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Enterovirus D68 (EV-D68), phylogenetic clade B was 
identified in nasopharyngeal specimens of two cases 
of severe acute flaccid myelitis. The cases were six 
and five years-old and occurred in September and 
November 2014. EV-D68 is increasingly associated 
with acute flaccid myelitis in children, most cases 
being reported in the United States. Awareness of this 
possible neurological complication of enterovirus D68 
infection is needed.

An unexpectedly high proportion of children were 
admitted for severe respiratory infections at the Oslo 
University Hospital, Ullevål, Norway, during September 
and October, 2014 [1]. Enterovirus was detected in 66 
(22%) of 303 samples from children hospitalised with 
acute respiratory infection, and in five of 51 samples 
received from outpatient clinics. Enterovirus D68 (EV-
D68) was verified in 33 of the enterovirus-positive 
samples from hospitalised patients, and in one of the 
outpatients.

We report two cases of severe acute flaccid myelitis 
(AFM) associated with EV-D68 infection that occurred 
in September and November 2014 in Norway.

Case 1
A six year-old girl was referred to a paediatric depart-
ment in the Oslo area, Norway, on 20 September 2014. 
She was previously healthy and fully vaccinated accord-
ing to the Norwegian child vaccination programme, 
including polio vaccine. She reported a sore throat, 
neck pain, headache and occasional vomiting for two 
days. Fever (38.6 °C) occurred on the second day and 
she became increasingly tired with tachypnoea, cough-
ing and abdominal pain. She presented with a faint 
voice, reduced general condition, neck pain, but no 
nuchal rigidity. General and neurological examination 
was normal. Leucocyte count was 12.9 × 109 cells/L 

(norm: 5.0–15.5) with neutrophilocytes accounting for 
74%. C-reactive protein (CRP) was 4 mg/L (norm: 0.0–
4.0). Viral upper airway infection was suspected, but 
PCR analysis of a nasopharyngeal specimen was nega-
tive for common respiratory viruses, and the patient 
was discharged. She was readmitted two days later 
with further deteriorated general condition, general 
muscle weakness, mainly proximal and more severe 
in both upper extremities and neck, and weak/ absent 
deep tendon reflexes. A chest X-ray showed an atelec-
tasis in the left lower lobe but a lower respiratory spec-
imen was not secured. Severe respiratory failure, due 
to diaphragmatic paresis, resulted in respirator treat-
ment. Meningitis treatment with cefotaxime, ampicillin 
and aciclovir was started. Acute disseminated enceph-
alomyelitis (ADEM) was suspected, and methylpredni-
solone instituted.

Cerebrospinal fluid (CSF) pleocytosis (173 × 106 
cells/L (norm: 0–4), 94% mononuclear) and a slightly 
increased CSF protein concentration (0.45 g/L (norm: 
0.000–0.450)) were found on Day 4. On Day 6, before 
intravenous immunoglobulin infusion or plasmapher-
esis, only a slight pleocytosis (23 × 106 cells/L) was 
found, however, an increased IgG index indicated 
intrathecal IgG production but oligoclonal bands were 
not detected. CSF cell count had normalised on Day 44, 
with CSF protein still slightly increased (0.648 g/L).

PCR analyses of the CSF revealed no intrathecal her-
pes simplex virus, human herpes virus 6 or 7, varicella-
zoster virus, Epstein-Barr virus, cytomegalovirus, 
human parechovirus or enterovirus. Bacterial culture, 
including for Listeria monocytogenes, was negative. 
No intrathecal antibodies against Borrelia burgdorferi 
were detected. Serological analysis showed no infec-
tion with herpes simplex virus, varizella-zoster virus, 
Epstein-Barr virus, cytomegalovirus, Mycoplasma 
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pneumoniae, Borrelia burgdorferi, Cryptococcus neo-
formans or Mycobacterium tuberculosis. Two faecal 
specimens, collected on Days 21 and 22, showed no 
growth of enterovirus. Antibodies associated with 
autoimmune encephalitis could not be detected.

Magnetic resonance imaging (MRI) on Day 4 showed 
oedema of mainly grey matter in a longitudinal, trans-
verse pattern, extending from the pedunculi cerebri 
to the thoracolumbar level. Day 8 there was regres-
sion of the oedema, and MRI was normal on Day 44. 
Electroencephalography (EEG) was normal on Day 3 
and Day 16, but compatible with encephalitis/ enceph-
alopathy on Day 5.

Following reports from the United States (US) and 
Canada on EV-D68, a nasopharyngeal specimen taken 
on Day 2 was tested with a generic real-time RT-PCR 
for enteroviruses targeting the 5’ non-coding region, 
and was positive. Sequencing of the PCR product sug-
gested EV-D68, which was confirmed by a real-time 
RT-PCR EV-D68 assay (ct value < 30 cycles). PCR for 
EV-D68 was negative in serum (Days 4 and 12), faeces 
(Day 9) and CSF (Days 4 and 44), and in tracheal secre-
tion (Day 30).

The patient now walks steadily, but head control is 
poor. Motor impairment is worse proximally and still 
pronounced in the proximal upper extremities and 
neck where muscular atrophy is evident. She is partly 
fed through a gastrostomy tube and speaks with a thin 
voice.

Case 2
A five year-old girl was referred to a paediatric depart-
ment in the Oslo area, Norway, on 13 November 2014. 
She was previously healthy and fully vaccinated accord-
ing to the Norwegian child-vaccination programme, 
including polio vaccine. She had a history of upper air-
way infection, poor feeding and drinking, and fever up 
to 39.4 °C for 12 days. On Day 4 of the illness she com-
plained of neck and back pain. On Day 5, headaches, 
abdominal pain and vomiting occurred. On Day 6, she 
complained of stiffness of the neck. The family doctor 
found a reduced general condition, mild dehydration, 
but no nuchal rigidity. On Day 7, weakness occurred in 
the lower extremities, impairing gait, and the pain and 
general condition had worsened.

Upon examination at the hospital she was awake and 
alert, with panting tachypnoea. She was tachycardic 
(pulse: 161/min) and febrile (38.4 °C), other vital 
signs were normal. Neurological examination was 
normal. White blood cell count was 12.8 × 109 cells/L 
with 77% neutrophilocytes. CRP was 10 mg/L. A chest 
X-ray showed a pneumonic infiltrate. PCR analysis of 
a nasopharyngeal specimen was negative for com-
mon respiratory viruses. Erythromycin was instituted 
and the patient was discharged. PCR of a nasopharyn-
geal aspirate was negative for Mycoplasma pneumo-
niae and bacterial culture showed significant growth 

of Haemophilus influenzae. Lower respiratory sam-
ples were not secured. On Day 12, the patient was re-
admitted with increasing weakness of the left arm, gait 
difficulties, pain in the neck, left shoulder and both 
legs, most severely when extended. She had dysp-
noea, tachypnoea and panting. Brudzinski’s sign was 
positive and she presented flaccid paralysis grade 1–2 
of the left arm as well as weakness of neck muscles, 
she could not hold her head or walk unsupported. The 
patient hypoventilated since the diaphragm was partly 
paretic. Continuous positive airway pressure (CPAP) 
treatment and cough assist machine were instituted 
and intravenous immunoglobulin infusion was given.

A lumbar puncture revealed 14 × 106 cells/L, a protein 
level of 0.88 g/L and glucose of 4.4 mmol/L (norm: 
2.5–4.4).  There was no serological evidence of auto-
immune encephalitis. EV-D68 was detected in a naso-
pharyngeal specimen collected at Day 7, using a generic 
real-time RT-PCR (ct value < 30 cycles), however, culture 
was negative. EV-D68 was not found in stool (Day 18), 
serum (Day 15), or CSF (Day 15). CSF cultures (virus and 
bacteria) (Day 15) were negative. An MRI scan on Day 15 
showed cervical central medullary oedema and on Day 
20 grey matter oedema at cervical and thoracic level, 
representing myelitis, as well as radiculitis in the lum-
bar region. Neurography supported the diagnosis of 
acute anterior myelitis.

The outcome is with severe paresis and atrophy in the 
proximal left arm and left upper limb girdle.

Sequence analysis for Case 1
PCR for sequencing was performed as described in Nix 
et al. [2]. Sequencing was not possible in for Case 2, 
due to low amounts of virus and insufficient sample 
material. The sequence from Case 1 was aligned with 
the sequences of one reported AFM case from 2014 in 
France as well as other European strains, including the 
majority of the 16 Norwegian EV-D68 cases identified 
in autumn 2014 (Figure) [1].

Discussion
EV-D68 is mainly associated with respiratory disease 
and was first isolated in California in 1962 from chil-
dren with airway infection [3,4]. Until 2009, EV-D68 
was rarely isolated [5]. Since then, outbreaks of res-
piratory disease with EV-D68 have occurred world-
wide [6-9]. EV-D68 infections in the Dutch population 
is increasing [10]. In autumn 2014, EV-D68 was found 
in 11% of children hospitalised for airway infection in 
the Oslo region [1]. Of the 34 patients, 32 were younger 
than seven years.

During an outbreak of respiratory EV-D68-disease 
in the US in autumn 2014, nine children presented 
with AFM; EV-D68 was detected in four of eight naso-
pharyngeal specimens [11]. From 2 August 2014 to 2 
March 2015, the American Centers for Disease Control 
and Prevention (CDC) verified reports of 115 children 
in 34 US states who developed AFM. These cases are 
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Figure
Phylogenetic cluster analysis of enterovirus D68 partial VP1 sequences (207 nt) from an acute flaccid myelitis case, Norway, 
September 2014 
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currently being investigated [12]. A single European 
case of EV-D68-associated AFM is reported [13]. This 
virus was of Clade B, closely related to Dutch, Spanish 
and Italian types from 2009 to 2014. From outbreaks 
in Asia and Australia, enterovirus-71 (EV-A species) 
is known to cause AFM [14,15]. However EV-D68 has 
rarely been reported to cause AFM, and almost never 
been isolated from CSF [5,14].

In the two AFM cases we report here, the virus was 
only detected in the early nasopharyngeal specimens, 
highlighting the importance of obtaining this specimen 
early. Pleocytosis, increased intrathecal IgG index, 
increased CFS-proteins, spinal grey matter-oedema 
and denervation on neurophysiology may indicate 
direct CNS infection and neuron destruction. A causal 
relation is however not proven since no direct evi-
dence of EV-D68 infection in the CNS has been found. 
Detection of EV-D68-virus may have been coincidental 
and due to the high incidence of the virus [9]. However, 
the two cases share striking clinical and imaging simi-
larities [16] and no other pathogen has been detected. 
Intrathecal EV-D68 antibody detection would be indica-
tive of EV-D68 being the neurotrophic pathogen, how-
ever this analysis is not available in our hospital and 
was therefore not performed.

Sequencing of the VP1 gene obtained from Norwegian 
cases showed a similar genotype in the AFM case and 
non-AFM cases. While a statistical increase is difficult 
to prove for such a rare disease, the authors are of the 
opinion that there is an increase in AFM cases associ-
ated with enterovirus D-68 as has been reported from 
the US [17]. On basis of our findings we can speculate 
that this may not be caused by increased neurotrophy 
in a single genotype, but perhaps due to an increased 
number of EV-D68-infected individuals. It is possible, 
however, that mutations in non-VP1 regions are respon-
sible for increased neurotrophy.

As we found an identical VP1-sequence in Case 1 and 
in a child with solely respiratory disease, host-related 
factors are likely to be of importance for the individual 
risk of developing AFM. At least three different EV-D68 
strains were circulating in Norway in the autumn of 
2014, suggesting three separate introductions. No dif-
ferences in the partial sequence of the VP1 region were 
observed between the AFM case and non-AFM cases.
International collaboration is needed to confirm the 
association between EV-D68 and AFM, and to achieve 
knowledge on treatment and outcome. It is impor-
tant to recognise this disease, which may become 
life-threatening.
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This report aims to evaluate the usefulness of self-
sampling as an approach for future national surveil-
lance of emerging respiratory infections by comparing 
virological data from two parallel surveillance schemes 
in England. Nasal swabs were obtained via self-admin-
istered sampling from consenting adults (≥ 16 years-
old) with influenza symptoms who had contacted 
the National Pandemic Flu Service (NPFS) health line 
during the 2009 influenza pandemic. Equivalent 
samples submitted by sentinel general practitioners 
participating in the national influenza surveillance 
scheme run jointly by the Royal College of General 
Practitioners (RCGP) and Health Protection Agency 
were also obtained. When comparable samples were 
analysed there was no significant difference in results 
obtained from self-sampling and clinician-led sam-
pling schemes. These results demonstrate that self-
sampling can be applied in a responsive and flexible 
manner, to supplement sentinel clinician-based sam-
pling, to achieve a wide spread and geographically 
representative way of assessing community transmis-
sion of a known organism.

Introduction
The 2009 A(H1N1) influenza global pandemic presented 
major challenges for health systems around the world 
in both developed and resource limited countries. 
Accurate recognition of viral transmission in the com-
munity and predictive assessment of trends in clinical 
morbidity were required to optimise specific inter-
ventions such as antiviral prophylaxis and vaccina-
tion of risk groups and more general social distancing 
measures such as school closures. Novel and flexible 
approaches to surveillance were required during these 
periods of rapidly changing disease indicators and 
fluctuating demand for healthcare delivery.

During the initial phase of the pandemic in England 
(May to June 2009), laboratory testing focused on 
patients who fulfilled the national algorithm [1]. The 
case definition targeted travellers returning to the 

United Kingdom (UK) from high risk countries (e.g. 
Mexico) presenting for treatment, mainly in second-
ary care settings. In parallel, general practitioner 
(GP) virological surveillance was enhanced to provide 
an estimate of community morbidity due to the newly 
emerged influenza A(H1N1)pdm09 virus. Aggregation 
of data from laboratory-confirmed cases provided a 
reasonable estimate of growth and spread of the pan-
demic but as the pandemic progressed, the pattern of 
healthcare provision shifted.

Rather than contact GPs or visit emergency depart-
ments, patients were encouraged to use the national 
telephone helpline (NHS Direct (NHSD); note that NHSD 
ceased operations on 31 March 2014). In July 2009, amid 
the first wave of the pandemic, an influenza-specific 
telephone and web-based health service was launched 
(National Pandemic Flu Service (NPFS)) that authorised 
the collection of oseltamivir for those patients over 
the age of one year, with no respiratory complications 
and with no underlying medical conditions who were 
suspected of having pandemic influenza A(H1N1). NPFS 
continued through the second wave of the pandemic 
until early in 2010. Virological surveillance of those in 
the community seeking access to medical care through 
these alternative routes was undertaken through self-
sampling. The feasibility of this approach had been 
previously demonstrated during seasonal influenza [2] 
and was instigated during May 2009 to assist the pro-
vision of accurate estimates of number of cases [3].

Here, virological surveillance data, including semi-
quantitative analysis of viral load, obtained from 
patient self-sampling is compared with GP (clinician) 
sampling to assess the usefulness of this approach 
for future national surveillance of emerging respiratory 
infections.
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Methods

Community self-sampling
Self-sampling was based upon previously validated 
methodologies for both logistics and laboratory analy-
ses [2,3]. In brief, symptomatic members of the public 
who had used either the national telephone service 
(NHSD or NPFS) and/or the website interface, who 
were symptomatic for ‘cold/influenza’ symptoms and 
issued a prescription/voucher for oseltamivir, were 
selected for the self-sampling scheme. Each day, equal 
numbers of eligible participants in England were ran-
domly selected per region based on Strategic Health 
Authority (SHA) boundaries. A sampling kit similar 
to those provided to sentinel GPs but modified to fit 
through a standard letterbox, was sent to the partici-
pant’s home address. Each kit included a personal-
ised introductory letter, a patient information leaflet 
explaining the scheme, an instructional sheet on how 
to take a nasal swab sample, a dry swab, a vial of virus 
transport medium (VTM) and a short epidemiological 
questionnaire requesting information on basic patient 
demographics (age/sex), presenting symptoms and 
date of onset, date of swabbing and antiviral treatment 
(start date and number of doses of antivirals, if taken). 
Pre-paid packaging (which complied with the UN 3373 
regulation) was also provided with instructions to 
return specimens by the postal system (at no cost to the 
patient) to the Health Protection Agency (HPA; the HPA 
became part of Public Health England on 1 April 2013) 
Colindale laboratory. Self-sampling was operational 
from 28 May 2009 through to 18 March 2010 (week 22 
2009 to week 11 2010) through either NHSD (28 May to 
2 August 2009 and 18 February to 18 March 2010) or 
NPFS (3 August 2009 to 12 February 2010). Data pre-
sented here were from 6 August to 18 November 2009, 
when self-sampling through NPFS was operational for 
those aged ≥ 16 years.

Clinician-based sampling through sentinel 
general practitioners
Sentinel GPs participating in the clinical surveil-
lance network run by the Royal College of General 
Practitioners (RCGP) Weekly Returns Service (WRS) 
took a combined nose and throat swab from patients 
presenting with influenza-like-illness (ILI) [4]. Swabs 
were placed in VTM and returned to the HPA Colindale 
laboratory either by post or a hospital courier system 
(as previously described) [5]. This scheme was opera-
tional continuously between October 2008 and June 
2010.

Study period
The clinician- and self-sampling schemes were com-
pared on samples from those aged ≥ 16 years, returned 
within the 15 week period between 6 August 2009 and 
18 November 2009, inclusive. During this period of time 
both schemes were fully operational across England, 
and were analysed in an identical manner at the HPA 
Colindale laboratory.

Virological testing by reverse transcription 
real-time polymerase chain reaction
Returned samples from both surveillance schemes 
were analysed by real-time polymerase chain reaction 
(PCR) at the HPA Colindale laboratory as described 
previously [6-9], testing for A(H1N1)pdm09 as well as 
seasonal influenza viruses (influenza A(H1N1), A(H3N2) 
and influenza B). Positive results from all schemes 
were released to GPs who arranged further clinical 
management as appropriate.

Statistical analysis
Linear regression models were used to assess viral 
shedding post onset of symptoms. Cycle threshold (Ct) 
values generated by the real-time PCR assays were used 
as the outcome variable with delay, scheme and age as 
predictor variables. The Ct values provided a qualita-
tive positive or negative result that was then used in 
a logistic regression modelling analysis to compare 
results obtained from both self-sampling and clinician-
sampling schemes. Swabs from the RCGP sentinel viro-
logical scheme were taken from patients at the point 
of presentation to medical services with illness while 
those taking part in the self-sampling scheme had an 
inevitable delay due to the posting of the sampling kit 
to the patient. Any swab obtained where the sampling 
date was seven or more days post-symptom onset was 
excluded, as were any swabs for which either the date 
of swabbing or the date of symptom onset was not 
recorded. Only adults aged ≥16 years were eligible for 
self-sampling during the study period, thus data from 
children were excluded from the RCGP dataset in order 
to derive an accurate assessment of comparability 
between the schemes.

