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Summary
Background Despite recommendations regarding prompt treatment of cases and enhanced hygiene measures, scarlet 
fever outbreaks increased in England between 2014 and 2018. We aimed to assess the effects of standard interventions 
on transmission of Streptococcus pyogenes to classroom contacts, households, and classroom environments to inform 
future guidance.

Methods We did a prospective, longitudinal, multicohort, molecular epidemiological, contact-tracing study in six settings 
across five schools in Greater London, UK. Schools and nurseries were eligible to participate if they had reported 
two cases of scarlet fever within 10 days of each other among children aged 2–8 years from the same class, with the most 
recent case arising in the preceding 48 h. We cultured throat swabs from children with scarlet fever, classroom contacts, 
and household contacts at four timepoints. We also cultured hand swabs and cough plates from all cases in years 1 and 2 
of the study, and from classroom contacts in year 2. Surface swabs from toys and other fomites in classrooms were 
cultured in year 1, and settle plates from classrooms were collected in year 2. Any sample with S pyogenes detected was 
recorded as positive and underwent emm genotyping and genome sequencing to compare with the outbreak strain.

Findings Six classes, comprising 12 cases of scarlet fever, 17 household contacts, and 278 classroom contacts were 
recruited between March 1 and May 31, 2018 (year 1), and between March 1 and May 31, 2019 (year 2). Asymptomatic 
throat carriage of the outbreak strains increased from 11 (10%) of 115 swabbed children in week 1, to 34 (27%) of 
126 in week 2, to 26 (24%) of 108 in week 3, and then five (14%) of 35 in week 4. Compared with carriage of outbreak 
S pyogenes strains, colonisation with non-outbreak and non-genotyped S pyogenes strains occurred in two (2%) of 
115 swabbed children in week 1, five (4%) of 126 in week 2, six (6%) of 108 in week 3, and in none of the 35 children 
in week 4 (median carriage for entire study 2·8% [IQR 0·0–6·6]). Genome sequencing showed clonality of outbreak 
isolates within each of six classes, confirming that recent transmission accounted for high carriage. When 
transmissibility was tested, one (9%) of 11 asymptomatic carriers of emm4 and five (36%) of 14 asymptomatic carriers 
of emm3.93 had a positive cough plate. The outbreak strain was identified in only one (2%) of 60 surface swabs taken 
from three classrooms; however, in the two classrooms with settle plates placed in elevated locations, 
two (17%) of 12 and six (50%) of 12 settle plates yielded the outbreak strain.

Interpretation Transmission of S pyogenes in schools is intense and might occur before or despite reported treatment 
of cases, underlining a need for rapid case management. Despite guideline adherence, heavy shedding of S pyogenes 
by few classroom contacts might perpetuate outbreaks, and airborne transmission has a plausible role in its spread. 
These findings highlight the need for research to improve understanding and to assess effectiveness of interventions 
to reduce airborne transmission of S pyogenes.
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Introduction
Since 2014, England has seen an upsurge in the 
prevalence of scarlet fever that is unprecedented in 
modern times.1,2 Scarlet fever is a highly communicable 
exanthem caused by Streptococcus pyogenes (group A 
streptococcus) that predominantly affects younger 

children (aged 4–7 years). In England and Wales, more 
than 30 000 cases of scarlet fever were reported in 2018, 
the highest number since 1960, with an age-specific 
incidence of 523 cases per 100 000 children aged 
1–4 years.3 Infections have long been recognised to cause 
outbreaks in schools and nurseries, creating a substantial 
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public health burden.2 Although benign if treated 
promptly, individuals living in a household with a recent 
case of scarlet fever have a 20-times increased risk of 
invasive streptococcal infection.4 In 2016, a near two-
times increase in notifications of invasive disease was 
accompanied by the emergence of a new sublineage of 
emm1 S pyogenes (M1UK), which expresses increased 
amounts of scarlet fever toxin.5

The literature highlights a role for fomite surfaces in 
the propagation of S pyogenes outbreaks.6,7 Guidance for 
management of school or nursery outbreaks of scarlet 
fever emphasises the importance of maintaining 
good hand hygiene, prompt antibiotic treatment of 
index cases, and exclusion from school or nursery 
until 24 h after antibiotic treatment has started.8 
Escalation of interventions, including daily cleaning of 

toys, utensils, and frequent touchpoints, is 
recommended if necessary, along with daily vacuuming 
of soft furnishings.8

To understand why outbreaks might continue to occur 
despite following these interventions, we investigated 
transmission of S pyogenes during the scarlet fever 
seasons of 2018 and 2019, focusing on educational 
settings with two sequential notifications of scarlet fever. 
We primarily aimed to establish the effects of standard 
interventions from existing guidance, which focus on 
hygiene and case exclusion, on transmission of S pyogenes 
to children, classroom contacts, households, and 
classroom environ ments. Additionally, we aimed to 
investigate modes of transmission to inform future 
guidance and to provide insight into outbreaks of 
S pyogenes more generally.

