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Background
Rotavirus infection is a common cause of gastroenteritis in children worldwide, with a high
mortality burden in developing countries, particularly during the first two years of life. Rotavirus vaccination was introduced into the United Kingdom childhood vaccination schedule in
July 2013, with high coverage (>90%) achieved by June 2016. We used an emergency
department (ED) syndromic surveillance system to assess the impact of the rotavirus vaccination programme, specifically through the demonstration of any immediate and continuing
impact on ED gastroenteritis visits in England.

Methods
This retrospective, observational study used syndromic surveillance data collected from 3
EDs in the two years before (July 2011—June 2013) and 3 years post (July 2013—June
2016) introduction of rotavirus vaccination. The weekly levels of ED visits for gastroenteritis
(by age group and in total) during the period before rotavirus vaccination was first described
alongside the findings of laboratory surveillance of rotavirus during the same period. An
interrupted time-series analysis was then performed to demonstrate the impact of rotavirus
vaccination introduction on gastroenteritis ED visit levels.

Results
During the two years before vaccine introduction ED visits for gastroenteritis in total and for
the 0–4 years age group were seen to rise and fall in line with the seasonal rotavirus
increases reported by laboratory surveillance. ED gastroenteritis visits by young children
were lower in the three years following introduction of rotavirus vaccination (reduced from
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8% of visits to 6% of visits). These attendance levels in young children (0-4years) remained
higher than in older age groups, however the previously large seasonal increases in children
were greatly reduced, from peaks of 16% to 3–10% of ED visits per week.

Conclusions
ED syndromic surveillance demonstrated a reduction in gastroenteritis visits following rotavirus vaccine introduction. This work establishes ED syndromic surveillance as a platform
for rapid impact assessment of future vaccine programmes.

Introduction
Rotavirus infection is a common cause of gastroenteritis in children worldwide, particularly
during the first two years of life. Clinical presentation ranges from mild, self-limited diarrhoea,
to more serious cases requiring medical interventions, and deaths [1]. Although deaths are less
likely in developed countries, illness due to rotavirus in the youngest children in the community results in high numbers of contacts with health care. In the United Kingdom (UK), rotavirus was estimated to account for much of the National Health Service (NHS) health care
contacts made for acute gastroenteritis in children under 5 years: 27% of calls for advice (e.g.
to the NHS 111 health advice line), 25% of visits to general practitioners (GPs), 20% of visits to
emergency departments (ED) and 45% of hospital admissions [2]. Rotavirus is known to follow a seasonal pattern, with activity in the UK largely seen between January and June, usually
reaching a peak in February/March (similar seasonal patterns are seen throughout Europe
[3]).
Rotavirus vaccination (RV) with the live attenuated monovalent vaccine (Rotarix1: GlaxoSmithKline Biologicals) [4] was introduced into the UK childhood vaccination schedule in
July 2013 [5] as a two dose course targeted at infants 8–15 weeks (second dose before 24
weeks) [6]. High coverage was achieved with >85% coverage for both doses by February 2014
[6], a level which increased to >90% by June 2016 [7]. Immediately following introduction of
the RV programme reductions in the levels of gastroenteritis were reported in young children
(0–4 years) in England, as estimated through laboratory confirmations, GP consultations and
ED visits [8–12], with the costs avoided resulting in economic savings estimated at £12.5 million per year [13]. Similar results were reported in other countries including Australia [14],
Brazil [15], Canada [16] and across sub-Saharan Africa [17] and Europe [18], although reductions were also reported in the Netherlands, where vaccination had not been introduced [19].
Syndromic surveillance involves the near real-time collection, analysis and reporting on
health related data [20] which has been applied to a wide variety of contemporaneously collected patient data sources. This type of surveillance provides the potential to monitor and
identify trends, across a wide variety of conditions and within shortened timescales compared
to more traditional surveillance based on formal notifications and laboratory reporting. ED
syndromic surveillance has previously demonstrated to be a valuable component in vaccine
impact investigations alongside other data sources [9, 13, 21]. Here we demonstrate the utility
of ED syndromic surveillance for a stand-alone investigation of a public health intervention:
the introduction of rotavirus vaccination in England.
The principle aim of this study was to use a national ED syndromic surveillance system to
assess the continued impact of the UK national RV programme. We first describe trends in
ED visits for gastroenteritis during the two years prior to the introduction of the RV
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programme (2011–2013), compared to the weekly number of rotavirus confirmations identified in laboratory surveillance. We then explored the use of ED syndromic surveillance data
for England to demonstrate the immediate impact of RV on young children attending EDs for
gastroenteritis, to identify if previously reported reductions in rotavirus associated disease
have continued. Our investigation also investigated possible changes in gastroenteritis ED visits across older age groups outside of the vaccination target groups, including any changes in
seasonality.

