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Abstract

Self-reported social mixing patterns are commonly used in mathematical models of in-

fectious diseases. It is particularly important to quantify patterns for school-age children

given their disproportionate role in transmission, but it remains unclear how the structure

of such social interactions changes over time. By integrating data collection into a public

engagement programme, we examined self-reported contact networks in year 7 groups in

four UK secondary schools. We collected data from 460 unique participants across four

rounds of data collection conducted between January and June 2015, with 7,315 identi-

fiable contacts reported in total. Although individual-level contacts varied over the study

period, we were able to obtain out-of-sample accuracies of more than 90% and F-scores

of 0.49–0.84 when predicting the presence or absence of social contacts between specific

individuals across rounds of data collection. Network properties such as clustering and

number of communities were broadly consistent within schools between survey rounds,

but varied significantly between schools. Networks were assortative according to gender,

and to a lesser extent school class, with the estimated clustering coefficient larger among

males in all surveyed co-educational schools. Our results demonstrate that it is feasible

to collect longitudinal self-reported social contact data from school children and that key

properties of these data are consistent between rounds of data collection.
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Introduction

Age-specific social mixing patterns are important in shaping the spread of infectious dis-

ease, from pandemic influenza [1, 2] to varicella and parvovirus [3]. As well as mea-

suring contacts using proximity sensors such as radio-frequency identification (RFID)

tags [4, 5, 6], self reported social contacts can be collected via routine questionnaires

in different settings [7, 8]. Such data is commonly used to parameterise mathematical

models of infectious diseases [9].

Mixing patterns of children are recognized as particularly important for understanding

how disease spreads, with children often representing a key risk group [10, 11, 12]. They

have limited acquired immunity to many pathogens, making them susceptible to infec-

tion [13, 3]. They also tend to make more social contacts than adults, and the majority

of these social contacts are with other immunologically naive children [8], increasing the

potential for transmission. As a primary location for children’s interactions, schools can

therefore play an important role in the spread of infectious disease [1, 14, 15, 16, 17].

Surveys of social contacts depend on the subjective judgement of the participants

and thus may be subject to recall and subconscious biases related to how the question is

framed [18, 19, 20, 21]. Although one study repeatedly measured contact networks among

49 university staff and students over 14 non consecutive days, [22], most previous studies

of self-reported contact networks have typically surveyed individuals on a particular day

and have not quantified how individuals’ reported contacts change over time [23, 24].

In particular, it has been difficult to establish how robust network structures are over

time and how accurately these network structures represent regular interactions between

children [25, 26]. A key concept in social network analysis is that social networks are

dynamic and peer groups will change over time [27], yet this dynamic nature is rarely

taken into consideration when considering how diseases spread between children.

To understand the shape and consistency of self-reported social interactions between

children over time, we analysed social contact patterns in four secondary schools over

a period of five months. Building on a previous project, which collected similar social

contact data at a single point in time [23], we integrated data collection into a public

engagement programme designed to teaching students how to conduct academic research

and learn about disease dynamics, to quantify how year 7 students (aged 11-12) interacted

within their classes and year-groups, as well as outside school. Further, we explored the

robustness of self-reported contact surveys by repeating the same questionnaire at several

points within the school year to identify how social networks changed over time.
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Methods

Study design

In collaboration with the Millennium Mathematics Project, an educational and outreach

project based at University of Cambridge, we recruited four schools to participate in our

public engagement and research project in spring 2014. From the applications received, 4

schools were selected in a purposive sample to include a range of geographical and socioe-

conomic settings (north/south, rural/urban, single-sex/co-educational, fee paying/non-fee

paying). For context, 83% of the UK population live in urban areas [28], 4% of schools

in England are single-sex [29] and around 7% of children in Britain attend fee paying

schools [30].

In the four schools, we worked with year 10 (i.e. 14-15 years old) students on the

study design and logistics. Year 7 students (aged 11-12) within each school were the

target population for data collection. As with previous projects [23, 31], we used public

engagement with schools to facilitate data collection as part of a wider programme of

curriculum-relevant scientific activities [32]. We did this using a combination of two

school visits per school and six joint video conferences. These video conferences were

particularly useful in enabling interaction between the four school classes involved in the

project. In particular, all four schools collaborated to design the final questionnaire, obtain

consent from study participants, data collection, and analysis and discussion of findings.

This provided students with first hand experience of working on a research project from

hypothesis to conclusion.

