vi
et

na
m

20
12

Fa
rm

R

Do
t m

ap
; s

m
oo

th
ed

 in
ci

de
nc

e 
m

ap
; s

pa
tia

l 
an

d 
sp

ac
e–

tim
e 

sc
an

 s
ta

tis
tic

; k
-n

ea
re

st
 

ne
ig

hb
ou

r t
es

t;
 K

no
x 

te
st

; s
pa

ce
–t

im
e 

k 
fu

nc
tio

n

4,
 5

Li
tt

le
 e

vi
de

nc
e 

fo
r c

lu
st

er
in

g;
 th

ou
gh

t n
ot

 
to

 b
e 

im
po

rt
an

t i
n 

th
is

 o
ut

br
ea

k

Ad
di

ss
 [8

8]
Le

gi
on

na
ire

s’
 

di
se

as
e

Un
ite

d 
St

at
es

19
89

En
vi

ro
nm

en
ta

l
P

Do
t m

ap
s;

 s
pa

tia
l c

as
e 

de
fin

iti
on

; s
ou

rc
e 

pr
ox

im
it

y
3,

 4
, 5

Ra
te

 d
ec

re
as

ed
 w

ith
 d

is
ta

nc
e 

fr
om

 o
ne

 
co

ol
in

g 
to

w
er

; i
m

pl
ic

at
ed

 a
s 

pr
ob

ab
le

 
so

ur
ce

 o
f o

ut
br

ea
k

Bl
on

di
n 

[8
9]

Bl
as

to
m

yc
os

is
Un

ite
d 

St
at

es
20

07
En

vi
ro

nm
en

ta
l

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

ou
rc

e 
pr

ox
im

it
y

4,
 5

No
 c

om
m

on
 s

ou
rc

e 
id

en
tif

ie
d;

 in
fe

ct
io

n 
lik

el
y 

to
 h

av
e 

be
en

 a
cq

ui
re

d 
cl

os
e 

to
 

ho
m

es

Br
ow

n 
[6

0]
Le

gi
on

na
ire

s’
 

di
se

as
e

Un
ite

d 
St

at
es

19
99

En
vi

ro
nm

en
ta

l
P

Do
t m

ap
; t

he
m

at
ic

 m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; s
ou

rc
e 

pr
ox

im
it

y
3,

 4
, 5

Tr
an

sm
is

si
on

 m
os

tly
 in

 c
lo

se
 p

ro
xi

m
it

y 
to

 
co

ol
in

g 
to

w
er

s

Ch
un

g 
[9

0]
W

es
t N

ile
 fe

ve
r 

Un
ite

d 
St

at
es

20
13

Ve
ct

or
R

Do
t m

ap
; r

at
e 

m
ap

; G
et

is
-O

rd
 G

i*
 s

ta
tis

tic
4,

 5
As

 o
ut

br
ea

k 
pr

og
re

ss
ed

 it
 b

ec
am

e 
cl

us
te

re
d 

an
d 

ho
t s

po
t w

as
 id

en
tif

ie
d

M
cK

ee
 [3

6]
Sh

ig
el

lo
si

s
Un

ite
d 

St
at

es
20

00
W

at
er

P
Do

t m
ap

; k
-n

ea
re

st
 n

ei
gh

bo
ur

 te
st

4,
 7

Sp
ac

e–
tim

e 
cl

us
te

rin
g 

fo
un

d;
 id

en
tif

ie
d 

co
m

m
un

al
 w

ad
in

g 
po

ol
s 

as
 p

ro
ba

bl
e 

so
ur

ce
; t

ar
ge

te
d 

in
fo

rm
at

io
n 

ca
m

pa
ig

ns
 

an
d 

ed
uc

at
io

n

M
on

go
h 

[9
1]

An
th

ra
x

Un
ite

d 
St

at
es

20
08

Fa
rm

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
4

Di
sp

la
ye

d 
sp

at
ia

l d
is

tr
ib

ut
io

n 
of

 
pr

em
is

es
 w

ith
 c

as
es

 n
 s

tu
dy

Pf
is

te
r [

92
]

Bl
as

to
m

yc
os

is
Un

ite
d 

St
at

es
20

11
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; s
pa

tia
l 

av
er

ag
e

3,
 4

Ce
nt

re
 o

f o
ut

br
ea

k 
id

en
tif

ie
d,

 n
or

th
 o

f 
ri

ve
r;

 y
ar

d 
w

as
te

 d
is

po
sa

l i
de

nt
ifi

ed
 a

s 
lik

el
y 

so
ur

ce

Ro
y 

[2
5]

Bl
as

to
m

yc
os

is
Un

ite
d 

St
at

es
20

13
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; s
ca

n 
st

at
is

tic
1,

 3
, 4

Co
nf

irm
ed

 th
e 

pr
es

en
ce

 o
f t

he
 o

ut
br

ea
k

Bo
w

ie
 [9

3]
To

xo
pl

as
m

os
is

Ca
na

da
19

97
W

at
er

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
4,

 5
O

ut
br

ea
k-

re
la

te
d 

ca
se

s 
in

 a
re

a 
se

rv
ed

 b
y 

w
at

er
 d

is
tr

ib
ut

io
n 

sy
st

em

Ep
p 

[9
4]

An
th

ra
x

Ca
na

da
20

10
Fa

rm
R

Th
em

at
ic

 m
ap

; s
m

oo
th

ed
 in

ci
de

nc
e 

m
ap

; 
ve

lo
ci

ty
 v

ec
to

r m
ap

; s
pa

tia
l c

as
e 

de
fin

iti
on

; 
sp

ac
e 

tim
e 

sc
an

 s
ta

tis
tic

; k
-n

ea
re

st
 n

ei
gh

bo
ur

 
te

st
; k

-f
un

ct
io

n;
 O

de
n‘

s 
Ip

op

4,
 5

Th
re

e 
se

pa
ra

te
 m

ov
em

en
ts

 o
f s

pr
ea

d 
id

en
tif

ie
d;

 c
lu

st
er

s 
lo

ca
te

d

Ta
bl

e 
1d

D
et

ai
ls 

of
 in

cl
ud

ed
 st

ud
ie

s, 
sy

st
em

at
ic

 li
te

ra
tu

re
 re

vi
ew

 o
n 

sp
at

ia
l m

et
ho

ds
 in

 in
fe

ct
io

us
 d

is
ea

se
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 (n

 =
 8

0)

M
M

R:
 m

ea
sl

es
-m

um
ps

-r
ub

el
la

 v
ac

ci
ne

; N
A:

 n
ot

 a
va

ila
bl

e;
 P

: p
ro

sp
ec

tiv
e;

 R
: r

et
ro

sp
ec

tiv
e;

 S
AR

S:
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e.

a  S
ta

ge
s 

in
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 d

ef
in

ed
 a

s:
 1

. E
st

ab
lis

hi
ng

 e
xi

st
en

ce
 o

f a
n 

ou
tb

re
ak

; 2
. C

on
fir

m
in

g 
di

ag
no

si
s;

 3
. D

ef
in

in
g 

an
d 

id
en

tif
yi

ng
 o

ut
br

ea
k 

ca
se

s;
 4

. D
es

cr
ib

in
g 

ca
se

s 
an

d 
de

ve
lo

pi
ng

 h
yp

ot
he

se
s;

 
5.

 E
va

lu
at

in
g 

hy
po

th
es

es
 a

nd
 d

ra
w

in
g 

co
nc

lu
si

on
s;

 6
. C

om
pa

rin
g 

w
ith

 e
st

ab
lis

he
d 

fa
ct

s;
 7

. E
xe

cu
tin

g 
pr

ev
en

tio
n 

m
ea

su
re

s;
 8

. C
om

m
un

ic
at

in
g 

fin
di

ng
s.



13www.eurosurveillance.org

Re
fe

re
nc

e
In

fe
ct

io
us

 d
is

ea
se

Lo
ca

tio
n

Pu
bl

ic
at

io
n 

ye
ar

Co
nt

ex
t

Pr
os

pe
ct

iv
e/

 
re

tr
os

pe
ct

iv
e

Sp
at

ia
l m

et
ho

ds
 u

se
d

St
ag

e 
of

 
in

ve
st

ig
at

io
na

O
ut

co
m

e 
su

m
m

ar
y

Pa
rk

in
so

n 
[2

2]
An

th
ra

x
Ca

na
da

20
03

Fa
rm

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
s

4
De

sc
rib

ed
 p

hy
si

ca
l c

ha
ra

ct
er

is
tic

s 
of

 o
ut

br
ea

k 
an

d 
do

cu
m

en
te

d 
sp

at
ia

l 
de

sc
rip

tiv
e 

pa
tt

er
ns

Pa
sm

a 
[9

5]
In

flu
en

za
Ca

na
da

20
08

Fa
rm

R

Th
em

at
ic

 m
ap

; s
pa

tia
l a

ve
ra

ge
; s

ta
nd

ar
d 

de
vi

at
io

n 
el

lip
se

; k
-n

ea
re

st
 n

ei
gh

bo
ur

 te
st

; 
sp

at
ia

l s
ca

n 
st

at
is

tic
; K

no
x 

te
st

; n
ea

re
st

 
ne

ig
hb

ou
r a

na
ly

si
s;

 M
an

te
l‘s

 te
st

4,
 5

, 6

Id
en

tif
ie

d 
an

d 
lo

ca
te

d 
cl

us
te

rs
; o

ut
br

ea
k 

es
ta

bl
is

he
d 

in
 d

en
se

ly
 p

op
ul

at
ed

 a
re

as
, 

m
ov

ed
 to

 le
ss

 d
en

se
ly

 p
op

ul
at

ed
 a

re
as

; 
su

gg
es

ts
 fo

cu
s 

fo
r s

ur
ve

ill
an

ce

M
or

ris
on

 [9
6]

De
ng

ue
 fe

ve
r

Pu
er

to
 R

ic
o

19
98

Ve
ct

or
R

Do
t m

ap
; K

no
x 

te
st

; k
-f

un
ct

io
n 

an
al

ys
is

; 
Ba

rt
on

–D
av

id
 te

st
3,

 4

Si
gn

ifi
ca

nt
 c

as
e 

cl
us

te
rin

g 
w

ith
in

 
ho

us
eh

ol
ds

 o
ve

r s
ho

rt
 p

er
io

ds
 o

f t
im

e;
 

bu
t i

n 
ge

ne
ra

l, 
ca

se
s 

ha
d 

pa
tt

er
n 

si
m

ila
r t

o 
po

pu
la

tio
n 

as
 a

 w
ho

le
; c

on
tr

ol
 

m
ea

su
re

s 
ne

ed
 to

 b
e 

ap
pl

ie
d 

to
 e

nt
ire

 
m

un
ic

ip
al

it
y

Ch
ad

ee
 [9

7]
M

en
in

go
co

cc
al

 
m

en
in

gi
tis

Tr
in

id
ad

20
06

Co
m

m
un

it
y

P
Do

t m
ap

; c
as

e–
ca

se
 d

is
ta

nc
e

1,
 4

Re
ve

al
ed

 tw
o 

cl
us

te
rs

Ch
ad

ee
 [5

5]
De

ng
ue

 fe
ve

r
W

es
t I

nd
ie

s
20

05
Ve

ct
or

R
Do

t m
ap

; k
-n

ea
re

st
 n

ei
gh

bo
ur

 te
st

4
Ca

se
s 

oc
cu

rr
ed

 in
 c

lu
st

er
s 

w
he

n 
m

os
qu

ito
 d

en
si

tie
s 

w
er

e 
hi

gh
 e

no
ug

h
Af

fo
la

bi
 [2

4]
Tu

be
rc

ul
os

is
Be

ni
n

20
09

Co
m

m
un

it
y

R
Do

t m
ap

; c
as

e 
m

ov
em

en
t m

ap
1,

 4
Id

en
tif

ie
d 

po
te

nt
ia

l c
lu

st
er

Ba
rt

el
s 

[9
8]

Ch
ol

er
a

Et
hi

op
ia

20
10

W
at

er
P

Do
t m

ap
4

Ca
se

s 
m

ap
pe

d 
al

on
g 

ri
ve

r;
 th

ou
gh

t t
o 

be
 

m
os

t l
ik

el
y 

so
ur

ce

Lu
qu

er
o 

[4
9]

Ch
ol

er
a

Gu
in

ea
-

Bi
ss

au
20

11
W

at
er

P
Do

t m
ap

; r
at

e 
m

ap
; s

m
oo

th
 in

ci
de

nc
e 

m
ap

s;
 

sp
at

ia
l c

as
e 

fin
di

ng
; s

ca
n 

st
at

is
tic

; k
-f

un
ct

io
n

3,
 4

, 5
, 7

, 8
Tw

o 
cl

us
te

rs
 id

en
tif

ie
d;

 im
pr

ov
ed

 
sa

ni
ta

tio
n 

sy
st

em
s 

an
d 

hy
gi

en
e 

co
lle

ct
io

n 
in

 a
ff

ec
te

d 
ar

ea

Ri
va

s 
[2

3]
In

flu
en

za
Ni

ge
ria

20
10

Fa
rm

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
s;

 s
pa

tia
l c

as
e 

de
fin

iti
on

; c
as

e–
ca

se
 d

is
ta

nc
e;

 ri
sk

 fa
ct

or
 

pr
ox

im
it

y
3,

 4
, 5

Su
pp

or
ts

 h
yp

ot
he

si
s 

th
at

 m
aj

or
 h

ig
hw

ay
 

ne
tw

or
k 

pr
om

ot
ed

 e
pi

de
m

ic
 s

pr
ea

d

Ro
qu

et
 [2

0]
Ch

ol
er

a
Se

ne
ga

l
19

98
W

at
er

R
Do

t m
ap

; r
at

e 
m

ap
4

Id
en

tif
ie

d 
hi

gh
 in

ci
de

nc
e 

ar
ea

s

Be
ss

on
g 

[9
9]