Methods
Emergency department visits
The Emergency Department Syndromic Surveillance System (EDSSS) is part of the Public
Health England (PHE) suite of real-time syndromic surveillance systems [22]. EDSSS was set
up as a voluntary sentinel system prior to the 2012 London Olympic and Paralympic Games
[23]. This system has provided an opportunity to investigate the ongoing impact of RV on ED
visits, with surveillance data available from a number of English EDs, both prior to and following RV introduction.
The EDSSS collects an anonymised record for every visit at a participating ED on a daily
basis, including: simple non-identifiable demographic data (sex and age), and any diagnoses
selected. Clinical diagnoses are received in the coded format used within each ED; different
diagnostic coding systems reveal different levels of clinical detail, requiring the development
and use of a range of EDSSS syndromic indicators (three coding systems used in the sentinel
EDSSS: NHS Accident and Emergency Diagnosis Tables [24], ICD10 [25] and Snomed-CT
[26]). A detailed ‘gastroenteritis’ indicator (diagnosis codes considered to indicate an infectious gastrointestinal disease) was used here and was only available from those EDs reporting
sufficiently detailed diagnostic codes (ICD10 or Snomed-CT: codes included in the gastroenteritis indicator, as reported by EDs included in this study, are detailed in S1 Table).
Only EDs able to report diagnosis codes mapped to the gastroenteritis indicator (gastrointestinal diagnoses considered due to infection), which reported throughout the time period
and with no known changes in diagnosis coding practices or gaps in data, were eligible for
inclusion.
The pre-RV period used for the description of gastroenteritis before RV programme introduction included data from July 2011 to June 2013. The post-RV period used for the investigation of vaccine impact included data from July 2013 to June 2016. Only EDs which were
capable of reporting gastroenteritis throughout the pre-RV and post-RV time periods were eligible for inclusion in this study.

Laboratory reports
Anonymised laboratory reports of rotavirus detection were accessed from the PHE Second
Generation Surveillance System (SGSS), which contains data on isolates from diagnostic laboratories in England, using a range of diagnostic tests [27]. These data were used as an indicator
of the community circulation of rotavirus during the two years prior to RV introduction available from EDSSS (4/7/11-30/6/13), ending the day before national RV implementation on 1/7/
2013. Each laboratory report included the specimen date, patient age, organism identified and
specimen type. Analyses were restricted to faecal specimens to exclude instances of invasive
disease, which would not be comparable to the gastroenteritis ED visits. No restriction was
included on specimen location (e.g. hospital/community) or patient age, as laboratory confirmation was used here to indicate pathogen activity in the community, not disease severity or
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age group affected. Episode based de-duplication is built into the SGSS [27], and therefore no
further patient-based de-duplication was required.

Descriptive analysis
Both ED syndromic surveillance and laboratory data for the two-year pre-RV period were
grouped into weekly totals in order to remove any day of the week effects (04/7/11–03/07/16;
International Organisation for Standardisation (ISO) weeks 2011 week 27 to 2013 week 26).
The total weekly number of rotavirus isolates (as an indicator of community circulation) was
compared to the weekly ED gastroenteritis visits in total and individual age group (0–4 years,
5–14 years, 15-44years, 45–64 years and 65+ years).