The final survey aimed to ascertain which people year 7 students spent the most time

with on a given day. We used a process of peer nomination as a method for data collec-

tion [33]: students were asked, via the research questionnaire, to list the six other students

in year 7 at their school that they spend the most time with. The choice of six for the num-

ber of named contacts follows from a previous study [23], which selected six to balance

the risk of right-censoring (i.e. if students had more than six contacts) with the potential

for deliberate over-reporting of contacts if there was no upper limit (i.e. as a result of

‘competitive naming’ via peer pressure). Students were also asked to report their gender,

school class, as well as non-year group contacts. The specific question asked was ‘how

many people not in your year group (including family and teachers) did you have a con-

versation with yesterday?’ The respondent could select one of five possible categories:

0-5 people; 6-10; 11-15; 16-20; 21 or more.

Collecting data in schools can be challenging for external researchers; we tried to

mitigate these logistical constrains by having the students in year 10 administer paper
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questionnaires to year 7 students at regular intervals throughout the second half of the

academic year 2014-15 (Table 1). This allowed the questionnaires to be carried out at suit-

able times based on student researcher’s knowledge of the school, but also attempted to

mitigate external intervention in participant decision making. We encouraged the school

participants to carry out the surveys at similar time periods (i.e. at monthly intervals) but

there was some variation in timing of survey between schools, based on student avail-

ability linked to term times, exam periods, and timetabled registration sessions (Table

1).

Two types of informed consent were required for each of the year 7 participants com-

pleting the questionnaires. First, their parents or guardians were invited to sign a written

consent form to allow their child to participate in the study. Second, the students them-

selves were asked to verbally consent to undertake the questionnaire each time. The

project was approved by the LSHTM observational research ethics committee (ref 8769).

Data cleaning and processing

Once the survey forms were completed, the data were digitised and cleaned (Support-

ing Data S1). We compiled a clean list of unique participants and contacts by using the

stringdist R package [34] to match each reported name in the survey database to names

in a year group list. We matched names using a ranking based on the Jaro-Winkler dis-

tances between first name and surnames in the two lists. This measures the minimum

number of single-character transpositions needed to convert one word into the other. We

ranked potential matches based on the combined distance between first name (d1) and

surname (d2), with first names given a larger weighting: dboth =
√
(5d1)2 + (2d2)2. This

criteria was obtained following several rounds of manual validation, with an additional

round of validation performed after names were matched to identify erroneous matches.

If dboth > 2, or the best match could not be validated manually, the participant or con-

tact was not included in the analysis. Once the reported names had been cleaned and

validated, all subsequent analysis was carried out on anonymised data, with each student

name replaced by a unique code. Our analysis focused on two types of contacts. For each

pair of participants in a specific round of data collection, a single link was defined if either

one of the participants reported a contact between the pair (i.e. there was at least one uni-

directional link, in either direction); a mutual link was defined if both participants reported

contact with each other (i.e. a bi-directional link). Code and data required to reproduce

all the analysis are available at: https://github.com/adamkucharski/schools-networks-15
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Network metrics

We used the igraph R package [35] to visualise the contact networks and examine five spe-

cific network metrics. These captured key aspects of network structure, as also examined

in previous studies of contact patterns within schools [4, 23, 36]. The global clustering

coefficient, which ranges from 0 to 1, is defined as the number of closed triplets in the

network divided by number of connected trios of nodes, whether closed or not. Highly

clustered networks have a coefficient value near one. The clustering coefficient for a spe-

cific round of data collection was calculated using all uni-directional links in the directed

network generated from that round. The diameter of a network for a specific round was

calculated from the shortest distance between the two nodes that are most distant, where

the network included all uni-directional links. Given a categorical variable associated

with each node, such as gender or school class, nominal assortativity measures how much

nodes with the same categorical value are connected with one another [37]. Nominal

assortativity, denoted r, is defined as:

r =

∑
i eii −

∑
i

(∑
j eij

∑
j eji

)
1−

∑
i

(∑
j eij

∑
j eji

) (0.1)

where eij is the proportion of edges that connect nodes of category i and j. Again, this

was calculated using all uni-directional links in the network.

We also estimated how individuals were grouped within the network. We used two

different community metrics. The first of these was the common benchmark method of

community detection based on edge betweenness, which uses the Girvan–Newman algo-

rithm [38]. This works by defining the ‘edge betweenness score’ for each edge in the

network (i.e. the number of shortest paths between nodes in the network that pass through

this edge), then the edge with the highest score is iteratively removed until a rooted tree

remains, with each clade representing a community. As a sensitivity analysis, we also

considered community detection based on propagating labels [39]. In this algorithm,

a unique label is attributed to each node at the start, then each node iteratively adopts

whichever label the majority of its neighbours have, until the labelling converges to iden-

tify communities.