Di
ar

rh
oe

a
So

ut
h 

Af
ric

a
20

09
W

at
er

P
Do

t m
ap

; s
pa

tia
l c

as
e 

fin
di

ng
3,

 4
Id

en
tif

ie
d 

ho
t s

po
ts

 o
f t

he
 o

ut
br

ea
k;

 tw
o 

w
at

er
 e

xt
ra

ct
io

n 
po

in
ts

 im
pl

ic
at

ed

Fe
vr

e 
[3

5]
Tr

yp
an

os
om

ia
si

s
Ug

an
da

20
01

Ve
ct

or
R

Do
t m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; s

ou
rc

e 
pr

ox
im

it
y;

 s
pa

tia
l s

ca
n 

st
at

is
tic

3,
 4

, 5
Si

gn
ifi

ca
nt

 c
lu

st
er

 d
et

ec
te

d;
 d

is
ta

nc
e 

fr
om

 m
ar

ke
t s

ig
ni

fic
an

t r
is

k 
fa

ct
or

Sa
sa

ki
 [3

0]
Ch

ol
er

a
Za

m
bi

a
20

08
W

at
er

R
Do

t m
ap

; r
at

e 
m

ap
; V

or
on

oi
 d

ia
gr

am
; n

ea
re

st
 

ne
ig

hb
ou

r a
na

ly
si

s;
 M

or
an

’s
 I

4,
 5

Si
gn

ifi
ca

nt
 c

lu
st

er
in

g 
fo

un
d 

in
 a

re
as

 w
ith

 
lo

w
er

 c
ov

er
ag

e 
of

 la
tr

in
es

 a
nd

 e
ff

ec
tiv

e 
dr

ai
na

ge
 s

ys
te

m
s

Fe
rn

an
de

z 
[4

5]
Ch

ol
er

a
Zi

m
ba

bw
e

20
11

W
at

er
R

Do
t m

ap
; t

he
m

at
ic

 m
ap

; r
at

e 
m

ap
; e

m
pi

ric
al

 
Ba

ye
s 

sm
oo

th
in

g
4,

 5
, 7

Sp
at

ia
l p

at
te

rn
 li

nk
ed

 to
 h

is
to

ric
al

 s
oc

ia
l 

co
ns

tr
uc

tio
n 

of
 c

it
y 

ch
ar

ac
te

ris
ed

 b
y 

di
st

in
ct

 re
gi

on
s 

of
 s

oc
io

ec
on

om
ic

 s
ta

tu
s

Ta
bl

e 
1e

D
et

ai
ls 

of
 in

cl
ud

ed
 st

ud
ie

s, 
sy

st
em

at
ic

 li
te

ra
tu

re
 re

vi
ew

 o
n 

sp
at

ia
l m

et
ho

ds
 in

 in
fe

ct
io

us
 d

is
ea

se
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 (n

 =
 8

0)

M
M

R:
 m

ea
sl

es
-m

um
ps

-r
ub

el
la

 v
ac

ci
ne

; N
A:

 n
ot

 a
va

ila
bl

e;
 P

: p
ro

sp
ec

tiv
e;

 R
: r

et
ro

sp
ec

tiv
e;

 S
AR

S:
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e.

a  S
ta

ge
s 

in
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 d

ef
in

ed
 a

s:
 1

. E
st

ab
lis

hi
ng

 e
xi

st
en

ce
 o

f a
n 

ou
tb

re
ak

; 2
. C

on
fir

m
in

g 
di

ag
no

si
s;

 3
. D

ef
in

in
g 

an
d 

id
en

tif
yi

ng
 o

ut
br

ea
k 

ca
se

s;
 4

. D
es

cr
ib

in
g 

ca
se

s 
an

d 
de

ve
lo

pi
ng

 h
yp

ot
he

se
s;

 
5.

 E
va

lu
at

in
g 

hy
po

th
es

es
 a

nd
 d

ra
w

in
g 

co
nc

lu
si

on
s;

 6
. C

om
pa

rin
g 

w
ith

 e
st

ab
lis

he
d 

fa
ct

s;
 7

. E
xe

cu
tin

g 
pr

ev
en

tio
n 

m
ea

su
re

s;
 8

. C
om

m
un

ic
at

in
g 

fin
di

ng
s.



14 www.eurosurveillance.org

Re
fe

re
nc

e
In

fe
ct

io
us

 d
is

ea
se

Lo
ca

tio
n

Pu
bl

ic
at

io
n 

ye
ar

Co
nt

ex
t

Pr
os

pe
ct

iv
e/

 
re

tr
os

pe
ct

iv
e

Sp
at

ia
l m

et
ho

ds
 u

se
d

St
ag

e 
of

 
in

ve
st

ig
at

io
na

O
ut

co
m

e 
su

m
m

ar
y

An
gu

lo
 [1

00
]

Va
rio

la
 m

in
or

Br
az

il
19

79
Co

m
m

un
it

y
R

Do
t m

ap
; s

m
oo

th
ed

 in
ci

de
nc

e 
m

ap
4

De
m

on
st

ra
te

d 
im

po
rt

an
ce

 o
f s

ch
oo

ls
 in

 
ep

id
em

ic
 s

pr
ea

d

Ba
rc

el
lo

s 
[2

1]
Le

pt
os

pi
ro

si
s

Br
az

il
20

00
W

at
er

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
s;

 ri
sk

 fa
ct

or
 p

ro
xi

m
it

y
4

Co
nc

en
tr

at
io

n 
of

 c
as

es
 o

bs
er

ve
d;

 
id

en
tif

ie
d 

ch
ar

ac
te

ris
tic

s 
of

 a
re

as

Ba
rr

et
o 

[1
9]

Sc
hi

st
os

om
ia

si
s

Br
az

il
19

93
Ve

ct
or

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
s

4

Ch
ild

re
n 

w
ith

 fr
eq

ue
nt

 w
at

er
 c

on
ta

ct
 

ar
ou

nd
 o

pe
n 

bo
di

es
 o

f w
at

er
, n

o 
se

w
ag

e 
di

sp
os

al
, a

bs
en

ce
 o

f w
at

er
 s

up
pl

y 
as

so
ci

at
ed

 w
ith

 in
fe

ct
io

n

de
 M

ou
ra

 [1
01

]
To

xo
pl

as
m

os
is

Br
az

il
20

06
W

at
er

P
Do

t m
ap

; r
at

e 
m

ap
4,

 6
, 7

Ca
se

s 
m

or
e 

lik
el

y 
to

 b
e 

se
rv

ed
 b

y 
w

at
er

 
re

se
rv

oi
r A

 th
an

 B
; c

lo
se

d 
re

se
rv

oi
r.

Pa
ss

os
 [1

02
]

Ra
bi

es
Br

az
il

19
98

Co
m

m
un

it
y

R
Do

t m
ap

4
Ca

se
s 

co
rr

es
po

nd
ed

 to
 p

ar
ts

 o
f c

it
y 

w
ith

 m
os

t s
lu

m
s 

an
d 

lo
w

er
 in

co
m

e 
po

pu
la

tio
ns

Ro
te

la
 [4

8]
De

ng
ue

 fe
ve

r
Ar

ge
nt

in
a

20
07

Ve
ct

or
R

Do
t m

ap
; s

m
oo

th
ed

 in
ci

de
nc

e 
m

ap
; K

no
x 

te
st

; 
en

vi
ro

nm
en

ta
l r

is
k 

pr
ed

ic
tio

n 
m

od
el

4,
 5

Id
en

tif
ie

d 
cl

us
te

rs
 a

nd
 d

ev
el

op
ed

 
pr

ed
ic

tiv
e 

ris
k 

m
od

el

Ri
va

s 
[1

03
]

Fo
ot

 a
nd

 m
ou

th
 

di
se

as
e

Ur
ug

ua
y

20
03

Fa
rm

R
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

ou
rc

e 
pr

ox
im

it
y

4,
 5

Ge
ne

ra
te

d 
hy

po
th

es
is

 th
at

 e
ar

ly
 

ep
id

em
ic

 v
iru

s 
di

ss
em

in
at

ed
 to

ok
 

ad
va

nt
ag

e 
of

 ro
ad

 n
et

w
or

k,
 th

en
 s

pr
ea

d 
ou

tw
ar

ds

Fi
re

st
on

e 
[1

04
]

In
flu

en
za

Au
st

ra
lia

20
11

Fa
rm

R
Do

t m
ap

; s
m

oo
th

ed
 in

ci
de

nc
e 

m
ap

; s
pa

tia
l 

so
ci

al
 n

et
w

or
k 

an
al

ys
is

; s
pa

ce
-t

im
e 

sc
an

 
st

at
is

tic
; k

rig
in

g
4,

 5
, 6

Lo
ca

l s
pr

ea
d 

th
ro

ug
h 

co
nt

ac
t n

et
w

or
k 

to
 

di
st

an
ce

 o
f 1

5 
km

; i
de

nt
ifi

ed
 5

 s
ig

ni
fic

an
t 

cl
us

te
rs

W
al

dr
on

 [1
05

]
Cr

yp
to

sp
or

id
io

si
s

Au
st

ra
lia

20
11

W
at

er
R

Do
t m

ap
4

Id
en

tif
ie

d 
ho

t s
po

ts
 a

nd
 m

ov
em

en
t o

f 
cl

us
te

r o
ve

r t
im

e

W
hi

te
 [3

8]
Le

gi
on

na
ire

s’
 

di
se

as
e

Ne
w

 
Ze

al
an

d
20

13
En

vi
ro

nm
en

ta
l

P
Do

t m
ap

; t
he

m
at

ic
 m

ap
; s

ca
n 

st
at

is
tic

; 
M

or
an

’s
 I

4,
 5

, 6
, 8

Id
en

tif
ie

d 
cl

us
te

rs
; c

as
e 

di
st

rib
ut

io
n 

co
ns

is
te

nt
 w

ith
 p

lu
m

e 
ef

fe
ct

 fr
om

 
pr

ob
ab

le
 s

ou
rc

e

Tu
rc

io
s-

Ru
iz

 [1
06

]
Ne

cr
ot

is
in

g 
en

te
ro

co
lit

is
N

A 
20

08
Ho

sp
ita

l
P

Sc
he

m
at

ic
 m

ap
; s

pa
tia

l c
as

e 
de

fin
iti

on
; 

Gr
im

so
n 

te
st

3,
 4

, 5
Cl

us
te

rin
g 

id
en

tif
ie

d;
 s

ug
ge

st
ed

 p
os

si
bl

e 
as

so
ci

at
io

n 
w

ith
 c

ar
eg

iv
er

s 
w

or
ki

ng
 in

 
af

fe
ct

ed
 a

re
a

Ta
bl

e 
1f

D
et

ai
ls 

of
 in

cl
ud

ed
 st

ud
ie

s, 
sy

st
em

at
ic

 li
te

ra
tu

re
 re

vi
ew

 o
n 

sp
at

ia
l m

et
ho

ds
 in

 in
fe

ct
io

us
 d

is
ea

se
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 (n

 =
 8

0)

M
M

R:
 m

ea
sl

es
-m

um
ps

-r
ub

el
la

 v
ac

ci
ne

; N
A:

 n
ot

 a
va

ila
bl

e;
 P

: p
ro

sp
ec

tiv
e;

 R
: r

et
ro

sp
ec

tiv
e;

 S
AR

S:
 s

ev
er

e 
ac

ut
e 

re
sp

ira
to

ry
 s

yn
dr

om
e.

a  S
ta

ge
s 

in
 o

ut
br

ea
k 

in
ve

st
ig

at
io

ns
 d

ef
in

ed
 a

s:
 1

. E
st

ab
lis

hi
ng

 e
xi

st
en

ce
 o

f a
n 

ou
tb

re
ak

; 2
. C

on
fir

m
in

g 
di

ag
no

si
s;

 3
. D

ef
in

in
g 

an
d 

id
en

tif
yi

ng
 o

ut
br

ea
k 

ca
se

s;
 4

. D
es

cr
ib

in
g 

ca
se

s 
an

d 
de

ve
lo

pi
ng

 h
yp

ot
he

se
s;

 
5.

 E
va

lu
at

in
g 

hy
po

th
es

es
 a

nd
 d

ra
w

in
g 

co
nc

lu
si

on
s;

 6
. C

om
pa

rin
g 

w
ith

 e
st

ab
lis

he
d 

fa
ct

s;
 7

. E
xe

cu
tin

g 
pr

ev
en

tio
n 

m
ea

su
re

s;
 8

. C
om

m
un

ic
at

in
g 

fin
di

ng
s.



15www.eurosurveillance.org

were the location of the outbreak, date of publica-
tion, type of infection, context or suspected source, 
and whether the study was prospective or retrospec-
tive. Methodological details were the type of spatial 
methods used and the tools employed. Outcomes were 
results of the investigations that related specifically to 
the use of spatial methods and any comments on their 
advantages or limitations. We summarised reports 
according to the date of publication, type of infection, 
location and context of the outbreak. Spatial methods 
used were categorised into four broad classes: visu-
alisation, cluster analysis, modelling and other spatial 
analyses.

To demonstrate the utility of spatial methods during 
outbreak investigations, and therefore how they could 

be used in the future, we identified the stage(s) of the 
investigation to which they were applied. Outbreak 
investigations can be delineated into steps in vari-
ous ways, and for the purpose of this review we used 
the following steps, adapted from the ECDC’s Field 
Epidemiology Manual [17]: 1. Establishing existence of 
an outbreak, 2. confirming diagnosis, 3. defining and 
identifying outbreak cases, 4. describing cases and 
developing hypotheses, 5. evaluating hypotheses and 
drawing conclusions, 6. comparing with established 
facts, 7. executing prevention measures, 8. communi-
cating findings.

Figure 2
Study selection, systematic literature review on spatial methods in infectious disease outbreak investigations (n = 3,696)

A. Literature search for outbreak investigations using spatial methods 

 

19,547 studies included

3,696 search results  

2,189 abstract review:  
2,179 from search  

  10 known to authors

1,517 excluded:

1,501 duplicates 
16 conference abstracts 

2,043 excluded: 

76 not infectious disease

     1,904 not outbreak investigation

63 no spatial analysis

66 excluded:

42 not outbreak investigation 

24 no spatial analysis

80 studies included

146 full text review

487,495 search results

287,406 abstract review

200,089 excluded: 

197,979 duplicates 

2,110 conference abstracts

259,965 excluded: 
9,978 not infectious disease

249,987 not outbreak investigation   

7,894 excluded: 

7,894 not outbreak investigation

27,441 full text review

B. Simulated literature search for all outbreak investigations, using the same rate 
     of article exclusion as in panel A 

 

Blue boxes are estimated numbers. Key details of all 80 included articles are described in Table 1.
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Results

Article screening and estimation of proportion 
with spatial methods
After excluding duplicates, we identified a total of 
2,189 articles for abstract screening. Of these, 146 
were selected for full text review and 80 of them were 
included in the analysis. Reasons for article exclusion 
are summarised in Figure 2A. Conducting the search 
without any terms specific to spatial analysis identi-
fied 487,495 articles. Assuming the same rate of article 
exclusion at each step in the review process, we esti-
mated the total number of published articles relating 
to outbreak investigations of infectious diseases at ca 
20,000 (Figure 2B). The overall proportion of published 
outbreak investigation reports that explicitly described 
spatial methods was therefore around 0.4%.

Characteristics of studies included
Publication of outbreak investigations with spatial 
methods has increased markedly since 2000, with 
over half (n = 42) of the studies published since 2008 
(Figure 3). Most articles (n = 66; 83%) concerned infec-
tions in human populations, of which the most fre-
quently investigated infections were Legionnaires’ 
disease (n = 12), cholera (n = 7) and influenza (n = 7) 
(Table 2). Correspondingly, the most common transmis-
sion contexts for human infections were water/sanita-
tion (n = 20), followed by environmental (n = 14) and 
community (n = 10) (Table 3).