Statistical analysis of vaccine impact on gastroenteritis ED visits
ED visit data, for number of visits with a gastroenteritis diagnosis and number of visits with a
diagnosis code, were stratified by age group (as above) and by week. The number of total visits
which included a diagnosis code each week was used as a denominator to calculate the percentage of visits due to gastroenteritis.
Time-series were constructed for the weekly percentage of visits reported as gastroenteritis
for each age group and in total. An interrupted time-series analysis method was used to estimate the impact of the introduction of RV on gastroenteritis ED visits in each age group and
for all ages. A negative binomial regression model, selected due to over dispersion, was fitted
to the pre-vaccination period, to calculate estimated weekly visits, and an estimation of the
trend and seasonality in the absence of vaccination, with the weekly gastroenteritis visits as the
dependent variable. The total number of ED visits was included as an offset variable, to allow
for changes in total ED visits over time and a seasonal harmonic (sine/cosine) Fourier pair of
terms to model seasonality. These models were then projected forward to predict the expected
visit levels had RV not been implemented. These ‘no change’, counterfactual models were then
compared with models that included terms to account for a change following the vaccine
introduction and a change in seasonality post-vaccine.
Interrupted time-series analysis was carried out using the statistical software R [28] (MASS,
tsModel and epi packages [29–31]).

Ethics
This surveillance is undertaken as part of the national surveillance functions of PHE and so
ethical approval for this work was not required. The anonymised health data used in this study
were routinely collected as part of the public health function of PHE.

Results
Three EDs were eligible for inclusion in the study. They were based in two cities in England
(one Northern, one Southern), included adult and paediatric services and reported consistently to EDSSS throughout both the pre-RV and post-RV periods. During the two years preRV, 596,122 visits (in the 3 study EDs) were reported to EDSSS, of which 71.5% included a
diagnosis code (Table 1). In total, 2.2% of these coded visits were identified as due to gastroenteritis. The highest number of attendances for gastroenteritis were recorded in young children
0–4 years, despite this group accounting for only 10.2% of all ED visits (Table 1). Consequently, the percentage of attendances attributable to gastroenteritis was highest in children
aged 0–4 years (8.0% of coded visits), whereas in age groups 5 years and over gastroenteritis
was identified in less than 2.0% of ED visits (Table 1).
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Table 1. ED visits, those including diagnosis coding and those identified as gastroenteritis, by age group during the pre-RV period from 4 July 2011 to 30 June
2013.
Age group

ED visits

Diagnosis included

(% total visits)

Gastroenteritis visits

(% age group visits)

(% age group visits with diagnosis)

0–4 years

60,531

(10.2%)

43,354

(71.6%)

3,470

(8.0%)

5–14 years

49,623

(8.3%)

34,219

(69.0%)

655

(1.9%)

15–44 years

266,010

(44.6%)

189,907

(71.4%)

2,946

(1.6%)

45–64 years

104,615

(17.5%)

75,731

(72.4%)

909

(1.2%)

65+ years

114,672

(19.2%)

82,839

(72.2%)

1,431

(1.7%)

unknown

671

(0.1%)

308

(45.9%)

0

(0.0%)

426,358

(71.5%)

9,411

(2.2%)

Total

596,122

(100.0%)

https://doi.org/10.1371/journal.pone.0240021.t001

A seasonal pattern was observed in gastroenteritis visits for children under 5 years during
the 2-year pre-RV period, with increased ED attendances from week 1–17 each calendar year
(Fig 1). This increase mirrored increases in rotavirus reported through laboratory surveillance
during the same period. ED visits for gastroenteritis in all other age groups showed less seasonal variation (Fig 1).
A separate period of increased gastroenteritis visits was also observed during the summer of
2012 (week 39–45), particularly in children 0–4 years.
During the three years following the introduction of the rotavirus vaccine, 914,725 ED visits
were reported by the three eligible EDs (Table 2). Diagnosis codes were received for 71.8% of
visits (very similar to the levels identified during the pre-RV period), with 2.1% of these

Fig 1. Weekly emergency department (ED) gastroenteritis visits (as a percentage of visits with a diagnosis), by age group and in
total and weekly number of rotavirus laboratory isolations (England) during the two years pre-rotavirus vaccine introduction
(2011 week 27–2013 week 26). Footnote: ED: emergency department; yrs: years.
https://doi.org/10.1371/journal.pone.0240021.g001
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Table 2. Emergency department (ED) visits, those including diagnosis coding and those identified as gastroenteritis, by age group during the post-RV period from
1 July 2013 to 3 July 2016.
Age group