Research in context

Evidence before this study
Since 2014, an unprecedented upsurge in the prevalence of 
scarlet fever, an infectious exanthem triggered by superantigen 
toxin-expressing Streptococcus pyogenes, has been reported 
among children in England (UK). Despite national guidance 
regarding prompt treatment of cases and the importance of 
hand hygiene, notifications of cases and outbreaks in 
educational settings increased further in 2018. Increased 
prevalence of scarlet fever not only creates a considerable 
individual and public health burden, but is also associated with 
an increased incidence of S pyogenes throat infections and more 
lethal invasive infections in both children and adults. 
Older studies have provided evidence of fomite and airborne 
dispersal of S pyogenes; however, they do not provide evidence 
of strain-specific transmission or relate to modern contextual 
settings. To identify potential interventions, on July 4, 2021, we 
searched PubMed for contemporary descriptions of the mode 
of scarlet fever transmission, using the terms “scarlet fever”, 
“outbreak”, “school”, and “transmission”, without language 
restrictions. We also considered related articles in PubMed or 
referenced articles. Four studies reported findings of single 
scarlet fever outbreaks, in which the attack rate was high. 
All studies reported a high prevalence of S pyogenes infection 
among contacts at a single timepoint, although none 
undertook detailed studies of the mechanism of transmission.

Added value of this study
In this prospective, longitudinal, multicohort, molecular 
epidemiological, contact-tracing study in six educational 
settings, we found that transmission of S pyogenes was intense 
in classroom settings with two recent cases of scarlet fever, 
even when attack rates were modest. Genome sequencing 
confirmed that a unique outbreak strain infected over a quarter 
of the children in affected classes. In some settings, almost half 
of all children carried the outbreak strain at some point, 
whereas carriage of non-outbreak strains was uncommon. 
As such, asymptomatic carriage rates of S pyogenes should be 

interpreted with caution, using contextual information 
regarding season and outbreaks. Despite treatment and 
temporary exclusion of children with scarlet fever, as well as 
hygiene interventions that reduced risk of fomite 
contamination, classroom contacts were often already infected 
with outbreak strains. Most children with infection were 
asymptomatic; however, a quarter of cases showed bacterial 
shedding suggestive of bacterial replication and potential 
infectiousness. Furthermore, we found that colonisation rates 
increased in classmates over time and that outbreak strains of 
S pyogenes dispersed into the air of the classrooms tested with 
settle plates. Conducted at a time just before the COVID-19 
pandemic, the study provides insight into the spread of 
respiratory infection without physical distancing.

Implications of all the available evidence
The transmissibility of S pyogenes within school settings 
exceeds that of many other major pathogens and might feature 
so-called super spreaders. Rapid intervention is required to 
identify, isolate, and treat cases of scarlet fever; to reduce the 
initial infective burden in classroom settings; and to prevent 
outbreaks. Given that the strains that cause scarlet fever also 
cause S pyogenes pharyngitis, consideration should be given to 
managing scarlet fever and S pyogenes pharyngitis as single 
entities in young children. Altered diagnostic and management 
algorithms adapted to young children might be required. 
Within schools, physical distancing, improved hygiene 
measures, and increased ventilation could have a major role in 
interrupting transmission, as evidenced by considerable 
curtailment of scarlet fever notifications during COVID-19-
related lockdowns. Additionally, our findings should inform 
future responses to other types of S pyogenes outbreaks, by 
underlining a possible role for airborne transmission that might 
prompt environmental air sampling, identification of so-called 
heavy shedders, and a need to research potential use of surgical 
masks for patients at risk of invasive S pyogenes infection.
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Methods
Study design and participants
We did a prospective, longitudinal, multicohort, molecular 
epidemiological, contact-tracing study of scarlet fever in 
primary school aged children (aged 2–8 years) in six 
settings in Greater London, UK. We recruited schools and 
nurseries during the scarlet fever seasons of 2 consecutive 
years: from March 1 to May 31, 2018 (year 1), and from 
March 1 to May 31, 2019 (year 2).