Healthcare-associated infections were reported in five 
of the articles while food-borne and sexually transmit-
ted infections were reported once apiece. Veterinary 
infections were almost exclusively linked to farms or 
other breeding facilities (n = 12) and influenza was the 
most frequently investigated infection affecting ani-
mals (n = 4). Prospective outbreak investigations com-
prised around half (n = 39) of the articles included, with 

the remainder describing retrospective analyses of out-
break data. 

Figure 4 displays the outbreaks by country, with the 
most reports in the United Kingdom (UK) (n = 10) or the 
United States (US) (n = 8), and by continent, with a third 
of reports in Europe (n = 27) and fewer in Africa (n = 10).

Spatial methods
Spatial methods used are listed and classified accord-
ing to type in Table 4.

All articles presented or referred to at least one 
method of visualising case distributions to describe 
outbreaks in space. Plotting cases as dots on a map is 
the simplest form of visualisation and was used in the 
majority (n = 68; 85%) of studies. Dot maps were either 
presented using case locations only, or were enhanced 
with further information such as their vaccination sta-
tus [18], migratory status [19] or date of disease onset 
[20]. Thematic maps provide context to case locations 
by displaying the spatial distributions of other vari-
ables. Such maps were used in 25 studies and vari-
ables plotted included socioeconomic status [21], soil 
type [22] and road density [23]. Maps of disease rates 
were used in 14 studies, with data usually aggregated 
according to administrative boundaries. Smoothed inci-
dence maps were used in 13 studies. Other methods for 
visualising outbreaks that were used in fewer studies 
included standard deviation ellipses and velocity vec-
tor maps. Both use the locations of cases to describe 
the direction of spread of outbreaks.

Cluster analyses were used in 24 studies (30%), and 
spatial scan statistics were the most frequently used 
(n = 13 studies). k-nearest neighbour tests, k-func-
tion analyses and the Knox test were also used fre-
quently (n = 7, 5 and 5 studies, respectively). Modelling 
approaches were used in 13 studies, including seven 
which used air dispersion models to identify areas that 

Figure 3
Reports of outbreak investigations using spatial methods (n = 80)
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may have been exposed to air from suspected contami-
nated environmental sources.

A range of other spatial methods based on geographic 
attributes of cases were also identified. These included 
methods for defining (n = 31 studies) and identify-
ing (n = 8 studies) cases, summarising the average 

locations of cases (n = 5 studies) and assessing prox-
imity to potential sources (n = 16 studies).

Analytic methods were used less frequently in prospec-
tive than retrospective articles: Cluster methods were 
used in 16 (39%) retrospective compared with eight 
(21%) prospective studies, and modelling in 10 (24%) 
and three (8%) retrospective and prospective analyses, 
respectively.

The most frequently cited GIS software was ArcGIS/
ArcView, used in 30 studies, with MapInfo the other 
commonly used programme (n = 7). Various other pack-
ages including R, ClusterSeer, GeoDa and SaTScan 
were used for specific analyses.

Application of spatial methods in outbreak 
investigations
Applications of spatial methods to different stages dur-
ing outbreak investigations are described below (see 
also Table 1).

1. Establishing existence of an outbreak
Few studies (n = 4) used spatial methods to assist with 
establishing the existence of an outbreak. Methods 
that were used aimed to identify unusual patterns of 
cases, either visually or through formal statistical tests 
of clustering.

For example, Affolabi and colleagues described com-
plementary use of molecular and geographic methods 
to identify an outbreak of tuberculosis in Benin [24]. 
Among a series of 194 M. tuberculosis isolates, 17 
belonged to the Beijing genotype and exhibited an iden-
tical 12-loci subtype. Mapping of patients’ residences, 
workplaces and movements revealed a corresponding 
spatial cluster, confirming that the cases were likely to 
be linked. In another study, Roy and colleagues plotted 
the locations of cases of blastomycosis in Wisconsin 
after noting an increase in the number of reports [25]. 
They visually identified clustering within five neigh-
bourhoods and used the spatiotemporal scan statistic 
to confirm that this was statistically significant.

2. Confirming diagnosis
Although knowledge of the endemicity of diseases 
in the geographic regions in which outbreaks arise is 
useful in developing plausible preliminary diagnostic 
hypotheses, spatial methods alone are not able to con-
firm a diagnosis and were therefore not used for this 
purpose in any of the studies.

3. Defining and identifying outbreak cases
Geographic boundaries in which outbreak cases were 
defined were stated explicitly in over a third (n = 31) of 
the studies. For instance, Keramarou and colleagues’ 
investigation of an outbreak of Legionnaires’ disease 
included only cases that lived or worked in the out-
break area, defined as a 12 km corridor on either side 
of a major road [26].

Infection 
category n Infection na References

Respiratory 23

Legionnaires’ 
disease 12 [26,32,38,40,47,57-

60,63,73,88]
Influenza 7 [23,39,75,80,84,95,104]
SARS 3 [76,78,81]
Acute respiratory 
disease 1 [31]

Intestinal 18

Cholera 7 [20,30,34,45,49,85,98]
Cryptosporidiosis 2 [68,105]
Diarrhoea 2 [46,99]
Salmonellosis 2 [29,67]
Shigellosis 2 [36,79]
Campylobacteriosis 1 [42]
Giardiasis 1 [41]
Necrotising 
enterocolitis 1 [106]

Viral 
haemorrhagic 
fever

8

Dengue fever 5 [43,48,55,82,96]
Ebola 1 [86]
Porcine high fever 
disease 1 [87]

West Nile fever 1 [90]

Viral skin 
infections 7

Measles 3 [18,28,71]
Foot and mouth 
disease 2 [69,103]

Varicella 1 [77]
Variola minor 1 [100]

Protozoal 5

Toxoplasmosis 2 [93,101]
Leishmaniasis 1 [72]
Malaria 1 [34]
Trypanosomiasis 1 [35]

Rickettsioses 5 Q fever 5 [11,33,50,70,74]

Bacterial 
zoonotic 4

Anthrax 3 [22,91,94]
Leptospirosis 1 [21]

Mycoses 3 Blastomycosis 3 [25,89,92]
Viral CNS 
infections 2 Rabies 2 [83,102]

Viral hepatitis 2
Hepatitis A 1 [56]
Hepatitis E 1 [27]

Helminthiases 1 Schistosomiasis 1 [19]
Other 
bacterial 1 Meningococcal 

meningitis 1 [97]

Sexually 
transmitted 1 Syphilis 1 [44]

Tuberculosis 1 Tuberculosis 1 [24]

Table 2
Infectious diseases investigated by category (n = 80 
reports)

CNS: central nervous system; SARS: severe acute respiratory 
syndrome.

a The total is 81 because one study reported two investigations.
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Spatial methods were also used to assist with active 
case finding in eight studies. Bali and colleagues 
describe a search for cases of hepatitis E prompted by 
identification of three cases in a small town in north-
ern India [27]. A house-to-house survey in this region 
identified 3,170 cases of jaundice with an attack rate 
of 5.2%.

4. Describing outbreak cases and developing hypotheses
Use of dot mapping to support an outbreak in real time 
is described by Fitzpatrick and colleagues, who inves-
tigated a rise in measles cases in Dublin, Ireland [28]. 
Continuously updating their maps throughout the out-
break allowed them to identify clustering of cases as 
soon as it developed and ultimately assisted with tar-
geting of control interventions.

Simple maps were also used to develop hypotheses 
about the origins of outbreaks. For example, Kistemann 
and colleagues plotted cases by date of onset in an 
investigation of a nosocomial Salmonella outbreak 
[29]. Their schematic map revealed the central kitchen 
as the only functional relationship linking the cases, 
which they therefore hypothesised to be the source of 
the infection.

Sasaki and colleagues created a Voronoi diagram to 
demarcate their study area using locations of water 
taps [30]. Plotting incidence rates in the different 
areas defined by these water tap boundaries helped 
to visualise clear spatial clustering of cholera cases 
associated with poor water and sanitation facilities. 
Smoothed incidence maps were used in an investiga-
tion by Norström and colleagues into acute respiratory 
disease in Norwegian cattle herds. They used smooth-
ing based on kernel density estimation to describe 
the progression of the outbreak, which was shown to 
spread locally before jumping to new areas [31].

A common method to develop hypotheses about 
sources of infections was to construct concentric cir-
cles of varying radii around potential sources and com-
pare the attack rates in each. Nygard and colleagues 
used this technique in an investigation of Legionnaires’ 
disease in Norway [32]. They calculated attack rates in 
five rings of increasing distance around eight potential 
sources and observed a trend of decreasing rate ratios 
with increasing distance from an air scrubber. Other 
metrics used to describe cases included calculating 
their average location and proximity to risk factors.

Possible air-borne spread of Q fever from farms near 
Cheltenham, UK was investigated by Wallensten 
and colleagues using the Numerical Atmospheric-
dispersion Modelling Environment (NAME) model [33]. 
Plotting the modelled distribution showed that air from 
each of the suspected farms may have exposed the 
town. Geographic profiling is another modelling tech-
nique used to generate hypotheses about the locations 
of sources of infections. Le Comber and colleagues 
used this method to identify most likely locations of 
mosquito breeding sites using residential locations of 
a series of cases of malaria in Cairo, Egypt [34].

5. Evaluating hypotheses and drawing conclusions
More than half of the studies (n = 42) used statisti-
cal tests, such as cluster and regression analyses, 
to conduct formal evaluations of hypotheses arising 
from observations of case distributions. Fevre and col-
leagues, for example, assessed clustering of cases of 
trypanosomiasis under the hypothesis that a cattle 
market was the source of the outbreak [35]. A signifi-
cant cluster encompassing the location of the market 
was detected using the spatiotemporal scan statistic, 
supporting this theory.

In an investigation on a military installation in North 
Carolina, McKee and colleagues used the k-nearest 

Table 3
Contexts of outbreak investigations of human and animal diseases (n = 80 reports)

a Includes outbreaks affecting humans that had animal origin.
b The total is 81 because one article reported two investigations.

Context
Humana Animal

n References n References

Water/sanitation 20 [20,21,27,30,34,36,41,42,45,46, 49,56,68,79,85,
93,98,99,101,105] 0

Environmental 14 [25,26,32,38,40,47,57-60,63,73,88,92] 1 [89]

Community 10 [18,24,28,71,75,76,80,81,97,100] 2 [83,102]
Vector-borne 10 [19,34,35,43,48,55,72,82,90,96] 0

Farm/breeding facility 5 [11,33,50,70,74] 12 [22,23,31,69,84,86,87, 
91,94,95,103,104]

Healthcare-associated 5 [29,39,77,78,106] 0
Food 1 [67] 0
Sexually transmitted 1 [44] 0
Total b 66 15 
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neighbour method to identify significant spatiotempo-
ral clustering of shigellosis [36]. They used dot maps to 
locate the area with intense transmission and targeted 
it with educational interventions to bring the outbreak 
under control.

Combinations of multiple tests for clustering were 
used in some studies, such as Norström and col-
leagues’ investigation of acute respiratory disease in 
Norwegian cattle herds [31]. They combined the Knox 
test [37], a global test for space–time clustering, with 
the k-nearest neighbour test and space–time scan 
statistic. These tests allowed them, respectively, to 
define the smallest distance and time frame in which 
the events had been clustered, to determine whether 
cases tended to be close to other cases and to locate 
the most significant clusters. All methods indicated 
presence of space–time clustering, adding weight to 
the conclusion that a common contagious source was 
responsible for the outbreak.

The hypothesis that risk of infection decreased with 
increasing distance from a suspected source was 
tested in several studies through regression analy-
sis. Hackert and colleagues, for example, used linear 
regression of log-transformed attack rates to assess a 
cluster of human cases of Q fever in the Netherlands 
[11]. Incidence increased by a statistically significant 
exposure–response gradient with proximity to a dairy 
goat farm, which they concluded was likely to be the 
primary and sole source.

6. Comparing results with established facts
Results from spatial analyses in some cases provided 
updates to knowledge about the dynamics of the infec-
tious agents concerned, such as their minimum infec-
tive dose and mode of transmission. For example, in 
an outbreak of Legionnaires’ disease in Christchurch, 
New Zealand, cases were identified at a distance of 12 
km from the implicated cooling tower [38]. White and 

colleagues therefore proposed updates to World Health 
Organization guidelines which at the time placed the 
area at risk from such sources at 3.2 km.

Wong and colleagues used a computational fluid 
dynamics model to study the spread of an influenza 
outbreak in a hospital setting [39]. Concentrations 
of hypothetical virus-laden particles from modelled 
air distributions correlated closely with locations of 
infected patients. This suggested a possible role for 
aerosol transmission of influenza, which is predomi-
nantly associated with transmission by droplets and 
direct contact.

7. Executing prevention measures
Spatially targeted interventions to control the outbreak 
or prevent future cases were described in many stud-
ies. Measures that aimed to control outbreaks included 
cleaning implicated cooling towers [40], issuing water 
boiling orders to areas served by contaminated sup-
plies [41,42], vaccination catch-up campaigns [28], 
removal of breeding sites for mosquito larvae [43] and 
targeted information campaigns [36]. For example, 
Acheson and colleagues placed postcode-targeted 
information on social networks during an outbreak of 
heterosexually acquired syphilis in Teesside, UK [44].

Attempts to prevent future outbreaks included 
improvement of infrastructure [45,46], change of policy 
[29,32,47] and generation of risk maps [48]. Luquero 
and colleagues, for instance, used results of their anal-
ysis to recommend specific regions in which to focus 
preparedness activities to avoid future cholera out-
breaks in Guinea-Bissau [49].

8. Communicating findings
All studies in this review had, by definition, used their 
spatial analyses in communication of findings through 
reports in peer-reviewed publications. Several studies 
also highlighted the usefulness of maps in reports or 

Figure 4
Locations of outbreak investigations using spatial methods by country and continent (n = 80)
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presentations to communicate results to health offi-
cials [29,47], policymakers [49,50] and the public [38]. 
Sarkar and colleagues, for example, presented dot 
maps of cases of acute diarrhoeal disease in a village 
in southern India to the local community and health 
authorities [46]. Their maps visualised the proximity of 
cases to a contaminated water supply, and the presen-
tation resulted in release of funds to improve sanita-
tion in the area.