The results from the remaining swabs were included 
in a mixed-effects logistic regression model where 
the outcome was the binary variable of whether the 
swab was positive for A(H1N1)pdm09 virus. The fol-
lowing variables were included in the model as fixed 
effects; centred sequential week number (week), age 
group (16–24, 25–44, 45–64, ≥65 years), scheme (self- 
vs clinician-sampling), and delay (day between symp-
tom onset and swabbing). A composite factor for week 
and English region (London, West Midlands, North, 
and South) was included as a random effect to enable 
the temporal trends to vary between regions. The dis-
tribution of the random effects was assumed to be 
Gaussian. The models were fitted using the xtmelogit 
command in Stata 11, which utilises adaptive Gaussian 
quadrature to approximate the log-likelihood.

Ethical approval
Self-sampling was undertaken as part of a public 
health surveillance programme in response to the 2009 
influenza pandemic and was carried out under NHS Act 
2006 (section 251) which provides statutory support for 
disclosure of such data by the NHS, and the processing 
by the HPA for communicable disease control. As such, 
no explicit ethical approval was necessary or sought.
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Results
A total of 26,237 swabs (20,722 self-sampled, and 5,515 
clinician-sampled) were received during the pandemic 
between 28 May 2009 and 18 March 2010, of which 
9,292 and 1,949 were within the 15 week study period, 
respectively. Exclusions included: swabs taken out-
side England; taken seven or more days after symptom 
onset; unknown date of swabbing, or symptom onset; 
contaminated sample (e.g. bacterial or fungal con-
tamination) therefore unsuitable for testing; missing 
antiviral information (total exclusions: 3,249 (35.0%) 
self-sampled, and 803 (41.2%) GP-sampled swabs). 
The remaining swabs (6,043 self-sampled and 1,146 
GP-sampled) were analysed as part of this study with a 
similar PCR positivity rate for influenza A(H1N1)pdm09 
of 19.3%, and 25.9% respectively. To compare the sub-
mitted samples from self-sampling and clinician-based 
sampling, trend analysis of viral load was carried out 
through analysis of the semiquantitative Ct values 

obtained from PCR positive samples collected through 
both schemes (Figure 1).

There was no evidence of a difference in Ct values 
between clinician-based sampling and community 
self-sampling (p = 0.93). There was also no difference 
between the schemes after the addition of age as a con-
tinuous variable for community-based self-sampling 
(p = 0.15) or for clinician-based sampling (p = 0.20). 
Age was also looked at as a categorical variable and 
there was no impact on the overall model (self-sam-
pling p = 0.45; clinician sampling p = 0.38). The models 
were also not affected by adding time/week of swab 
(p = 0.26 for both schemes) nor was there evidence of 
a regional effect (self-sampling p = 0.32; clinician-sam-
pling p = 0.067). The results shown in Figure 1 indicate 
that when comparable samples were analysed there 
was no significant difference in Ct values obtained 
between self-sampling and clinician-led samples.

The sampling of individuals through the community 
self-sampling scheme was, however, invariably sub-
ject to greater delay post-illness onset, because of the 
time taken for swab kits to be delivered to the patient. 
There was a clear difference in the delay between 
onset of symptoms and swabbing in the two schemes, 
with around half the swabs in the clinician-led scheme 
taken within two days of symptom onset compared 
with the four days in the self-sampling scheme (Figure 
2). Increasing time post-illness onset is known to corre-
late with reduced virus shedding in both seasonal and 
pandemic influenza [8,10].

A mixed-effects logistic regression model incorporat-
ing the swabbing results from both schemes was fit-
ted. Differences between PCR positivity over time in the 
schemes were explored by incorporating an interaction 

Figure 1
Comparison of cycle threshold (Ct) values between A) 
self-sampled and B) clinician-sampled influenza A(H1N1)
pdm09 polymerase chain reaction positive swabs in 
adults ≥ 16 years

PCR: polymerase chain reaction.
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Figure 2
Empirical cumulative distribution function for the delay 
between onset of symptoms and date of swabbing in 
self-sampling (n=6,043 samples) and clinician-sampling 
(n=1,146 samples) schemes
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term into the regression model. There was no evidence 
that the association between positivity and the age 
group differed between the two schemes, p = 0.3 (Wald 
test statistic for interaction 4.89, 4 degrees of free-
dom (df)). After allowing for the delay in swabbing and 
age groups there was no evidence that positivity dif-
fered systematically between the schemes over time, 
p = 0.23 (Wald test statistic for interaction 1.39, 1 df). 
Representative results of the regression model are pre-
sented in Figure 3 for the 16 to 24 year-old age group, 
and the northern SHA grouping (North East, North 
West, Yorkshire and the Humber, and East Midlands) 
and a three day delay in swabbing (Figure 3). Other age 
groups and regions exhibited the same temporal differ-
ences between the schemes (data not shown).

Discussion
During the early stages of the pandemic, diagnosis and 
national level statistics were obtained through accu-
mulation of individual case based diagnostic testing in 
returning travellers [1]. The transition from individual 
case based laboratory diagnosis and contact prophy-
laxis in the initial ‘containment phase’ to the clinical 
assessment ‘treatment phase’ of later stages of the 
pandemic was managed by using sentinel primary 
care linked clinical virological surveillance to provide 
estimates of case numbers. Such monitoring is nor-
mally used during the winter months and provides gold 
standards of surveillance with an extensive historical 
dataset allowing comparative analysis, but limited pre-
dictions [4].

Our work here sought to compare virological surveil-
lance data generated through a self-sampling approach 

with our gold standard surveillance data generated 
through clinician led sentinel swabbing practices. The 
application of this approach during the pandemic sup-
plemented available knowledge in real time [11] and 
was used for periods of time in parallel with existing 
RCGP virological surveillance activities.

Self-sampling for near-real time virological surveillance 
has not been used previously in large scale assessment 
of respiratory illness in the community during an influ-
enza pandemic. The deployment of this capability was 
based on our successful pilot scheme in 2008 [2] and 
was an innovation within the UK health service sector 
during the global pandemic of 2009/10 [3]. Surveillance 
was secondary to the provision of patient care, there-
fore the use of clinical data already available in the 
health system provided a unique opportunity to evalu-
ate the applicability of the self-sampling approach and 
assess whether to embed this capability as part of any 
future national level emergency response strategy.

Self-sampling and clinician-based sampling both pro-
vided meaningful semiquantitative data. The analysis 
of Ct values demonstrated no difference in viral load 
trends between the schemes when corrections were 
made for differences in the timing of swabbing and the 
delays in sampling. This is encouraging as it suggests 
significant value in obtaining swabs from patients, to 
test to influenza, later during infection, at a time when 
it is usually considered that there is limited opportunity 
to obtain virological information, thus further improv-
ing the potential to use self-sampling where delays in 
obtaining samples might occur.

The results from this work illustrate that self-sampling 
for virological surveillance can be used to supplement 
sentinel clinician-based sampling.

There is a general increasing trend towards self-sam-
pling for illness surveillance, to reduce healthcare costs 
but also deliver innovative surveillance and screening 
programmes e.g. the use of self-sampling faecal occult 
bloods largely for detection of colonic cancer, self-
sampling of urines for Chlamydia screening in young 
persons, and now respiratory illness (both viral and 
bacterial) sampling [12-18]. These methods may be 
particularly useful for responding to future influenza 
epidemics or pandemics which affect younger popula-
tions, however, as elderly patients are less likely to use 
internet or phone health services and therefore may 
not be included in a self-sampling cohort, this method 
might be less useful when responding to influenza 
subtypes that impact on older age groups. In addi-
tion, the resources required to develop the infrastruc-
ture needed to facilitate the systematic collection of 
patient data (including: the assembly and dissemina-
tion of sampling kits; the collation, analysis and inter-
pretation of data; and the laboratory capacity to test 
samples) potentially limits the usefulness of self-sam-
pling for responding to small scale or short-lived inci-
dents. However, it may be advantageous to establish 

Figure 3
Estimated positivity for influenza A(H1N1)pdm09 from 
the mixed effects regression model restricted to swabs 
from 16 to 24 year-olds collected three days post-symptom 
onset, Northern Strategic Health Authority grouping, 
England, 2009

CI: confidence interval.
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self-sampling running on a continuous basis, at a low 
background level, which could contribute to national 
seasonal influenza surveillance programmes, but also 
be scaled up to rapidly response to an emerging threat. 

It was difficult to get the evidence for community trans-
mission in those going to GPs for testing as they were 
predominantly in risk groups at the early stages (e.g. 
returning travellers). Therefore it was hard to objec-
tively assess the necessity for a change in response 
phase to the pandemic when only a few areas were 
particularly affected against a background of relatively 
low numbers of cases in the general population. In aim-
ing to complement sentinel surveillance, our work here 
clearly demonstrates that respiratory self-sampling 
can be applied in a responsive and flexible manner to 
achieve a wide spread and geographically representa-
tive way of assessing community transmission of a 
known organism. Such a scheme could also be invalu-
able for targeting specific populations in response to 
public health threats during specific events.
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To study human-to-human transmissibility of the avian 
influenza A (H7N9) virus in China, household contact 
information was collected for 125 index cases during 
the spring wave (February to May 2013), and for 187 
index cases during the winter wave (October 2013 to 
March 2014). Using a statistical model, we found evi-
dence for human-to-human transmission, but such 
transmission is not sustainable. Under plausible 
assumptions about the natural history of disease and 
the relative transmission frequencies in settings other 
than household, we estimate the household second-
ary attack rate (SAR) among humans to be 1.4% (95% 
CI: 0.8 to 2.3), and the basic reproductive number R0 
to be 0.08 (95% CI: 0.05 to 0.13). The estimates range 
from 1.3% to 2.2% for SAR and from 0.07 to 0.12 for 
R0  with reasonable changes in the assumptions. There 
was no significant change in the human-to-human 
transmissibility of the virus between the two waves, 
although a minor increase was observed in the winter 
wave. No sex or age difference in the risk of infection 
from a human source was found. Human-to-human 
transmissibility of H7N9 continues to be limited, but 
it needs to be closely monitored for potential increase 
via genetic reassortment or mutation.

Introduction
Influenza A (H7N9) was first detected among humans in 
eastern China in February 2013 and, as of 7 December 
2014, had caused 453 laboratory-confirmed clinical 
human infections with 178 deaths in China, according to 
the Chinese Center for Disease Control and Prevention 
(Chinese CDC). The virus is a reassortant of avian H7, 
N9 and H9N2 strains [1] with evidence of the capacity 
to bind to mammalian cells [2,3] and limited airborne 
transmission in animal models [4,5]. Currently, the 
virus is not pathogenic in birds, but highly pathogenic 
and virulent in humans [6-9]. Normally, the influenza 
season in humans in the northern hemisphere runs 

from October to April with some variation in timing 
[10,11]. After a relative hiatus in the number of human 
H7N9 cases over the summer of 2013 in China (e.g. only 
two cases reported in July 2013), a second large wave 
of cases appeared, starting in October 2013 [12].

While the ongoing sporadic reporting of cases (per 
communication with the Chinese CDC) implies the 
H7N9 virus has not yet reached the stage of efficient 
human-to-human transmission, an animal model has 
shown another H7 virus was able to transmit among 
co-housed ferrets without much loss of virulence, with 
a few mutations obtained after 10 serial passages [13]. 
It is therefore highly relevant to assess the risks of 
human-to-human transmission using available data.

The household is a setting well suited to investigat-
ing human-to-human transmission of many infectious 
agents, including influenza viruses [14]. So far, no 
quantitative analysis of household transmission of 
H7N9 virus has been reported, though qualitative epi-
demiological descriptions of possible transmissions in 
a few families with more than one laboratory-confirmed 
case have been presented [15-18]. We use household 
information on laboratory-confirmed cases collected 
by the Chinese CDC to estimate the household second-
ary attack rate (SAR), i.e. the probability that a typi-
cal index case infects a given household member. In 
addition, the basic reproductive number, R0, defined as 
the number of people a typical infected person would 
infect in a completely susceptible population, is esti-
mated from the SAR in conjunction with assumptions 
about the contribution of schools and the general com-
munity relative to households in future epidemics. 
Other investigators estimated R0 to be 0.10 using the 
sequence of reported cases during the spring outbreak 
of 2013 [19]. We provide the first rigorous evaluation of 
R0 based on transmissibility in the household setting.
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Methods

Household study
Contact data were collected by the Chinese CDC on 
households with laboratory-confirmed symptomatic 
cases over the two distinct waves of the epidemic, 125 
households during the first wave in the spring of 2013, 
and another 187 households from the second wave in 
the winter and spring of 2013–14, offering a unique 
opportunity to examine the potential change in human-
to-human transmissibility of the virus. This investiga-
tion was part of the public health emergency response 
of Chinese CDC, and therefore no informed consent of 
the household members was required.
 
A household in this study was defined as a group of 
related family members living in the same building 
structure and in daily close contact with each other (our 
definition of close contact is given below). The case 
definitions for clinical and confirmed human infections 
with H7N9 were similar to the H5N1 case definitions 
suggested by the World Health Organization in 2006. 
Data of both laboratory-confirmed clinical cases and 
their close contacts, including household members, 
were obtained from a review of medical records and 
interviews with relatives, contacts and health-care pro-
viders. Close contacts of a confirmed case were moni-
tored for seven days for symptoms, and throat swabs 
were collected from contacts with respiratory symp-
toms for laboratory testing. Throat swabs were also 
collected from some close contacts without symptoms. 
Details of the case definition, laboratory methods and 
data collection were described previously [18].

Households of laboratory-confirmed clinical cases 
from all 10 provinces (Shanghai, Zhejiang, Jiangsu, 
Anhui, Jiangxi, Shandong, Beijing, Henan, Hunan 
and Fujian) affected by the first wave were included. 
Households from three provinces (Zhejiang, Hunan 
and Guangdong) affected by the second wave during 
October 2013 to March, 2014, were added. Age, sex 

and dates of symptom onset, hospitalisation, death 
and recovery (if known) were collected for all family 
members. In addition, the following types of contact 
with the index case were recorded for each family mem-
ber: (i) dining together; (ii) living in the same housing 
unit; (iii) sharing utensils, towels, toys, etc.; (iv) having 
contact with excreta (excrement and urine) of cases; (v) 
providing care; (vi) visiting; and (vii) other contacts. We 
define close contact as all contact types except for (vi) 
and (vii). Non-close contacts were excluded from our 
analysis.

Natural history of avian influenza A(H7N9) in 
human cases
There is limited information on the natural history of 
infection in humans caused by the H7N9 virus, as the 
exposure dates cannot be clearly identified for most 
cases. However, to estimate transmission probabili-
ties, distributional assumptions often have to be made 
about the natural history, in particular the distributions 
of the incubation period (i.e. time from infection to the 
onset of influenza symptoms), the latent period (i.e. 
time from infection to the onset of infectiousness) and 
the infectious period (i.e. time that an infected person 
is infectious to others). However, there are little data 
about these periods.

Incubation and latent periods
Cowling et al. estimated the mean incubation period 
of H7N9 to be 3.1 days [6]. Chen et al. reported a 3-, 
6- and 8-day lag between last exposure to live poultry 
and symptom onset in three patients, an average of 5.8 
days [20]. Huang et al. found even longer incubation 
periods, a median of six days (range: 2–10) among 10 
patients with a single self-reported exposure day and 
7.5 days among 12 patients with multiple self-reported 
exposure days [21]. In contrast, former results about 
historical seasonal influenza suggested average incu-
bation periods of those viruses of around two to three 
days [22].

Table 1
Assumptions about probability distributions for the incubation period and relative infectiousness since symptom onset  
(day 1) for the infectious period for avian influenza A(H7N9) in human cases

Duration
Probability distributions for the incubation period in days

 Mean
1 2 3 4 5 6 7 8 9 10 11 12

Short 0.1 0.2 0.3 0.25 0.1 0.05 – – – – – – 3.2

Medium – 0.05 0.1 0.2 0.3 0.2 0.1 0.05 – – – – 5
Long – 0.025 0.025 0.05 0.1 0.15 0.3 0.15 0.1 0.05 0.025 0.025 7

Duration
Relative infectiousness since symptom onset (day 1) for the infectious period in days

–
1–3 4 5 6 7 8 9 10 11 12 13 14

Short 1 0.8 0.6 0.3 0.1 – – – – – – – –
Medium 1 1 0.9 0.8 0.7 0.5 0.3 0.1 – – – – – 
Long 1 1 1 1 0.9 0.8 0.7 0.6 0.5 0.3 0.2 0.1 – 

These assumptions are used in all our subsequent analyses.
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We consider three possible distributions for our analy-
sis (upper panel of Table 1). For the primary analysis, 
we adopt a minimum (dmin) of two days and a maximum 
(dmax) of eight days, with a probability mass distribu-
tion of 
For influenza, the latent period and the incubation 
period are similar [23], and we assume the two periods 
overlap.

Infectious period
While the average time from symptom onset to recovery 
could be as long as 15 days (based on the surveillance 
data provided by the Chinese CDC), the actual duration 
of the infectious period is likely to be much shorter. 
For seasonal influenza, symptoms usually resolve in a 
week, and previous studies on seasonal and pandemic 
influenza A (H1N1) suggested a likely range of 7–10 
days after symptom onset for the viral load to become 
undetectable [24-26]. Information on pathological and 
immunological response regarding the avian H7N9 
is scarce. In a study of mice infected with H7N9 virus 
isolated from humans and ducks, viral titres were not 
detectable after day 8 post infection [27].

We explore three settings for the infectious period, 
each setting given by a fixed duration with decaying 
relative infectivity (lower panel of Table 1). We assume 
the infectious period starts from the day of symptom 
onset (day 1). The medium setting is adopted for the 
primary analysis, i.e. the duration of the infectious 
period is D = 10 days, and the relative infectivity levels 
are
 This setting gives a mean serial interval of approxi-
mately 9.4 days, slightly longer than the crude esti-
mate of 7.5 days (see Results).