Bootstrap sampling

To assess the consistency of the network metrics for each school over time, we used boot-

strap sampling [40]. In each iteration, we randomly sampled a subset m of participants

from the full set of unique participants, where m is the mean number of participants across
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the four rounds (Table S1). For each sampled participant, we then randomly selected one

of the rounds they participated in, and used this round as their reported contacts. This gen-

erated a bootstrap network from which we could calculate the relevant network statistics.

The variation in these network statistics reflected the level of consistency in responses

between rounds. If student participation and responses were identical across rounds, we

would have obtained exactly the same network in each bootstrap sample. We performed

10,000 iterations of bootstrap sampling to estimate the median and 95% confidence inter-

val for each network metric.

Out-of-sample prediction

Collecting social contact data can be extremely time consuming. It would therefore be

useful to establish whether multiple rounds of data collection generate a more consistent

estimate of which individuals are linked. To examine how closely networks based on

data collected in each round of surveys could predict the networks generated from data

in subsequent rounds, we used an out-of-sample prediction approach. We focused on

individuals who had participated in all four rounds of data collection. For each round,

we calculated whether each possible pair of individuals were connected by a single link

(i.e. at least one uni-directional link) in that round. We analysed single links rather than

mutual links because we had already heavily thinned the networks by focusing only on

participants who appeared in all rounds. We generated predictions using networks con-

structed from one or more rounds of training data; if a single link was present between

two individuals in the training dataset, we predicted it would exist in later rounds. We then

compared our predictions with test datasets, i.e. networks generated from later rounds of

data collection. In the case where there was disagreement in the training datasets (e.g. a

single link was present in two rounds of training data, but absent in the third), we defined

the probability of this pair being connected by a single according to the proportion of

training rounds that included a link. This make it possible to calculate expected numbers

of true positives (TP) and true negatives (TN) and false positives (FP) and false negatives
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(FN). Specifically, these numbers were defined as:

E(TP ) =
∑
i,j

pijsij

E(TN) =
∑
i,j

(1− pij)(1− sij)

E(FP ) =
∑
i,j

pij(1− sij)

E(FN) =
∑
i,j

(1− pij)sij

where pij is the proportion of training sets that have a single link between i and j, and

sij = 1 if there is a single link between i and j in the test network. For example, in the

situation where a single link is present in 2/3 of the training rounds, it would predict a

single link in the test data with probability 2/3; if the single link had been present in all

training rounds, it would have probability 1 of being predicted in the test data. Using the

expected values of TP, TN, FP and FN, we calculated precision ( TP
TP+FP

), recall ( TP
TP+FN

),

accuracy ( TP+FP
TP+TN+FP+FN

) and F-score (2× precision×recall
precision+recall).

As well as comparing network links, we measured the consistency of individual-level

indegree across rounds. For each participant, we calculated their indegree in the training

round, compared these predictions with the test data, then calculated the mean difference

across all participants. If there were multiple training rounds, the mean was used. Suppose

two rounds of training data were used and a participant had indegree 3 and indegree 4 in

the training rounds and indegree 6 in the test round. In this case, the absolute difference

was calculated to be |3.5 − 6| = 2.5). We used the same approach to calculate the mean

difference in reported contacts outside the year group between training and test rounds.

Results

In total, 460 unique year 7 participants completed 1,254 surveys over four rounds of data

collection between January and June 2015, with 7,315 contacts reported in total (Table 1).

In three schools, over 80% of the year group participated in at least one round of data

collection; one school had considerably less participants in the dataset, the result of a low

response rate in parental consent. Plotting all uni-directional links reported in each round

of data collection, we found noticeable variation in contact links and active participants

over time (Figure 1). In all rounds, however, we observed a clear gender divide in the

year groups in the three co-educational schools (the other school was single-sex).