ED visits
(% total visits)

Diagnosis included

Gastroenteritis visits

(% age group visits)

(% visits with diagnosis)

0–4 years

84,673

(9.3%)

63,411 (74.9%)

3,860 (6.1%)

5–14 years

74,595

(8.2%)

52,385 (70.2%)

1,126 (2.1%)

15–44 years

401,187

(43.9%)

282,915 (70.5%)

4,863 (1.7%)

45–64 years

165,511

(18.1%)

119,562 (72.2%)

1,497 (1.3%)

65+ years

187,808

(20.5%)

137,815 (73.4%)

2,256 (1.6%)

unknown

951

(0.1%)

507 (53.3%)

0 (0.0%)

Total

914,725

656,595 (71.8%)

13,602 (2.1%)

(100.0%)

https://doi.org/10.1371/journal.pone.0240021.t002

identified as due to gastroenteritis. The numbers and levels of gastroenteritis were highest in
the youngest age group, 0–4 years though lower than identified during the pre-RV period
(6.1% of visits with diagnosis information, compared to 8.0% before RV).

Vaccine impact
The time-series constructed for gastroenteritis visits for all ages in total showed differences in
both visit levels and seasonality between the pre-RV and post-RV time periods (Fig 2A). During the pre-RV period the weekly gastroenteritis levels ranged from 1.3–4.0% of all weekly visits. Post-RV slightly lower peaks were seen, ranging from 1.4–2.7% of all weekly visits (Fig 2A).
As observed in the descriptive analysis, levels of gastroenteritis were much higher in young
children (0–4 years; Fig 2B).
A more pronounced seasonal pattern was identified in ED visits present in young children
(0–4 years: Fig 2B). The highest peaks in weekly visits levels were identified in this youngest
age group (pre-RV max 15.9; post-RV max 9.6%: Fig 2B).
The interrupted time series models for all ages in total and for the 0-4years age group separately, demonstrated a clear divergence between the model fit to actual data and the

Fig 2. Weekly emergency department (ED) gastroenteritis visits, interrupted time-series regression model with level change and harmonic adjustment for
seasonality, a) all ages and b) young children (0–4 years), week 27 2011 to week 26 2016 (grey box represents the rotavirus vaccine period).
https://doi.org/10.1371/journal.pone.0240021.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0240021 October 8, 2020

6 / 13

PLOS ONE

Using emergency department syndromic surveillance to investigate the impact of a national vaccination program

Fig 3. Weekly emergency department (ED) gastroenteritis visits, interrupted time-series regression model with level change and harmonic adjustment for
seasonality, a) older children (5–14 years) and adults, b) 15–44 years, c) 45–64 years and d) 65+ years, week 27 2011 to week 26 2016 (grey box represents
the rotavirus vaccine period).
https://doi.org/10.1371/journal.pone.0240021.g003

counterfactual model (estimated trends had no vaccine been introduced). For the all age and
0–4 years group modelling the counterfactual models predicted large seasonal variation, as
seen pre-RV. This degree of seasonality was not, however, seen in the post-RV period (Fig 2).
In addition to the lowest levels of gastroenteritis visits being identified in other, older age
groups (5+years) there was also less seasonal variation in visits, and less obvious differences
between pre-RV and post-RV introduction. The modelling indicated similar results for the
model fit to the actual data and the counterfactual model (Fig 3).
There was evidence of autocorrelation in the data, as would often be expected with timeseries data. However, this was largely due to the seasonality observed in the data and removed
by the introduction of a harmonic term into the models.