Human-to-human transmissibility
A likelihood-based statistical transmission model is 
used to test the hypothesis of no human-to-human 
transmission and to estimate the SAR and R0 [22,28]. 
Suppose we observe an epidemic from day 1 to day 
T among a population of N individuals in H house-
holds. Person-to-person transmissibility of the virus is 
measured by the probability that an infectious person 
infects his or her susceptible household contact in one 
day, denoted by p. The transmission probability can be 
adjusted for covariates via a logistic regression model 
given by                                                  where      is 
the vector of covariates associated with an infectious 
person j and a susceptible person i on day t. We let β 
be the vector of coefficients, where eβ is interpreted 
as the odds ratios. To account for exposure to an envi-
ronmental reservoir such as poultry and to unknown 
casual contacts with human sources outside of the 
household, we assume that a susceptible person is 
infected by external sources during one day with prob-
ability b. Suppose that we have observed households 
ascertained by index cases. Let h(i) be the collection 
of members of the household of individual i, and let 

be the symptom onset day of individual i. Then, the 

probability that susceptible individual i escapes infec-
tion during day t is

Where   (k) is the relative infectiousness of day k of 
the infectious period. We define         to be the collec-
tion of observed symptom onset days of all members in 
the household of individual i. Let θ(k) be the probabil-
ity that the incubation period is k days. The likelihood 
contribution of individual i is

We embed the same likelihood structure in a resa-
mpling-based approach to test the null hypothesis  
H0: p = 0   [29].

The SAR over an infectious period of D days is

The SAR specific to a covariate value X is given by 
replacing p with logit−1 [logit(p) + X’ β]. To estimate R0, 
the fact that the probability of becoming an index case 
differs across age groups has to be considered, as it is 
known that older people have a higher chance of visit-
ing high-risk areas such as live poultry markets [6,30]. 
For a population partitioned into three age groups: 
0–19, 20–59 and ≥ 60 years, the basic reproductive 
number is given by

Where πj is the probability that an index case belongs 
to age group j, nj the average household size if the index 
case is from age group j, and ρS and ρC are the relative 
contact frequencies of an infectious person in school 
and the community compared with within household, 
respectively. The community refers to all places other 
than households and schools where transmission 
occurs. Lacking the data to determine the ρS and ρC 
specific to China, we use the information in a previous 
study of influenza A(H1N1)pdm09 in the United States 
[22], where the plausible ranges for the local reproduc-
tive numbers in households (RH) and schools (RS) were 
0.6–0.9 and 2.0–2.5, respectively, and the correspond-
ing range for ρS =RS/RH  was 2–4, which is used in our 
analysis. Another previous study of influenza pandem-
ics in the United States showed that the community 
at large generally accounts for somewhat fewer trans-
missions of influenza virus than within households 
[14]. The values 0, 0.5 and 1.0 were used for ρC in the 
A(H1N1)pdm09 study [22]. In our analysis for H7N9, we 
use 0.5, 1.0 and 1.5 for ρC to reflect the higher popula-
tion density in public places in China.

We estimate πj using a conditional Poisson model, in 
which temporal and spatial heterogeneity are con-
trolled for by aggregating the data by appropriate 
location and time, e.g. by prefecture and week. Let 
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Figure 1
Laboratory-confirmed avian influenza A(H7N9) cases in humans from (A) February–May 2013 (125 households, 130 cases) 
and (B) October 2013–March 2014 (187 households, 196 cases), household data, China 
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Yktj be the number of cases in age group j in prefec-
ture k with symptom onset during week t. We assume 

 with the intensity 
where Nkj is the population size in age group j of prefec-
ture k, and exp(γkt) is the rate of a single person in the 
reference age group of prefecture k becoming a case 
during week t. For the parameters to be identifiable, 
we set β3 = 0, i.e., setting the age group ≥ 60 years as 
the reference group. Conditioning on the total number 
of cases Ykt=∑jYktj , the vector (Ykt1, Ykt2, Ykt3) follows a 
multinomial distribution with size Ykt and probabilities 

The maximum likelihood estimates of  and 
denoted by   and are found by maximising the 
log-likelihood 

A reasonable estimate for πj is 

where and            Due to data availabil-
ity, we used surveillance data up to 27 January 2014 to 
estimate πj.

Table 2
Estimates of secondary attack rate and basic reproductive number based on household clusters of avian influenza A(H7N9) 
cases in humans, ignoring poultry-to-human transmission, China, February–May 2013 (113 households, 118 cases) and 
October 2013–March 2014 (181 households, 190 cases)

Incubation
period

Infectious
period Value

Relative contact frequency within hospital vs within household, α
1.0 0.5 0.1

Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

Short

Short
SAR 1.3% (0.74 to 2.2) 1.4% (0.79 to 2.3) 1.4% (0.84 to 2.5)

R0 0.072 (0.042 to 0.12) 0.076 (0.044 to 0.13) 0.081 (0.047 to 0.14)
p value 0.16 – –

Medium
SAR 1.4% (0.82 to 2.3) 1.6% (0.95 to 2.7) 1.8% (1.1 to 3.0)
R0 0.078 (0.046 to 0.13) 0.089 (0.053 to 0.15) 0.10 (0.060 to 0.17)

p value 0.0005 – –

Long
SAR 1.4% (0.83 to 2.4) 1.8% (1.0 to 2.9) 2.2% (1.3 to 3.7)
R0 0.079 (0.047 to 0.13) 0.098 (0.058 to 0.17) 0.12 (0.073 to 0.21)

p value 0.0015 – –

Medium

Short
SAR 1.4% (0.82 to 2.3) 1.5% (0.87 to 2.5) 1.6% (0.92 to 2.6)
R0 0.077 (0.046 to 0.13) 0.082 (0.049 to 0.14) 0.087 (0.052 to 0.15)

p value 0.0175 – –

Medium
SAR 1.4% (0.82 to 2.3) 1.6% (0.95 to 2.7) 1.8% (1.1 to 3.0)
R0 0.078 (0.046 to 0.13) 0.090 (0.053 to 0.15) 0.10 (0.060 to 0.17)

p value 0.0035 – –

Long
SAR 1.4% (0.84 to 2.4) 1.8% (1.0 to 2.9) 2.2% (1.3 to 3.7)
R0 0.079 (0.047 to 0.13) 0.098 (0.058 to 0.17) 0.12 (0.073 to 0.21)

p value 0.020 – –

Long

Short
SAR 1.4% (0.82 to 2.3) 1.5% (0.87 to 2.5) 1.6% (0.92 to 2.6)
R0 0.077 (0.046 to 0.13) 0.083 (0.049 to 0.14) 0.087 (0.052 to 0.15)

p value 0.047 – –

Medium
SAR 1.4% (0.82 to 2.3) 1.6% (0.95 to 2.7) 1.8% (1.1 to 3.0)
R0 0.078 (0.046 to 0.13) 0.090 (0.053 to 0.15) 0.10 (0.061 to 0.17)

p value 0.10  – –

Long
SAR 1.4% (0.84 to 2.4) 1.8% (1.0 to 2.9) 2.2% (1.3 to 3.7)
R0 0.079 (0.047 to 0.13) 0.099 (0.058 to 0.17) 0.12 (0.073 to 0.21)

p value 0.44  – –

b: daily probability of infection by external sources; CI: confidence interval; R0: basic reproductive number; ρC: relative contact frequency in 
the community; ρS: relative contact frequency in schools; SAR: secondary attack rate. 

Results are based on the assumption of b = 0 (i.e. ignoring poultry-to-human transmission) and stratified by the duration of the incubation 
and infectious periods (duration settings are given in Table 1) and the relative contact frequency between a case and their household 
members within a hospital compared with within the household (α). Relative contact frequencies in schools and the community are set to 
ρS= 3 and ρC = 1. The test of p = 0 (no human-to-human transmission) is performed when α = 1. 



17www.eurosurveillance.org

Results
We collected household data for 130 laboratory-con-
firmed clinical cases in 125 households in 10 provinces 
for February to May 2013 and for 196 laboratory-con-
firmed clinical cases in 187 households in Hunan, 
Zhejiang and Guangdong provinces for October 2013 to 
March 2014. The epidemic curves of the cases in these 
households during the two waves are shown in Figure 1 
(panels A and B). Interestingly, multi-case households 
appeared from the very beginning of the 2013 wave. 
After excluding households without close contacts, 118 
cases in 113 households in the first wave and 190 cases 
in 181 households in the second were used in this anal-
ysis. There was an asymptomatic infection identified in 
one household in the first wave, but this person was 
considered a non-case in our analysis; i.e., we only 
focus on laboratory-confirmed infections with clinical 
symptoms, because (i) it is not clear whether asympto-
matic hosts can transmit the virus or not, and (ii) prob-
ably not all asymptomatic infections were detected.
 
Under the assumption that all non-index cases were 
infected by the index cases, an estimate of the mean 
serial interval is 7.5 days (95% confidence interval 
(CI): 4.9 to 9.0). There was no difference in the distri-
bution of the serial interval between the two waves 
(p value = 0.31 based on the two-sample Wilcoxon 
test). Using the transmission model, we first test the 
hypothesis of no human-to-human transmission, and 
we then estimate the SAR and R0 without adjusting for 
any covariate (Table 2). The estimation of R0 is based 
on the estimates of  

and  

obtained from the conditional Poisson model. In addi-
tion to taking into account the uncertainty in the nat-
ural history of disease, the results are also stratified 
by the relative contact frequency between a case and 
his or her household members within a hospital com-
pared with within the household, denoted by α. When α 
is assumed unknown, its estimate varies dramatically 
from well below one to well above one, depending on 
the assumption about the natural history of disease. 
This indicates a lack of information about α in the data. 
Consequently, we assume α is known and examine 
results at three levels of α: 1.0, 0.5 and 0.1, based on 
the rationale that a family member was more likely to 
be cautious in having contact with an infected person 
who was hospitalised. Hypothesis testing is performed 
only under α = 1. The statistical evidence for human-
to-human transmission is significant for most plausible 
distributions of the incubation and infectious periods 
except when both of them are short or both are long. 
The daily probability of infection by external sources, 
b, is estimable only under the setting of both the incu-
bation and infectious periods being short. In all other 
settings, the maximum likelihood estimate (MLE) of b 
is given by the boundary value 0. As a result, we set  

b = 0 for estimating SAR and R0 in the primary analysis. 
Given α = 1, regardless of the assumption of the natu-
ral history, the estimates for SAR and R0 are generally 
low and stable. Using median incubation and infectious 
periods as the primary setting, we estimate SAR as 
1.4% (95% CI: 0.8 to 2.3) and R0 as 0.08 (95% CI: 0.05 
to 0.13), respectively, i.e. the probability that an H7N9 
case infects another household contact is 0.014, and 
an H7N9 case infects an average of 0.08 other people. 
Lower values of α correspond to slightly higher esti-
mates for SAR and R0, and the estimates appear higher 
with longer infectious periods but are insensitive to the 
incubation period. With α = 0.1 and a long infectious 
period, the estimates reach 2.2% for SAR and 0.12 for 
R0. The interpretation of the estimates for SAR and R0 
under α < 1 is limited to the household setting, i.e. as if 
the infected person will not be hospitalised.

The above results assume the relative contact frequen-
cies in schools and the community are fixed at ρS = 3 
and ρC = 1. A sensitivity analysis for R0 with respect to 
ρS and ρC is shown in Figure 2, where three levels cho-
sen from previous work [22] are considered for each 
parameter. These estimates are not sensitive to ρS, 
but are sensitive to ρC, which is likely due to the fact 
that ρS  is only associated with children and children 
are the least exposed to the environmental reservoir as 
compared with other age groups. Under long incuba-
tion and infectious periods and α = 0.1, ρC = 1.5 could 
yield estimates as high as 0.15 for R0. On the other 
hand, under short incubation and infectious periods,  
α = 1, and ρC = 0.5, the estimate for R0 could be as low 
as 0.05. Overall, R0  is well below one, so that sustained 
person-to-person transmission will not take place.

With limited data about secondary transmission, we 
examine whether the household transmissibility of 
the virus changed between the two waves. In addi-
tion, possible heterogeneity in the risk of infection 
from a human source between the sexes and between 
age groups (adults (18 years or older) versus children 
(under 18 years)) are tested using the logistic regres-
sion in the chain binomial model. The results are sum-
marised in Table 3, suggesting that the estimated odds 
ratios of within-household secondary transmission are 
relatively robust to assumptions about the natural his-
tory of the disease and the relative contact frequency 
in the hospital versus in the household. None of these 
factors have a significant effect on secondary trans-
mission, possibly due to the lack of a sufficient number 
of secondary transmissions. However, males appeared 
to have a somewhat higher risk of infection from a 
human source compared with females, the odds ratio 
being 2.24 (95% CI: 0.69 to 7.26), though not statisti-
cally significant, under a medium length of incubation 
and infectious periods and α = 1. There was no signifi-
cant difference in the risk between adults and children, 
the odds ratio being 0.66 (95% CI: 0.20 to 2.19). The 
odds ratio between the second and the first waves was 
1.3 (95% CI: 0.4 to 4.27), suggesting the virus did not 
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gain much human-to-human transmissibility between 
the two waves.

Two of the families in the second wave may have had 
multiple index cases, since symptom onsets in the first 
and second cases were only two days apart, and both 
cases were believed to have had exposure to live poul-
try. A sensitivity analysis was performed assuming the 
first two cases in each of these two families were both 
index cases. This assumption of multiple index cases 
removes the short serial intervals, leading to a longer 

mean serial interval of 8.4 days (95% CI: 6.8 to 9.6). 
In the setting of medium-length incubation and infec-
tious periods and α=1, estimates for the SAR and R0 
are slightly lowered, to 1.2% (95% CI: 0.68 to 2.1) and 
0.067 (95% CI: 0.038 to 0.12), respectively. The differ-
ences in transmissibility between waves and in the risk 
of infection between adults and children further dimin-
ish with the odds ratios, to 1.0 (95% CI: 0.29 to 3.48) 
and 0.93 (95% CI: 0.25 to 3.51), respectively.

Figure 2
Stratified estimates of basic reproductive number based on household clusters of avian influenza A(H7N9) cases in humans, 
China, February–May 2013 (113 households, 118 cases) and October 2013–March 2014 (181 households, 190 cases) 
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Thus far, we have assumed b = 0 , i.e. all secondary 
cases were infected by the index cases. To assess how 
sensitive the estimates of SAR and R0 are to the value of 
b and to allow for the possibility of imported cases dur-
ing each household outbreak, another set of analyses 
were conducted with b = 9.67 × 10−5, the only non-zero 
MLE obtained when both the incubation and infec-
tious periods are short. As expected, the estimates 
of both the SAR and R0 are slightly lowered (Table 4). 
The ranges of the point estimates are 1.1–2.0% for the 
SAR and 0.06–0.11 for R0, compared with 1.3–2.2% and 
0.07–0.12, respectively, when b = 0. Large values for b 
would further reduce the estimates of SAR and R0 but 

may not be reasonable assumptions as b is generally 
much smaller than p and the estimates of p in our anal-
yses are at the 10−3 scale.

Discussion
We found statistical evidence of human-to-human 
transmission of the avian influenza A (H7N9) virus, but 
it is clear that such transmission is not sustainable. 
Our estimate of the household SAR is below 2%, and 
the estimate of R0 = 0.08 is way below the threshold 
1. In contrast, for seasonal human influenza, the esti-
mates for the household SAR mostly range from 10% 
to 30% [22], and the R0 estimates vary from 1.1 to 1.6 

Table 3
Estimates of odds ratios of within-household secondary transmission with regard to the wave indicator (second wave to first 
wave), sex (men to women) and age group (adults to children)a based on household clusters of avian influenza A(H7N9) 
cases in humans, China, February–May 2013 (113 households, 118 cases) and October 2013–March 2014 (181 households, 
190 cases) 

Incubation
period

Infectious
period Value

Relative contact frequency within hospital vs within household, α
1.0 0.5 0.1

Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

Short

Short
Wave 1.56 (0.45 to 5.39) 1.57 (0.46 to 5.39) 1.57 (0.46 to 5.39)
Sex 2.65 (0.78 to 9.0) 2.63 (0.78 to 8.89) 2.60 (0.77 to 8.80)
Age 0.51 (0.15 to 1.74) 0.49 (0.15 to 1.69) 0.48 (0.14 to 1.65)

Medium
Wave 1.30 (0.40 to 4.27) 1.31 (0.40 to 4.27) 1.31 (0.40 to 4.26)
Sex 2.24 (0.69 to 7.24) 2.21 (0.69 to 7.12) 2.18 (0.68 to 7.0)
Age 0.66 (0.20 to 2.18) 0.64 (0.19 to 2.10) 0.62 (0.19 to 2.01)

Long
Wave 1.30 (0.40 to 4.26) 1.30 (0.40 to 4.25) 1.31 (0.40 to 4.23)
Sex 2.23 (0.69 to 7.20) 2.20 (0.68 to 7.07) 2.17 (0.68 to 6.92)
Age 0.66 (0.20 to 2.17) 0.64 (0.19 to 2.08) 0.61 (0.19 to 1.98)

Medium

Short
Wave 1.30 (0.40 to 4.29) 1.31 (0.40 to 4.31) 1.32 (0.40 to 4.32)
Sex 2.25 (0.69 to 7.29) 2.23 (0.69 to 7.21) 2.21 (0.68 to 7.15)
Age 0.66 (0.20 to 2.20) 0.64 (0.20 to 2.13) 0.63 (0.19 to 2.07)

Medium
Wave 1.30 (0.40 to 4.27) 1.31 (0.40 to 4.27) 1.31 (0.40 to 4.26)
Sex 2.24 (0.69 to 7.26) 2.22 (0.69 to 7.14) 2.19 (0.68 to 7.02)
Age 0.66 (0.20 to 2.19) 0.64 (0.19 to 2.10) 0.62 (0.19 to 2.01)

Long
Wave 1.30 (0.40 to 4.26) 1.30 (0.40 to 4.25) 1.30 (0.40 to 4.23)
Sex 2.23 (0.69 to 7.22) 2.21 (0.69 to 7.09) 2.17 (0.68 to 6.94)
Age 0.66 (0.20 to 2.17) 0.64 (0.19 to  2.08) 0.61 (0.19 to 1.98)

Long

Short
Wave 1.30 (0.40 to 4.29) 1.31 (0.40 to 4.30) 1.32 (0.40 to 4.31)
Sex 2.26 (0.70 to 7.32) 2.24 (0.69 to 7.24) 2.22 (0.69 to 7.18)
Age 0.66 (0.20 to 2.20) 0.65 (0.20 to 2.13) 0.63 (0.19 to 2.07)

Medium
Wave 1.30 (0.39 to 4.27) 1.30 (0.40 to 4.26) 1.31 (0.40 to 4.25)
Sex 2.25 (0.69 to 7.29) 2.22 (0.69 to 7.16) 2.19 (0.68 to 7.04)
Age 0.66 (0.20 to 2.19) 0.64 (0.19 to 2.10) 0.62 (0.19 to 2.01)

Long
Wave 1.30 (0.40 to 4.26) 1.30 (0.40 to 4.24) 1.30 (0.40 to 4.22)
Sex 2.24 (0.69 to 7.24) 2.21 (0.69 to 7.11) 2.18 (0.68 to 6.96)
Age 0.66 (0.20 to 2.17) 0.64 (0.19 to 2.09) 0.61 (0.19 to 1.98)

CI: confidence interval.