Discussion
In this review, we have identified 80 published articles 
of infectious disease outbreak investigations that used 
spatial methods, less than half a per cent of our esti-
mated total of 20,000 outbreak reports. Although the 
simple dot map was the most commonly used method, 
a wide range of techniques were applied, including 
more sophisticated data visualisations and analytic 
tools. Across the range of studies, there were examples 
of spatial tools being usefully applied throughout the 
course of an outbreak investigation; from initial con-
firmation of the outbreak to describing and analysing 

Method category n (prospective, 
retrospective) Method n References

Visualisation 80 (39, 41)

Dot map 68 [11,18-28,30-36,38,40-50,55,56,58-60, 
63,67-69,71-76,80,82-85,87-93,96-105]

Thematic map 25 [18,19,21-23,28,29,38,41,42,45,46,50, 
60,68,70,74,80,82,89,91,93-95,103]

Rate map 14 [20,30,44,45,49,50,57,63,70,76,79,81, 
90,101]

Smoothed incidence map 13 [11,31,48-50,73,75,76,82,87,94,100,104]
Case movement map 7 [24,26,32,40,47,59,63]
Schematic map 6 [29,39,77,78,86,106]
Standard deviation ellipse 4 [75,76,83,95]
Origin–destination plot 1 [76]
Velocity vector map 1 [94]
Voronoi diagram 1 [30]

Spatial exploration 47 (28, 19)

Spatial case definition 32 [11,23,25-27,29,31-33,35,39-42,46,47, 
57-60,63,67-69,74,78,79,85,88,92,94,106]

Source proximity 16 [11,32,35,39,40,46,50,57,60,67,69,74, 
82,88,89,103]

Spatial case finding 8 [27,43,46,49,63,70,82,99]
Spatial average 5 [34,74,83,92,95]
Case–case distance 3 [23,69,97]
Risk factor proximity 2 [21,23]
Spatial social network analysis 1 [104]

Cluster 24 (8, 16)

Kulldorff’s spatial/ spatiotemporal scan 
statistic 13 [25,31,35,38,43,46,49,56,84,87,94,95,104]

Cuzick–Edwards k-nearest neighbour 
test/Jacquez’s k-nearest neighbours for 
space time interaction

7 [31,36,55,85,87,94,95]

Knox test 5 [31,48,87,95,96]
k-function/space–time k-function 5 [49,73,87,94,96]
Moran’s I 4 [30,38,75,76]
Nearest neighbour analysis 3 [30,76,95]
Getis Ord Gi(d) statistic 2 [75,90]
Barton–David’s test 1 [96]
Grimson test 1 [106]
Oden’s Ipop 1 [94]
Mantel’s test 1 [95]

Spatial modelling 13 (3, 10)

Air dispersion modelling 7 [32,33,39,63,69,77,78]
Environmental risk prediction model 2 [48,80]
Kriging 2 [82,104]
Empirical Bayes smoothing 1 [45]
Geographic profiling 1 [34]

Table 4
Spatial methods used in outbreak investigations (n = 80)
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cases and communicating findings. Spatial techniques 
often provided valuable insights that supplemented 
traditional epidemiological analyses of person and 
time and led to public health actions.

Outbreak investigations of infectious diseases occur-
ring in any context were included in this study. Thus, 
we extended the scope of two previous reviews that 
focused, respectively, on use of spatial methods in 
outbreaks of Legionnaires’ disease [10] and on spa-
tiotemporal methods to investigate transmission of 
infections in hospital settings [51]. In doing so, we have 
highlighted imbalances in application of spatial meth-
ods in different types of investigations. For example, 
it was notable that only one study reported an out-
break of food-borne illness. Annual summary statistics 
from 2013 report a total of 5,196 food- and waterborne 
outbreaks in the European Union (EU) [52] and 831 
reports of food-borne outbreaks in 2012 in the US [53]. 
Although only a small proportion of these are likely to 
have been published in academic journals, this still 
indicates a substantial shortfall in use of spatial meth-
ods in this context.

Our review also allowed assessment of the extent 
to which spatial methods have been used in Europe. 
Although there was a large number of reports from 
Europe compared with other parts of the world, those 
reports derived from only 10 counties. These were pre-
dominantly in western Europe, with one report from 
Turkey the only investigation in eastern areas. Sharing 
expertise through the European Centre of Disease 

Prevention and Control could help to reduce this gap 
and strengthen outbreak investigation capacity across 
the continent. Expanding the use of these tools is also 
important in other parts of the world. Only 10 reports 
described outbreaks in Africa, the same number as in 
the UK alone, which clearly does not correlate with the 
distribution of the global burden of infectious diseases.

There are several limitations of spatial methods, and 
barriers to their use, which may account for the unequal 
and under-use of these tools as identified here. Firstly, 
reliable spatial analyses can only be conducted with 
accurate location data. This can be a particular chal-
lenge in developing countries in which good quality 
maps of residential areas are often not available [54]. 
Several investigations of outbreaks in such settings 
conducted field surveys and used Global Positioning 
Systems (GPS) to accurately record patient residence 
or risk factor locations [30,35,43,46,55,56]. However, 
this is a time- and cost-intensive approach and will not 
always be feasible. In settings in which good quality 
maps of residential data are available, quality of case 
location data is still not assured: Errors can arise from 
incomplete or mistranscribed addresses, out of date 
GIS databases or incomplete information on potential 
source locations. During outbreaks of Legionnaires’ dis-
ease, for example, some investigators had to conduct 
visual searches or make public enquiries to ascertain 
the locations of aerosol-producing devices because 
there was no central registry [26,32,40,57-60].

1. Establish the existence of an outbreak •	 Visualise case distribution (e.g. dot map)
•	 Identify and confirm clustering (e.g. spatial scan statistic)

2. Confirm diagnosis •	 Spatial methods alone cannot confirm diagnoses. Consider spatial epidemiology of infection to 
develop preliminary diagnostic hypotheses.

3. Define and identify outbreak cases

•	 Set geographic limits in which cases are considered part of the outbreak (e.g. postcode area 
hospital ward)

•	 Select controls in case–control study based on same geographic limits
•	 Use maps to assist with active case finding

4. Describe cases and develop 
hypotheses

•	 Visualise distribution of cases in relation to known risk factors or potential sources (e.g. rate 
map, thematic maps)

•	 Describe progression of outbreak (e.g. dot maps at different stages, standard deviation ellipse)
•	 Identify centre of outbreak (e.g. spatial mean)
•	 Identify high-risk areas (e.g. attack rates in zones at different distances from potential sources)
•	 Assess likelihood of potential sources (e.g. geographic profiling)

5. Evaluate hypotheses and draw 
conclusions

•	 Test for overall clustering (e.g. k-nearest neighbour test)
•	 Locate significant clusters (e.g. spatial scan statistic)
•	 Identify significant trends in attack rates with distance from potential sources (e.g. linear 

regression of log-transformed attack rates)

6. Compare with established facts
•	 Calculate maximum dispersal distance from probable source to cases
•	 Model concentrations of infected particles to understand transmission dynamics (e.g. 

computational fluid dynamics, NAME atmospheric modelling)

7. Execute prevention measures

•	 Spatial targeting of interventions to control outbreak (e.g. order to boil water in area served by 
contaminated reservoir)

•	 Spatial targeting of health promotion campaigns (e.g. using postcodes on social networks)
•	 Identify geographic areas at risk of future outbreaks (e.g. risk mapping)

8. Communicate findings •	 Use maps to communicate results to health officials/policymakers, to the public and in 
scientific journals

Table 5
Application of spatial methods to steps in outbreak investigation
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Simplification of case locations to static points, usu-
ally residential locations, also impacts the utility 
of location data. In reality, individuals can become 
exposed to infectious agents at any place where they 
spend time and, similarly, traditional census popula-
tion denominators that record night-time populations 
are not necessarily reflective of population distribu-
tions during the day [61,62]. Although a number of 
studies made attempts to record case movements 
[24,26,32,40,47,59,63], none accounted for diurnal 
fluctuations in populations. Ideally, this spatial uncer-
tainty should be accounted for in data collection, anal-
ysis and visualisation stages to improve reliability of 
estimates of spatial risk, and new analytic methods 
may be required to achieve this.

Secondly, even if reliable location data are available, 
presentation of information on maps can be open to 
misinterpretation. Dot maps, for instance, were used 
widely but do not take into account the geographic dis-
tribution of the underlying population and can therefore 
mask important trends. Similarly, patterns in aggre-
gated data are sensitive to changes in the boundaries 
into which they are grouped, a phenomenon known as 
the modifiable aerial unit problem [9]. Presentation of 
data on maps fails to highlight these limitations, and 
relatively few prospective investigations used statisti-
cal methods to formally confirm observations identi-
fied from visual displays of data.

Thirdly, researchers may be deterred from using spa-
tial analytic methods because they involve selection of 
parameter values, often with an element of subjectiv-
ity. Methods that display or identify clustering require 
specification of the degree to which distant points may 
be considered part of the same neighbourhood. For the 
spatial scan statistic, the user must define the maxi-
mum spatial extent of clusters in terms of the percent-
age of the population that can be included, in k-nearest 
neighbour analysis, the number of neighbours included 
must be specified, and equivalent parameters must be 
selected for other spatial cluster and modelling analy-
ses [9]. Altering these parameters can have a profound 
influence on the results, and a trial and error approach 
is often required to arrive at an appropriate value. 
This can raise issues of multiple hypothesis testing, 
although some methods, including the spatial scan 
statistic and Tango’s maximised excess events test 
[64], are able to adjust for this while evaluating clus-
tering at multiple scales. Results of spatial analyses 
can also suffer from lack of specificity. For example, in 
several studies of Legionnaires’ disease, spatial meth-
ods identified areas most likely to be the source of the 
infection, but could not discriminate between potential 
sources that were close together [40,57,58].

Another barrier to the effective use of spatial methods 
that is often cited is the expense of specialised GIS 
software and the need for trained personnel to operate 
it. Although some GIS programmes are available free 
of charge, the most commonly used was a commer-
cial package, ArcGIS. However, it is also noteworthy 

that spatial scan statistics were the most frequently 
adopted analytic methods. Scan statistics can be imple-
mented with relatively little training through SaTScan, 
a programme free to download from the Internet. This 
suggests a possible model for wider adoption of other 
more advanced techniques.

The results of our study point to a number of recom-
mendations for improved practice and opportunities 
for further development of spatial methods. Given the 
potential utility of existing tools demonstrated here, 
under-use of these methods has doubtless resulted 
in missed opportunities for more effective real-time 
outbreak investigations. Public health officials must 
be supported to address this issue, and a useful first 
step would be development of protocols describing 
the application of appropriate analyses. Table 5, which 
relates spatial methods to specific stages in outbreak 
investigations, provides a framework for this. Provision 
of training, for example through short courses, and 
interdisciplinary working with specialists in geographic 
analysis would also be beneficial to improve the skills 
base of the workforce.

The majority of studies identified in this review that 
used analytic methods described retrospective analy-
sis of data collected during outbreaks. These reports 
demonstrated the potential utility of analytic methods, 
but will be of greater public health benefit when used 
in real time. Assembly of GIS databases in advance is 
essential to allow spatial analyses during prospective 
outbreak investigations. Improving data accessibility 
will save time during investigations, improve accuracy 
of analyses and prevent duplication of effort. Reports 
of analyses using spatial methods would also benefit 
from some degree of standardisation. For example, 
reporting of the sources and level of precision of spatial 
data would enable more accurate interpretation of the 
results by researchers not familiar with the study site. 
This could be achieved, for example, through extension 
of the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) statement with 
items specific to spatial data [65].

Finally, there is scope for development of new tools 
for analysis and visualisation of spatial data. A move 
towards web-based applications with user-friendly 
interfaces would be a natural progression, provided 
that these platforms included adequate training mate-
rials and data governance infrastructure. This would 
make spatial analyses more accessible to non-experts 
and could facilitate wider use of interactive displays of 
data and animations. The quantity and detail of geo-
located data available to researchers is also increas-
ing. GPS-enabled mobile devices and applications for 
self-reported or crowd-sourced information (for exam-
ple sickweather [66], based on reports on social net-
works) have the potential to provide near real-time 
data including information on individuals’ movements. 
Development of new analytic techniques will be needed 
to ensure that these data are effectively exploited and 
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potential benefits are met. In the context of outbreak 
investigations, possible applications include contact 
tracing and improved estimation of exposure to envi-
ronmental risk factors.

The primary limitation of this study was the challenge 
of designing the database search strategy. Although 
we employed a broad search which identified a large 
number of abstracts for screening, the number of stud-
ies identified here will inevitably be an underestimate 
of the outbreak investigations that used spatial meth-
ods. Our search will not have captured studies that 
used spatial methods but did not refer to them explic-
itly in the title, abstract, subject headings or MeSH 
terms. Restricting the search to articles published in 
academic journals also excluded reports in the grey 
literature. Inclusion of such reports would increase 
the number of investigations using spatial methods, 
but would be unlikely to reveal novel approaches or 
tools not identified here. Articles published since the 
database search was run at the end of 2013 are also 
not included in this study. Recent years have seen an 
increase in reports using spatial methods, probably 
due to increased availability of GIS software. This trend 
is likely to have continued, and recent publications will 
focus on current public health issues, for example the 
recent Ebola outbreak in West Africa.

There was also a possible publication bias in this 
study: spatial analyses may have been more likely to 
be presented in published reports if they were found 
to be useful. Concerns of breaching patient confiden-
tiality could have further limited the number of stud-
ies that published maps. Nevertheless, the proportion 
of studies using spatial methods was very small, and 
even if our estimate is an order of magnitude too low, 
it would still represent less than 5% of the estimated 
total number of investigations published.

Conclusion
Investigations of outbreaks of infectious diseases 
require synthesis of information and expertise from a 
range of fields. Spatial analyses can make many valu-
able contributions, with simple maps alone providing 
fundamental insights about the distribution of cases. 
However, advancements in GIS technology and increas-
ing availability of good quality spatial data provide an 
opportunity for development and implementation of 
more sophisticated tools. Adoption of these new tech-
niques, and wider use of existing methods, has the 
potential to support more effective investigations and 
therefore limit the public health impacts of infectious 
disease outbreaks.
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Despite the introduction of safe, effective vaccines 
decades ago and joint global public health efforts 
to eliminate measles, this vaccine-preventable dis-
ease continues to pose threats to children’s health 
worldwide. During 2013 and 2014, measles virus was 
introduced into Denmark through several independ-
ent importations. This resulted in a number of second-
ary cases (n = 7), with two clusters in 2013 and one in 
2014. In total, there were 44 cases of measles. Most 
cases (n = 41) were laboratory confirmed by detection 
of measles virus genome by real-time reverse tran-
scription (RT)-PCR and IgM antibodies. The viruses 
from confirmed cases were genotyped by sequencing. 
Only one genotype circulated each year, i.e. D8 and 
B3, respectively. Sequencing of measles virus from 
different clinical specimens from the same patients 
revealed that sequence variants of measles viruses 
might co-exist and co-transmit during an outbreak. 
The majority of the cases were unvaccinated (n = 27) 
or recipients of one dose of measles-mumps-rubella 
(MMR) vaccine (n = 7). In addition, two fully vaccinated 
adult cases were reported in 2014. We demonstrate 
the transmission of measles virus in a population in 
which the two-dose MMR vaccination coverage rate 
was 80% and how even vaccinated individuals may be 
at risk of contracting measles once transmission has 
been established.