Schools and nurseries from the Greater London area 
that notified scarlet fever cases to local Health Protection 
teams were invited to participate if they reported 
two confirmed or probable cases of scarlet fever within 

10 days of each other among children aged 2–8 years from 
the same class, with the most recent case arising in the 
preceding 48 h (appendix pp 2, 19). Routine public health 
advice was provided, including advice that children with 
infection should be excluded from school until they had 
received at least 24 h of antibiotic treatment.8 Based on a 
pragmatic approach, the first location with two eligible 
cases that agreed to participate each month was selected.

The study protocol was approved by a Research Ethics 
Committee (reference 18/LO/0025; Integrated Research 
Application System 225006). Written informed consent 
was provided by parents or guardians, and assent was 
provided by each child.

See Online for appendix
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Figure 1: Sample types sought from cases and contacts across all six settings
Two cases were identified in setting 5 but were not recruited; however, classroom contacts of these cases were recruited. The samples provided, timings, and any breaks in sampling schedule are listed 
in the appendix (pp 4–6).
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Procedures
Confirmed and probable cases in the affected class were 
invited to participate in daily sampling as soon as 
possible after diagnosis and up to day 8 of treatment, 
followed by samples collected at weekly intervals for a 
further 3 weeks. These samples comprised throat swabs, 
hand swabs, and Columbia Blood Agar cough plates 
(Oxoid, Basingstoke, UK; appendix p 19). Children with 
scarlet fever were visited at home during the initial 
periods of school exclusion.

All household and classroom contacts of each case 
were invited to participate in weekly throat swab 
sampling for 4 weeks, or for a total of four occasions if 
the weekly cycle was interrupted by holidays. In year 2, 
classroom contacts were additionally asked to provide 

hand swabs and cough plates. To compare prevalence of 
carriage during an outbreak with prevalence after an 
outbreak, the protocol incorporated a break in the 
sampling schedule in year 2. This break involved a fourth 

sampling visit 2–3 months after the third visit, with 
flexibility to adjust this period to remain within the 
school term. Any child with clinical pharyngitis or scarlet 
fever was directed to their primary care physician 
for management; swab results were not reported to 
participants or to their physicians.

Routine advice on cleaning was issued before 
environmental sampling.8 Environmental swabs were 
obtained from 20 frequently touched items, including 
toys and equipment in each classroom, in week 1 of 
year 1. In year 2, to sample classroom air, Columbia blood 
agar settle plates were positioned in each of the two 
classrooms at heights of approximately 1·5–2·0 m for 
2–3 h per week (appendix pp 19–20).

After overnight culture, DNA was extracted from any 
S pyogenes identified and emm genotyping was performed, 
followed by genome sequencing (appendix p 20). Genome 
sequences (appendix pp 9–13) were compared with 
S pyogenes sequences from an earlier survey of isolates 
associated with scarlet fever9 (appendix pp 14, 19–21); 
emm1 and emm4 lineages were assigned as reported.5,10 
Genome sequencing data are available from the European 
Nucleotide Archive using the reference PRJEB43915. To 
evaluate sensitivity of conventional culture, DNA extracted 
from culture-negative swabs from one setting was subject 
to S pyogenes ProS PCR (appendix p 19).

Statistical analysis
Descriptive statistics only were used to analyse the data.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
156 outbreaks of scarlet fever in educational settings across 
London were reported in year 1 (2018) and 47 were reported 
in year 2 (2019). Six settings across five schools were 
included (settings 1, 2, and 3 in year 1 and settings 4, 5, and 
6 in year 2), and 12 schoolchildren with scarlet fever were 
recruited (figure 1; appendix p 3). Two children with scarlet 
fever were recruited per setting in settings 1, 2, and 3 in 
year 1; settings 2 and 3 were different classes within the 
same school. Three children with scarlet fever were 
recruited from each of settings 4 and 6 in year 2. Although 
children with scarlet fever declined to participate in 
setting 5 in year 2, contact and environment testing was 
undertaken on the basis of one confirmed and one 
probable case. Sampling was completed by June 7, 2018, in 
year 1 and by June 28, 2019, in year 2. During the study, 
participating schools reported an increased prevalence of 
pharyngitis in addition to the reported cases of scarlet 

2018
2019
Reference (H293)

Year
Case
Classroom contact
Household contact

Sample typesSettings
1
2
3
4

Air
Toy

emm1 (M1UK)

emm6

emm4

emm3.93

emm89

emm2

emm12

5
6
Reference (H293)