Results are based on the assumption that the daily probability of infection by external sources (b) = 0 (i.e. ignoring poultry-to-human 
transmission) and stratified by distributions of the incubation and infectious periods (duration settings are given in Table 1) and the relative 
contact frequency between a case and their household members within a hospital compared with within the household.

a Adults: 18 years or older; children: under 18 years.
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[31]. For past pandemic influenza strains, R0  estimates 
are somewhat higher, e.g. from 1.3 to 1.7 for A(H1N1)
pdm09, 1.5 to 1.8 for H2N2 and H3N2 in the late 1950s 
and 60s, and 1.8 to 2.4 for H1N1 in 1918 [22,32]. Our R0  
estimate for H7N9 is similar to a previous estimate of 
0.10 [19]. However, our estimate is based on compre-
hensive household data covering two epidemic waves 
and partially accounts for heterogeneity in clustering 
pattern across age groups, whereas the previous esti-
mate was made using only data from the first wave 
under the simplified but unrealistic assumption of ran-
dom mixing of the whole population. Our estimate is 
relatively robust to uncertainty in the natural history 
of the disease but is somewhat sensitive to the rela-
tive transmission intensity in the community at large. 
Obtained via a Bayesian approach, the previous esti-
mate had a credible interval of 0.01 to 0.49, much 
wider than our CIs, even with the uncertainty in ρC and 
ρS factored in, and was sensitive to the prior distribu-
tion of R0. In addition, we provide the first estimate for 
the household SAR, which could be useful in future 
simulation studies involving household transmission.

In the resampling-based testing of p = 0, we implicitly 
assume that b is constant over time. This assumption 

is unlikely to be true, as the exposure to zoonotic 
infection was substantially reduced when live poultry 
markets were closed in heavily affected areas from mid-
April to June in 2013 and from late January to February 
in 2014 to control the spread [33]. Due to the difficulty 
of the resampling-based test in handling covariates, 
we used an asymptotic test [34] to address this issue. 
The effect of market closure on b has to be assumed 
known to implement this test, and we explored three 
values for the odds ratio (1.0, 0.5 and 0.1) for market 
closure versus without closure. The value of 0.1, or 
90% reduction, is close to previous estimates [33]. The 
p values are all less than 0.001, consistent with the sta-
tistical significance of human-to-human transmission. 
However, the significance level should not be over-
interpreted, as the asymptotic test may not be suitable 
for sparse data [29].

We did not find statistical evidence for sex or age dif-
ferences in the risk of human-to-human transmission, 
which could be due to the lack of power to detect such 
differences. Higher risk of poultry-to-human transmis-
sion in males was previously noticed during the first 
wave [6] and was also reflected in the male-to-female 
ratio of index case numbers in our household data: 

Table 4
Estimates of secondary attack rate and basic reproductive number based on household clusters of avian H7N9 cases in 
humans, taking into account the probability of infection by external sources, China, February–May 2013 (113 households, 
118 cases) and October 2013–March 2014 (181 households, 190 cases)

Incubation
period

Infectious
period Value

Relative contact frequency within hospital vs within household, α
1.0 0.5 0.1

Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

Short

Short
SAR 1.1% (0.58 to 2.0) 1.1% (0.61 to 2.1) 1.2% (0.60 to 2.2)

R0 0.061 (0.033 to 0.11) 0.064 (0.034 to 0.12) 0.065 (0.034 to 0.12)

Medium
SAR 1.3% (0.71 to 2.2) 1.4% (0.79 to 2.5) 1.5% (0.79 to 2.7)
R0 0.070 (0.040 to 0.12) 0.079 (0.044 to 0.14) 0.082 (0.044 to 0.15)

Long
SAR 1.3% (0.74 to 2.3) 1.6% (0.90 to 2.8) 1.9% (1.0 to 3.4)
R0 0.073 (0.041 to 0.13) 0.090 (0.051 to 0.16) 0.10 (0.056 to 0.19)

Medium

Short
SAR 1.2% (0.69 to 2.2) 1.3% (0.72 to 2.3) 1.3% (0.75 to 2.4)
R0 0.069 (0.038 to 0.12) 0.072 (0.040 to 0.13) 0.075 (0.042 to 0.14)

Medium
SAR 1.3% (0.73 to 2.2) 1.5% (0.83 to 2.6) 1.6% (0.90 to 2.9)
R0 0.072 (0.041 to 0.13) 0.082 (0.046 to 0.15) 0.090 (0.051 to 0.16)

Long
SAR 1.3% (0.72 to 2.3) 1.6% (0.90 to 2.8) 2.0% (1.1 to 3.5)
R0 0.072 (0.040 to 0.13) 0.090 (0.051 to 0.16) 0.11 (0.061 to 0.20)

Long

Short
SAR 1.3% (0.75 to 2.3) 1.4% (0.80 to 2.4) 1.5% (0.84 to 2.5)
R0 0.073 (0.042 to 0.13) 0.078 (0.045 to 0.14) 0.082 (0.047 to 0.14)

Medium
SAR 1.3% (0.73 to 2.3) 1.5% (0.85 to 2.6) 1.7% (0.97 to 3.0)
R0 0.072 (0.041 to 0.13) 0.084 (0.048 to 0.15) 0.095 (0.054 to 0.17)

Long
SAR 1.3% (0.72 to 2.3) 1.6% (0.92 to 2.8) 2.0% (1.2 to 3.5)
R0 0.072 (0.040 to 0.13) 0.091 (0.051 to 0.16) 0.11 (0.065 to 0.20)

CI: confidence interval; R0: basic reproductive number; SAR: secondary attack rate. 

Results are based on the assumption that the daily probability of infection by external sources (b) = 9.67 × 10−5  and are stratified by the 
duration of the incubation and infectious periods (duration settings are given in Table 1) and the relative contact frequency between a case 
and their household members within a hospital compared with within the household (α). Relative contact frequencies in schools and the 
community are set respectively to ρS = 3 and ρC  = 1. 
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88/37 during the first wave and 124/65 during the sec-
ond. One hypothesis for such a difference between the 
sexes is that in the Yangtze River Delta, in particular 
Shanghai, where the first wave originated from, old 
men more frequently visit live poultry markets than 
women. In our analysis, male household contacts 
appeared to have a somewhat higher risk of infection 
than female contacts. If this sex difference was true, it 
might imply that the majority of non-index cases were 
infected by zoonotic rather than human sources. On 
the other hand, if there were truly no age difference, 
it implies that most non-index household cases were 
infected by human sources, or otherwise more adult 
non-index cases would have been observed in house-
holds, because adults were believed to be more prone 
to infection by poultry due to increased exposure 
[6,30]. The lack of age difference in human-to-human 
transmission is also consistent with the fact that most 
people were naive to this novel virus [35]. More house-
hold data in future outbreaks should be collected to 
re-examine the sex and age effects on the human-to-
human transmissibility of the virus.

Our analysis could be improved if we had genetic 
sequences and/or exposure and contact tracing infor-
mation to help narrow the source of infection. Genetic 
linkage has been established in a couple of house-
holds included in our data [15-17]. However, similar viral 
genetic sequences do not necessarily imply human-
to-human transmission, as the same virus could have 
been contracted from the same animal source. On the 
other hand, a certain level of heterogeneity in genetic 
sequences would imply impossible direct transmission 
pairs. Exposure and contact tracing information was 
obtained for some but not all cases in our study, but 
such data lack details and are subject to recall bias. 
Moreover, simultaneous testing of both human cases 
and possible animal sources would be helpful, but it is 
often difficult to trace the animal source, e.g. poultry 
purchased as food, or to coordinate between admin-
istrative units in charge of human health and those 
responsible for animal surveillance.

The human-to-human transmissibility of H7N9 
remained not only limited but also temporally stable. 
We observed only a minor increase in the SAR estimates 
between the two successive waves, which is likely just 
a stochastic effect. However, some recent studies sug-
gested genetic changes in the RNA segments of NS, NP 
and PB of the viral samples in Guangdong Province of 
southern China during the second wave as compared 
with sequences in eastern and central China from the 
first wave [36]. In addition, these segments are similar 
to the influenza A(H9N2) viruses circulating in the same 
province, giving rise to concern about reassortment 
of H7N9 with viruses that could lead to more efficient 
human-to-human transmission. Therefore, the efforts 
on collecting and analysing household transmission 
data should be continued in addition to the routine 
surveillance and contact tracing. Should human H7N9 
transmissibility increase to the level of that of seasonal 

human influenza, it would be very important to deploy 
antivirals agents and vaccines in areas where human 
cases are occurring. Human H7N9-inactivated vaccines 
are being developed by government agencies and pri-
vate pharmaceutical companies [37]. These vaccines 
are currently in phase I and II safety and immunogenic-
ity trials. The use of antiviral agents and vaccines 
needs to be incorporated into a comprehensive pro-
gramme for the assessment of transmissibility and 
intervention effectiveness.

Acknowledgements
YY, EK, DC, IL and MH were partially supported by the 
National Institute of General Medical Sciences MIDAS grant 
U54-GM111274; YY, IL and MH were also partially supported 
by the National Institute of Allergy and Infectious Diseases 
(NIAID) grant R37-AI032042. EK was also supported by NIAID 
grant K99/R00 AI095302. ZF and WC were partially support-
ed by the Ministry of Science and Technology of China grant 
KJYJ-2013-01-02.

Conflict of interest
None declared.

Authors’ contributions
Yang Yang, Ira Longini, Zijian Feng and Wuchun Chao con-
ceived the study and evaluated study results. Yang Yang, 
Liqun Fang, and Ira Longini designed analysis plan. Zijian 
Feng, Yanping Zhang, Enfu Chen, Jiayu Hu and Fenyang Tang 
collected data. Liqun Fang and Maijuan Ma provided further 
data support and verification. Yang Yang conducted data 
analysis. M. Elizabeth Halloran, Song Liang, Tom Britton and 
Eben Kenah evaluated study results. Yang Yang drafted the 
manuscript. Yang Yang, Ira Longini, Elizabeth Halloran, Zijian 
Feng, Wuchun Chao and Song Liang contributed to the final 
version. Ira Longini, Zijian Feng and Wuchun Cao share equal 
senior responsibility. 

References
1. Lam TTY, Wang J, Shen Y, Zhou B, Duan L, Cheung C-L, et al. 

The genesis and source of the H7N9 influenza viruses causing 
human infections in China. Nature. 2013;502(7470):241-4. 
http://dx.doi.org/10.1038/nature12515 PMID:23965623

2. Liu D, Shi W, Shi Y, Wang D, Xiao H, Li W, et al. Origin and 
diversity of novel avian influenza A H7N9 viruses causing 
human infection: phylogenetic, structural, and coalescent 
analyses. Lancet. 2013;381(9881):1926-32. http://dx.doi.
org/10.1016/S0140-6736(13)60938-1 PMID:23643111

3. Xiong X, Martin SR, Haire LF, Wharton SA, Daniels RS, Bennett 
MS, et al. Receptor binding by an H7N9 influenza virus 
from humans. Nature. 2013;499(7459):496-9. http://dx.doi.
org/10.1038/nature12372 PMID:23787694

4. Belser JA, Gustin KM, Pearce MB, Maines TR, Zeng H, Pappas 
C, et al. Pathogenesis and transmission of avian influenza A 
(H7N9) virus in ferrets and mice. Nature. 2013;501(7468):556-9. 
http://dx.doi.org/10.1038/nature12391 PMID:23842497

5. Richard M, Schrauwen EJA, de Graaf M, Bestebroer TM, 
Spronken MIJ, van Boheemen S, et al. Limited airborne 
transmission of H7N9 influenza A virus between ferrets. 
Nature. 2013;501(7468):560-3. http://dx.doi.org/10.1038/
nature12476 PMID:23925116

6. Cowling BJ, Jin L, Lau EHY, Liao Q, Wu P, Jiang H, et al. 
Comparative epidemiology of human infections with avian 
influenza A H7N9 and H5N1 viruses in China: a population-
based study of laboratory-confirmed cases. Lancet. 
2013;382(9887):129-37. http://dx.doi.org/10.1016/S0140-
6736(13)61171-X PMID:23803488



22 www.eurosurveillance.org

7. Yu H, Cowling BJ, Feng L, Lau EHY, Liao Q, Tsang TK, et al. 
Human infection with avian influenza A H7N9 virus: an 
assessment of clinical severity. Lancet. 2013;382(9887):138-
45. http://dx.doi.org/10.1016/S0140-6736(13)61207-6 
PMID:23803487

8. Gao HN, Lu HZ, Cao B, Du B, Shang H, Gan JH, et al. Clinical 
findings in 111 cases of influenza A (H7N9) virus infection. N 
Engl J Med. 2013;368(24):2277-85. http://dx.doi.org/10.1056/
NEJMoa1305584 PMID:23697469

9. Dudley JP, Mackay IM. Age-specific and sex-specific morbidity 
and mortality from avian influenza A(H7N9). J Clin Virol. 
2013;58(3):568-70. http://dx.doi.org/10.1016/j.jcv.2013.09.004 
PMID:24091087

10. Hope-Simpson RE. The role of season in the epidemiology 
of influenza. J Hyg (Lond). 1981;86(1):35-47. http://dx.doi.
org/10.1017/S0022172400068728 PMID:7462597

11. Hampson AW. Epidemiological data on influenza in Asian 
countries. Vaccine. 1999;17(Suppl 1):S19-23. http://dx.doi.
org/10.1016/S0264-410X(99)00100-0 PMID:10471175

12. Chen E, Chen Y, Fu L, Chen Z, Gong Z, Mao H, et al. Human 
infection with avian influenza A(H7N9) virus re-emerges 
in China in winter 2013. Euro Surveill. 2013;18(43):20616. 
http://dx.doi.org/10.2807/1560-7917.ES2013.18.43.20616 
PMID:24176616

13. Sutton TC, Finch C, Shao H, Angel M, Chen H, Capua I, et al. 
Airborne transmission of highly pathogenic H7N1 influenza 
virus in ferrets. J Virol. 2014;88(12):6623-35. PMID:24696487

14. Halloran ME, Ferguson NM, Eubank S, Longini IM Jr, Cummings 
DA, Lewis B, et al. Modeling targeted layered containment of 
an influenza pandemic in the United States. Proc Natl Acad 
Sci USA. 2008;105(12):4639-44. http://dx.doi.org/10.1073/
pnas.0706849105 PMID:1833243

15. Qi X, Qian YH, Bao CJ, Guo XL, Cui LB, Tang FY, et al. Probable 
person to person transmission of novel avian influenza 
A (H7N9) virus in Eastern China, 2013: epidemiological 
investigation. BMJ. 2013;347:f4752. http://dx.doi.org/10.1136/
bmj.f4752 PMID:23920350

16. Hu J, Zhu Y, Zhao B, Li J, Liu L, Gu K, et al. Limited human-
to-human transmission of avian influenza A(H7N9) virus, 
Shanghai, China, March to April 2013. Euro Surveill. 
2014;19(25):20838. http://dx.doi.org/10.2807/1560-7917.
ES2014.19.25.20838 PMID:24993556

17. Xiao XC, Li KB, Chen ZQ, Di B, Yang ZC, Yuan J, et al. 
Transmission of avian influenza A(H7N9) virus from father 
to child: a report of limited person-to-person transmission, 
Guangzhou, China, January 2014. Euro Surveill. 2014;19(25). 
pii: 20837. http://dx.doi.org/10.2807/1560-7917.
ES2014.19.25.20837 PMID:24993555

18. Li Q, Zhou L, Zhou M, Chen Z, Li F, Wu H, et al. Epidemiology of 
human infections with avian influenza A(H7N9) virus in China. 
N Engl J Med. 2014;370(6):520-32. http://dx.doi.org/10.1056/
NEJMoa1304617 PMID:23614499

19. Chowell G, Simonsen L, Towers S, Miller MA, Viboud C. 
Transmission potential of influenza A/H7N9, February to 
May 2013, China. BMC Med. 2013;11(1):214. http://dx.doi.
org/10.1186/1741-7015-11-214 PMID:24083506

20. Chen Y, Liang W, Yang S, Wu N, Gao H, Sheng J, et al. Human 
infections with the emerging avian influenza A H7N9 virus from 
wet market poultry: clinical analysis and characterisation of 
viral genome. Lancet. 2013;381(9881):1916-25. http://dx.doi.
org/10.1016/S0140-6736(13)60903-4 PMID:23623390

21. Huang Y, Xu K, Ren DF, Ai J, Ji H, Ge AH, et al. Probably longer 
incubation period for human infection with avian influenza 
A (H7N9) virus in Jiangsu province, China, 2013. Epidemiol 
Infect. 2014;142(12):2647-53. http://dx.doi.org/10.1017/
S0950268814000272

22. Yang Y, Sugimoto JD, Halloran ME, Basta NE, Chao DL, Matrajt 
L, et al. The transmissibility and control of pandemic influenza 
A (H1N1) virus. Science. 2009;326(5953):729-33. http://dx.doi.
org/10.1126/science.1177373 PMID:19745114

23. Clinical signs and symptoms of influenza. http://www.cdc.
gov/flu/professionals/acip/clinical.htm; last accessed on 
8/15/2014.</eref>

24. <jrn>24. Murphy BR, Rennels MB, Douglas RG Jr, Betts RF, 
Couch RB, Cate TR Jr, et al. Evaluation of influenza A/Hong 
Kong/123/77 (H1N1) ts-1A2 and cold-adapted recombinant 
viruses in seronegative adult volunteers. Infect Immun. 
1980;29(2):348-55. PMID:7216417

25. To KK, Chan KH, Li IW, Tsang TY, Tse H, Chan JF, et al. Viral 
load in patients infected with pandemic H1N1 2009 influenza 
A virus. J Med Virol. 2010;82(1):1-7. http://dx.doi.org/10.1002/
jmv.21664 PMID:19950247

26. Li IW, Hung IF, To KK, Chan KH, Wong SS, Chan JF, et al. The 
natural viral load profile of patients with pandemic 2009 
influenza A(H1N1) and the effect of oseltamivir treatment. 