We used several metrics to assess consistency in network structure over time. First

we calculated the indegree distributions for each set of networks, and found that these fol-
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lowed a qualitatively similar pattern over time for each school, with considerable variation

between schools (Figures 2A–D). Despite individual-level variation in contact reporting

between surveys, network clustering within each school, as measured by the clustering

coefficient, was relatively consistent over time, with estimates of 0.4 (95% bootstrap CI:

0.34-0.46) for school 1, 0.35 (0.31-0.39) for school 2, and 0.18 (0.13-0.25) for school

3 (Table S1). School 3 had a significantly lower clustering coefficient than the other

schools, suggesting less localised network structure. This reflects school timetabling: in

this school, all students were set by ability in every subject, and set composition varied

widely depending on the subject. Uncertainty was greater for school 4, which had low

numbers of participants; the clustering coefficient was estimated to be 0.38 (0.24-0.51).

When we calculated clustering coefficients for the other school networks with either males

or females only included, we obtained larger clustering coefficients for males in all co-

educational schools, with a statistically significant difference for school 2, which had the

most participants (Table S1). To examine connectivity across networks consisting of all

single links, we calculated the diameter of each network, which measures the shortest

distance between the two nodes that are most distant. This varied across schools and

across rounds (Table S1). In schools 1–3, which had most of the year group participating,

median network diameter ranged between 11 and 14.

Based on network assortativity, we found strong evidence of gender associated contact

patterns in schools 1 and 2 (Table S1), as observed qualitatively in Figure 1. It was not

possible to examine gender assortativity for school 3, which was single-sex. For school

1, there was also moderate assortativity based on the school class individuals were in,

with positive but lower assortativity in schools 2 and 3. These associations are visible

when single links from all four rounds of data collection are plotted together (Figure 3),

and particularly prominent when only mutual links are plotted (Figure 3B). In addition,

the largest components for schools 1 and 2 were dominated by females, whereas males

tended to form smaller, less connected social groupings when mutual links were consid-

ered. Further, we used two community detection methods – edge betweenness and label

propagation – to measure how many subgroups exist within the networks. The estimates

based on the edge betweenness method varied between rounds suggested 7–12 commu-

nities within a year group for the three schools with high participation rates (Table S1);

the label propagation method suggested the existence of 14–15 communities. Based on

the numbers of participants in each school, this suggests each community contains 6–8

individuals.

Because social contact surveys can require considerable effort to conduct, we also

assessed the predictive power of single or multiple rounds of data collection. Using data

8

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 18, 2018. ; https://doi.org/10.1101/322271doi: bioRxiv preprint 

https://doi.org/10.1101/322271
http://creativecommons.org/licenses/by/4.0/


only for participants that were present in all four rounds of data collection, we constructed

networks of single links using either the first one, two or three consecutive rounds of data

(as specified in Table 1), then compared these networks with the remaining test dataset(s).

We assessed predictions about whether a single link existed between two specific partic-

ipants by calculating the number of true and false positives and negatives (Table 3). We

then calculated the precision, recall, F-score and accuracy of our out-of-sample predic-

tions. We found that overall prediction accuracies ranged between 90–98%, but did not

improve with the number of rounds of training data used (Figure 4A). Corresponding F-

scores ranged between 0.49–0.84; again, these did not improve with the number of rounds

of training data used (Figure 4B).

As well as considering pairwise single links, we also measured the mean individual

indegree of each participant across the training rounds, and compared this with the inde-

gree in a test data set. We used the same combinations of test and training data as for the

network links (Table 3). Results were pooled based on the number of rounds included

(i.e. 1, 2, or 3), and a mean and confidence interval estimated. Regardless of number

of rounds used in the training data, the mean difference in indegree was in the range of

0.7–2 (Figure 4C). We also found no significant improvements in the predictions of mean

indegree when more rounds were included in the training data. Finally, we examined re-

ported contacts outside the school year-group, which were reported categorically in five

bands (Figure 4D). Here, having multiple rounds of training data did significantly reduce

prediction error, as measured by the mean absolute difference between the numbers of the

categories reported, for two schools when two rounds of data collection were included

rather than one. However, these differences were not significant when a Bonferroni cor-

rection was applied to account for multiple comparisons. Even with a single round of

training data, the values were clustered near to 1, suggesting that participant responses

were consistent enough to on average report contacts within two adjacent categories.

Discussion

We assessed key features and structural characteristics of social networks in four UK sec-

ondary schools, and how these varied over time. As in previous studies [23, 31], the

research was embedded within a public engagement project, with students and teachers in

participating schools contributing to the study design and data collection. We found that

although individual contacts within the year 7 group studied varied over the five month

study period, out-of-sample prediction accuracy of contacts was over 90%. Further, many

aspects of the overall network structure, such as extent of clustering and number of com-
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munities, remained relatively stable between rounds of data collection.