0·12

*

*

Figure 2: Phylogenetic tree of Streptococcus pyogenes isolates sequenced from cases, contacts, and the 
environment across all six settings
Maximum likelihood phylogenetic tree constructed from 20 229 core single-nucleotide polymorphisms 
(without recombination regions), extracted after mapping 136 isolates of S pyogenes to the reference sequence 
H293 (emm89, HG316453.2). The outer rings (from outermost to innermost) represent the settings (1–6) and 
years of collection (2018 or 2019). The tips of the tree are coloured according to emm type. The shape of these tips 
indicates the source (ie, sample type) of individual isolates: case, classroom contact, household contact, and 
environmental samples from settle plate (air) or fomite (toy). In some cases and contacts, multiple isolates were 
detected per participant (appendix pp 4–6, 9–13). The scale bar indicates nucleotide substitution rate per site. 
*Singleton subtypes (emm3.143 and emm6.9) within an emm type. A detailed analysis of each setting can be 
found in the appendix (pp 15–18).
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fever. The median attack rate for confirmed and probable 
cases was 5·0% (IQR 4·1–12·6) and 10·1% (7·3–24·9) with 
inclusion of possible cases (appendix p 3).

Of the 12 children with scarlet fever, six children (50%) 
had been swabbed by primary care physicians before 
starting antibiotic treatment. S pyogenes genotypes 
associated with each outbreak were derived from the 
swabs obtained from these cases, or inferred from the 
S pyogenes isolates cultured from household contacts of 
cases. Genotypes were emm6, emm1, emm4, and emm3.93 
(figure 2). Emm1 isolates all belonged to the newly 
described M1UK lineage,5 whereas emm4 isolates all 
belonged to the M4-complete lineage.10

11 (92%) of the 12 children with scarlet fever received 
antibiotic treatment prescribed by the primary care 
physician once a diagnosis of scarlet fever had been 
made. S pyogenes was not detected in swab samples 
obtained during week 1 in any of the children who had 
initiated antibiotic treatment before the study visit 
(table 1). The child who did not receive antibiotic 
treatment had a positive throat swab up to and including 
week 2, but had cleared emm4 S pyogenes by week 3 
(table 1; appendix p 4). One contact who had a positive 
throat swab and cough plate on day 1 of week 1 with 
emm3.93 S pyogenes developed scarlet fever on the same 
day, so was also recruited as a case. Where the duration 
of antibiotic treatment was known in eight (67%) of the 
12 cases, four children completed a 10-day course and 
four children took an incomplete course (including 
two cases prescribed a 7-day course). Of the 11 children 
with scarlet fever who had received antibiotic treatment, 
including those who completed a full 10-day course, 
the throat swab grew the prevailing outbreak strain of 
S pyogenes again in four (36%) children (by week 2 
[one with emm3.93] and by week 3 [two with M1UK and 
one with emm3.93]). Additionally, one of the children 
with the M1UK strain had a positive cough plate and hand 
swab in week 3, despite testing negative in weeks 1 and 2 
(table 1; appendix p 4).

17 household contacts were enrolled into the study, 
representing nine households (figure 1). Of these 
contacts, three (18%) individuals had throat swabs that 
yielded S pyogenes, two of whom had symptomatic 
pharyngitis with the M1UK strain and showed carriage 

spanning 2 or 3 weeks (appendix p 5). Indeed, the M1UK 
strain was responsible for infection in two (67%) of three 
household contacts (appendix p 5).

Among all classroom contacts swabbed in schools, 
asymptomatic throat carriage of the outbreak S pyogenes 
strains identified by genome sequencing increased from 
11 (10%) of 115 in week 1, to 34 (27%) of 126 in week 2, 
and 26 (24%) of 108 in week 3, before decreasing again 

Before the study Week 1* Week 2 Week 3 Week 4 Week 7–8 Week 16

Day 1 Day 2 Day 3

Antibiotic treatment† 10/12 (83%) 10/12 (83%) 11/12 (92%) 11/12 (92%) 9/12 (75%) 0/12 0/12 0/12 0/12

Positive throat swab‡ 5/6 (83%) 2/12 (17%) 1/6 (17%) 1/5 (20%) 2/11 (18%) 4/10 (40%) 0/5 1/3 (33%) 1/3 (33%)

Positive cough plate ·· 1/12 (8%) 0/6 0/5 0/11 1/10 (10%) 0/5 ·· ··

Positive hand swab ·· 0/12 0/6 0/5 0/11 1/10 (10%) 0/5 ·· ··

Data are n/N (%). Final week of swabbing was week 4 (five cases), week 7 (three cases), or week 16 (three cases). *Children were swabbed daily in week 1, until at least 72 h 
antibiotic therapy was given. Day 1 indicates first day of the study and the first swab. †One child was identified in a contact at the start of the study, so initiated antibiotics 
after their first swab. One child did not receive antibiotics. ‡Only six children were swabbed by a primary care physician before the study.