Chest. 2010;137(4):759-68. http://dx.doi.org/10.1378/
chest.09-3072 PMID:20061398

27. Mok CKP, Lee HHY, Chan MCW, Sia SF, Lestra M, Nicholls JM, et 
al. Pathogenicity of the novel A/H7N9 influenza virus in mice. 
MBio. 2013;4(4). pii: e00362-13. http://dx.doi.org/10.1128/
mBio.00362-13 PMID:23820393

28. Yang Y, Longini IM Jr, Halloran ME. Design and evaluation of 
prophylactic interventions using infectious disease incidence 
data from close contact groups. J R Stat Soc Ser C Appl 
Stat. 2006;55(3):317-30. http://dx.doi.org/10.1111/j.1467-
9876.2006.00539.x PMID:22457545

29. Yang Y, Longini IM, Halloran ME. A resampling-based test to 
detect person-to-person transmission of infectious disease. 
Ann Appl Stat. 2007;1(1):211-28. http://dx.doi.org/10.1214/07-
AOAS105 PMID:19436773

30. Liao Q, Lam WT, Leung GM, Jiang C, Fielding R. Live poultry 
exposure, Guangzhou, China, 2006. Epidemics. 2009;1(4):207-
12. http://dx.doi.org/10.1016/j.epidem.2009.09.002 
PMID:21352767

31. Basta NE, Halloran ME, Matrajt L, Longini IM Jr. Estimating 
influenza vaccine efficacy from challenge and community-
based study data. Am J Epidemiol. 2008;168(12):1343-52. 
http://dx.doi.org/10.1093/aje/kwn259 PMID:18974084

32. Mills CE, Robins JM, Lipsitch M. Transmissibility of 1918 
pandemic influenza. Nature. 2004;432(7019):904-6. http://
dx.doi.org/10.1038/nature03063 PMID:15602562

33. Yu H, Wu JT, Cowling BJ, Liao Q, Fang VJ, Zhou S, et al. 
Effect of closure of live poultry markets on poultry-to-
person transmission of avian influenza A H7N9 virus: an 
ecological study. Lancet. 2014;383(9916):541-8. http://dx.doi.
org/10.1016/S0140-6736(13)61904-2 PMID:24183056

34. Self SG, Liang KY. Asymptotic properties of maximum 
likelihood estimators and likelihood ratio tests under 
nonstandard conditions. J Am Stat Assoc. 1987;82(398):605-10. 
http://dx.doi.org/10.1080/01621459.1987.10478472

35. Bai T, Zhou J, Shu Y. Serologic study for influenza A 
(H7N9) among high-risk groups in China. N Engl J Med. 
2013;368(24):2339-40. http://dx.doi.org/10.1056/
NEJMc1305865 PMID:23718151

36. Lu J, Wu J, Guan D, Yi L, Zeng X, Zou L, et al. Genetic changes of 
reemerged influenza A(H7N9) viruses, China. Emerg Infect Dis. 
2014;20(9):1582-3. http://dx.doi.org/10.3201/eid2009.140250 
PMID:25153821

37. National Institutes of Health (NIH). NIH begins testing H7N9 
avian influenza vaccine candidate. Bethesda, MD; 18 Sep 2013. 
[Accessed 31 Dec 2014]. Available from: http://www.nih.gov/
news/health/sep2013/niaid-18.htm



23www.eurosurveillance.org

Surveillance and outbreak reports

Emergence and spread of predominantly community-
onset Clostridium difficile PCR ribotype 244 infection in 
Australia, 2010 to 2012

D W Eyre (david.eyre@ndm.ox.ac.uk)1,2,3, L Tracey3,4, B Elliott5, C Slimings4, P G Huntington6, R L Stuart7, T M Korman7, G Kotsiou6, 
R McCann4, D Griffiths1, W N Fawley8, P Armstrong4, K E Dingle1, A S Walker1,2, T E Peto1,2, D W Crook1,2, M H Wilcox8, T V Riley5,9

1. Nuffield Department of Clinical Medicine, University of Oxford, John Radcliffe Hospital, Oxford, United Kingdom
2. National Institute for Health Research Oxford Biomedical Research Centre, John Radcliffe Hospital, Oxford, United Kingdom
3. These authors contributed equally to the work
4. Communicable Diseases Control Directorate, Health Department of Western Australia, Shenton Park, Australia
5. Microbiology and Immunology, The University of Western Australia, Nedlands, Australia
6. Microbiology, Pathology North, Royal North Shore Hospital, St Leonards, Australia
7. Monash Infectious Diseases and Monash University, Clayton, Australia
8. Department of Microbiology, Old Medical School, Leeds Teaching Hospitals NHS Trust and University of Leeds, Leeds General 

Infirmary, Leeds, United Kingdom
9. Microbiology and Infectious Diseases, PathWest Laboratory Medicine, Nedlands, Australia

Citation style for this article: 
Eyre DW, Tracey L, Elliott B, Slimings C, Huntington PG, Stuart RL, Korman TM, Kotsiou G, McCann R, Griffiths D, Fawley WN, Armstrong P, Dingle KE, Walker AS, Peto 
TE, Crook DW, Wilcox MH, Riley TV. Emergence and spread of predominantly community-onset Clostridium difficile PCR ribotype 244 infection in Australia, 2010 to 
2012. Euro Surveill. 2015;20(10):pii=21059. Available online: http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=21059 

Article submitted on 18 February 2014 / published on 12 March 2015

We describe an Australia-wide Clostridium difficile 
outbreak in 2011 and 2012 involving the previously 
uncommon ribotype 244. In Western Australia, 14 of 25 
cases were community-associated, 11 were detected 
in patients younger than 65 years, 14 presented to 
emergency/outpatient departments, and 14 to non-
tertiary/community hospitals. Using whole genome 
sequencing, we confirm ribotype 244 is from the 
same C. difficile clade as the epidemic ribotype 027. 
Like ribotype 027, it produces toxins A, B, and binary 
toxin, however it is fluoroquinolone-susceptible and 
thousands of single nucleotide variants distinct from 
ribotype 027. Fifteen outbreak isolates from across 
Australia were sequenced. Despite their geographic 
separation, all were genetically highly related without 
evidence of geographic clustering, consistent with a 
point source, for example affecting the national food 
chain. Comparison with reference laboratory strains 
revealed the outbreak clone shared a common ances-
tor with isolates from the United States and United 
Kingdom (UK). A strain obtained in the UK was phy-
logenetically related to our outbreak. Follow-up of 
that case revealed the patient had recently returned 
from Australia. Our data demonstrate new C. difficile 
strains are an on-going threat, with potential for rapid 
spread. Active surveillance is needed to identify and 
control emerging lineages.

Introduction
Clostridium difficile is the most common cause of 
infectious diarrhoea in hospitalised patients [1], in 
the United States (US) costing more than USD 3 bil-
lion (EUR 2.8 billion) annually [2]. Infection occurs 
following ingestion of C. difficile. Exposure to agents 

that alter the gut microflora, often antibiotics, [3] is 
normally required, but about half of the cases with 
community-onset C. difficile infection (CDI) may not 
have received recent antibiotics [4]. Since 2003, rates 
of healthcare-related CDI have escalated worldwide, 
with a new hyper-virulent strain of C. difficile (PCR 
ribotype 027) responsible for outbreaks of severe dis-
ease in North America and Europe [5]. Following the 
first detection of ribotype 027 in Australia in 2008 [6], 
there have been two known clusters of ribotype 027 
infection that occurred in Melbourne and Sydney in 
2010 [7]. However, the strain has not become endemic 
in Australia; it is unclear whether this is because of 
early recognition and subsequent prevention of large 
scale spread and/or because of relatively conservative 
antimicrobial prescribing policies, for example low use 
of fluoroquinolones to which ribotype 027 is resistant 
[5,8]. Rates of community-associated CDI have also 
increased in North America and Europe [9,10] and com-
munity-associated CDI is estimated to be responsible 
for more than one third of all CDI cases. Patients with 
community-associated CDI tend to be younger, less 
likely to have been exposed to antibiotics, and have 
fewer co-morbidities than patients with healthcare-
acquired infection [11].

Australian States and Territories currently operate 
separate, primarily hospital-based, mandatory sur-
veillance for CDI as part of hospital accreditation. All 
Australian states have seen a significant increase 
in hospital-identified CDI incidence since mid-2011, 
which is unlikely to be completely explained by recent 
changes to more sensitive molecular diagnostic meth-
ods or increased awareness of CDI and testing. The 
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proportion of recent CDI cases defined as community-
associated has also increased throughout Australia 
[12]. A recent report on CDI in Tasmania concluded that 
the observed increase in CDI was most likely due to 
acquisition in the community [13].

In October and November 2011, a large cluster of an 
apparently new (to Australia) ribotype was identified 
by a reference laboratory in Western Australia (WA) 
in isolates from New South Wales (NSW). At about the 
same time, reports emerged from Victoria of cases of 
CDI initially identified as putative ribotype 027 with 
the GeneXpert system (Cepheid, Sunnyvale, CA), but 
actually matching the NSW ribotype [14]. Subsequent 
interrogation of the WA laboratory database identified 
further CDIs due to the same ribotype (eventually iden-
tified as ribotype 244).

Investigation of the 12 ribotype 244 cases in Victoria, 
demonstrated that the strain was associated with more 
severe disease, 58% had severe disease compared to 
25% of cases with non-ribotype 244, non-ribotype-027 
strains, and increased mortality, 42% 30-day mortality 
vs 0% [14]. Whole genome sequencing of one of the 12 
ribotype 244 isolates showed it to be from the same 
clade as ribotype 027, but genetically distinct from 
ribotype 027 [14]. Ribotype 244 cases have also been 
identified in New Zealand: In a case–control study, 10 
ribotype 244 CDI cases were more likely to develop 
severe colitis than 20 age- and sex-matched controls 
with CDI with other ribotypes [15].

In this report, we describe the secular trends in the 
prevalence of hospital-identified CDI in WA from 2010 
to 2012, and in particular CDI due to ribotype 244. We 
use whole genome sequencing of ribotype 244 isolates 
recovered in WA and two other states to investigate 
strain clonality. Lastly, we report international spread 
of this ribotype.

Methods

Epidemiology
CDI incidence data were obtained from the WA hospi-
tal CDI surveillance programme from January 2010 to 
December 2012 inclusive. In WA, surveillance for CDI 
has been mandatory since January 2010 for all public 
metropolitan, regional and integrated district hospi-
tals, and private hospitals funded to provide care to 
public patients. These hospitals were also encouraged 
to submit all C. difficile-positive faecal samples for PCR 
ribotyping from January 2010 onwards, with increasing 
numbers participating during 2010 and 2011, such that 
all hospitals were providing samples by October 2011.

A CDI case was defined as a case of diarrhoea, i.e. 
unformed stool taking the shape of its container, meet-
ing the following criteria: the stool sample yielded a 
positive result in a laboratory assay for C. difficile toxin 
A and/or B, or a toxin-producing strain of C. difficile 
was detected in the stool sample by culture or other 

means. Cases were only included once in an eight-
week period; repeat samples from the same patient 
after eight weeks were considered a new infection. 
Patients younger than two years were excluded.

CDI was reported from patients attending any area of 
a hospital, i.e. all inpatient wards and units (including 
psychiatric, rehabilitation and aged care admissions) 
and emergency and outpatient departments (including 
haemodialysis and day surgery units); as such, report-
ing reflected the total burden of CDI on a hospital and 
sampled the surrounding community, as the reported 
cases included disease with both healthcare- and com-
munity onset. Data on recent healthcare facility expo-
sure were available on cases identified at metropolitan 
hospitals (accounting for the majority of cases), allow-
ing these CDI cases to be classified according to the 
place of probable exposure as described by Kuijper et 
al. [16] and recent US guidelines [17]: CDI was classified 
by location of onset, as healthcare facility (HCF) onset 
or as community-onset, and by the timing relative to 
any previous healthcare exposure. CDI onset more 
than 48 hours after HCF admission and within four 
weeks of discharge was denoted HCF-associated, 
onset between four and 12 weeks post-discharge was 
denoted indeterminate/unknown (whether community-
onset or HCF-onset), and onset more than 12 weeks 
following last HCF exposure was denoted community-
associated. HCF-associated CDI rates are reported per 
10,000 bed-days. As identified community-associated 
cases were only a subset of all community-associated 
cases (cases presenting to primary care facilities and 
smaller hospitals were not included), simple counts 
of community-associated cases per quarter are pre-
sented. Severe CDI was defined as an episode of CDI 
with one or more signs of severe colitis [18].

PCR ribotyping and toxin gene profiling
Crude bacterial template DNA for toxin profiling was 
prepared by resuspension of cells in a 5% (wt/vol) 
solution of Chelex-100 resin (Sigma-Aldrich, Castle 
Hill, NSW, Australia). All isolates were screened by 
PCR for the presence of the toxin A (tcdA) and toxin B 
(tcdB) genes [19] and the binary toxin (cdtA and cdtB) 
genes [20], and for changes in the repeating region of 
tcdA [21]. PCR ribotyping was performed as previously 
described [22]. PCR ribotyping banding patterns were 
identified by comparison with a reference library con-
sisting of reference strains from the European Centre 
for Disease Prevention and Control (ECDC)-Brazier 
collection [23], a collection of the most prevalent PCR 
ribotypes currently circulating in Australia (B. Elliott, 
unpublished data), and a selection of binary toxin-
positive strains. Ribotyping results were confirmed 
by the Reference Laboratory of the Clostridium diffi-
cile Ribotyping Network (CDRN) for England in Leeds, 
United Kingdom (UK). Antimicrobial susceptibility test-
ing and breakpoints for metronidazole, vancomycin, 
clindamycin and moxifloxacin were determined by 
Clinical and Laboratory Standards Institute agar dilu-
tion [24].



25www.eurosurveillance.org

Whole genome sequencing
Fifteen ribotype 244 isolates obtained between 16 July 
2011 and 18 January 2012 and submitted to PathWest 
for ribotyping at the time of the study were selected 
for whole genome sequencing (WGS): seven samples 
from Victoria, four from NSW and four from WA. All four 
ribotype 244 strains held by the UK-based CDRN refer-
ence laboratory (three North American isolates (from 
New Jersey, 2004; Indiana, 2011; 2007) and a recent 
UK clinical isolate from November 2011) were also 
sequenced. Following subculture of a single colony on 
Columbia blood agar for 48 h, DNA was extracted using 
a commercial kit (QIAamp, Qiagen, Hilden, Germany). 
A combination of standard Illumina and adapted pro-
tocols was used to produce multiplexed paired-end 
libraries. Pools of eight samples were sequenced at 
the Wellcome Trust Centre for Human Genetics, Oxford, 
UK, on the Illumina MiSeq platform (Illumina Inc., San 
Diego, CA), generating 150 bp paired-end reads. The 
sequences reported in this paper have been deposited 
in the National Center for Biotechnology Information 
Sequence Read Archive under BioProject accession 
number PRJNA277962 and are available at http://www.
ncbi.nlm.nih.gov/bioproject/277962.

Sequence reads were analysed and assembled using a 
pipeline developed specifically for bacterial genomes: 
Each isolate was mapped using Stampy v1.0.11 (with-
out Burrows-Wheeler Aligner pre-mapping, using an 
expected substitution rate of 0.01) [25] to the C. difficile 
630 reference genome (GenBank: AM180355.1), CD630 
[26]. Single nucleotide variants (SNVs) were identified 
across all mapped non-repetitive core genome sites 
using the SAMtools (version 0.1.12–10) mpileup com-
mand with the extended base-alignment quality flag, 
after parameter tuning based on bacterial sequences. 
A consensus of at least 75% was required to support a 
SNV, and calls were required to be homozygous under 
a diploid model. Only SNVs supported by at least five 
reads, including one in each direction, were accepted. 
Sequence reads were also assembled de novo using 
Velvet [27], run with the Velvet Optimiser. De novo 
assemblies were used to determine in silico multilocus 
sequence types (MLST).

Sequences from the ribotype 244 isolates were com-
pared with available fully-sequenced reference iso-
lates, with sequences from a reference laboratory 
collection (CDRN), and a collection of clinical isolates 
from Oxfordshire, UK, representing all five C. difficile 
clades [28]. As ribotype 244 has been shown to be 
from Clade 2 [14], we included previously sequenced 
Clade 2 strains from the Oxfordshire clinical collection, 
including example ST1 strains (ribotype 027) and all 
available ST41, ST47, ST67, ST97 and ST114 strains.

Maximum likelihood phylogenetic trees were drawn 
based on variable sites called across all sequences, 
using PhyML [29] with a Hasegawa, Kishino and Yano 
(HKY) substitution model. Ribotype 244 sequences 
were analysed using BEAST 1.7.5 [30] to generate a 

time-scaled phylogenetic tree and estimate the date 
of the most recent common ancestor of the outbreak 
strains. After identifying variable sites between the 
sequences, any variants clustered within 323 sites (the 
mean recombination insert size for Clade 2 isolates in 
a previous analysis [28]) were masked to remove these 
likely recombination events. To reduce the time for 
computation, any uncalled bases at otherwise invari-
ant sites were assumed to be the same as the refer-
ence. We assumed a constant population size and a 
constant molecular clock at a previously estimated rate 
of 3.2 × 10− 7 substitutions per site per year [28]. Data 
from two convergent chains, initiated from different 
starting values, each of 10,000,000 iterations, were 
combined after discarding the first 100,000 iterations 
as burn-in. A HKY substitution model was used with 
empiric base frequencies.

Results

Epidemiology of Clostridium difficile infection 
in Western Australia
During the three years of surveillance from January 
2010 to December 2012 in Western Australia, there 
were a total of 2,061 hospital-identified CDI cases 
with a peak of 294 cases in quarter 1 2012 (Figure 1). 
Of 1,681 cases reported by metropolitan hospitals 
(where data on recent healthcare facility exposure was 
recorded), 1,086 (65%) cases were HCF-associated, 
478 (28%) community-associated and 117 (7%) inde-
terminate/unknown. Overall HCF-associated CDI inci-
dence increased markedly in mid-2011 from 2.5/10,000 
bed-days in the second quarter (April–June) to a peak 
at over 4.5/10,000 bed-days in the first quarter of 2012 
(January–March) before declining over the next two 

Figure 1
Quarterly hospital-identified CDI case numbers by 
hospital type, Western Australia, 2010–2012 (n = 2,061)
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CDI: Clostridium difficile infection.
CDI was reported for patients attending any area of a hospital, 

i.e. all inpatient, emergency and outpatient departments. As 
such, reporting reflected the burden of CDI on a hospital and 
the surrounding community, as the reported cases included 
healthcare and community onset disease.
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quarters, and then increasing again in the last quar-
ter of 2012 (Figure 2). Trends in community-associated 
CDI rates followed the rates of healthcare-associated 
cases closely.