Introduction
Measles is caused by a negative-sense single-stranded 
RNA virus belonging to the Morbillivirus genus. The 
wild-type measles virus consists of 24 genotypes that 
are grouped into eight clades [1]. Measles is one of 
the leading causes of childhood mortality worldwide: 
about 145,700 people died from measles in 2013, most 
of them children under the age of five years [2].

The first measles-mumps-rubella (MMR) vaccination 
programme was implemented in the 1960s in the United 
States [3]. The World Health Organization (WHO) has 

set the goal of eliminating measles in Europe by 2015 
and globally by 2020 [4]. In 2013, the WHO Regional 
Office for Europe produced a supplement for acceler-
ated action during 2013 to 2015 [5]. In this supplement, 
WHO identified a number of acceleration strategies to 
achieve this goal by the end of 2015: (i) immunisation 
system strengthening; (ii) establishing and improv-
ing case-based surveillance; (iii) improving labora-
tory and epidemiological data integration; and (iv) 
improving outbreak response. These strategies have 
been adapted and are some of the key elements in the 
Danish national disease elimination efforts.

In Denmark, measles is a notifiable disease, and 
national measles surveillance is conducted through 
close collaboration between the WHO National 
Reference Laboratory for Measles and Rubella at 
the Department of Microbiological Diagnostics and 
Virology at the Statens Serum Institut (SSI), the 
Department of Infectious Disease Epidemiology, SSI, 
the Danish Health and Medicines Authority, general 
practitioners (GPs), hospital clinicians, regional hospi-
tal microbiology laboratories and public health medi-
cal officers. The public health medical officers perform 
contact tracing and give advice to hospitals and GPs on 
post-exposure prophylactic therapeutics.

In Denmark, the first dose of MMR vaccine has been 
given at the age of 15 months since its introduction in 
1987. In 2008, the Danish Expanded Programme on 
Immunisation (EPI) schedule was changed and the tim-
ing of the second MMR vaccine dose adjusted from 12 
years to 4 years of age. The rationale for the change 
was to increase herd immunity by increasing the immu-
nity of children aged under 12 years [6].

Since 1996, MMR vaccination status in Denmark has 
been recorded in a national vaccination database, in 
which data are automatically entered when GPs use 
specific codes for reimbursement for performing the 
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vaccinations. Since the introduction of this database, 
MMR vaccination coverage in Denmark has been esti-
mated to be 88–90% for the first dose and 83–88% 
for the second [7]. That is until 2013, when coverage 
decreased to 87% for the first dose and 80% for the 
second, underlining the challenge facing the Danish 
EPI programme when trying to meet the goal of 95% 
coverage, as recommended by WHO [8]. However, a 
study in which parents of children not registered in the 
national database were interviewed about the vaccina-
tion status of their children documented under-report-
ing of coverage in the database, to the magnitude of 
3–4 percentage points [7]. Given this, and the fact that 
the vaccination of some of children will be delayed [7], 
coverage may be higher in reality. 

The advantage of molecular characterisation of mea-
sles virus followed by phylogenetic analysis during 
outbreaks has been demonstrated previously [9,10]. In 
our current study, we combine phylogenetic analyses 
of viruses from confirmed measles cases in Denmark 
during 2013 and 2014 with classical epidemiological 
investigations in order to investigate the consequences 
of imported cases of measles and the associated 

potential public health challenges in the attempt to 
keep a nation free of endemic transmission of measles 
virus.

Methods
We used the European Union measles case defini-
tion, as described by ECDC [11]. We defined a cluster 
as having a minimum of three persons with measles, 
for whom an epidemiological link to an identified index 
case, either directly or by secondary infection, was 
established.

For any measles case, the local GP takes the lead on 
collecting all available information on the patient 
that is necessary for public health action, such as the 
likely source of exposure and contacts of the case. 
This information is recorded in a standardised noti-
fication Form (National Board of Health form 1515), 
which is sent to both the Department of Infectious 
Disease Epidemiology at SSI and to the Regional State 
Epidemiologist (RSE). After receiving the official notifi-
cation form, the RSE decides on the appropriate public 
health action, e.g. tracing unvaccinated contacts and 
the extent of administration of prophylactic vaccina-
tion or immunoglobulin. 

Figure 1
New measles notifications by week in Denmark, 2013 and 2014 (n = 44)
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whose infection was not laboratory confirmed but diagnosed based on clinical criteria and epidemiological link (shown in green), GP 
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For 2014, only weeks 1–37 are shown, but no cases were notified during the rest of the year.
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Analysis of specimens
During 2013 to 2014, specimens from suspected mea-
sles cases – primarily urine, throat swabs and serum – 
were sent to the WHO National Reference Laboratory for 
Measles and Rubella, SSI, for laboratory confirmation 
and further characterisation of measles virus-positive 
samples. In most cases, multiple specimens were sub-
mitted simultaneously. Serum specimens were tested 
for IgG and IgM antibodies using a BEP 2000 Advance 
system (Siemens Healthcare) with an in-house ELISA 
(unpublished data). Measles virus RNA was purified 
using the MagNA pure LC system (Roche), using the 
Total NA kit (Roche). 

All samples (serum, throat swabs and urine) were fur-
ther tested for the presence of measles virus RNA by 
real-time reverse transcription-PCR (RT-PCR) accord-
ing to the procedures described by Mubarak et al. [12]. 
Positive samples were further characterised by RT-PCR 
followed by Sanger sequencing on an ABI 3100 (Thermo 
Fischer) using primers and running conditions as rec-
ommended by WHO [13]. Measles virus sequences were 
genotyped online using the 450 bp fragment of the N 
gene recommended for genotyping by WHO by the 

shared member state sequence database, the Measles 
Nucleotide Surveillance (MeaNS) tool [14]. 

Phylogenetic analyses were performed by alignment 
and neighbour-joining tree-building using ClustalW 
[15]. Bootstrapping was performed using 1,000 repli-
cates. Sequences shorter than the recommended 450 
bp were excluded from the phylogenetic analysis.

Vaccination status
Vaccination status was based on data available in the 
national vaccination database, which was initiated 
in 1996; status before this was based on statements 
from the patient and/or the GP. Thus, vaccination sta-
tus was only fully available in the database for persons 
up to 17 years and 18 years of age, in 2013 and 2014, 
respectively.

Nomenclature
Confirmed cases were recorded using the year and 
chronological order in which they were laboratory con-
firmed (e.g. the first case in 2013 was given the ID 2013-
01). All viral sequences were named in accordance with 
the WHO standards implemented by MeaNS [14].

Figure 2
Possible transmission routes in clusters of measles cases in Denmark, 2013 and 2014 (n = 17)
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Results

Epidemiology of measles cases in Denmark in 
2013 and 2014
In 2013 and 2014, 17 and 27 measles cases were noti-
fied, respectively. In 2013, all cases were laboratory 
confirmed, whereas in 2014, 24 cases were labora-
tory confirmed, while GPs (one in France and two in 
Denmark) diagnosed the remaining three probable 
cases, based on clinical and epidemiological criteria.

In 2013, the cases were notified during weeks 3 to 12, 
whereas in 2014, the first notification came slightly 
later, but the cases were notified over a longer period 
(weeks 7–34) (Figure 1). In the latter cases, diagnosis 
was based on clinical signs and epidemiological links 
to known laboratory confirmed cases. For a detailed 
overview of all cases from both years, see the Table.

In 2013, there was a large cluster consisting of nine epi-
demiologically linked cases (case ID 2013-04 to 2013-
09, 2013-11, 2013-12 and 2013-14) and a small cluster 
of four cases (2013-13 and 2013-15 to 2013-17). An addi-
tional four unlinked cases were detected: three of 
these cases (2013-01 to 2013-03) were notified before 
the first cluster was identified. One had travelled from 
the United Kingdom and one from Asia during the incu-
bation period; the source of the infection of the third 
was unknown. The only other unlinked case (2013-10), 
occurred during the same time as the cases in the large 
cluster and was of the same age group as the majority 

in the cluster (7–11 years), but no epidemiological link 
could be established. 

During 2014, a single cluster was detected, consisting 
of eight cases (2014-01 to 2014-04, 2014-06, 2014-08, 
2014-10 and 2014-16). In addition, five imported cases 
each resulted in one secondary case (2014-05 linked to 
2014-07, 2014-09 linked to 2014-11, 2014-12 linked to 
2014-14, 2014-15 linked to 2014-20, and 2014-19 linked 
to 2014-22) and one importation (2014-24) resulted 
in two secondary cases (2014-25 and 2014-27). The 
remaining six cases were regarded as individual impor-
tations for whom no epidemiological links could be 
established. The cases for whom the travel history was 
known showed travel to Asia (2014-05 and 2014-12), 
the Netherlands and Germany (2014-13) and Turkey 
(2014-24). One case, an asylum seeker (2014-26), had 
been travelling through Europe, but the sequence of 
the measles virus from that case grouped together 
with that from the case who had travelled to Turkey 
(see below).

In 2013, the first measles case was identified in mid-
January as an imported case from the United Kingdom. 
Within two weeks, two other unconnected cases were 
confirmed, one imported from Asia and one with no 
travel history. The index case of the 2013 large cluster 
was diagnosed with measles during the first week of 
March. The patient (2013-04), aged 10–19 years, had 
returned to School A after a trip to Asia. In the same 
school, four other pupils were also diagnosed with 
measles within the incubation period for the disease. 

Two weeks after the introduction of measles at School 
A, a child at another school (School B), comprising 
pupils of the same age group, located less than 200 
metres from School A, was diagnosed with measles 
and two weeks later, another child was diagnosed with 
measles at School B. In addition to the seven pupils 
from the two schools, this cluster also contained two 
individuals with a possible epidemiological link to the 
cluster: a person in their 30s who used the car park at 
School A and a person in their 40s who lived close to 
both schools (Figure 2). 

The second smaller measles cluster occurred in a day-
care centre, in the same town as the larger cluster, 
involving three children aged under 4 years and a per-
son in their 20s (Table). Even though direct epidemio-
logical links between this and the large cluster could 
not be established, sequence homology of the measles 
viruses and the close proximity in time and location 
suggest a link between the two clusters. The remain-
ing case from 2013 (2013-10), even though no epide-
miological link could be established, were connected 
to the same town; thus 14 of the 17 cases in 2013 were 
relatively closely linked geographically.

The index case of the 2014 cluster (2014-01) was 
an unvaccinated child aged under four years with no 
known travel history outside Denmark. Before being 

Figure 3
Measles cases by age group, Demark, 2013 and 2014 (n = 
44)
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Figure 4
Neighbour-joining tree showing the phylogenetic relationship of measles virus sequences from cases in Denmark, 2013 and 
2014
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MVs/Kobenhavn.DNK/9.14/  2014-02 serum 
MVs/Kobenhavn.DNK/9.14/2  2014-02 swab 
MVs/Herlev.DNK/12.14/2  2014-09 swab 
MVs/Stenlose.DNK/11.14/  2014-07 other 
MVs/Kobenhavn.DNK/16.14/3  2014-16 swab 
MVs/Kobenhavn.DNK/16.14/5  2014-18 serum 
MVs/Frederikshavn.DNK/19.14/  2014-21 swab 
MVs/Hjorring.DNK/19.14/  2014-22 swab 
MVs/Frederikshavn.DNK/18.14/  2014-19 swab 
MVs/Bronshoj.DNK/23.14/2  2014-23 swab 
MVs/Kobenhavn.DNK/14.14/  2014-12 other 
MVs/Kobenhavn.DNK/11.14/  2014-06 swab 
MVs/Stenlose.DNK/10.14/  2014-05 urine 
MVs/Kobenhavn.DNK/7.14/3  2014-01 swab 
MVs/Kobenhavn.DNK/7.14/2  2014-01 urine 
MVs/Kobenhavn.DNK/15.14/  2014-12 serum 
B3 MVi/HARARE.ZWE/38.09/
MVs/Bronshoj.DNK/23.14/  2014-23 urine 
MVs/Kobenhavn.DNK/16.14/4  2014-17 urine 
MVs/Kobenhavn.DNK/15.14/2  2014-12 urine 
MVs/Herlev.DNK/12.14/  2014-09 urine 
MVs/Hvidovre.DNK/13.14/  2014-10 swab 
MVs/Frederiksberg Kommune.DNK/9.14/  2014-03 serum 

MVs/Albertslund.DNK/32.14/  2014-24 urine 
MVs/Albertslund.DNK/32.14/2  2014-24 other 
MVs/Albertslund.DNK/34.14/  2014-25 urine 
MVs/Albertslund.DNK/34.14/2  2014-25 swab 
MVs/Albertslund.DNK/34.14/3  2014-25 other 
MVs/Ronne.DNK/33.14/  2014-26 swab 
MVs/Kobenhavn.DNK/34.14/  2014-27 other 

Only sequences consisting of the recommended 450 bp of the measles virus N region were included in the analysis (57 sequences from 36 
cases). Bootstrapping was performed using 1,000 replicates (for clarity, bootstrap values are omitted). The names of the sequences consist 
of the name assigned by MeaNS followed by the case ID and the type of specimen. Reference strains show the genotype followed by the 
name of the reference strain in capital letters.