Children are key epidemiological group for many directly transmitted infectious dis-

eases [10, 11, 12]. Our results show that it is feasible to collect longitudinal self-reported

data from a group of year 7 children, and that data collected is reasonably consistent

between rounds, which should increase confidence in cross-sectional studies examining

self-reported contacts in this age group. We also observed considerable variation in net-

work structure between the schools, indicating that while key network properties may be

relatively robust within a school, there may be substantial differences depending on where

a study is conducted. The small differences in individual-level indegree across rounds

(Figure 4C) suggests that highly or weakly connected individuals remain so over time.

However, we did not examine within or between classroom contact patterns in detail,

given the low assortativity for classroom mixing within most schools. In future studies, it

would be interesting to examine how the physical structure of buildings and timetabling

influences social contacts [14], given that the school in our study that set students for all

subjects had lower clustering than other schools.

There are some additional limitations to our study. To ensure the questionnaire was

straightforward to complete, students were asked to list the names of the six students they

spend the most time with. The data may therefore be right censored: if the true number

of contacts exceed the limit of six named students, the network will not represent all po-

tential interactions. Moreover, single links may represent peers an individual would like

to be friends with, rather than actual contacts. However, similar contact groupings can be

observed in the networks with single and mutual links (Figure 3), suggesting that consis-

tent contact patterns were being captured. In self-reported questionnaires there is also the

issue of recall bias [26], but it has been shown that children are capable of achieving simi-

lar levels of accuracy to adults for simple objective questions [18], and that links between

school classes in networks inferred from surveys are consistent with networks measured

using wearable sensors [36]. Although we worked closely with the schools to ensure

questionnaires were conducted as consistently as possible, the times between rounds of

data collection also fluctuated based on logistical constraints, such as term dates. Given

that the ‘true’ contact network was never observed, only measured contacts in each round,

our analysis of out-of-sample predictions reflects consistency between rounds, rather than

comparison to a known baseline network. There was also a low response rate from some

classes, mostly as a result of parents either not receiving, completing or returning a con-

sent form. A one off survey may have been more effective in terms of response rate [23],

but it would not have been possible to analyse the longitudinal patterns we were interested

in. One option for future work would be to extend the data collection period over a year or
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two, rather than over five months we considered, to see whether the consistency in contact

patterns held over multiple school years. Although this would be provide longer term in-

sights, it would also potentially introduce further practical challenges both for researchers

and school staff.

We focused on close social contacts in this study, as it has been suggested that these

play a key role in transmission of respiratory infections [2, 41]. However, there may other

important routes of transmission that are not captured by self-reported social mixing pat-

terns, such as fomites and aerosols [42, 43]. An outstanding challenge for such infections

is how to measure social contacts at the time of infection, and hence link transmission

events with the interactions that generated them. Bacterial infections, for which there

can be high rates of nasopharyngeal carriage, may therefore be a good target for future

research into this question [41].

Acknowledgements We wish to thank the year 10 and year 7 students, and staff, at the

schools that made this research possible: St Bonaventure’s, London; Highgate School,

London; St Pauls, Burgess Hill; and one other school. We would also like to thank the

Millenium Mathematics Project for helping with recruitment of schools and Julia Carney

for assistance with data entry. This project was supported by a Wellcome Trust Peo-

ple Award (105107/Z/14/Z). AJK was supported by a Sir Henry Dale Fellowship jointly

funded by the Wellcome Trust and the Royal Society (grant Number 206250/Z/17/Z) and

the Medical Research Council (MR/K021524/1).

References

[1] Eames KTD, Tilston NL, Brooks-Pollock E, Edmunds WJ. Measured dynamic so-

cial contact patterns explain the spread of H1N1v influenza. PLoS Comput Biol.

2012;8(3):e1002425.

[2] Kucharski AJ, Kwok KO, Wei VWI, Cowling BJ, Read JM, Lessler J, et al. The

Contribution of Social Behaviour to the Transmission of Influenza A in a Human

Population. PLoS Pathog. 2014;10(6):e1004206.

[3] Melegaro A, Jit M, Gay N, Zagheni E, Edmunds WJ. What types of contacts are im-

portant for the spread of infections?: Using contact survey data to explore European

mixing patterns. Epidemics. 2011;3(3-4):143–51.