Ribotype 244 epidemiology in Western 
Australia
In WA, between January 2010 and December 2012, 25 
cases of ribotype 244 CDI were identified. During the 
main period of the outbreak, between 17 August 2011 
and 23 April 2012, there were 19 cases of ribotype 244 
CDI, with cases in each month except March. No fur-
ther cases were recorded for over four months, until 
late August 2012, with six additional cases (≥ 1/month) 
up to December 2012 (Figure 3). Before August 2011, 
no ribotype 244 isolate had been obtained from a CDI 
case in WA since ribotyping of cases began as part of 
comprehensive surveillance in January 2010. Only five 
cases were identified in WA in 2013, and no ribotype 
244 cases have been identified in the first five months 
of 2014.

The Table provides a breakdown of the 15 most com-
monly isolated ribotypes in WA in the first year for 
which complete ribotyping data were available from all 
hospitals, October 2011 to September 2012. Although 
ribotype 244 only accounted for 3% of cases, it was the 
ninth most commonly occurring ribotype, which repre-
sents a significant emergence of a novel ribotype.

Of the 25 ribotype 244 cases, 13 were female, 14 were 
65 years or older, 14 presented at hospital emergency 
departments or were outpatients, and 14 presented 
at non-tertiary or community hospitals. Using surveil-
lance definitions, 18 were community-onset (14 were 
community-associated infections and four were both 
community-onset and HCFA), and seven were both 

Figure 2
Quarterly healthcare facility-associated and community-
associated CDI rates in metropolitan hospitals, Western 
Australia, 2010–2012 (n = 1,681)
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CDI: Clostridium difficile infection.
Rates are based on 1,681 (82%) cases identified at metropolitan 

hospitals where data on recent healthcare exposure was 
available. The remaining 380 cases (18% of total 2,061 cases) 
were identified in smaller district and private hospitals where 
data on recent healthcare exposure was incomplete. The bed-
day denominator is based on bed-days in metropolitan hospitals 
only.

Figure 3
Monthly ribotype 244 cases in Western Australia, 2011–
2012 (n = 25)

0

1

2

3

4

5

M
on

th
ly

 re
po

rte
d 

rib
ot

yp
e 

24
4 

ca
se

s

Jan Apr Jul Oct Jan Apr Jul Oct

2011 2012

Table 
Ribotypes causing CDI in Western Australia, October 
2011–September 2012 (n = 657)

Ribotype Number of isolates Prevalence
014/020 group 264 35%
002 84 11%
056 40 5%
054 35 5%
052 32 4%
070 28 4%
015 24 3%
010 21 3%
244 21 3%
046 19 3%
017 19 3%
QX001 18 2%
005 18 2%
064 17 2%
QX077 17 2%
Total 657 88%

CDI: Clostridium difficile infection.
Ribotypes were available for 746 CDI cases. The 15 most common 

ribotypes are shown, accounting for 88% of all ribotyped cases. 
Ribotype 244 accounted for 3% of all cases. QX001 and QX077 
were novel ribotypes.
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HCF-onset and HCF-associated. The median patient 
age was 68 years (interquartile range: 38–88 years). 
In WA between January 2010 and December 2012, the 
proportion of ribotype 244 cases that were community-
associated, 14 of 25 (56%), was significantly greater 
than the proportion of non-ribotype 244 cases with 
available data on healthcare exposure, 464 of 1,656 
(28%, p = 0.006). No ward-based clustering of ribotype 
244 HCF-associated cases was observed. Clinical data 
were available on 15 of the 25 ribotype 244 cases. Six 
cases had severe CDI as defined [18], but there were no 
deaths attributable to CDI.

All ribotype 244 isolates were positive for tcdA, tcdB 
and binary toxin and had a single nt deletion at posi-
tion 117 in tcdC seen in ribotype 027, but had no other 
deletions. All were susceptible to metronidazole, van-
comycin, clindamycin and moxifloxacin, with modal 
minimum inhibitory concentrations of 0.5mg/L, 2mg/L, 
4 mg/L and 2 mg/L, respectively. We determined the 

in silico multilocus sequence type (ST) of the ribotype 
244 strains as ST41.

Ribotype 244 evolution
We investigated the phylogenetic relationship between 
whole genome sequences obtained from 15 Australian 
ribotype 244 outbreak isolates, four ribotype 244 
isolates held by a UK reference laboratory, and exist-
ing sequences obtained from the five major C. dif-
ficile clades (Figure 4). In keeping with a previous 
study showing 10,803 SNVs between ribotype 244 
and ribotype 027 isolates [14], we demonstrate the 
ribotype 244 lineage diverged relatively early from 
other Clade 2 lineages. It only shares a relatively 
ancient common ancestor with ST1 (ribotype 027). For 
example, we observed 12,026 SNVs between CD196 
(a published ribotype 027 reference) and outbreak 
strain MDU-064e. The observed SNVs differ from the 
earlier comparison by Lim et al. because of the dif-
ferent ribotype 027 strains studied and the different 

Figure 4
Phylogenetic relationship of outbreak ribotype 244 lineage, Western Australia, October 2011–September 2012, to global 
Clostridium difficile diversity
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sequence assembly and analysis approaches used. It is 
likely that, despite both belonging to the same clade, 
the current ribotype 244 is separated from ribotype 
027 by hundreds/thousands of years given rates of  
C. difficile evolution [5,28,31].

Ribotype 244 outbreak phylogeny
All 15 Australian ribotype 244 isolates were within 16 
observed SNVs of each other, and all but one isolate 
were within eight SNVs, including a cluster of seven 
cases from three different states which were within 
four SNVs of each other. We compared the phyloge-
netic relationship between the outbreak isolates using 
a time-scaled Bayesian phylogeny (Figure 5). Excluding 
the single outlying isolate, the estimated date of the 
most recent common ancestor of the outbreak iso-
lates was April 2009 (95% credibility interval: March 

2008–April 2010), and including all Australian ribotype 
244 isolates, it was August 2005 (95% credibility 
interval: December 2002–February 2008). Despite 
sequenced isolates originating from Australian towns 
and cities separated by thousands of kilometres, the 
isolates were closely genetically related, and without 
evidence of geographical intra-state clustering of simi-
lar isolates.

Interestingly, a ribotype 244 isolate held in the CDRN 
reference laboratory, from a patient in Southampton, 
UK, fell within the diversity of the Australian outbreak 
strains. Further epidemiological investigation initi-
ated as a result of the sequencing data revealed that 
the UK patient had returned from Australia (Brisbane, 
Queensland) three weeks before the onset of diar-
rhoeal symptoms; this person had spent ca three 

Figure 5
Bayesian phylogeny of ribotype 244 outbreak isolates, Australia, July 2011–January 2012 (n = 15) and related strains
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months in Australia in late 2011. The patient had not 
made any visits to hospitals or GPs while in Australia 
nor stayed with anyone who was ill or on antibiotics. 
One relative they visited worked in a care home. The 
patient remained well until they required antibiotics for 
an unrelated complaint after returning to the UK. They 
developed diarrhoea shortly thereafter and were diag-
nosed with CDI within three weeks of return to the UK. 
The only risk factors for CDI identified in the UK patient 
were age over 65 years and recent antibiotic use.
Two ribotype 244 isolates from the US, one previously 
identified as ribotype 244 in [32], and a ribotype 321 
isolate from Oxfordshire, UK were closely related to, 
but distinct from, the Australian ribotype 244 outbreak 
isolates (Figure 5). There are no reports of ribotype 321 
in Australia. Only two ribotype 321 isolates have been 
identified by the UK CDRN reference laboratory to date, 
the Oxfordshire clinical strain and a food research cen-
tre isolate from Ireland in 2010.

Discussion
Here we describe a clonal outbreak of ribotype 244 
throughout Australia, against a background of rising 
CDI incidence. Isolates originating from four states 
across Australia were genetically closely related with-
out any evidence of geographical or temporal struc-
ture in their phylogenetic relationships, and over half 
of cases occurred without recent healthcare exposure, 
suggesting a possible community-based point source 
dispersed nationally. The majority of ribotype 244 
cases were community-onset and many were detected 
in patients younger than 65 years and in those who 
presented to hospital emergency departments, rather 
than in hospital inpatients. Notably, by using the dis-
criminatory power of WGS, we were also able to identify 
spread of the outbreak strain to the UK via a return-
ing traveller. Since the end of 2012 there has been a 
decline in new cases of ribotype 244 in WA, supporting 
the suggestion that the cases in 2011/12 represented 
an outbreak followed by some ongoing transmission.

In contrast to Europe and North America, Australia has 
not seen large epidemics with C. difficile ribotype 027 
despite at least two introductions [6,7]; it is possible 
that relatively conservative antimicrobial prescrib-
ing practices [8] and/or the geographical isolation 
of Australia have been responsible [33]. Despite the 
limited numbers of ribotype 244 cases seen, this out-
break does demonstrate that there is potential for epi-
demic spread in Australia too. Although ribotype 244 
only accounted for 3% of all cases in WA, the outbreak 
occurred against a background of rising CDI incidence. 
Since mandatory reporting was introduced three years 
ago, rates of CDI in WA have more than doubled (Figure 
2). Australia-wide increases in CDI incidence could be 
due to a number of factors. Increased awareness of 
CDI may have increased testing [34]; however, a 25% 
increase in laboratory testing in WA is very unlikely to 
account for the observed rise in CDI cases. Similarly, 
more sensitive testing methods could have resulted in 
increased reported incidence, with many laboratories 

changing from enzyme immunoassay testing, with 
ca 60–85% sensitivity, to nucleic acid amplification 
tests, with more than 95% sensitivity (but decreased 
specificity) [35]. Changes in laboratory testing during 
late 2010 may have accounted for some of the increase 
in measured CDI rates in WA in quarters 3 and 4 of 
2010. However, such potential laboratory ascertain-
ment bias does not explain the increases in CDI rates 
recorded from quarter 3 onwards in 2011.

The introduction of new C. difficile strains, includ-
ing ribotype 244, alongside rises in the incidence of 
established strains, underlies the observed increased 
incidence of CDI overall. Two snap-shot surveys from 
the Australian Commission on Safety and Quality in 
Healthcare, the first in October and November 2010, 
and the second in October and November 2012, 
described the ribotypes of C. difficile circulating in 
Australia. Representative samples of 330 and 556 iso-
lates, respectively, predominantly from hospital labo-
ratories, were collected from all Australian states and 
ribotyped. The most common ribotypes in 2010 were 
014/020 (30%), followed by 002 (11%); a ribotype could 
not be assigned to 53% of isolates. By 2012, ribotypes 
014/020 and 002 still accounted for 25% and 10% of 
CDI, respectively, but significant increases in the pro-
portion of cases due to ribotypes 056, 070, 054, 015, 
017, 053 and 244 were seen compared with 2010, with 
each of these ribotypes accounting for between 3% 
and 6% of cases (data not shown).

There now appears to be seasonality to CDI incidence 
in Australia; this has been demonstrated in other 
countries [36], but has been assumed to be due to 
healthcare-associated CDI following increased antibi-
otic treatment of winter-associated severe respiratory 
tract infections. By contrast, much of the increase in 
Australian CDI incidence has been due to community-
associated CDI cases with no previous contact with the 
hospital system [12,13]. The most likely explanation 
for this is the combination of community-associated 
strains, and the seasonal peak in antimicrobial pre-
scriptions in the community, following respiratory tract 
infections [37].

The detection of ribotype 244 in Australia is a recent 
occurrence. Retrospectively, only one of the unidenti-
fied isolates (from Queensland) from the 2010 snap-
shot survey was found to be ribotype 244. In addition 
to our data showing the emergence of ribotype 244 in 
WA where it had not been previously detected, recent 
surveys by other researchers suggest it is also present 
in other states. In a point prevalence survey in April 
2012, 83 CDI isolates from Brisbane, Queensland were 
ribotyped and seven (8%) of them were ribotype 244 
(personal communication, David Patterson, July 2013). 
Between June 2011 and August 2013, ribotype 244 
accounted for 56 of 3,111 (2%) CDI cases in the North 
Sydney healthcare region. No ribotype 244 cases were 
seen in the region after January 2013 (data not shown), 
in keeping with the decline in ribotype 244 cases seen 
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in WA from 2013 onwards. A limitation of surveillance 
data used in our study and the surveys described 
above, is that they were hospital-based. Although 
cases tested as outpatients were included, patients 
tested by general practitioners working outside of hos-
pitals were not. As such the surveillance may under-
estimate the proportion of total CDI accounted for by 
strains predominantly causing community-associated 
disease.

The recent emergence of ribotype 244 in surveillance 
data is in keeping with our estimated date (2009) for 
the most recent common ancestor of the majority of 
the outbreak strains. If a point source was the explana-
tion for the outbreak we might have expected the most 
recent common ancestor to be closer in time to the 
beginning of the outbreak, i.e. around 2011, and fewer 
than the observed eight SNVs separating the major-
ity of the outbreak strains. However it is also possi-
ble that some within-host/within-reservoir diversity 
existed in the source of the outbreak before the first 
cases, analogous to the within-host diversity seen in 
some CDI [28,38]. A single strain from NSW was more 
diverse, and may represent a separate introduction, or 
pre-existing diversity in the source of the outbreak.

Although ribotype 244 strains share some features 
with ribotype 027, WGS suggests these strains are 
substantially different at a whole genome level [14], 
confirmed in this study and in keeping with a previous 
description based on microarray data [39]. Ribotype 
244 strains produce toxins A, B and binary toxin, are 
susceptible to fluoroquinolones and associated with 
more severe disease [14,15].

We have demonstrated that ribotype 244 CDI was 
significantly more likely to be community-associated 
than other ribotypes, 56% of ribotype 244 cases were 
community-associated, compared with 28% of other 
ribotypes. In keeping with our data, there is also some 
evidence that cases from New Zealand were more 
likely to be community-associated than controls, 50% 
of cases vs 15% of controls (p = 0.08) [15]. In another 
case–control study in Victoria, Australia, proportion-
ally more ribotype 244 cases were community-asso-
ciated (four of 12) than non-ribotype 244 controls (six 
of 24), however this was not statistically significant 
(p = 0.72) [14]. The relative excess of community-asso-
ciated ribotype 244 CDI suggests a possible commu-
nity source or reservoir. The nature of this source is 
unknown but is unlikely to be spores shed from recently 
hospitalised patients following discharge as this strain 
is different from those circulating in Australian health-
care facilities (predominantly ribotypes 014/020 and 
002). One potential reservoir of infection in the com-
munity is animals [40]. C. difficile is known to colonise 
or infect animals and outside of Australia, the predomi-
nant animal strain is ribotype 078, commonly isolated 
from pigs and cattle [41]. This strain is responsible for 
increasing rates of community-acquired CDI in Europe 
[42,43], suggesting that a zoonosis exists, however 

transmission of ribotype 244 from animals has not 
been observed to date. Contaminated food represents 
another potential source. C. difficile contamination of 
food has been previously reported in retail meat prod-
ucts in the US [44,45], in ready-to-eat salads/vegeta-
bles in Scotland [46] and France [47], and in vegetables 
and seafood in Canada [48,49], but again ribotype 244 
has not been isolated from food to date. The recent 
emergence of ribotype 244 in Australia suggests it may 
have been imported. The oldest ribotype 244 isolate 
in our collection, from 2004, was from New Jersey, US, 
suggesting the current outbreak may have originated 
from North America, however this may represent sam-
pling bias only.

The numbers of ribotype 244 cases being seen in 
Australia currently, although high compared with 
previous surveys, do not completely account for the 
increased CDI rates seen over the past two years. 
Ribotypes circulating previously account for many 
cases, e.g. 014/020, 002, 056, and 054 (Table). 
However other new ribotypes of C. difficile may have 
been introduced into the country recently or emerged 
locally. We already have preliminary evidence of this 
in a significant number of infections with ribotype 251 
C. difficile, another strain that has not been found in 
Australia previously (data not shown). Our data dem-
onstrate that new strains causing CDI are an ongoing 
threat in Australia and worldwide, with rapid poten-
tial for spread as has been seen with ribotype 027 [5]. 
Active surveillance of CDI cases [50,51] alongside strain 
typing and rapid sequencing [52] is needed to identify 
and control emerging lineages.
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We assessed the impact of 10-valent and 13-valent 
pneumococcal vaccines (PCV10 and PCV13), which 
were introduced in Germany in 2009, on the incidence 
of meningitis and non-meningitis invasive pneumo-
coccal disease (IPD) in children aged under 16 years 
in a population previously vaccinated with a seven-
valent vaccine (PCV7). Surveillance of IPD (isolation of 
Streptococcus pneumonia from a normally sterile body 
site) is based on data from two independent reporting 
sources: hospitals and laboratories. IPD incidence was 
estimated by capture–recapture analysis. Incidence 
rate ratios (IRRs) were calculated for 2009 and 2012, 
thus comparing pre- and post-PCV10 and PCV13 data. 
IPD incidence caused by serotypes included in PCV13 
decreased in all age and diagnosis groups. A rise in 
non-vaccine serotype incidence was seen only in chil-
dren aged under two years. The overall impact varied 
by age group and infection site: for meningitis IPD in 
children aged under 2, 2–4 and 5–15 years, incidence 
changed by 3% (95% CI: −31 to 52), −60% (95% CI: −81 
to −17) and −9% (95% CI: −46 to 53), respectively. A 
more pronounced incidence reduction was observed 
for non-meningitis IPD: −30% (95% CI: −46 to −7), 
−39% (95% CI: −54 to −20) and −83% (95% CI: −89 
to −73) in children aged under 2, 2–4 and 5–15 years, 
respectively. A higher tropism of the additional sero-
types for non-meningitis IPD may be a potential expla-
nation. The heterogeneous findings emphasise the 
need for rigorous surveillance.