The chromatograms showing the conserved single base mutation between the two B3 clades is included to show the unambiguity of the 
sequencing results.
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Case ID
Age 

group 
in years

RT-PCR-positive sample
Vaccination 

status

First 
sampling 

dateb
Epidemiological link

Serum Urine
Throat 
swab Unknowna

2013-01 20–29 − 17 Jan 2013 Travel to United Kingdom

2013-02 30–39  +  31 Jan 2013 Travel to Asia

2013-03 20–29 − 1 Feb 2013 Unknown

2013-04 10–19  +  8 Mar 2013 Index case of large cluster (stay in Asia)

2013-05 10–19  +  18 Mar 2013 2013-04 ( attended School A)

2013-06 10–19 − 19 Mar 2013 2013-04 (attended School A)

2013-07 40–49 − 21 Mar 2013 Lived close to Schools A and B

2013-08 5–9 − 21 Mar 2013 2013-04 (attended School A)

2013-09 5–9  +  22 Mar 2013 2013-04 (attended School A)

2013-10 5–9 − 2 Apr 2013 Unknown

2013-11 10–19  +  2 Apr 2013 Classmate of 2013-14 at School B

2013-12 30–39 Unknown 8 Apr 2013 Used car park at School A

2013-13 0–4 − 14 Apr 2013 Index case of small cluster (source of infection unknown)

2013-14 10–19 − 18 Apr 2013 Classmate of 2013-11 at School B

2013-15 0–4 − 19 Apr 2013 2013-13 
(attended Day-care centre A)

2013-16 0–4 − 20 Apr 2013 2013-13 
(attended Day-care centre A)

2013-17 20–29 Unknown 22 Apr 2013 Worked at Day-care centre A

2014-01 0–4 − 12 Feb 2014 Index case of single cluster (source  of infection unknown)

2014-02 0–4 − 25 Feb 2014 2014-01 (in hospital waiting room when 2014-01 present)

2014-03 0–4 − 28 Feb 2014 2014-01 (in hospital waiting room when 2014-01 present)

2014-04 0–4 − 4 Mar 2014 2014-01 (in hospital waiting room when 2014-01 present)

2014-05 30–39  +  5 Mar 2014 Travel to Asia with 2014-07

2014-06 0–4 PEP 10 Mar 2014 2014-02 (family member)

2014-07 30–39  +  10 Mar 2014 Travel to Asia with 2014-05

2014-08 0–4 Not sampled − 14 Mar 2014b 2104-03, attended same day-care centre as 2104-03. 
Diagnosed in France.

2014-09 20–29 − 20 Mar 2014 Unknown source of infection

2014-10 20–29  + +  26 Mar 2014 2014-04 (family member)

2014-11 30–39  + +  1 Apr 2014 2014–09 (family member)

2014-12 40–49 Unknown 5 Apr 2014 Travel to Asia

2014-13 20–29 − 12 Apr 2014 Travel to Netherlands and Germany

2014-14 0–4 Not sampled − 16 Apr 2014b 2014-12 (relative)

2014-15 30–39 − 20 Apr 2014 Unknown source of infection

2014-16 30–39 − 18 Apr 2014 Lived near 2014-02 and 2014-06

2014-17 20–29 − 16 Apr 2014 Unknown source of infection

2014-18 10–19 − 17 Apr 2014 Unknown source of infection

2014-19 20–29 − 28 Apr 2014 Unknown source of infection

2014-20 1–5 Not sampled − 5 May 2014b 2014-15 (family member)

2014-21 30–39 Unknown 9 May 2014 Unknown source of infection

2014-22 30–39 − 9 May 2014 Worked at hospital where 2014-19 was hospitalised

2014-23 0–4 − 3 Jun 2014 Unknown source of infection

2014-24 30–39 Unknown 4 Aug 2014 Travel to Turkey

2014-25 30–39 Unknown 19 Aug 2014 2014-24 (family member)

2014-26 0–4 Unknown 16 Aug 2014 Sought asylum in Denmark

2014-27 40–49 Unknown 20 Aug 2014 2014-24 (visited 2014-24 in hospital)

Table
Overview of all cases of measles in Denmark, 2013 and 2014 (n = 44)

MMR: measles-mumps-rubella; PEP: post-exposure prophylaxis; RT-PCR: real-time reverse transcription-PCR.
Green cells in the column ‘RT-PCR-positive sample‘ indicate a positive diagnostic real-time RT-PCR from the specimen specified. The grey cells 

in this column indicate that the particular sample type was not submitted.
Vaccination status: − indicates that the person was not vaccinated with a measles virus-containing vaccine; + indicates that the person had 

received the first dose of MMR vaccine; + + indicates that the person had received both doses of MMR vaccine. 
The colour coding in the column ‘Epidemiological link’ indicates the possible links.
a Type of specimen unknown (not specified or information unobtainable for other reasons). 
b Or date of diagnosis for probable cases, based on clinical signs and epidemiological link.
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admitted to the paediatric ward of a hospital, the 
child had stayed in two different waiting rooms: first 
at the GP’s practice and subsequently at the hospital. 
The public health medical officer later determined via 
contact tracing that about 60 children had been in the 
same waiting rooms at some point during the presence 
of the infected child. Information about post-exposure 
prophylaxis to non-vaccinated contacts was sent out 
by post by the public health medical officer, but for 
some contacts, the information was received too late 
to prevent infection (e.g. more than 3–6 days post 
exposure). Subsequently, three (2014-02 to 2014-04) of 
the 60 children (attack rate: 5%), were diagnosed with 
measles, which was confirmed both serologically and 
by RT-PCR. Two of the cases infected in the hospital 
waiting room transmitted the virus to family members, 
one of whom was in their 20s. Moreover, before being 
diagnosed with measles, one of the children who had 
been in the waiting room attended a day-care centre, 
where at least one other child was infected. All but one 
of these cases were aged under 4 years. Additionally, 
a person in their 30s (2014-16) living less than 1,000 
metres from cases 2014-02 and 2014-06 was consid-
ered part of this cluster due to geographical proximity, 
giving a total of eight cases in this cluster. 

Three of the four later cases in 2014 (2014-24, 2014-25 
and 2014-27) were likely connected, in which 2014-25, 
a member of 2014-24’s family, as well as an acquaint-
ance (2014-27) were infected, likely while visiting 2014-
24 during their hospital admission for measles.

Age distribution and vaccination status
The age groups affected differed markedly between the 
two years. In 2013, the majority of the measles cases 
(11/17) were younger than 12 years (Figure 3), whereas 
the majority of cases (16/27) in 2014 were older than 
19 years. 

Most of the 2013 and 2014 cases were unvaccinated 
(10/17 and 17/27, respectively). In Denmark, the two-
dose MMR vaccination programme was implemented 
in 1987. Thus, vaccination can be expected only in 
individuals from 15 months to 27 years of age. In this 
study, 13 of the 27 unvaccinated cases were outside 
this age group. 

In seven cases, only administration of the first dose 
of MMR vaccine could be documented (n = 5 and n = 2 
in 2013 and 2014, respectively). In 2014, two persons 
(2014-10 and 2014-11, in their 20s and 30s, respec-
tively) were infected in spite of having followed the full 
vaccination programme (Figure 3). In both cases, mea-
sles was diagnosed based on clinical symptoms and 
virus detection by RT-PCR from throat swabs. In neither 
of these cases could antibody levels or IgG avidity be 
tested since serum was not submitted.

For the remaining cases in both years, no vaccination 
history could be identified in the records of the national 

vaccination database and/or of the GP (n = 2 and n = 6, 
respectively) (Figure 3).

In 2014, a child aged under four years (2014-06, rela-
tive of 2014–02) received post-exposure vaccination, 
but became symptomatic two weeks after the initial 
symptoms of 2014-02. 

Genotyping and phylogenetic analysis
In 2013, the only measles virus genotype identified was 
D8. Phylogenetic analysis showed that all sequences 
analysed (16 from 12 cases), except for two from the 
same patient (2013-03), were 100% identical to the D8 
reference strain MVi/Villupuram.IND/03.07/. The two 
virus sequences from 2013-03 (from urine and swab 
samples) matched 100% to the D8 reference strain 
MVs/Frankfurt Main.DEU/17.11 (Figure 4). 

In 2014, again only a single genotype was found: B3 (41 
sequences from 24 cases). The majority of sequences 
(23/41) grouped with the B3 reference strain MVi/
Harare.ZWE/38.09/, showing 100% sequence iden-
tity. Another cluster contained nine 100% identical 
sequences from seven cases (Figure 4). The sequences 
in this cluster differed from the Harare strain by only 
a single conserved point mutation (Figure 4). In five 
cases (2014-01, 2014-02, 2014-03, 2014-05 and 2014-
16), the sequence variants were observed in different 
specimens collected from the same patient, indicat-
ing that virus representing both sequences was trans-
ferred simultaneously. In all cases, only one of the two 
variants was detected in individual specimens (Figure 
4). Analysis revealed that this is a silent mutation, not 
altering the amino acid sequence.

One sequence (from case 2014-13) clustered at some 
distance from all known B3 strains. This case was 
a person in their 30s who had travelled from the 
Netherlands via Germany to Denmark and became 
symptomatic after arriving home. The viral sequences 
from this case matched 100% with a sequence found in 
the MeaNS database from a measles case in Germany 
in 2014 (Bad Segeberg/DEU/13.14, GenBank accession 
number: KJ769091). 

Another interesting observation is that the last four 
cases in 2014 (weeks 32–34, 4–20 August) grouped 
together. Case 2014-24 is thought to have imported 
measles from Turkey and probably infected two second-
ary cases (2014-25 and 2014-27). The last case in this 
sequence group was a child seeking asylum in Denmark 
after travelling through Europe. The sequences in this 
group also differ from the B3 MVi/Harare.ZWE/38.09/
reference strain by a single silent base mutation.

Discussion
In 2012, there were two measles cases reported in 
Denmark [16], whereas in 2013 and 2014, 17 and 27 
measles cases were notified, respectively. In these 
two years, only a single genotype was detected: D8 
and B3, respectively, which corresponds well with the 
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genotypes dominating in Europe during these years 
[17,18].

The pattern of spread of measles in Denmark was very 
similar in the two years described here. In both years, 
a single case resulted in a large cluster. In 2013, an 
additional small cluster of four cases was observed in 
a day-care centre, and even though no epidemiologi-
cal link could be established to the large cluster, the 
geographical and timely coincidence between the two 
clusters indicates that they could be a result of the 
same importation. If this is true, all cases in 2013 arose 
from just four importations, of which three were with-
out secondary cases. Our study demonstrates that the 
importation of measles virus only sometimes leads to 
a cluster, most likely if the virus is imported by children 
of pre-vaccination age.

The period in which new measles cases were detected 
was more prolonged in 2014 and included 10 more 
cases than in 2013. This may be a result of the slightly 
different importation pattern observed during 2014, 
where at least eight independent importations were 
detected. Of these, one resulted in the large cluster of 
eight cases and five cases resulted in one or two sec-
ondary cases (Table).

The 2014 cluster shares many similarities with earlier 
reported outbreaks in Denmark during 2008 and 2009, 
which were believed to have started in GPs’ waiting 
rooms [19,20]. This emphasises the need to rethink how 
to assemble potentially contagious people waiting to be 
examined and their relatives in small rooms – not only 
in hospital settings but throughout the entire health-
care system. In Denmark, there is pre-screening before 
patients are referred to the hospital emergency room, 
either by the GP or by telephone interview by specially 
trained nurses outside of GP opening hours. If patients 
with symptoms of contagious diseases are referred to 
an isolation waiting room at this stage, situations like 
that in 2014 may be prevented. Another lesson to be 
learned from the 2014 outbreak is that when trying to 
reach traced contacts who may have been exposed 
to the pathogen (e.g. measles virus in this instance), 
using postal mail services may not be the most appro-
priate approach. In this digitalised era, other methods, 
such as a bulk text message, could have been consid-
ered, since most people own and carry a mobile phone 
and text messages are independent of people being 
able to answer the phone at a specific time.

The phylogenetic analysis in our study showed that 
despite the fact that multiple importations occurred 
from different countries, the measles viruses detected 
were very closely related. This may be a result of very 
low mutation rates found in the genome of measles 
virus [21]. An interesting finding was that in 2014, mea-
sles virus sequences obtained from different specimens 
collected from the same patient showed conserved 
sequence differences in several cases. Of the seven 
cases infected with virus containing the mutation, five 

(2014-01 to 2014-04 and 2014-16) were epidemiologi-
cally connected to the large cluster (Figure 2), which 
supports the theory of simultaneous transfer of the two 
variants. This strongly indicates that different measles 
variants can co-exist and co-transfer simultaneously. 
How widespread this phenomenon is, is unknown 
since the MeaNS database only allows the uploading 
of one sequence per sample and does not allow the 
submission of ambiguous sequences. Furthermore, the 
result of Sanger sequencing is a consensus sequence: 
thus minority variants below the level of detection 
by Sanger sequencing (commonly estimated to be 
around 20%) are not reported. This finding could have 
important implications for the use of molecular data 
in cluster definitions. Cases might be discarded as 
not being epidemiologically linked if sequencing was 
only performed on one specimen. Deep sequencing 
using next-generation sequencing technology could be 
used to further elucidate the prevalence of co-existing 
sequence variants, and to epidemiologically link the 
transmission of such variants.

Our data from 2013 and 2014 clearly show that the vac-
cination coverage of the MMR vaccine in Denmark (in 
2013, it was 87% and 80% for the first and the second 
vaccination dose, respectively) is not high enough to 
prevent importation of measles leading to an outbreak 
due to insufficient herd protection or immunity. The 
data also indicate that the age of the index patient is 
important, if a single case is to result in an outbreak. 

In both years, the cluster index cases were children 
who had contact with many other children of the same 
age. Especially in 2014, very young children, 12 months 
of age or younger, led to the establishment of the out-
breaks. It has been argued that earlier administration 
of the first dose of MMR vaccine would lessen the risk 
of this type of outbreak [22]. A previous study has 
shown that vaccine failure after the second dose is sig-
nificantly higher if the first dose is given to children of 
naturally infected mothers at ≤ 15 months of age [23]. 
However, another study has shown that this may not be 
relevant in a population with a high vaccination cover-
age, since maternal antibodies from vaccinated moth-
ers wane much faster than those from naturally infected 
mothers. Thus, infants are only covered for around 
three months by maternal antibodies from vaccinated 
mothers [24]. Our results show that the second vaccina-
tion dose is important for sustained protection against 
infection, since at least seven cases were patients of an 
age at which the second MMR dose should have been 
administered. During the two years, seven persons 
contracted measles after having received only the first 
MMR vaccine dose. This corresponds with other find-
ings that receiving the second dose is more important 
than the interval between the two doses [25,26]. Even 
if the two-dose vaccination programme is adhered to, 
vaccine failure can be observed. In the present study, 
with the reservations mentioned in the results section, 
two cases (in their 20s and 30s) had received both 
MMR doses before infection. The probability of finding 
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cases among vaccinated individuals will increase with 
increasing vaccination coverage and others have also 
shown vaccine failure and even further transmission 
from persons with documented two-dose vaccinations 
[27]. Both cases in our study who had received both 
vaccination doses (2014-10 and 2014-11) were second-
ary cases and did not result in further transmission. 
Studies have shown that in areas with no endemic 
measles virus circulation, antibody titres will decline 
over time [28]. This might be one explanation for the 
occurrence of measles in two-dose vaccinated cases in 
our study. On the other hand, caution is needed when 
vaccination status is based on the memory of the indi-
viduals concerned. 

The effect of a third dose of MMR vaccine given at the 
age of 11 to 17 years has so far only been evaluated 
for mumps, but with promising results [29]. Whether 
this is also true for measles needs to be investigated. 
Regardless, the two-dose vaccination programme has, 
from its onset in Denmark in 1987, had an enormous 
effect on the incidence of measles. Until 1987, between 
20,000 and 70,000 cases per year were not uncom-
mon, and the mean number of measles-related deaths 
were one per 300 cases from 1877 to 1986 [16]. The last 
recorded death in Denmark caused by measles was in 
1989 [16].