Table 1: Streptococcus pyogenes carriage and shedding in 12 cases of scarlet fever across six settings

Week 1 Week 2 Week 3 Week 4 Week 7–8 Week 16

Setting 1 (emm6)

Number of swabs taken 16 13 15 15 ·· ··

Positive for S pyogenes 3 (19%) 4 (31%) 7 (47%) 3 (20%) ·· ··

Positive for outbreak strain 3 (19%) 4 (31%) 7 (47%) 3 (20%) ·· ··

Setting 2 (emm1 [M1UK])

Number of swabs taken 17 18 16 Holiday ·· ··

Positive for S pyogenes 0 10 (56%) 8 (50%) Holiday ·· ··

Positive for outbreak strain 0 8 (44%) 6 (38%) Holiday ·· ··

Setting 3 (emm1 [M1UK])

Number of swabs taken 19 19 Holiday 20 ·· ··

Positive for S pyogenes 2 (11%) 6 (32%) Holiday 2 (10%) ·· ··

Positive for outbreak strain 2 (11%) 6 (32%) Holiday 2 (10%) ·· ··

Setting 4 (emm4)

Number of swabs taken 18 20 24 ·· ·· 18

Positive for S pyogenes 1 (6%) 4 (20%) 4 (17%) ·· ·· 0

Positive for outbreak strain 0 4 (20%) 4 (17%) ·· ·· 0

Setting 5 (emm4)

Number of swabs taken 17 22 22 ·· 23 ··

Positive for S pyogenes 0 3 (14%) 4 (18%) ·· 5 (22%) ··

Positive for outbreak strain 0 3 (14%) 3 (14%) ·· 3 (13%) ··

Setting 6 (emm3.93)

Number of swabs taken 28 34 31 ·· 30 ··

Positive for S pyogenes 7 (25%) 12 (35%) 9 (29%) ·· 5 (17%) ··

Positive for outbreak strain 6 (21%) 9 (26%) 6 (19%) ·· 3 (10%) ··

Total

Number of swabs taken 115 126 108 35 53 18

Positive for non-outbreak or 
unconfirmed strains

2 (2%) 5 (4%) 6 (6%) 0 4 (8%) 0

Positive for outbreak strains 11 (10%) 34 (27%) 26 (24%) 5 (14%) 6 (11%) 0

Data are n (%). Final week of sampling in year 2 was deferred to week 7 or week 16 for settings 4, 5, and 6. Outbreak 
strains confirmed by whole-genome sequencing. Further results are provided in the appendix (p 6).

Table 2: Prevalence of Streptococcus pyogenes from throat swabs of classroom contacts across all six settings
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from week 4 to weeks 7 –8 (table 2). None of the 18 child 
contacts swabbed in week 16 were carrying S pyogenes 
(table 2). Compared with carriage of the outbreak strains, 
median carriage of non-outbreak S pyogenes was 2·8% 
(IQR 0·0–6·6) during the study. Transmission of the 
outbreak strain appeared to be particularly intense in 
setting 2 in year 1, where eight (44%) of 18 children 
swabbed were infected with the outbreak M1UK strain in 
week 2, in addition to two household contacts, and 
six (38%) children were infected with the outbreak strain 
in week 3 (figure 3B; appendix p 6). Overall, across all six 
settings, more than half of eligible children participated 
in the study (median participation rate 52·5%, 
IQR 43·7–65·8; appendix p 6).

Whole-genome sequencing was done on all viable 
S pyogenes isolates identified. Within each setting, isolates 
of the same genotype were clonal, with individual strains 
being a median of 0 single-nucleotide polymorphisms 
(SNPs; range 0–5 SNPs) different from other strains in 
that setting. This finding is consistent with a common 
source of transmission. Individual strains were a median 
of 12 SNPs (range 4–55 SNPs) different from the closest 

strain of the same genotype sequenced in 2014. Core 
genomes were more similar than was expected 
(appendix pp 8, 15–18).

Environmental swabs taken in settings 1, 2, and 3 in 
week 1 of year 1 yielded mixed bacterial growth 
(approximately 1 × 10²–1 × 10⁴ colony forming units per 
swab; appendix p 7). S pyogenes was identified from just 
one toy (train track) from setting 2: five colonies per swab 
of the outbreak strain M1UK were 1–3 SNPs different to 
isolates obtained from children in the same class 
(appendix p 16).