Introduction
The German Standing Committee on Vaccination 
(STIKO) included seven-valent pneumococcal conju-
gate vaccine (PCV7) in the infant vaccination calendar 
for all infants as of July 2006, with a 3 + 1 schedule 
given at 2, 3, 4 and 11–14 months of age [1]. Between 
2007 and 2009, vaccination with PCV7 prompted a 
sharp decrease in vaccine serotype incidence for all 

children aged under 16 years in Germany, whereas non-
vaccine serotype incidence rose. Both effects together 
resulted in a net reduction in IPD incidence [2]. Rising 
non-PCV7 serotype incidences were also observed in 
other countries: the most recent and comprehensive 
meta-analysis of the impact of PCV7 in different popu-
lations showed a reduction of about 50% for the inci-
dence of all IPD and about 60% for meningitis IPD [3]. 
After almost complete elimination of PCV7 serotypes in 
most populations, non-PCV7 serotypes accounted for a 
substantial proportion of remaining IPD cases, drawing 
attention to the need for higher-valent vaccines.

In Germany, the switch to higher-valent vaccines took 
place in April 2009 with the introduction of a 10-valent 
vaccine (PCV10) (market share in 2010–12: 9%) and in 
December 2009, when the 13-valent vaccine (PCV13) 
was introduced (market share in 2010–2012: 91%, inter-
nal sales figures provided by Pfizer Pharma GmbH). 
These higher-valent vaccines include all the serotypes 
in PCV7 and the most frequent non-PCV7 serotypes 
(PCV10: 1, 5, 7F; PCV13: 1, 3, 5, 6A, 7F and 19A). As 
73.6% of all IPD cases in children aged under 16 years 
in Germany from 2007 to 2009 were caused by PCV13 
serotypes [2] and given that the effectiveness of the 
six additional serotypes in PCV13 has been established 
using the Broome method [4], a considerable benefit 
from the switch to higher-valent pneumococcal vac-
cines was expected.

In Germany, sustained surveillance for IPD is based 
on two independent data sources: active surveillance 
in hospitals and passive sentinel surveillance through 
microbiological laboratories. The hospitals and labo-
ratories report on a voluntary basis, and there is an 
option for laboratories to send all pneumococcal iso-
lates from IPD cases for serotyping to the National 
Reference Center for Streptococci in Aachen free of 
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charge. Case ascertainment from these two independ-
ent sources allows underreporting to be corrected for 
by capture–recapture analysis.

Since vaccination coverage of pneumococcal conjugate 
vaccines has been above 85% since 2007, as estimated 
by internal sales figures provided by Pfizer Pharma 
GmbH, our data provide a basis to assess the impact 
of higher-valent vaccination (PCV10 and PCV13) up to 
three years after its introduction (2009 to 2012). Due to 
the limited market share of PCV10 (< 10%), we focused 
our research on the overall impact of both vaccines: 
PCV10 and PCV13. The aim of our study was to assess 
whether the incidence in PCV13 serotypes decreased 
during this period and whether there was a similar 
decrease in overall (PCV13 and non-PCV13 serotype) 
IPD incidence.

Methods

Data sources
Hospital surveillance of IPD in children aged under 16 
years comprises all paediatric hospitals as well as pae-
diatric hospital wards in Germany (n > 400, response 
rate > 95%) [5]. It is managed by the German paediatric 
surveillance unit, Erhebungseinheit für seltene pädia-
trische Erkrankungen (ESPED). In the laboratory sen-
tinel surveillance, cases are reported through a web 
interface (PneumoWeb) hosted by the Robert Koch 
Institute [2,6-8].

Case definition
Cases are children under 16 years of age treated for IPD 
as inpatients in a paediatric hospital or paediatric ward 
in general hospitals in Germany. IPD was defined as 
Streptococcus pneumoniae being isolated from at least 
one culture of blood, cerebrospinal fluid or a sample 
from any other normally sterile body site. Isolates from 
middle ear fluid were not included. Both surveillance 
sources (hospitals and laboratories) applied the same 
case definition.

Definition of serotype coverage
Serotypes were grouped into vaccine type (VT) sero-
types, namely PCV7 serotypes (4, 6B, 9V, 14, 18C, 19F, 
23F) plus the additional serotypes included in PCV13 
(1, 3, 5, 6A, 7F, 19A) and into non-vaccine type (NVT) 
serotypes including all other serotypes. For cases for 
which serotype data were not available – because iso-
lates were not sent for serotyping – the same serotype 
distribution as for the serotyped cases was assumed.

Pneumococcal isolates were serotyped at the German 
National Reference Center for Streptococci, by Neufeld’s 
Quellung reaction using type and factor sera provided 
by the Statens Serum Institut, Copenhagen, Denmark.

Statistical analysis
Capture–recapture calculation (CRC) allows for adjust-
ment of incomplete reporting in (at least) two sources 
by identifying overlapping cases and applying Bayes’ 

probability theory to estimate the number of cases 
not included in either of the sources [9]. To avoid bias 
caused by small sample sizes, the Chapman estimator 
[10] was applied.

For the analysis of children too young to be vaccinated, 
we defined these as all children aged ≤2 months. 
Although children may already receive the first dose 
when two months-old, we aimed to take account of the 
tendency of belated vaccination in Germany [11] as well 
as of inaccuracy in the exact age of the children: Due 
to data protection, the day of birth was not provided 
in our study and it was therefore assumed that all chil-
dren were born on the first day of the month.

In this age subgroup ≤ 2 months, CRC was not possible 
since in 2012, all cases from the laboratory surveillance 
were included in the hospital surveillance, which ren-
ders CRC impossible. Therefore the analysis of the age 
group ≤ 2 months, and the comparison with children 
aged 3–23 months, was based on the cumulative num-
ber of cases in either source (ESPED and PneumoWeb).

The population denominator to convert the IPD case 
number estimates into incidence rates (per 100,000 
children) was based on age-specific (0–2, 2–4, 5–15 
and 0–15 years) population figures provided by the 
German Federal Statistical Office [12]. To assess the 
impact of the higher-valent pneumococcal conjugate 
vaccines (PCV10 and PCV13), we calculated incidence 
rate ratios (IRRs): we compared the incidence during 
years when PCV10 and PCV13 were exclusively used 
(2010, 2011 and 2012) with that in 2009, the last year 
of PCV7 use in Germany. A rate ratio of 1 indicates no 
effect of the switch from PCV7 to PCV10 and PCV13. 
Rate ratios less than 1 show a declining incidence of 
IPD, rate ratios greater than 1 indicate rising incidence. 
The 95% confidence intervals for the IRRs were cal-
culated using the method described by Armitage and 
Berry [13]. To compensate for chance fluctuations of 
the incidences in 2009 and 2012, we additionally cal-
culated the mean values of the two last years of PCV7 
vaccination (2008–09) as reference for the IRR calcula-
tion and compared them with the mean values of the 
last two years of PCV13 vaccination (2011–12).

All analyses were performed separately for meningitis 
and non-meningitis IPD cases, using SAS 9.2 software.

Results

Impact on vaccine-type incidence of invasive 
pneumococcal disease
From 2009 to 2012, there was a decrease in the inci-
dence of IPD caused by serotypes included in PCV13 
in all age groups for non-meningitis IPD, whereas a 
decrease for meningitis IPD could be observed in one 
age group (2–4 years) only. The absolute change in 
incidence was five- to 10-fold higher for non-meningitis 
IPD than meningitis IPD. The relative decrease ranged 
between 33% and 91%, depending on age and clinical 
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Table 1
Incidence and incidence changes of meningitis and non-meningitis invasive pneumococcal disease in children aged under 16 
years caused by serotypes in the 13-valent pneumococcal conjugate vaccine, based on capture–recapture calculationa, 
Germany, 2009 and 2012 

Age in years Diagnosis

Vaccine type serotype incidence or change per 100,000 children

Incidence (95% CI)
2009

Incidence (95% CI)
2012

Absolute
incidence change  

(95% CI)
2009 vs 2012

Relative
incidence changeb  

% (95% CI) 
2009 vs 2012 

< 2
Meningitis 2.2 (1.3 to 3.1) 1.5 (1.0 to 1.9) −0.7 (−1.8 to  0.3) −33 (−62 to 18)

Non-meningitis 7.3 (4.6 to 10.1) 1.1 (0.6 to 1.7) −6.2 (−7.9 to −4.7) −85 (−91 to −74)

2–4
Meningitis 0.5 (0.3 to 0.7) 0.1 (0.05 to 0.07) −0.5 (−0.9 to −0.2) −91 (−99 to −30)

Non-meningitis 4.7 (2.8 to 6.7) 2.0 (0.6 to 3.3) −2.8 (−4.0 to −1.7) −58 (−71 to −40)

5–15
Meningitis 0.1 (0.1 to 0.2) 0.07 (0.05 to 0.10) −0.1 (−0.18 to 0.04) −50 (−81 to 36)

Non-meningitis 1.3 (0.5 to 2.0) 0.2 (0.1 to 0.3) −1.1 (−1.3 to −0.8) −84 (−90 to −73)

All < 16
Meningitis 0.4 (0.3 to 0.6) 0.2 (0.2 to 0.3) −0.2 (−0.4 to −0.1) −49 (−69 to −20)

Non-meningitis 2.6 (1.9 to 3.3) 0.7 (0.4 to 0.9) −2.0 (−2.3 to −1.6) −75 (−80 to −68)

CI: confidence interval; ESPED: German paediatric surveillance unit; IRR: incidence rate ratio; PneumoWeb: web interface for reporting of 
cases through laboratory sentinel surveillance.

Two-digits after the decimal point were used when necessary to avoid figures being rounded to 0.
Figures in bold indicate a statistically significant decrease or increase, since the 95% CI does not include 0.
a  Capture–recapture calculation was based on 231 vaccine-type invasive pneumococcal disease cases observed in two sources (without 

matches) – hospital (ESPED) and laboratory (PneumoWeb) surveillance – for 2009 and 2012 combined. For cases for whom serotype data 
were not available, the same serotype distribution as for the serotyped cases was assumed. The serotyping rate was 75%.

b  Calculated as 1 – IRR, as a percentage.

Table 2
Incidence and incidence changes of meningitis and non-meningitis invasive pneumococcal disease in children aged under 16 
years caused by serotypes not included in the 13-valent pneumococcal conjugate vaccine, based on capture–recapture 
calculationa, Germany, 2009 and 2012 

Age in years Diagnosis

Non-vaccine type serotype incidence or change per 100,000 children

Incidence (95% CI)
2009

Incidence (95% CI)
2012

Absolute
incidence change  

(95% CI)
2009 vs 2012

Relative
incidence changeb  

% (95% CI) 
2009 vs 2012 

< 2
Meningitis 1.4 (0.9 to 2.0) 2.3 (1.5 to 3.0)  0.8 (−0.2 to 1.9)  59 (−10 to 82)

Non-meningitis 1.6 (1.0 to 2.2) 5.2 (2.6 to 7.8)  3.6 (2.2 to 5.1)  225 (101 to 428)

2–4
Meningitis 0.7 (0.4 to 1.0) 0.4 (0.3 to 0.5) −0.3 (−0.8 to 0.2) −39 (–74 to 42)

Non-meningitis 1.8 (1.1 to 2.5) 2.0 (0.6 to 3.3)  0.2 (−0.1 to 0.7)  11 (−73 to 29)

5–15
Meningitis 0.2 (0.1 to 0.3) 0.3 (0.2 to 0.4)  0.04 (−0.1 to 0.2)  17 (−18 to 37)

Non-meningitis 0.4 (0.2 to 0.7) 0.09 (0.04 to 0.13) −0.4 (−0.5 to −0.2) −79 (−91 to −54)

All < 16
Meningitis 0.5 (0.3 to 0.6) 0.5 (0.4 to 0.6)  0.1 (−0.1 to 0.3)  14 (−21 to 65)

Non-meningitis 0.8 (0.6 to 1.0) 1.0 (0.6 to 1.5)  0.3 (0.01 to 0.5)  33 (2 to 74)

CI: confidence interval; ESPED: German paediatric surveillance unit; IRR: incidence rate ratio; PneumoWeb: web interface for reporting of 
cases through laboratory sentinel surveillance. 

Two-digits after the decimal point were used when necessary to avoid figures being rounded to 0.
Figures in bold indicate a statistically significant decrease or increase, since the 95% CI does not include 0.
a  Capture–recapture calculation was based on 181 non-vaccine-type invasive pneumococcal disease cases observed in two sources (without 

matches) – hospital (ESPED) and laboratory (PneumoWeb) surveillance – for 2009 and 2012 combined. For cases for whom serotype data 
were not available, the same serotype distribution as for the serotyped cases was assumed. The serotyping rate was 75%.

b  Calculated as 1 – IRR, as a percentage. 
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Table 3
Meningitis invasive pneumococcal disease in children aged under 16 years: reported cases, incidence estimates and rate 
ratios, Germany, 2009–12

Value
Age group 

in years

Last year of PCV7 
vaccination period

 
PCV10 and PCV13 vaccination period

2009 2010 2011 2012

Number of reported cases in 
the two surveillance sources:
ESPED; Pneumoweb

< 2 24; 15 30; 21 21; 11 29; 16

2–4 15; 7 16; 10 8; 7 8; 5
5–15 21; 9 9; 4 12; 10 14; 12

All < 16 60; 31 55; 35 41; 28 51; 33

Estimated number of cases 
by CRC (95% CI) 

< 2 49.0 (30.0 to 68.0) 55.8 (39.5 to 72.1) 51.8 (23.4 to 80.2) 50.0 (34.2 to 65.8)
2–4 24.6 (14.2 to 35.0) 30.2 (17.6 to 42.7) 23.0 (7.8 to 38.2) 9.8 (7.4 to 12.2)
5–15 30.4 (20.6 to 40.3) 24.0 (4.4 to 43.6) 22.8 (14.1 to 31.6) 26.9 (17.3 to 36.4)

All < 16 104.0 (80.2 to 127.9) 110.0 (81.6 to 138.4) 97.6 (64.3 to 131.0) 86.7 (68.0 to 105.3)

Estimated incidence by CRC
per 100,000 children (95% CI)

< 2 3.6 (2.2 to 5.0) 4.1 (2.9 to 5.3) 3.8 (1.7 to 5.9) 3.7 (2.4 to 4.5)
2–4 1.2 (0.7 to 1.7) 1.5 (0.9 to 2.1) 1.1 (0.4 to 1.9) 0.5 (0.4 to 0.6)
5–15 0.4 (0.2 to 0.5) 0.3 (0.1 to 0.5) 0.3 (0.2 to 0.4) 0.3 (0.2 to 0.4)

All < 16 0.9 (0.7 to 1.1) 0.9 (0.7 to 1.2) 0.8 (0.6 to 1.1) 0.7 (0.6 to 0.9)

IRRa (95% CI)

< 2

NA
Year of reference

1.14 (0.78 to 1.68) 1.06 (0.72 to 1.57) 1.03 (0.69 to 1.52)
2–4 1.22 (0.72 to 2.09) 0.93 (0.53 to 1.65) 0.40 (0.19 to 0.83)
5–15 0.80 (0.47 to 1.36) 0.77 (0.44 to 1.32) 0.91 (0.54 to 1.53)

All < 16 1.06 (0.82 to 1.39) 0.95 (0.72 to 1.26) 0.85 (0.64 to 1.13)

CI: confidence interval; CRC: capture–recapture calculation; ESPED: German paediatric surveillance unit; IRR: incidence rate ratio; NA: 
not applicable; PCV: pneumococcal conjugate vaccine; PneumoWeb: web interface for reporting of cases through laboratory sentinel 
surveillance.

a  With reference to the incidence rate in 2009. IRRs with 95% CIs excluding 1 are shown in bold.

Table 4
Non-meningitis invasive pneumococcal disease in children aged under 16 years: reported cases, incidence estimates and rate 
ratios, Germany, 2009–12

Value Age group 
in years

Last year of PCV7 
vaccination period PCV10 and PCV13 vaccination period

2009 2010 2011 2012

Number of reported 
cases in the two 
surveillance sources:
ESPED; Pneumoweb

< 2 42; 33 35; 31 21; 16 24; 23

2–4 47; 30 22; 19 27; 16 21; 14
5–15 32; 25 23; 28 21; 29 10; 8

All < 16 121; 88 80; 78 69; 61 55; 45

Estimated number of 
cases by CRC (95% CI) 

< 2 120.8 (75.6 to 166.1) 127.0 (68.8 to 185.2) 61.3 (29.7 to 93.0) 84.7 (42.3 to 127.1)
2–4 134.3 (80.3 to 188.2) 75.7 (34.8 to 116.5) 67.0 (35.7 to 98.3) 81.5 (25.5 to 137.5)
5–15 142.0 (58.0 to 226.0) 115.0 (48.7 to 181.3) 109.0 (46.8 to 171.2) 23.8 (10.9 to 36.6)

All < 16 397.1 (287.5 to 506.8) 317.7 (220.4 to 414.9) 237.3 (160.9 to 313.8) 190.0 (118.5 to 261.4)

Estimated incidence by 
CRC per 100,000 children 
(95% CI)

< 2 8.9 (5.6 to 12.3) 9.4 (5.1 to 13.7) 4.6 (2.2 to 6.9) 6.3 (3.1 to 9.4)
2–4 6.5 (3.9 to 9.2) 3.7 (1.7 to 5.7) 3.3 (1.7 to 4.8) 4.0 (1.2 to 6.4)
5–15 1.7 (0.7 to 2.7) 1.4 (0.6 to 2.2) 1.3 (0.6 to 2.1) 0.3 (0.1 to 0.4)

All < 16 3.4 (2.4 to 4.3) 2.7 (1.9 to 3.5) 2.0 (1.4 to 2.7) 1.6 (1.0 to 2.3)

IRRa (95% CI)

< 2

NA
Year of reference

1.05 (0.82 to 1.35) 0.51 (0.37 to 0.69) 0.70 (0.53 to 0.93)
2–4 0.56 (0.42 to 0.75) 0.50 (0.37 to 0.67) 0.61 (0.46 to 0.80)
5–15 0.82 (0.64 to 1.05) 0.78 (0.61 to 1.01) 0.17 (0.11 to 0.27)

All < 16 0.81 (0.70 to 0.93) 0.61 (0.52 to 0.71) 0.50 (0.42 to 0.60)

CI: confidence interval; CRC: capture–recapture calculation; ESPED: German paediatric surveillance unit; IRR: incidence rate ratio; NA: 
not applicable; PCV: pneumococcal conjugate vaccine; PneumoWeb: web interface for reporting of cases through laboratory sentinel 
surveillance.

a  With reference to the incidence rate in 2009. IRRs with 95% CIs excluding 1 are shown in bold.
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presentation. The relative incidence decrease was low-
est (and not statistically significant) for meningitis IPD 
in the youngest age group, i.e. under two years (Table 
1).