Of the 44 cases during 2013 to 2014, only seven were 
of a pre-vaccination age, whereas 27 were unvacci-
nated. Seven cases received only the first dose but 
not the second. This shows that follow-up regarding 
missed vaccination, e.g. in the form of reminder let-
ters, may be necessary in order to ensure sufficient 
vaccination coverage. If the WHO goal of elimination 
of the disease by the end of 2015 is to be achieved, 
new measures are needed to ensure sufficient vacci-
nation coverage. These could include closer contact 
between parents and health authorities and clearer 
communication about vaccination, including risk–ben-
efit and responsibility aspects. In Denmark, interviews 
of parents showed that the most common reason for 
failure to vaccinate is forgetfulness [7]. Initial experi-
ence in Denmark with reminder letters to parents of 
children not registered with one or more vaccinations 
and updated information to parents reluctant to let 
their children be vaccinated against MMR shows prom-
ising results [30].
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The 2014/15 influenza season was the second season 
of roll-out of a live attenuated influenza vaccine (LAIV) 
programme for healthy children in England. During 
this season, besides offering LAIV to all two to four 
year olds, several areas piloted vaccination of primary 
(4–11 years) and secondary (11–13 years) age children. 
Influenza A(H3N2) circulated, with strains genetically 
and antigenically distinct from the 2014/15 A(H3N2) 
vaccine strain, followed by a drifted B strain. We 
assessed the overall and indirect impact of vaccinat-
ing school age children, comparing cumulative disease 
incidence in targeted and non-targeted age groups in 
vaccine pilot to non-pilot areas. Uptake levels were 
56.8% and 49.8% in primary and secondary school 
pilot areas respectively. In primary school age pilot 
areas, cumulative primary care influenza-like con-
sultation, emergency department respiratory attend-
ance, respiratory swab positivity, hospitalisation and 
excess respiratory mortality were consistently lower 
in targeted and non-targeted age groups, though less 
for adults and more severe end-points, compared with 
non-pilot areas. There was no significant reduction for 
excess all-cause mortality. Little impact was seen in 
secondary school age pilot only areas compared with 
non-pilot areas. Vaccination of healthy primary school 
age children resulted in population-level impact 
despite circulation of drifted A and B influenza strains.

Background
The United Kingdom (UK) started the phased introduc-
tion of a universal childhood influenza vaccination pro-
gramme in the 2013/14 influenza season following the 
recommendation of the Joint Committee on Vaccination 
and Immunisation (JCVI) that all healthy children 
aged two to less than 17 years should be offered the 
newly licensed live attenuated influenza vaccine 
(LAIV) [1]. The decision was informed by transmission 

modelling using Bayesian evidence synthesis, which 
predicted that vaccination of healthy children would 
provide direct protection to the vaccinated children 
themselves and by reducing infection in this group, it 
would decrease transmission of influenza in the gen-
eral population and thus provide indirect protection 
to groups at higher risk of severe disease such as the 
elderly and those with underlying clinical risk factors 
[2]. Although North America has a long-standing child-
hood influenza vaccination programme, there is only 
limited published observational evidence of whether 
such programmes produce such indirect population 
effects [3-5]. Questions also remain as to which paedi-
atric age-groups to target to achieve optimal direct and 
indirect protection; is it preferable to either vaccinate 
all school age children or to focus on certain groups 
such as primary school age children alone?

In the first year of the LAIV programme in England, all 
healthy children aged two to three years were offered 
a single dose of LAIV, together with children of primary 
school age (4–11 years) in a series of geographically 
discrete pilot areas. Early results suggested that vac-
cinating primary school age children led to population-
level reductions for a range of influenza indicators in 
pilot areas compared with non-pilot areas [6]. These 
results, however, were not significant, likely due to the 
low intensity of virus circulation in the 2013/14 influ-
enza season and the relatively limited number of pri-
mary school age children vaccinated.

In 2014/15, the national LAIV programme was extended 
to all two to four year-olds in England [7]. In addi-
tion, the primary school age pilots continued with an 
increase in the size of the target populations where 
healthy children 4 to 11 years of age were offered a dose 
of LAIV, together with the recruitment of additional 
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pilot areas where healthy secondary school children 
aged 11 to 13 years were offered LAIV. A range of deliv-
ery models were deployed specifically school-based 
or within the community via pharmacies and primary 
care. The 2014/15 influenza season was a moderately 
intense season dominated initially by the circulation 
of influenza A(H3N2) virus, which usually results in 
severe disease in the elderly, followed by influenza B 
virus [8]. Virological surveillance found that, as seen 
elsewhere, the dominant circulating influenza A(H3N2) 
and B strains were antigenically and genetically drifted 
against the relevant components of the 2014/15 sea-
sonal influenza vaccine for the northern hemisphere 
[9].

The implementation of the primary and secondary 
school age pilots provided a unique opportunity to 
assess the level of population protection that vaccinat-
ing school age children with LAIV might provide over 
and above the vaccination of pre-school age children 
in a season when drifted strains circulated. The aim 
of this paper is thus to measure the uptake of the pro-
gramme and evaluate the total and indirect impact of 

vaccinating healthy children of primary or secondary 
school age in England in 2014/15.

Methods
Most areas that undertook vaccination of primary 
school age children in the 2013/14 season (6/7) 
decided to continue this activity in 2014/15 [6]. Local 
National Health Service (NHS) England teams with an 
interest in running secondary school age pilot influ-
enza immunisation programmes were selected by the 
national team. Different models of delivery, in par-
ticular, school-based and community-based through 
pharmacy and primary care, were undertaken in these 
pilots. Most were school-based, with the exception of 
two area teams following a pharmacy-based model 
and one local team following a community GP delivery 
model.

Measuring vaccine uptake
The target population for delivery was defined as 
children of primary school age (born between 2 Sep 
2003 and 1 Sep 2010; 4 to 11 years old) resident in six 
pilot areas in England: Cumbria, Greater Manchester, 
Leicestershire and Lincolnshire, London and Essex, 
Northumberland, Tyne and Wear. The target population 
for children of secondary school age (born between 
2 Sep 2001 and 1 Sep 2003; 11–13 years of age) were 
children resident in 12 selected pilot areas (Arden, 
Birmingham and Black Country, Greater Manchester, 
East Anglia, Essex, Herefordshire and Worcestershire, 
Lancashire, London, North Yorkshire and Humber, 
Shropshire and Staffordshire, South Yorkshire and 
Bassetlaw, West Yorkshire). Four of the latter sites also 
ran primary school age programmes. The geographical 
distribution of these sites is shown in Figure 1.

Local NHS teams responsible for the delivery of the LAIV 
programme in pilot areas gathered and reported data on 
vaccine administration to Public Health England (PHE) 
using a standard proforma through a web-based por-
tal. End-of-season programme uptake was calculated 
based on the number of children in the target popula-
tion who were reported to have received at least one 
dose of influenza vaccine during the campaign period 
(September 2014 until January 2015). Healthy children 
and at-risk children in whom the vaccine was not con-
traindicated were offered LAIV. Inactivated influenza 
vaccine was offered to at-risk children in whom LAIV 
was contraindicated.

Measuring school age vaccine programme 
impact
The study period for the programme impact calcula-
tions was from week 40 2014 until week 14 2015, the 
end of notable influenza transmission in the commu-
nity in the 2014/15 season [8].

LAIV programme impact was defined as the difference 
in cumulative disease incidence in school age pilots 
compared with non-pilot areas for the study period. 

Figure 1
Geographical distribution of school-age pilot areas, 
England, week 40 2014 to week 14 2015

primary school pilot

primary and secondary school pilot
secondary school only pilot

Contains Ordnance Survey data, Crown copyright and database 
right 2014.
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It was measured for a range of clinical and virological 
respiratory endpoints in primary and secondary care.

Primary school age only vaccine areas were pooled 
with primary and secondary school age vaccine areas 
to examine the impact of vaccinating primary school 
age children together with cohorts of two years of 
secondary school children in addition to the vaccina-
tion of pre-school age children. Secondary school age 
only pilot areas were compared with non-pilot areas to 
determine the impact of vaccinating the first two years 
of secondary school age children alone (i.e. in addition 
to vaccinating children two to four years of age).

Cumulative levels of activity in pilot versus non-pilot 
areas were compared for four age groups. To examine 
direct impact, the two targeted age groups for which 
surveillance data were available were primary school 
children (5–10 years old) and secondary school chil-
dren (11–16 years old, where children aged 11–13 years 
were offered vaccine). To examine indirect impact, the 
non-targeted age groups compared were under 5 years 
old and 17 years old and older. Overall impact was 
assessed by comparing the disease incidence for all 
ages in pilot vaccination areas compared with non-pilot 
areas. Indirect impact was measured by comparing 
incidence in non-targeted age groups in pilot relative 
to non-pilot areas. To ensure appropriate geographical 
coverage for the sentinel surveillance schemes, addi-
tional sites (general practitioners (GPs), emergency 
departments and hospitals) were recruited in primary 
and secondary pilot areas where required.

Data sources
A range of surveillance systems were used to measure 
the impact of the school age vaccination programme.

Primary care
Surveillance in primary care was undertaken through 
monitoring the weekly influenza-like-illness (ILI) con-
sultation rates through the Royal College of General 
Practitioners (RCGP) Research and Surveillance Centre 
(RSC) Weekly Returns Service sentinel GP network, 
with 29 general practices participating in pilot areas 
and 58 in non-pilot areas. A proportion of these prac-
tices, in conjunction with practices recruited through 
the PHE coordinated Sentinel Microbiology Network 
(SMN) scheme, undertook respiratory swabbing on 
patients under 18 years of age presenting with ILI, and 
a proportion of patients  18 years of age and older.

Secondary care
The UK Severe Influenza Sentinel Surveillance System 
(USISS sentinel) consists of a network of 30 NHS hos-
pital trusts (15 in pilot areas and 15 in non-pilot areas 
in 2014/15) who report the weekly number of labora-
tory-confirmed influenza hospital admissions [10]. 
Confirmed influenza hospitalisation rates by age group 
and pilot area were calculated using estimated hos-
pital catchment populations [11]. As age grouping of 
populations was not consistent with this analysis, age-
specific denominator data were estimated using popu-
lation age-distributions by Strategic Health Authority 
from the Office for National Statistics [12].

Figure 2
Uptake of primary and secondary school age influenza vaccination programme in pilot areas by type of delivery, England, 
week 40 2014 to week 14 2015
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Figure 3
Cumulative primary care indicators in primary school pilot, secondary school pilot and non-pilot areas, England, week 40 
2014 to week 14 2015
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Figure 4
Cumulative secondary care indicators in primary school pilot, secondary school pilot and non-pilot areas, England, week 40 
2014 to week 14 2015
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A mandatory scheme is also in operation in all NHS hos-
pitals across England (UK Severe Influenza Surveillance 
System (USISS mandatory)), monitoring all influenza 
confirmed intensive care unit (ICU) / high dependency 
unit (HDU) admissions. Rates were calculated by pilot 
type and age group as for USISS sentinel [11].

The Respiratory DataMart scheme (RDMS) reports all 
influenza reverse-transcription-polymerase chain reac-
tion (RT-PCR) respiratory swab results (both positive 
and negative) from a network of PHE and NHS labora-
tories in England, with the majority of samples (> 90%) 
taken from patients in secondary care [13]. Postcode 
of residence was used to allocate patients to pilot and 
non-pilot areas. Influenza swab positivity rates in pilot 
and non-pilot areas were compared by age group.

The Emergency Department Syndromic Surveillance 
System (EDSSS) monitors routine syndromic surveil-
lance data, in real-time, using anonymised emergency 
department attendances, across a sentinel network of 
emergency departments [14]. Attendances monitored 
include those for respiratory illness. The proportion of 
all EDSSS attendances for respiratory illness in pilot 
and non-pilot areas (three emergency departments in 

primary school age pilot areas, eight in secondary and 
18 in non-pilot areas) was compared by age group.

Excess mortality
Weekly excess mortality was estimated in pilot and 
non-pilot areas based on place of residence using rou-
tine death registration data from the Office for National 
Statistics. The European Monitoring of Excess Mortality 
for Public Health Action (EuroMOMO) standard algo-
rithm was used to calculate the number of deaths 
expected for a given week in the year [15]. The number 

Figure 5
Cumulative weekly all-cause and respiratory excess 
mortality in primary school pilot, secondary school only 
pilot and non-pilot areas, England, influenza season, week 
40 2014 to week 14 2015
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Figure 6
Cumulative, all-age influenza indicators in pilot and non-
pilot areas before (2010/11 and 2012/13) and after (2012/13 
and 2014/15) vaccine programme introduction, England
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of observed deaths (corrected for reporting delay) was 
compared with the modelled number expected each 
week to determine if statistically significant excess 
mortality was seen in pilot and non-pilot areas [16]. 
This was applied to all-cause deaths and deaths where 
the primary cause of death was coded as respiratory 
applying the International Classification of Disease ver-
sion 10 (ICD 10) code “J” [17]).

Statistical methods
For the RCGP, USISS sentinel and USISS mandatory 
schemes, cumulative disease incidence rates per 
100,000 population by age and pilot group were cal-
culated by summing the number of disease episodes 
each week from week 40 2014 to week 14 2015 relative 
to the average weekly population at risk, with exact 
Poisson confidence intervals (CIs) calculated.

For the RCGP swabbing and EDSSS schemes, cumula-
tive influenza swab positivity and proportion of emer-
gency department attendances coded as respiratory 
were calculated by age and pilot group by summing 
the number of positive samples/patients attending 
with respiratory symptoms and the number of samples 
tested each week/total number of attendances from 

week 40 2014 to week 14 2015 with exact binomial CIs 
calculated.

To determine the impact in primary and secondary 
school age pilot areas, odds ratios and corresponding 
95% CIs were calculated by age group and scheme, 
with non-pilot areas set as the reference group. Data 
were converted to binomial individual level across 
schemes and random effects logistic regression car-
ried out, adjusting for clustering at the level of report-
ing unit (e.g. GP, trust, laboratory).

For the all-cause and respiratory coded deaths, the dif-
ference between the observed and expected weekly 
deaths was summed from week 40 2014 to week 
14 2015 to obtain the cumulative number of excess 
deaths. Excess mortality rates were then calculated per 
100,000 population.