11

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 18, 2018. ; https://doi.org/10.1101/322271doi: bioRxiv preprint 

https://doi.org/10.1101/322271
http://creativecommons.org/licenses/by/4.0/


[4] Fournet J, Barrat A. Contact patterns among high school students. PLoS One.

2014;9(9):e107878.

[5] Salathé M, Kazandjieva M, Lee JW, Levis P, Feldman MW, Jones JH. A high-

resolution human contact network for infectious disease transmission. Proc Natl

Acad Sci U S A. 2010 Dec;107(51):22020–5.

[6] Stehlé J, Voirin N, Barrat A, Cattuto C, Isella L, Pinton JF, et al. High-resolution

measurements of face-to-face contact patterns in a primary school. PLoS One.

2011;6(8):e23176.

[7] Edmunds WJ, O’Callaghan CJ, Nokes DJ. Who mixes with whom? A method

to determine the contact patterns of adults that may lead to the spread of airborne

infections. Proc Biol Sci. 1997;264(1384):949–57.

[8] Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social

contacts and mixing patterns relevant to the spread of infectious diseases. PLoS

Med. 2008;5(3):e74.

[9] Baguelin M, Flasche S, Camacho A, Demiris N, Miller E, Edmunds WJ. Assessing

Optimal Target Populations for Influenza Vaccination Programmes: An Evidence

Synthesis and Modelling Study. PLOS Medicine. 2013;10(10).

[10] Fine PE, Clarkson JA. Measles in England and Wales—I: an analysis of factors

underlying seasonal patterns. International journal of epidemiology. 1982;11(1):5–

14.

[11] Metcalf CJE, Bjornstad ON, Grenfell BT, Andreasen V. Seasonality and compara-

tive dynamics of six childhood infections in pre-vaccination Copenhagen. Proc Biol

Sci. 2009 Dec;276(1676):4111–4118.

[12] van Hoek AJ, Andrews N, Campbell H, Amirthalingam G, Edmunds WJ, Miller E.

The social life of infants in the context of infectious disease transmission; social

contacts and mixing patterns of the very young. PloS one. 2013;8(10):e76180.

[13] Gay N, Hesketh L, Morgan-Capner P, Miller E. Interpretation of serological surveil-

lance data for measles using mathematical models: implications for vaccine strategy.

Epidemiology and infection. 1995;115(01):139–156.

[14] Cauchemez S, Bhattarai A, Marchbanks TL, Fagan RP, Ostroff S, Ferguson NM,

et al. Role of social networks in shaping disease transmission during a community

12

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 18, 2018. ; https://doi.org/10.1101/322271doi: bioRxiv preprint 

https://doi.org/10.1101/322271
http://creativecommons.org/licenses/by/4.0/


outbreak of 2009 H1N1 pandemic influenza. Proc Natl Acad Sci U S A. 2011

Feb;108(7):2825–30.

[15] House T, Baguelin M, Van Hoek AJ, White PJ, Sadique Z, Eames K, et al. Mod-

elling the impact of local reactive school closures on critical care provision during

an influenza pandemic. Proc R Soc B. 2011 Feb;278(1719):2753–60.

[16] Huijsdens X, van Loo I, Kluytmans J. School closure to reduce influenza transmis-

sion. Emerg Infect Dis. 2009;15:136.

[17] Hens N, Ayele GM, Goeyvaerts N, Aerts M, Mossong J, Edmunds JW, et al. Esti-

mating the impact of school closure on social mixing behaviour and the transmission

of close contact infections in eight European countries. BMC infectious diseases.

2009;9(1):187.

[18] Goodman GS, Reed RS. Age differences in eyewitness testimony. Law and Human

Behavior. 1986;10(4):317.

[19] Dent H. The effects of age and intelligence on eyewitnessing ability. John Wiley

&amp; Sons; 1992.

[20] Smieszek T, Burri EU, Scherzinger R, Scholz RW. Collecting close-contact social

mixing data with contact diaries: reporting errors and biases. Epidemiol Infect. 2012

Apr;140(4):744–52.

[21] Waterman AH, Blades M, Spencer C. Interviewing children and adults: The effect

of question format on the tendency to speculate. Applied Cognitive Psychology.

2001;15(5):521–531.

[22] Read JM, Eames KTD, Edmunds WJ. Dynamic social networks and the implications

for the spread of infectious disease. J R Soc Interface. 2008 Sep;5(26):1001–7.

[23] Conlan AJK, Eames KTD, Gage JA, von Kirchbach JC, Ross JV, Saenz RA, et al.