To identify the source of ongoing transmission in the 
classrooms, the protocol was amended in year 2 to include 
hand swabs and cough plates from classroom contacts in 
addition to throat swabs, while settle plates were used to 
sample air within the classroom. In setting 4, where 
emm4 predominated, the cough plate for one of 
four children carrying S pyogenes was positive in week 2, 
but not in subsequent weeks (appendix p 6). All isolates 
in setting 4 were 0 SNPs apart (appendix p 17). Cough 
plates were negative in setting 5, where emm4 also 
predominated (and isolates were 0 SNPs apart; 
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Figure 3: Acquisition of emm1 (M1UK) and emm3.93 strains of Streptococcus pyogenes by classroom contacts in settings 2 (year 1) and 6 (year 2)
Each icon represents an individual child, grouped by week of swabbing, in week 1 (A), week 2 (B), and week 3 (C) in setting 2 and in week 1 (D), week 2 (E), and week 3 
(F) in setting 6. The colour of each icon indicates the throat swab result: negative (blue), outbreak S pyogenes strain (dark purple), non-outbreak strain or genotype 
not confirmed (pale purple), or participant not swabbed that week (light blue). A purple glow around the icon’s head indicates a positive cough plate, around the 
icon’s hands indicates positive hand swab, and around the whole icon indicates both a positive cough plate and hand swab. Classroom contacts had throat swabs 
taken on a weekly basis for at least 3 weeks after a case of scarlet fever was identified.
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appendix pp 6, 17). Overall one (7%) of 14 throat swabs 
that were positive for emm4 was associated with a positive 
cough plate. In setting 6, where the outbreak emm3.93 
strain predominated, cough plates were positive for 
emm3.93 in a third of children with emm3.93-positive 
throat swabs (two of six children in week 1, three of 
nine in week 2, and two of six in week 3; figure 3; appendix 
p 6). Most strains were 0 SNPs different from one another, 
except for three strains that were 1, 2, and 5 SNPs apart 
(appendix p 18). SNPs differentiating strains within each 
outbreak are listed in the appendix (p 8).

In setting 4, where the outbreak emm4 strain was 
identified in none of 18 classroom contacts who had a 
swab taken in week 1, four (20%) of 20 contacts in week 2, 
and four (17%) of 24 contacts in week 3, final samples 
from the 18 classroom contacts were taken in week 16 
after an intentional break in sampling and all were 
negative. It was only possible to incorporate a 4-week gap 
for settings 5 and 6 for logistic reasons related to the 
timing of the school term. In setting 5, carriage of emm4 
remained steady throughout the study, identified in none 
of 17 classroom contacts who had a swab taken in week 1, 
three (14%) of 22 contacts in week 2, three (14%) of 
22 contacts in week 3, and three (13%) of 23 contacts in 
week 7. Notably, two of three contacts with emm4 who 
were positive in week 7 had also been positive in week 3. 
In setting 6, where emm3.93 was identified in the throat 
swabs of six (21%) of 28 asymptomatic classroom 
contacts in week 1, in nine (26%) of 34 contacts in week 2, 
and in six (20%) of 30 contacts in week 3 (figure 3), 
carriage of emm3.93 fell to three (10%) of 30 contacts by 
week 8. Notably, in this outbreak, throat swabs from two 
children with scarlet fever and a single household contact 
were positive for emm3.93 in week 3 (appendix pp 4–5). 
To investigate the likelihood that culture-based sampling 
could be insensitive, DNA extracted from culture-
negative swabs from setting 6 was subject to S pyogenes 
ProS PCR. 50 (77%) of 65 culture-negative swabs were 
deemed to be negative by quantitative PCR.

In year 2, four settle plates were used per classroom in 
settings 5 and 6 to sample room air, sited above child 
head height. In setting 5, one of four settle plates (placed 
above a whiteboard) was positive for the emm4 strain in 
weeks 2 and 3 of the study (table 3). In setting 6, two of 
four settle plates were positive for emm3.93 in weeks 1, 2, 
and 3 of the study, including plates on top of 2 m 
cupboards (table 3). In both settings, the emm4 and 
emm3.93 S pyogenes strains on settle plates were identical 
to strains identified in children (appendix pp 17–18).