In the under two years age group, a distinction needs to 
be made between children too young to be vaccinated 
(≤ 2 months) and those for whom the universal vaccina-
tion recommendation applies (3–23 months). In 2009, 
VT meningitis IPD cases aged ≤ 2 months accounted for 
5 of 19 VT cases in children aged under two years com-
pared with 9 of 14 cases in 2012. Among the nine 2012 
cases, five were due to serotype 7F. The high propor-
tion of 7F among these cases contrasts with the vac-
cine serotype distribution in all older age groups (> 2 
months), among whom serotype 7F had almost van-
ished (one case in the age group 3–23 months, one 
among children aged 2–15 years). The age group ≤ 2 
months was the only group in which VT meningitis IPD 
increased. In children aged 3–23 months, the number 
of meningitis cases with PCV13 serotypes decreased 
from 14 cases in 2009 to five in 2012.

Regarding non-meningitis IPD cases, in children 
aged ≤ 2 months, the number of VT IPD cases decreased 
from six (2009) to three (2012); in children aged 3–23 
months, the number of VT IPD cases fell from 47 to five.

Impact on non-vaccine-type invasive 
pneumococcal disease incidence
For non-PCV13 vaccine serotypes, an inconsistent pat-
tern was observed. There was an increase in the inci-
dence of NVT serotypes in children aged under two 
years (for children ≤ 2 months as well as for those aged 
3–23 months), which was statistically significant for 
non-meningitis IPD but not for meningitis IPD. In older 

age groups, the incidence of NVT IPD increased in some 
age groups while decreasing in others. There was a 
statistically significant decrease of non-meningitis IPD 
in 5–15 year-old children (Table 2).

Impact on overall (vaccine type and non-
vaccine type) incidence of meningitis and non-
meningitis invasive pneumococcal disease
The impact of PCV13 on the overall number and inci-
dence of meningitis IPD cases is shown in Table 3. 
While barely no change or even a slight rise in the num-
ber of meningitis IPD cases is shown in the laboratory 
source PneumoWeb, the hospital data source showed 
a decrease in the number of these cases among chil-
dren aged two years or older, but also no decrease in 
those aged under two years. This was confirmed in the 
capture–recapture analysis: some decrease in older 
age groups (two years and above) and virtually no inci-
dence reduction in children aged under two years. The 
IRRs suggest an incidence reduction, which was sig-
nificant for the 2–4 years age group only: −60% (95% 
CI: −81 to −17). For children aged 5–15 years, CRC inci-
dence changed by −9% (95% CI: −46 to 53). For children 
aged under two years, the change was 3% (95% CI: −31 
to 52).

In order to disentangle the changes in children too 
young to be vaccinated (≤ 2 months) and those for whom 
the universal vaccination recommendation applies 
(3–23 months), we report data for each subgroup: for 
children ≤  2 months, the incidence of meningitis IPD 

Table 5
Sensitivity analysis: incidence rate ratios of meningitis and 
non-meningitis invasive pneumococcal disease in children 
aged under 16 years (mean of 2011–12 vs mean of 2008–09), 
based on capture–recapture calculationa, Germany 

Age group 
in years

IRR: average of 2011–12
vs average of 2008–09 (95% CI)

Meningitis IPD Non-meningitis IPD

< 2 1.06 (0.80 to 1.40) 0.58 (0.47 to 0.71)

2–4 0.56 (0.36 to 0.87) 0.76 (0.61 to 0.94)
5–15 1.16 (0.77 to 1.72) 0.53 (0.43 to 0.65)
All < 16 0.95 (0.78 to 1.16) 0.65 (0.58 to 0.73)

CI: confidence interval; ESPED: German paediatric surveillance 
unit; IPD: invasive pneumococcal disease; IRR: incidence rate 
ratio; PneumoWeb: web interface for reporting of cases through 
laboratory sentinel surveillance. 

95% CIs not including 1 are shown in bold.
a  Capture–recapture calculation was based on 798 IPD cases 

observed in two sources (without matches) – hospital (ESPED) 
and laboratory (PneumoWeb) surveillance – for 2008, 2009, 
2011 and 2012 combined. 

Table 6
Absolute number and percentage of vaccine type 
serotypesa in paediatric (< 16 years) invasive 
pneumococcal disease cases by diagnosis (meningitis and 
non-meningitis), Germany, 2009

Age 
group
in years

VT meningitis IPD VT non-meningitis IPD

Number of 
casesb 

Percentage 
of meningitis 
IPD  cases by 
any serotype  

(95% CI)

Number 
of 

casesb 

Percentage of 
non-meningitis 

IPD cases by 
any serotype  

(95% CI) 

< 2 30 61 (48 to 75) 99 82 (74 to 90)

2–4 11 43 (28 to 64) 98 73 (64 to 82)
5–15 12 44 (26 to 58) 107 75 (65 to 85)
All < 16 53 49 (40 to 59) 304 77 (72 to 82)

CI: confidence interval; ESPED: German paediatric surveillance 
unit; IPD: invasive pneumococcal disease; PneumoWeb: web 
interface for reporting of cases through laboratory sentinel 
surveillance; VT: vaccine type. 

a  VT serotypes were all serotypes included in the 13-valent 
pneumococcal vaccine (PCV13), i.e. seven-valent pneumococcal 
vaccine (PCV7) serotypes (4, 6B, 9V, 14, 18C, 19F, 23F) plus an 
additional six serotypes (1, 3, 5, 6A, 7F, 19A).

b  Numbers according to capture–recapture calculation based 
on 257 invasive pneumococcal disease cases observed in two 
sources (without matches) – hospital (ESPED) and laboratory 
(PneumoWeb) surveillance  – for 2009. For cases for whom 
serotype data were not available, the same serotype distribution 
as for the serotyped cases was assumed. The serotyping rate 
was 75%.
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increased from 1.1 per 100,000 children in 2009 to 1.5 
per 100,000 in 2012. In children aged 3–23 months, it 
was 2.1/100,000 in 2009 and 2.2/100,000 in 2012.

A different pattern was observed for non-meningitis 
IPD cases (Table 4). The numbers in each data source 
showed a decrease from 2009 to 2012 (with some fluc-
tuations in 2010 and 2011). This decrease was con-
firmed in the capture–recapture analysis: a statistically 
significant reduction in incidence of non-meningitis 
IPD was observed in all age groups, except for chil-
dren ≤ 2 months, in whom incidence was 1.4/100,000 in 
both 2009 and 2012. For children aged under 2 years, 
the decrease was −30% (95% CI: −46 to −7). For older 
children aged 2–4  and 5–15 years, the decrease was 
−39% (95% CI: −54 to −20) and −83% (95% CI: −89 to 
−73), respectively.

In order to confirm that the observed results did not 
reflect an artefact resulting from the use of CRC, we 
also assessed the changes in case numbers and inci-
dence rates between 2009 and 2012 solely based on 
the observed number of cases reported in both sur-
veillance sources (counting cases observed in both 
sources only once): the changes (IRRs) related to the 
introduction of PCV10 and PCV13 were almost identical 
to those based on CRCs.

We also calculated CRC-based IRRs for the two-year 
periods 2008–09 and 2011–12 (Table 5), which yielded 
very similar results to our comparison of 2012 with 
2009. Only the decrease of non-meningitis IPD in 5–15 
year-old children (1 − IRR = −46% (95% CI: −57 to −35) 
was outside the 95% CIs of the corresponding result in 
Table 4 (1 − IRR: −83% (95% CI: −89 to −73) and thus 
significantly and substantially smaller in the analysis 
which compared 2008-09 to 2011-12, reflecting the 
sharp decrease in incidence in this age group in 2012.

The percentages of VT serotypes in IPD cases among 
children aged under 16 years in 2009 is shown in Table 
6. This percentage was smaller for meningitis IPD than 
for non-meningitis IPD in all age groups. The VT sero-
types in 2009 consisted mainly (84%, 300/357) of the 
six serotypes (1, 3, 5, 6A, 7F, 19A) that were not con-
tained in PCV7.

Discussion
For non-meningitis IPD, the introduction of PCV10 and 
PCV13 prompted a marked decrease in the incidence 
of IPD cases caused by PCV13 serotypes. This was not 
confined to the PCV13-vaccinated cohorts aged under 
two years but was almost as pronounced in those older 
than two years. An increasing incidence of IPD cases 
caused by NVT serotypes was solely observed in chil-
dren under two years-old. This NVT increase, however, 
was smaller than the VT decrease, so that an overall 
decrease of non-meningitis IPD (regardless of sero-
type) was observed in all age groups.

In contrast, for meningitis IPD, we did not observe a 
decrease in the VT incidence in children aged under two 
years, nor in the oldest age group (5–15 years). 
Therefore, the overall incidence decrease (regardless 
of serotype) was limited to 2–4 year-old children.

The clear decrease of PCV13 serotypes in non-meningi-
tis IPD in children under two years-old reflects the high 
effectiveness of PCV13 against the six additional sero-
types (1, 3, 5, 6A, 7F and 19A) not contained in PCV7, as 
demonstrated by Miller et al. [4]. The additional effect 
in older age groups not vaccinated with PCV10 or PCV13 
indicates herd protection.

In accordance with the previously reported increase in 
non-PCV7 serotypes after the introduction of PCV7 [3], 
we observed an increase of non-PCV13 serotypes three 
years after the introduction of PCV13. In our data, this 
early increase was confined to the vaccinated cohorts 
aged under two years, where it was substantial in non-
meningitis IPD, but did not reach statistical significance 
in meningitis IPD. From a clinical and public health 
perspective, the overall net impact on IPD incidence 
(regardless of VT or NVT serotype) is most relevant. 
While there was an overall decrease of non-meningitis 
IPD incidence in all age groups, the decrease of menin-
gitis IPD incidence was confined to children in the age 
group 2–4 years. At first glance, this differential impact 
is surprising. A likely explanation is the lower propor-
tion of PCV13 serotypes among meningitis IPD cases 
(49%; 95% CI: 40 to 59) than among non-meningitis IPD 
cases (77%; 95% CI: 72 to 82) in 2009 when PCV13 was 
introduced in Germany, meaning that a larger propor-
tion of non-meningitis IPD was preventable by PCV13. 
The clear decrease in the non-meningitis IPD incidence 
(regardless of serotype) might theoretically be due to 
less frequent blood culturing. However, previous find-
ings rather suggested increasing blood culturing rates 
since the introduction of infant pneumococcal vaccina-
tion in Germany [2].

Although chance might be another explanation, given 
the wide 95% CIs of the IRRs, biological explanations 
related to the tropism of different pneumococcal sero-
types appear more likely: German data collected in 
1997–98 (during the pre-vaccination period) showed 
an about equal incidence of meningitis and non-men-
ingitis IPD for serotypes 6A, 7F and 19A, whereas the 
incidence of serotypes 1, 3 and 5 was significantly 
higher in non-meningitis than in meningitis IPD [6]. A 
similar pattern was observed after the introduction of 
PCV in 2007 (data not shown). A literature review pub-
lished in 2013, with observations from other countries, 
addressed the issue of tropism of different pneumococ-
cal serotypes: serotypes 1, 19A and 3 were identified 
as predominant for pneumococcal pneumonia but not 
for meningitis IPD during the post-PCV7 period [14]. 
A recent paper from India, not included in the review, 
reported that serotypes 1, 5 and 7F (three of the six 
additional serotypes in PCV13) caused more pneumo-
nia than meningitis [15].
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For children aged under two years, the decreased inci-
dence of meningitis IPD was not only less than that of 
non-meningitis IPD in this age group, but no decrease 
was observed at all. One explanation might be an 
increase in the number of cases caused by NVT sero-
types. However, this increase was not statistically 
significant. Notable was an increase in the number of 
cases caused by VT serotypes in children ≤  2 months-
old, in particular serotype 7F. Children ≤  2 months of 
age are too young to be vaccinated, according to the 
German vaccination schedule, and can thus only indi-
rectly benefit from vaccination through herd protec-
tion. The reason for the absence of herd protection in 
this age group in 2012 is unclear.
There are limited data on the impact of PCV13 on the 
incidence of IPD in previously PCV7-vaccinated popu-
lations and distinctions between non-meningitis and 
meningitis IPD are only made in one study: for England 
and Wales, where PCV13 replaced PCV7 in April 2010, 
Miller et al. reported a 50% reduction in the number 
of cases caused by PCV13 serotypes (for meningitis 
and non-meningitis IPD combined) in children aged 
under two years after one year of PCV13 use [4]. In a 
multicentre study from eight hospitals in the United 
States (where PCV13 was used as of March 2010), IPD 
cases per total admissions were analysed, comparing 
the mean of 2007–09 with the number of cases in 2011. 
A 57% decrease in PCV13 serotypes and a 42% reduc-
tion in IPD cases per total admissions for children aged 
under five years was reported. Meningitis cases were 
reduced the least [16]. Data from Denmark, where 
PCV13 was introduced in April 2010, show a decrease 
of IPD incidence (regardless of clinical entity) by about 
a third in children under two years-old [17].

A strength of our study is the separate analysis of men-
ingitis and non-meningitis IPD cases. Differences in 
incidence of meningitis and non-meningitis IPD show 
the importance of separate data analysis according 
to clinical entity. The high proportion of meningitis 
among incident IPD in children aged under 16 years in 
Germany (26% (628/2,394) for 2007–12) was similar 
to the proportion in Denmark (20%) [18], but much 
higher than the proportion in the United Kingdom (6%) 
[19]. For countries with high blood culturing rates, and 
therefore a high proportion of non-meningitis IPD, 
aggregate estimates of PCV impact on IPD may mask 
a differential effect on meningitis IPD. Meningitis IPD, 
however, has a higher clinical relevance and public 
health impact because case fatality and sequelae rates 
are about fourfold higher than for non-meningitis IPD 
[6].

Separate analysis (and publication) of meningitis and 
non-meningitis IPD cases is also useful for comparison 
of international data, since meningitis IPD incidence is 
less likely to be affected by ascertainment bias. This 
is demonstrated by similar incidence rates in differ-
ent countries [20], while non-meningitis IPD incidence 
is dependent on blood culturing practices for children 

with fever – practices that differ between countries 
and can change over time [21].

Another strength of our data is the use of two inde-
pendent data sources, which allows us to correct for 
underreporting by CRC.

A potential limitation is the comparison of two one-year 
periods (2009 and 2012, three years after the introduc-
tion of PCV7 and PCV13, respectively). We chose these 
time periods to include two cohorts of children under 
two years-old, who could have been fully vaccinated 
with either PCV7 or PCV13. To reduce random variabil-
ity due to small numbers when comparing two one-year 
periods only, we also compared 2008–09 with 2011–
12. This yielded almost identical results, rendering 
chance a less likely explanation of our findings.

A limitiation of our data is the confinement of our anal-
ysis to children aged under 16 years.

It might also be argued that the strength of the effect 
of higher-valent pneumococcal vaccines might be 
underestimated as PCV10 was already introduced in 
Germany in April 2009 and PCV13 in December 2009. 
Both higher-valent vaccines were used, when PCV7 was 
still on the market. The market shares of the higher-
valent vaccines in 2009, however, were small (PCV10: 
21%; PCV13: 7%) and PCV7 was the predominantly 
used vaccine during 2009.

An overestimation of the impact of PCV13 is possible 
as well because of a potential increase in IPD incidence 
due to the influenza A(H1N1)pdm09 pandemic in 2009, 
which had reached its peak during calendar weeks 
45–48 of 2009 [2,22,23]. Again, our two-year period 
comparison (2008–09 vs 2011–12) did not suggest bias 
due to picking 2009 as the base year for comparisons.

In a commentary, Katharine O’Brian described pneu-
mococcal disease impact evaluations as a ‘messy 
affair’ and called for ‘epidemiologic rigor’ [24]. The het-
erogeneous findings in our study, once again, point to 
the importance of sustained surveillance of IPD and the 
need for thorough and detailed analysis disentangling 
the vaccine impact on different clinical entities.
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The World Health Organization (WHO) issued today its 
first hepatitis B treatment guidelines: ‘Guidelines for 
the prevention, care and treatment of persons with 
chronic hepatitis B infection’, laying out a simplified 
approach to the care and treatment of persons living 
with chronic hepatitis B infection [1].

These guidelines are intended for country programme 
managers to help plan the development and scale up 
of hepatitis B prevention, care and treatment and also 
for healthcare providers who care for persons infected 
with hepatitis B virus (HBV).

Key recommendations include:
•	 the use of simple non-invasive tests to assess the 

stage of liver disease;
•	 prioritising treatment for those with most advanced 

stage of liver disease;
•	 the use of safe and effective medicines for treatment;
•	 regular monitoring using simple tests for early 

detection of liver cancer, to assess whether treat-
ment is working, and if treatment can be stopped.

The special needs of specific populations, such as peo-
ple co-infected with HIV, children and adolescents, and 
pregnant women are also considered.

Existing recommendations for the prevention of HBV 
transmission from relevant WHO guidelines are also 
summarised in the newly published guidelines and 
include prevention of perinatal and early childhood 
HBV infection through infant hepatitis B vaccination; 
catch-up vaccination and other prevention strategies 
in key affected populations (people who inject drugs, 
men who have sex with men, sex workers) as well as 
prevention of transmission in healthcare settings.

Hepatitis B infection is caused by the HBV, an envel-
oped DNA virus that infects the liver, causing hepato-
cellular necrosis and inflammation. Chronic hepatitis 
B – defined as persistence of hepatitis B surface anti-
gen (HBsAg) for six months or more – is a major public 
health problem. 
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The European Scientific Conference on Applied 
Infectious Disease Epidemiology (ESCAIDE) will take 
place in Stockholm, Sweden, between 11 and 13 
November 2015.

The Early-Bird discounted registration will be possible 
between 30 March and 16 August and the abstracts can 
be submitted between 30 March and 11 May.

The call for ‘late breaker’ abstracts will be open from 1 
to 30 September and the online registration will close 
on 1 November.

As in previous years, it is anticipated that the confer-
ence will be accredited by the European Accreditation 
Council for Continuing Medical Education (EACCME) to 
provide CME credits for participants. In 2014, ESCAIDE 
was designated for a maximum of 18 hours of European 
external CME credits.

For further information about the conference, visit 
www.escaide.eu or contact escaide.conference@ecdc.
europa.eu. 