Discussion
The descriptive time-series analysis of ED syndromic surveillance data identified seasonal
trends in gastroenteritis ED visits in England prior to RV introduction, both for all ages in
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total and for young children. Gastroenteritis ED visits increased around the time of known
seasonal rotavirus activity, as indicated by increased rotavirus laboratory confirmations. Prior
to RV introduction, gastroenteritis levels in the youngest age group (0–4 years) were at much
higher levels and showed greater seasonal variation than in older age groups. During periods
of known rotavirus activity (2011 weeks 4–16, 2012 weeks 8–16) over 10% of ED visits (peaking at 16% of ED visits) made by children aged 0–4 years were identified as having a diagnosis
of gastroenteritis.
The seasonal trends observed in all ages, and the high levels in young children implied a
considerable burden of ED visits were associated with RV. This highlighted the usefulness of
ED syndromic surveillance data for investigating the impact of rotavirus vaccine introduction
into the childhood vaccination schedule.
Following the introduction of the national RV programme, the change in the seasonal variability of ED gastroenteritis visits was particularly notable in the youngest age group. The magnitude of the seasonal trend was reduced in comparison to the counterfactual model in the
interrupted time series analysis, becoming more similar to the more stable (non-seasonal)
trend observed in older age groups. Although gastroenteritis visits for young children (0–4
years) remained higher than older age groups, the variation week on week became attenuated,
with smaller seasonal peaks (and troughs) observed in the ED data. This implies a change in
the case mix of the youngest children seen in EDs, particularly during what had previously
been recognised as the rotavirus season. This reduced level of gastroenteritis supports previous
findings of a reduction in gastroenteritis immediately following RV introduction in both
England [8–12] and other countries [14–18].
These results also highlight decreasing trends in ED attendances for gastroenteritis pre-vaccine, and post vaccine in the counterfactual model (i.e. in the absence of vaccine). Previous
studies in England have demonstrated longer term falls in community-based general practitioner consultations for infectious intestinal disease [32, 33]. The findings here may indicate
that public health messaging aimed at discouraging patients using health care services for mild
self-limiting gastrointestinal infections, and changes in health care seeking behaviour is continuing to reduce the community burden from gastrointestinal infections on healthcare
services.
There is evidence that introduction of rotavirus vaccination in infants may subsequently
reduce gastroenteritis in adults [12, 18], however no clear decreases were observed in either
the levels or seasonality of gastroenteritis visits in older age groups post-RV. The numbers of
severely ill patients attending EDs may be too few to have a notable impact on ED workload.
ED gastroenteritis visits levels for older children and adults continued to make up a smaller
percentage of total visits in those age groups (0–6% for older children 5-14yrs, 0–3% for
adults). The reduction in gastroenteritis attendances for young children did, however, result in
reductions in the all age gastroenteritis attendances to EDs, changing the overall workload and
case mix in EDs in general.
The observed reduction in ED gastroenteritis visits by young children reported here was
not as great as the reductions reported in confirmed rotavirus hospitalisations [9, 13–18],
though this was to be expected since ED syndromic surveillance gastroenteritis attendances
are unlikely to be solely due to rotavirus. In the absence of a confirmatory testing (which is
often unnecessary for successful treatment of gastroenteritis in an ED setting) there is no specific rotavirus syndromic indicator available; the gastroenteritis indicator used here for ED
syndromic surveillance includes all pathogens and causes.
This work has further demonstrated the ability for non-pathogen specific syndromic surveillance to detect and describe a change in level of health seeking behaviour in the community
for the more severe cases of illness (i.e. in the ED setting), following the introduction of a
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vaccine programme. During 2013 an initial pilot of the live attenuated influenza vaccine
(LAIV) in the UK childhood vaccination programme used a range of different syndromic surveillance data (including ED attendances) to assess the impact and effectiveness [34]. The near
real-time nature of ED syndromic surveillance data collection supported the timely assessment
of LAIV impact in England, thereby supporting expansion of the pilot to the national immunisation programme.