Discussion
This prospective, longitudinal, multicohort study of 
S pyogenes transmission was done in response to an 
unprecedented rise in scarlet fever notifications in 
England (UK). Using genome sequencing to confirm 
common sources of transmission, we found a high 
prevalence of the outbreak strain among asymptomatic 

classroom contacts, peaking in week 2 of our 
investigations. Despite antibiotic treatment and isolation 
of index cases for 24 h after initiation of antibiotic 
treatment, as well as implementation of standard hygiene 
measures within the classrooms, transmission within 
the class was observed. Enhanced sampling in year 2 
showed evidence of prominent S pyogenes shedding by 
some children, and airborne dispersal of genomically 
identical strains in the classroom.

In the six settings investigated, emm1 (M1UK) strains 
were involved in two outbreaks, emm4 in two outbreaks, 
and emm3.93 and emm6 strains in one outbreak each. 
New lineages causing scarlet fever have been associated 
with national upsurges in invasive S pyogenes,5,11 
exemplified by emergence of M1UK, a lineage that 
expresses increased amounts of the scarlet fever toxin, 
speA.5 However, there are international differences in 
approach to treatment of streptococcal pharyngitis,12 and 
transmission risks are not widely considered.13 In 
addition to the public health impact of outbreaks,2 high 
attack rates in schools,14 and increased risk of 
invasive infections,4 there is a rationale to limit the spread 
of S pyogenes in the population, particularly 
where lineages such as emm1 and emm3, which are 
independently associated with high case fatality or severe 
manifestations,15 are involved.

Current public health guidance on management of 
scarlet fever focuses on treatment, exclusion, and hygiene 
interventions, with escalation to include daily cleaning of 
surfaces.8 Although contamination of fomites, including 
toys, is no doubt important, we found that transmission 
was ongoing despite such cleaning and in the absence of 
frequent surface contamination with S pyogenes. We 
observed that the main source of S pyogenes was the 
children themselves. Other than foodborne outbreaks of 
scarlet fever,16 there are remarkably few recent 
investigations that examine transmission routes. Four 
contemporary studies reported outbreaks of scarlet fever 
with high attack rates (23–72%) in educational settings 
that were not controlled by standard interventions;17–20 

Height, m Week 1 Week 2 Week 3 Week 7–8

Setting 5 (emm4)

Shelf 1·5 Negative Negative Negative Negative

Shelf 1·5 Negative Negative Negative Negative

Shelf 1·5 Negative Negative Negative Negative

Top of 
whiteboard

1·5 Negative Positive Positive Negative

Setting 6 (emm3.93)

Top of 
cupboard

2·0 Positive Positive Positive Negative

Shelf 2·0 Negative Negative Negative Negative

Shelf 2·0 Positive Negative Negative Negative

Top of 
cupboard

2·0 Negative Positive Positive Negative

Table 3: Air settle plate results from settings 5 and 6 in year 2
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however, transmission routes were investigated in just 
one of these studies.17 Three studies described use of 
antibiotic treatment to end the outbreaks, treating all 
asymptomatic children found to be infected.17–19 
Nevertheless, microbiological detection of S pyogenes to 
allow treatment of children found to be infected would 
be challenging to undertake routinely for all outbreaks of 
scarlet fever. Our study underlines a need for research to 
evaluate the potential role of molecular point-of-care tests 
for rapid detection of colonisation and outbreak 
management.

By week 3, prevalence of the genomically confirmed 
outbreak strain was 14–47% across all six settings, 
whereas carriage of non-outbreak strains was infrequent. 
The carriage rates detected in our study are remarkably 
similar to data from outbreaks with higher attack rates,17–20 
and to findings from studies from the pre-antibiotic era, 
in which 26–33% of classroom contacts with streptococcal 
pharyngitis were observed to carry the outbreak 
serotype.21 Our study emphasises the importance of 
context when measuring the carriage rates of S pyogenes 
because, outside of the springtime outbreak season in 
England, UK, asymptomatic carriage is estimated to be 
less than 6% in healthy children22 and less than 1% in 
healthy adults.23 Therefore, studies that report average 
annual rates of asymptomatic carriage do not recognise 
the impact of seasonal variation and outbreaks, and 
might provide misleading contextual information when 
providing recommendations.

We frequently recovered the outbreak strain among 
classroom contacts in week 1 of sampling, indicating that 
transmission had already occurred in the classroom, 
either from one of the index cases of scarlet fever or from 
another unknown source. It is possible that treatment 
could have been delayed in some cases. A study, also 
conducted in 2018, identified that a fifth of scarlet fever 
cases surveyed across London, UK, were initially 
diagnosed as a viral infection, potentially allowing 
transmission to continue if the affected child remained 
in school or was left untreated.24 Whether or not this 
situation explains outbreaks of scarlet fever merits 
further analysis and modelling.