Laboratory methods
Influenza laboratory confirmation for samples from 
primary and secondary care was undertaken using 
RT-PCR assays capable of detecting circulating influ-
enza A viruses, influenza B viruses and other respira-
tory viruses. Samples in England were sent to the PHE 

Age group Measure
Non-pilot

RCGP (per 100,000 population) Sentinel swab positivity (%)

Primarya Secondary Non-pilot Primarya Secondary

Primary 
school 

5–10 
years 

Rate/proportion 266.9 19.7 269.7 44.6 16.7 50
(n/N) (104/38,969) (1/5,086) (39/14,459) 37/83 1/6 17/34

Risk difference −247 3 −28 5
OR  

(95% CI) 
0.06  

(0.01 to 0.62) 
0.81 

(0.39 to 1.69)
0.25 

(0.03 to 2.22)
1.24 

(0.56 to 2.77)
p value 0.018 0.573 0.213 0.594

Secondary 
school 

11–16 
years 

Rate/proportion 371.22 112.6 447.1 41 18.2 38.6
(n/N) (133/35,830) (6/5,330) (64/14,315) 41/100 2/11 17/44

Risk difference −259 76 −23 −2
OR  

(95% CI) 
0.31  

(0.10 to 0.95) 
0.96 

(0.53 to 1.73)
0.32 

(0.07 to 1.56)
0.91 

(0.44 to 1.87)
p value 0.04 0.882 0.158 0.79

Other age 
groups 

 < 5 years

Rate/proportion 253.1 26.1 34.6 14 0 20
(n/N) (84/33,192) (1/3,826) (27/11,511) 21/150 0/7 8/40

Risk difference −227 −219 −14 6
OR  

(95% CI) 
0.08 

(0.01 to 1.02)
0.65 

(0.25 to 1.67) 1 1.54 
(0.62 to 3.78)

p value 0.052 0.367 NA 0.351

≥17 years 

Rate/proportion 508.1 219.1 446.6 29 18.5 26.7
(n/N) (2,299/452,461) (143/65,260) (767/171,735) 378/1,305 28/151 135/506

Risk difference -289 -62 −10 −2
OR  

(95% CI) 
0.41  

(0.19 to 0.86) 
0.67 

(0.42 to 1.07)
0.68 

(0.37 to 1.24)
1.23 

(0.72 to 2.11)
p value 0.018 0.092 0.206 0.455

Table 1
Impact of vaccinating primary and/or secondary school age children on selected primary care influenza surveillance 
indicators, England, influenza season, week 40 2014 to week 14 2015

CI: confidence interval; NA: not available; OR: odds ratio; RCGP: Royal College of General Practitioners.
a Includes primary and secondary school pilot areas.
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Microbiology Services, Colindale (RCGP scheme), one 
of the network of specialist PHE microbiology labora-
tories (SMN scheme) or NHS laboratories elsewhere in 
England.

Results

Uptake
The total target population for the pilots was estimated 
to be 346,962 primary school children and 371,109 for 
secondary school children aged 11 to13 years. Five of 
the six primary school pilot areas chose to deliver the 
programme through a school-based approach, while 
one, Cumbria, delivered through community pharma-
cies. Of the 12 secondary school pilots, 10 delivered 
the programme through schools only; one through 
community pharmacies and one through both schools 
and primary care.

An estimated 196,994 primary school age children 
received at least one dose of influenza vaccine result-
ing in an overall uptake of 56.8%. This ranged from 
32.3% to 63.1% at pilot-site level (Figure 2). An esti-
mated 184,975 secondary school age children received 
at least one dose of influenza vaccine, an overall 
uptake of 49.8%. Uptake ranged from 21.2% to 62.0% 
at pilot level (Figure 2).

In the primary school age programme, uptake in all the 
school-based areas was in excess of 50%, compared 
with coverage of around 30% in the area delivering 
the programme through a pharmacy-based model. 
These findings were mirrored by the secondary school 
age programme, where uptake through school-based 
models was close to or well in excess of 50%, with an 
uptake of less than 30% in the areas using community-
based delivery models (Figure 2).

Influenza vaccine uptake achieved through primary 
care in two to four year olds in primary school pilot 
areas only was 44.1% (224 practices) compared with 
39.4% (2,361 practices) in secondary school age vac-
cine pilot areas; 35.1% (1,012 practices) in primary and 
secondary school pilot areas and 38.1% (4,176 prac-
tices) in non-pilot areas.

Programme impact

Patterns of activity
The cumulative ILI consultation rate and swab posi-
tivity in primary care, emergency department respira-
tory attendances, cumulative hospitalisation incidence 
rate, RDMS influenza positivity and ICU/HDU rates from 
week 40 2014 to week 14 2015 were generally lower in 
pilot areas where primary school age children were 
vaccinated compared with non-pilot areas across both 
targeted and non-targeted age groups (Figures 3 and 
4). These differences were less marked for the cumula-
tive ICU/HDU and RDMS indicators, particularly in the 
older non-targeted age group (≥ 17 years of age).

A large excess all-cause and respiratory mortality was 
observed in both pilot and non-pilot areas. No signifi-
cant reduction in all-cause mortality was observed in 
primary school pilot areas compared with non-pilot 
areas for all ages, whereas a significant reduction was 
observed for respiratory excess mortality (Figure 5).

Overall when comparing the various cumulative influ-
enza indicators for secondary school pilot areas (11-13 
year olds vaccinated only) to non-pilot areas, no such 
differences were observed, in both targeted and non-
targeted age groups (Figures 3, 4 and 5).

Examination of pre-vaccination data for those indica-
tors for which data were available, provided a mixed 
pattern, with evidence of similar activity in primary 
school areas compared to others in one season, 
whereas it was lower in another (Figure 6).

Impact
Vaccinating primary school age children resulted in sig-
nificant reductions in cumulative incidence/laboratory-
confirmed positivity in the targeted age group (5–10 
years) in pilot compared with non-pilot areas for GP ILI 
consultations (94% reduction, p = 0.018); emergency 
department respiratory attendances (74% reduction, 
p = 0.035), confirmed influenza hospital admissions 
(93% reduction, p = 0.012); with non-significant 
reductions in GP swabbing positivity (75% reduction, 
p = 0.213), confirmed influenza ICU admissions (76% 
reduction, p = 0.271) and DataMart influenza positivity 
(42% reduction. p = 0.187) (Tables 1,2).

Vaccinating primary school age children also resulted 
in an indirect non-significant reduction in under five 
year-olds, in pilot compared with non-pilot areas, 
for GP ILI consultations (92% reduction, p = 0.052); 
emergency department respiratory attendances 
(65%, p = 0.33); confirmed influenza hospital admis-
sions (61% reduction, p = 0.128); confirmed influenza 
ICU/HDU admissions (61% reduction, p = 0.324) and 
DataMart influenza positivity (24%. p = 0.186) (Tables 
1 and 2).

Significant indirect reductions were also seen in indi-
viduals  ≥17 years of age when comparing GP ILI consul-
tations in primary school pilot to non-pilot areas (59% 
reduction, p = 0.018) and non-significant reductions 
in sentinel GP swabbing (32% reduction, p = 0.206); 
emergency department respiratory attendances (21% 
reduction, p = 0.518); influenza confirmed hospital 
admissions (34% reduction, p = 0.434); influenza con-
firmed ICU/HDU admissions (46% reduction, p = 0.115) 
and DataMart influenza positivity (9% reduction; 
p = 0.327)(Tables 1 and 2).

Vaccinating secondary school age-children aged 11–13 
years of age alone did not result in a significant reduc-
tion in cumulative incidence/positivity for any surveil-
lance indicator when comparing secondary school 
pilot areas to non-pilot areas, for both targeted and 
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non-targeted age groups, with the exception of emer-
gency department attendances in the target age group 
and confirmed influenza hospital admissions in adults 
(Table 2).

Through determining cumulative risk difference 
between pilot and non-pilot areas by age group and 
indicator, it is estimated that 16 primary school age 
children needed to be vaccinated to prevent one GP 
ILI consultation in the pilot population; 317 children to 
prevent one confirmed influenza hospitalisation and 
2,205 children to prevent one confirmed influenza ICU/
HDU admission.

Discussion
This study assesses the uptake and evaluates the 
impact of the second season of the new UK LAIV pro-
gramme for children in England. Piloting the LAIV pro-
gramme in primary and now secondary school age 
children in the 2014/15 influenza season, resulted in 
similar or higher levels of uptake compared with the 
first. Pilot areas that chose to deliver the programme 
through school settings achieved higher uptake than 
those delivered through community settings, such as 
pharmacies. Despite the circulation of drifted A(H3N2) 
and B influenza strains, our results demonstrate that 
vaccinating children of primary school age resulted in 
a significant reduction in incidence for a range of sur-
veillance indicators. This effect was evident in targeted 
and non-targeted age groups compared with popula-
tions where primary school age children were not vac-
cinated. The size of the effect was less for more severe 
endpoints, in particular excess mortality. Vaccination 
of secondary school age children alone (11–13 years of 
age) failed to show conclusive evidence of such reduc-
tions in disease incidence in either targeted or non-
targeted age-groups.

The study has a series of strengths; it builds on 
approaches developed in 2013/14 to evaluate the 
uptake and impact of the newly established childhood 
LAIV programme, population-level data sources are 
used and the findings are consistent with the 2013/14 
findings in terms of uptake, and an impact seen across 
a range of indicators when primary school children only 
were targeted [6]. There are, however, also some limita-
tions. Firstly, examination of historical data suggests 
some caution is needed. The apparent effect sizes 
should not be overestimated. Our results suggest that 
the level of activity was lower for some indicators in the 
previous season (2012/13) in primary school age pilot 
areas, although the observation was less apparent in 
the season before that (2011/12) (Figure 6). Secondly, 
uptake in two to four year-olds in primary school age 
only pilot areas was slightly different compared with 
non-pilot areas, which has the potential to affect effect 
sizes.

The uptake achieved in school age children this season 
builds on that reached in 2013/14, with coverage now 
in excess of 50% in almost all pilot areas delivering 

the programme through a school-based approach 
(for either primary or secondary school age children). 
Earlier modelling work had suggested that at these 
levels of uptake for all school-age children, indirect 
benefits through reduction in population transmission 
of influenza are likely to occur [2]. Our findings also 
highlight the lower uptake among school age children 
achieved in areas deploying non-school based deliv-
ery approaches. This mirrors observations in relation 
to human papillomavirus (HPV) adolescent vaccine 
programmes, where countries using school-based 
delivery models achieved consistently higher uptake 
compared with other approaches [18]. In countries 
such as England, with its very high school attendance 
levels, there seem to be clear advantages to this deliv-
ery approach for a paediatric influenza vaccine pro-
gramme for children of school age, although there was 
still variation in uptake, particularly in relation to fac-
tors such as deprivation and ethnicity in 2013/14 [19]. 
Further work is still required to refine the optimal deliv-
ery model, particularly from an equity and efficiency 
perspective.

The finding that vaccinating children of primary school 
age, in addition to the pre-school vaccination pro-
gramme, led to reductions in disease incidence in both 
targeted and non-targeted age groups for a range of 
influenza indicators builds on observations from the 
first year of the programme when only primary school 
age children were vaccinated in pilot areas [6]. This 
season we observed in these areas decreases in influ-
enza disease not only in the primary school age chil-
dren themselves, but also indirectly in children under 
five years of age, where the burden of influenza is rec-
ognised to be highest, together with smaller indirect 
reductions in adults, where influenza disease burden 
is also high (in particular in the elderly and clinical 
risk groups). The indirect impact of vaccinating primary 
school age children under five years old is over and 
above any direct impact that might have been due to 
the pre-school LAIV programme itself which operated 
across the whole of England in both pilot and non-pilot 
areas. These indirect reductions were consistently seen 
for primary care consultations (for both clinical and viro-
logical end-points) and laboratory confirmed hospitali-
sations and ICU/HDU admissions. As seen in 2013/14 
though, the effect sizes became less as the end-points 
become more severe. These findings are supported by 
publications from elsewhere [3-5], including a recent 
article by Tran et al. showing that vaccination of school 
age children (with ca 50% uptake) led to large reduc-
tions in ILI emergency department visits across all ages 
in the local community [20]. In addition, the differential 
roll-out of the LAIV programme across the countries of 
the UK, with Scotland and Northern Ireland vaccinat-
ing primary school age children and Wales secondary 
school age children in 2014/15 has shown some early 
encouraging signs in relation to reductions in primary 
care consultations for those countries vaccinating 
primary school age children. This will provide further 
important opportunities to understand the population 
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level impacts of the universal paediatric influenza vac-
cination programme [8].

The 2014/15 season was characterised by significant 
excess all-cause mortality across Europe, particularly 
in the elderly, an observation consistent with the cir-
culation of influenza A(H3N2) [8]. Although there was 
reduction in respiratory excess mortality in primary 
compared with non-pilot areas, we found no evidence 
of a significant reduction in excess all-cause mortality. 
The reduction in excess respiratory mortality in those 
areas where primary school age children were vacci-
nated is encouraging, though the reasons for the lack of 
visibility of an indirect effect for excess all-cause mor-
tality, which is a more non-specific indicator, are not 
totally clear, but could well be linked to lack of study 
power and is consistent with the smaller reductions we 
saw for the more severe end-points in the older age-
groups. Further work is planned to understand these 
differences, as this is where much of the health eco-
nomic benefits of a school-age influenza vaccination 
programme will be derived [2].

Despite looking at a range of indicators, we were una-
ble to demonstrate evidence that vaccinating a cohort 
of children of secondary school age (albeit the first two 
years of secondary school) alone led to any consist-
ent reduction in disease incidence in either targeted or 
non-targeted age groups in pilot areas. Although other 
studies have shown reductions in rates of respiratory 
illness in secondary school populations that under-
take universal vaccination [21], no other studies, to 
our knowledge have shown population level benefits 
of vaccinating secondary school age children alone, 
although it is important to note that only two cohorts 
of secondary school age pupils were offered vaccina-
tion in the present pilot.

It is also important to note that the reductions we 
observed occurred in a season in which an antigeni-
cally and genetically drifted A(H3N2) strain was the 
predominant circulating strain [8,9], that had earlier 
resulted in low overall vaccine effectiveness against 
influenza A(H3N2), albeit with some evidence of effec-
tiveness for LAIV in children [22]. Of further note, is that 
the dominant circulating influenza B viruses at the end 
of the 2014/15 season also showed evidence of drift 
from the influenza B/Yamagata lineage vaccine strain 
[8]. These population-level impact findings of LAIV 
vaccination of school-age children suggests LAIV may 
have cross-protective effects against drifted strains, 
as reported previously [23].

In conclusion, our findings support the on-going roll out 
of the national LAIV programme for children of primary 
school age. The added benefit of vaccinating second-
ary school age children needs further careful consid-
eration. Further work will need to continue to evaluate 
the impact of the LAIV programme against a range of 
end-points, in particular mortality related end-points.
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