Strength and weaknesses
The EDSSS provides the potential to identify, quantify and monitor the levels of illness in the
population requiring ED care. As the largest proportion of those affected by rotavirus infection
do not need ED care i.e. they ‘self-treat’ [2], the numbers of cases eligible for inclusion in this
study were limited and the findings should not be extended to estimate levels of less severe illness in the community. Despite the non-specific nature of syndromic surveillance, reliant on a
preliminary/low detail/non-specific diagnoses form EDs (eg ‘gastroenteritis’ rather than confirmed rotavirus infection), clear trends in presentations of illness were identified here that
coincided with rotavirus seasonality.
We have shown here the utility of EDSSS in monitoring the likely impact of rotavirus activity, despite the system itself being limited by the data available at both geographical coverage/
number of EDs and the time periods available. The EDSSS was established to support the 2012
London Olympic and Paralympic Games using routinely collected data in a standardised format, allowing for identification of gastroenteritis in geographically distinct locations. Changes
in system coverage and local work practices were unavoidable. Though individual EDs did
provide data from late July 2010 both the pre-RV and post-RV data had to be limited to
include data reported to EDSSS from only those EDs reporting consistently. This resulted in
the inclusion of data from 3 EDs which reported from 2011 week 27 to 2016 week 26 in this
study.
Syndromic surveillance in general is limited by the availability and quality of the data
received. Here we included young children in the analysis as a 0–4 years age group. In the year
following introduction of vaccine, the 0–4 years age group used here would have included
those infants in the vaccine cohort and those who would not have received vaccine. Refining
the analysis by year of age may have illustrated an increased impact of RV, however it was not
possible to use a finer resolution of age (by year) in this youngest group using the data received
in EDSSS for the time periods under investigation. Furthermore, with near real-time data
extraction there is potential for incomplete records where the patient is still on their journey
through the ED, so there may be no recorded diagnosis at the time of data extraction. The reasons for these gaps are unknown. Although the causes may be ED specific, it is assumed that
they are also a constant in each site, allowing for comparison on trends over time. No changes
in diagnosis data quality were identified in the EDs included in the analysis reported here.
As ED records do not routinely include information on vaccine status it was not possible to
ascertain the vaccine status of those ED patients during the study period.

Future work
ED syndromic surveillance systems exist in a number of different countries. Previous collaborative work has shown these systems to be compatible, with syndromic indicators used to
describe and compare trends across international borders [35, 36], giving opportunity for similar work on the impact of vaccination implementation on ED visits on a larger scale.
A second period of increased gastroenteritis visits was identified during the pre-RV time
period, particularly in those aged 0–4 years during September-October 2012. These increases
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may indicate increased activity of other gastrointestinal pathogens and coincided with
increased seasonal laboratory reporting of cryptosporidium [37]. This suggests that ED surveillance may be of use in identifying periods of increased gastrointestinal pathogen activity in the
community, which merits further exploration.
The introduction of the Emergency Care Data Set in England during 2018 has provided further opportunities for EDSSS [38]. The newly standardised, routine, mandated collection of
emergency care data has widened the potential of EDSSS as a surveillance tool by creating a
data source capable of providing the data required for long term studies of public health
importance. By January 2020, the sentinel EDSSS described here had developed from a voluntary, sentinel surveillance system with limited coverage, to the national EDSSS; with almost
every ED in England providing data. This development opens the possibility for using ED syndromic surveillance in future rapid studies on the impact of public health interventions. Such
examples include the future introduction of a respiratory syncytial virus (RSV) vaccine: EDSSS
has previously been shown to be sensitive to increases in RSV circulation in the community
thus making it a suitable tool for monitoring impact post-vaccine implementation [39]. Additionally, EDSSS has recently been used to monitor the impact of interventions used during
COVID-19 pandemic in England. Social distancing and shielding measures alongside changes
in guidance on how the public accessed health care services were introduced in England during March 2020. EDSSS was able to provide real-time intelligence on the impact of these
restrictions, demonstrating significant decreases in patient attendances in EDs in England during the period of the COVID-19 intervention [40–42].

Supporting information
S1 Table. Diagnostic codes mapped to the gastroenteritis syndromic surveillance indicator
included in the EDSSS and used in the study.
(DOCX)
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vaccination in a large paediatric hospital in the UK. J Hosp Infect 2016; 93: 117–120. https://doi.org/10.
1016/j.jhin.2015.12.010 PMID: 26876744

12.

Hungerford D, Vivancos R, Read JM, Iturriza-Gόmara M, French N, et al. Rotavirus vaccine impact and
socioeconomic deprivation: an interrupted time-series analysis of gastrointestinal disease outcomes
across primary and secondary care in the UK. BMC Med 2018; 16. https://doi.org/10.1186/s12916-0170989-z

13.