Measuring social networks in British primary schools through scientific engage-

ment. Proc Biol Sci. 2010 Nov;278(1711):1467–75.

[24] Potter GE, Handcock MS, Longini IM Jr, Halloran ME. Estimating within-school

contact networks to understand influenza transmission. Ann Appl Stat. 2012

Mar;6(1):1–26.

[25] Eames K, Bansal S, Frost S, Riley S. Six challenges in measuring contact networks

for use in modelling. Epidemics. 2014;.

13

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 18, 2018. ; https://doi.org/10.1101/322271doi: bioRxiv preprint 

https://doi.org/10.1101/322271
http://creativecommons.org/licenses/by/4.0/


[26] Read JM, Edmunds W, Riley S, Lessler J, Cummings DAT. Close encounters of the

infectious kind: methods to measure social mixing behaviour. Epidemiology and

Infection. 2012;1(1):1–14.

[27] Cairns R, Xie H, Leung MC. The popularity of friendship and the neglect of so-

cial networks: Toward a new balance. New Directions for Child and Adolescent

Development. 1998;1998(81):25–53.

[28] Department for Environment Food and Rural Affairs. Rural popula-

tion 2014/15 ; 2015. Available from: https://www.gov.uk/

government/publications/rural-population-and-migration/

rural-population-201415.

[29] Department for Education. Schools in England; 2015. Available from: https:

//www.gov.uk/government/publications/schools-in-england.

[30] Independent Schools Council - ISC. ISC Census 2015; 2015. Available from:

https://www.isc.co.uk/media/2661/isc_census_2015_final.

pdf.

[31] Kucharski AJ, Conlan AJ, Eames KT. School’s out: seasonal variation in the move-

ment patterns of school children. PloS one. 2015;10(6):e0128070.

[32] Wenham C, Conlan A, Eames K, Kucharski A. Disease Dynamics teaching re-

sources; 2015. Available from: http://nrich.maths.org/12127.

[33] Coie JD, Dodge KA, Coppotelli H. Dimensions and types of social status: A cross-

age perspective. Developmental psychology. 1982;18(4):557.

[34] van der Loo MPJ. stringdist package; 2016. Available from: https://CRAN.

R-project.org/package=stringdist.

[35] Csardi G. igraph package; 2016. Available from: http://igraph.org/r.

[36] Mastrandrea R, Fournet J, Barrat A. Contact Patterns in a High School: A Compar-

ison between Data Collected Using Wearable Sensors, Contact Diaries and Friend-

ship Surveys. PLoS ONE. 2015;.

[37] Newman ME. Mixing patterns in networks. Physical Review E. 2003;67(2):026126.

[38] Newman ME, Girvan M. Finding and evaluating community structure in networks.

Physical review E. 2004;69(2):026113.

14

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 18, 2018. ; https://doi.org/10.1101/322271doi: bioRxiv preprint 

https://doi.org/10.1101/322271
http://creativecommons.org/licenses/by/4.0/


[39] Raghavan UN, Albert R, Kumara S. Near linear time algorithm to detect community

structures in large-scale networks. Physical review E. 2007;76(3):036106.

[40] Danon L, Read JM, House TA, Vernon MC, Keeling MJ. Social encounter networks:

characterizing Great Britain. In: Proc. R. Soc. B. vol. 280. The Royal Society; 2013.

p. 20131037.

[41] de Waroux OlP, Flasche S, Kucharski A, Langendorf C, Ndazima D, Mwanga-

Amumpaire J, et al. Identifying Human Encounters That Shape The Transmission

Of Streptococcus Pneumoniae And Other Respiratory Infections. bioRxiv. 2017;p.

116079.

[42] Boone SA, Gerba CP. Significance of fomites in the spread of respiratory and enteric

viral disease. Appl Environ Microbiol. 2007 Mar;73(6):1687–96.

[43] Li S, Eisenberg JNS, Spicknall IH, Koopman JS. Dynamics and control of infections

transmitted from person to person through the environment. Am J Epidemiol. 2009

Jul;170(2):257–65.