It is generally believed that asymptomatic carriage is 
unlikely to lead to transmission, although the term 
carrier is more often used to refer to an individual who 
has been treated for S pyogenes pharyngitis but shows 
microbiological failure.25 In our study, the systematic 
increase in prevalence of outbreak strains between 
week 1 and week 2 among classroom contacts pointed to 
ongoing transmission from asymptomatic carriers, even 
though index cases were excluded and treated. After 
returning to school, four children who had scarlet fever 
reacquired the outbreak strains M1UK (two cases) and 
emm3.93 (two cases) by week 3, presumably through 
contact with other children with infection or through 
classroom air; however, these children did not develop 
symptomatic illness. The use of cough plates and hand 

swabs in our investigations showed that at least a third of 
asymptomatic emm3.93 carriers were shedding more 
S pyogenes than were other children. These findings raise 
a question about the definition of colonisation and 
infection in young children, who might not be able to 
identify their symptoms or might be infectious without 
symptoms. Our study substantiates the existence of so-
called heavy shedders among individuals who are 
apparently asymptomatic at the time of sampling, and 
resonates with older reports of heavy nasal shedding by 
nasal carriers of S pyogenes.26

Settle plates, placed in elevated locations for just 2–3 h, 
provided evidence of S pyogenes dispersal in classroom 
air in settings 5 and 6. The timing of settle plate positivity 
coincided with more intense periods of asymptomatic 
shedding. Settle plates provide an easy read-out in an 
outbreak setting and could be used to indicate a need for 
improved ventilation, physical distancing, or surveillance 
for heavy shedders. Airborne spread of streptococci 
causing scarlet fever was previously recognised as a 
threat in hospitals in the 1930s,27 and in military barracks 
in the 1940s.28 Contemporary outbreaks of S pyogenes, 
which are not explained by direct contact alone, suggest a 
need to consider not only indirect contact but also 
airborne transmission when developing guidelines.

The outbreak setting of scarlet fever has provided an 
unexpected model for understanding transmission of 
and immunity to S pyogenes. Children of the same age 
were exposed to a presumed similar inoculum of 
S pyogenes in class, yet only around 5% developed 
scarlet fever, some of whom reacquired the outbreak 
strain without illness by week 3, whereas others 
anecdotally developed pharyngitis. Other children were 
found to asymptomatically shed S pyogenes for several 
weeks, whereas others showed either transient 
colonisation or no infection at all. Our understanding 
of immunity to S pyogenes is heavily dominated by 
factors that influence susceptibility to invasive disease. 
The findings highlight a gap in our knowledge 
regarding mucosal immunity to S pyogenes, specifically 
whether full immunity requires antibodies to prevent 
streptococcal adherence, promote bacterial clearance, 
and inhibit streptococcal virulence factors during 
pharyngitis. This knowledge is potentially crucial for 
vaccine development. Coupled with differences in 
genetic susceptibility and oral microbiota, differing 
layers of immunity could explain to an extent why 
children express a range of disease phenotypes.

There are limitations to our study. Sampling of fomites 
was limited to single timepoints in year 1, while settle 
plates to sample air were only used in year 2, restricting 
our ability to establish the relative importance of each 
transmission route. Our study was based in London, UK; 
therefore, these findings might not be relevant to rural 
areas, low-income and middle-income settings, or 
regions with different climates. Furthermore, intensity of 
transmission might be seasonal. We attempted to sample 
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outside of the main scarlet fever season, but schools were 
unwilling to participate; engagement was highest when 
anxiety about scarlet fever was greatest.

The study has shown that heavy asymptomatic 
shedding by a proportion of children might account for 
persistence of S pyogenes outbreaks in classroom settings. 
The notion of so-called super shedders and super 
spreaders is increasingly recognised as a source of 
heterogeneity in infectious disease modelling,29,30 and is 
consistent with the explosive nature of some streptococcal 
outbreaks. Relevance to other respiratory infections is 
unclear. Our findings might explain the periodic failure 
of interventions focused on hygiene alone to curtail 
outbreaks of S pyogenes, both in the classroom and 
other institutional settings. The recognition of heavy 
asymptomatic shedding highlights a potential role for 
physical distancing, improved respiratory hygiene, 
and increased ventilation in reducing transmission 
of S pyogenes during outbreaks. As an unforeseen 
consequence of the COVID-19 pandemic, implementation 
of these measures has proven to be highly successful in 
halting England’s scarlet fever upsurge (at least in 2020),31 
highlighting a need for better understanding of 
transmission routes in preventing future upsurges.
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