Thomas SL, Walker JL, Fenty J, Atkins KE, Elliot AJ, et al. Impact of the national rotavirus vaccination
programme on acute gastroenteritis in England and associated costs averted. Vaccine 2017; 35: 680–
686. https://doi.org/10.1016/j.vaccine.2016.11.057 PMID: 28007397

14.

Field EJ, Vally H, Grimwood K, Lambert SB. Pentavalent rotavirus vaccine and prevention of gastroenteritis hospitalizations in Australia. Pediatrics 2010; 126: e506–e512. https://doi.org/10.1542/peds.
2010-0443 PMID: 20732946

15.

Caruzo TAR. Human rotavirus genotypes circulating in Brazil before and after a nationwide rotavirus
vaccination program established in 2006. Res Rep Trop Med 2011; 2: 57–64. https://doi.org/10.2147/
RRTM.S13650 PMID: 30881179

16.

Wilson SE, Rosella LC, Wang J, Renaud A, Le Saux N, et al. Equity and impact: Ontario’s infant rotavirus immunization program five years following implementation. A population-based cohort study. Vaccine 2019; 37: 2408–2414. https://doi.org/10.1016/j.vaccine.2019.01.061 PMID: 30765171

17.

Mwenda JM, Parashar UD, Cohen AL, Tate JE. Impact of rotavirus vaccines in Sub-Saharan African
countries. Vaccine 2018; 36: 7119–7123. https://doi.org/10.1016/j.vaccine.2018.06.026 PMID:
29914848

PLOS ONE | https://doi.org/10.1371/journal.pone.0240021 October 8, 2020

11 / 13

PLOS ONE

Using emergency department syndromic surveillance to investigate the impact of a national vaccination program

18.

Karafillakis E, Hassounah S, Atchison C. Effectiveness and impact of rotavirus vaccines in Europe,
2006–2014. Vaccine 2015; 33: 2097–2107. https://doi.org/10.1016/j.vaccine.2015.03.016 PMID:
25795258

19.

Hahné S, Hooiveld M, Vennema H, van Ginkel A, de Melker H, et al. Exceptionally low rotavirus incidence in the Netherlands in 2013/14 in the absence of rotavirus vaccination. Eurosurveillance 2014; 19:
pii = 20945. https://doi.org/10.2807/1560-7917.es2014.19.43.20945 PMID: 25375899

20.

Triple S Project. Assessment of syndromic surveillance in Europe. Lancet 2011; 378: 1833–1834.
https://doi.org/10.1016/S0140-6736(11)60834-9 PMID: 22118433

21.

Pebody RG, Green HK, Andrews N, Boddington NL, Zhao H, et al. Uptake and impact of vaccinating
school age children against influenza during a season with circulation of drifted influenza A and B
strains, England, 2014/15. Eurosurveillance 2015; 20: pii = 30029. http://www.ncbi.nlm.nih.gov/
pubmed/26537222.

22.

Public Health England. Syndromic surveillance: systems and analyses. 2015. Available: https://www.
gov.uk/government/collections/syndromic-surveillance-systems-and-analyses.

23.

Elliot AJ, Hughes HE, Hughes TC, Locker TE, Shannon T, et al. Establishing an emergency department
syndromic surveillance system to support the London 2012 Olympic and Paralympic Games. Emerg
Med J 2012; 29: 954–960. https://doi.org/10.1136/emermed-2011-200684 PMID: 22366039

24.

NHS Digital. Accident and Emergency Diagnosis Tables. 2013. Available: http://www.datadictionary.
nhs.uk/web_site_content/supporting_information/clinical_coding/accident_and_emergency_
diagnosis_tables.asp?shownav=1.

25.

World Health Organisation. International Classification of Disease (ICD). 2020. Available: http://www.
who.int/classifications/icd/en/.

26.

International Health Terminology Standards Development Organisation. SNOMED CT. 2020. Available:
http://www.ihtsdo.org/snomed-ct/.

27.

Public Health England. Laboratory reporting to Public Health England. A guide for diagnostic laboratories. 2016. Available: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/545183/PHE_Laboratory_Reporting_Guidelines.pdf.

28.

R Development Core Team. 2008. A language and environment for statistical computing. R Foundation
for Statistical Computing. Available: http://www.R-project.org.

29.

Venables WN, Ripley BD (2002) Modern Applied Statistics with S. New York: Springer.

30.

Peng RD, McDermott A. 2013. tsModel: Time Series Modeling for Air Pollution and Health. Available:
https://CRAN.R-project.org/package=tsModel.

31.

Carstensen B, Plummer M, Laara E, Hills M. 2017. Epi: A Package for Statistical Analysis in Epidemiology. Available: https://CRAN.R-project.org/package=Epi.

32.

Tam CC, Rodrigues LC, Viviani L, Dodds JP, Evans MR, et al. Longitudinal study of infectious intestinal
disease in the UK (IID2 study): incidence in the community and presenting to general practice. Gut
2012; 61: 69–77. https://doi.org/10.1136/gut.2011.238386 PMID: 21708822

33.

Fleming DM, Elliot AJ. Changing disease incidence: the consulting room perspective. Br J Gen Pract
2006; 56: 820–824. PMID: 17132347

34.

Pebody R, Green H, Andrews N, Zhao H, Boddington N, et al. Uptake and impact of a new live attenuated influenza vaccine programme in England: early results of a pilot in primary school-age children,
2013/14 influenza season. Euro Surveill 2014; 19: pii = 20823. https://doi.org/10.2807/1560-7917.
es2014.19.22.20823 PMID: 24925457

35.

Hughes HE, Morbey R, Fouillet A, Caserio-Schönemann C, Dobney A, et al. Retrospective observational study of emergency department syndromic surveillance data during air pollution episodes across
London and Paris in 2014. BMJ Open 2018; 8: e018732. https://doi.org/10.1136/bmjopen-2017-018732
PMID: 29674360

36.

Hughes HE, Colon-Gonzalez FJ, Fouillet A, Elliot AJ, Caserio-Schonemann C, et al. The influence of a
major sporting event upon emergency department attendances; A retrospective cross-national European study. PLoS ONE 2018; 13: e0198665. https://doi.org/10.1371/journal.pone.0198665 PMID:
29898000

37.

Public Health England. Cryptosporidium spp data 2007 to 2016: National laboratory data for residents
of England and Wales. 2018. Available: https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/711919/cryptosporidium_spp_data_2007_to_2016_may_2018.
pdf.

38.

Hughes HE, Hughes TC, Haile A, Smith GE, McCloskey B, et al. Syndromic surveillance revolution?
Public health benefits of modernizing the emergency care patient health record in England. Public
Health Rep 2017; 132: 12S–15S. https://doi.org/10.1177/0033354917706955 PMID: 28692387

PLOS ONE | https://doi.org/10.1371/journal.pone.0240021 October 8, 2020

12 / 13

PLOS ONE

Using emergency department syndromic surveillance to investigate the impact of a national vaccination program

39.

Hughes HE, Morbey R, Hughes TC, Locker TE, Pebody R, et al. Emergency department syndromic surveillance providing early warning of seasonal respiratory activity in England. Epidemiol Infect 2015; 144:
1052–1064. https://doi.org/10.1017/S0950268815002125 PMID: 26415918

40.

Hughes HE, Hughes TC, Morbey R, Challen K, Oliver I, et al. Emergency department use during
COVID-19 as described by syndromic surveillance. Emerg Med J 2020: 37:600–604. https://doi.org/10.
1136/emermed-2020-209980 PMID: 32948621

41.

Thornton J. Covid-19: A&E visits in England fall by 25% in week after lockdown. BMJ 2020; 369:
m1401. https://doi.org/10.1136/bmj.m1401 PMID: 32253175

42.

Elliot AJ, Harcourt SE, Hughes HE, Loveridge P, Morbey RA, et al. The COVID-19 pandemic: a new
challenge for syndromic surveillance. Epidemiol Infect 2020; 148: e122. https://doi.org/10.1017/
S0950268820001314 PMID: 32614283

PLOS ONE | https://doi.org/10.1371/journal.pone.0240021 October 8, 2020

13 / 13