15

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 18, 2018. ; https://doi.org/10.1101/322271doi: bioRxiv preprint 

https://doi.org/10.1101/322271
http://creativecommons.org/licenses/by/4.0/


School Location Y7 size Round 1 Round 2 Round 3 Round 4 Unique participants Total contacts

1 London (U,C,F) ≈120 28/01/15 03/03/15 21/04/15 26/06/15 99 1734

2 West Sussex (U,C,N) 153 05/02/15 05/03/15 23/04/15 09/07/15 147 2816

3 London (U,S,N) 204 03/02/15 04/03/15 18/03/15 20/04/15 188 2077

4 Cumbria (R,C,N) 91 16/01/15 27/02/15 23/04/15 12/06/15 26 688

Table 1: Summary of survey data from the four schools. Additional characteristics are

given in parentheses: R=rural, U=urban; S=single-sex, C=co-educational; F=fee paying,

N=non-fee paying. Unique participants denotes the number of uniquely identifiable stu-

dents who completed the survey across all rounds. Total contacts gives the number of

identifiable contacts reported across all participants.

Variable School 1 School 2 School 3 School 4

Mean participants 77 121 92 24

Diameter 14 (10-21) 11 (9-15) 14 (11-20) 7 (5-11)

Clustering coefficient 0.4 (0.34-0.46) 0.35 (0.31-0.39) 0.18 (0.13-0.25) 0.38 (0.24-0.51)

Clustering coefficient (male only) 0.44 (0.33-0.54) 0.43 (0.37-0.49) 0.18 (0.13-0.25) 0.6 (0-1)

Clustering coefficient (female only) 0.41 (0.33-0.49) 0.35 (0.3-0.4) – 0.37 (0.14-0.57)

Assortativity by gender 0.92 (0.85-0.97) 0.81 (0.74-0.87) – 0.48 (0.3-0.68)

Assortativity by class 0.35 (0.27-0.44) 0.12 (0.076-0.16) 0.13 (0.071-0.2) 0.11 (-0.033-0.24)

Communities (EB) 11 (8-15) 10 (7-13) 11 (8-16) 7 (5-9)

Communities (LP) 14 (11-18) 15 (12-18) 14 (7-19) 7 (5-10)

Participants per community (EB) 7 (5.1-9.6) 12 (9.3-17) 8.4 (5.8-12) 3.4 (2.7-4.8)

Participants per community (LP) 5.5 (4.3-7) 8.1 (6.7-10) 6.6 (4.8-13) 3.4 (2.4-4.8)

Table 2: Variation in network statistics for each school. Clustering coefficients are shown

for the full network, as well as for networks with males or females only. Community size

estimates were obtained using edge betweenness (EB) and label propagation (LB). 10,000

bootstrap samples were used to obtain the estimates. Median values for each metric are

shown, with 95% CIs in parentheses.
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School Train Test No link Ambiguous Link Precision Recall F-score Accuracy Potential links

1 1 2 962 0 73 0.82 0.85 0.83 0.98 1035

1 1 3 962 0 73 0.71 0.78 0.74 0.97 1035

1 1 4 962 0 73 0.73 0.74 0.73 0.96 1035

1 2 3 951 24 60 0.75 0.81 0.78 0.97 1035

1 2 4 951 24 60 0.73 0.73 0.73 0.96 1035

1 3 4 943 0 49 0.74 0.73 0.74 0.96 1035

2 1 2 677 0 64 0.84 0.83 0.84 0.97 741

2 1 3 677 0 64 0.72 0.73 0.72 0.95 741

2 1 4 677 0 64 0.73 0.68 0.71 0.95 741

2 2 3 666 21 54 0.74 0.75 0.75 0.96 741

2 2 4 666 21 54 0.74 0.7 0.72 0.95 741

2 3 4 653 0 45 0.75 0.7 0.72 0.95 741

3 1 2 324 0 27 0.48 0.5 0.49 0.92 351

3 1 3 324 0 27 0.52 0.67 0.58 0.94 351

3 1 4 324 0 27 0.52 0.56 0.54 0.93 351

3 2 3 311 27 13 0.53 0.67 0.59 0.94 351

3 2 4 311 27 13 0.49 0.52 0.5 0.93 351

3 3 4 307 0 11 0.54 0.53 0.54 0.93 351

4 1 2 117 0 19 0.58 0.65 0.61 0.9 136

4 1 3 117 0 19 0.74 0.78 0.76 0.93 136

4 1 4 117 0 19 0.63 0.67 0.65 0.9 136

4 2 3 111 14 11 0.75 0.75 0.75 0.93 136

4 2 4 111 14 11 0.64 0.64 0.64 0.9 136

4 3 4 109 0 11 0.67 0.67 0.67 0.91 136

Table 3: Predictive power of surveys across rounds. Table shows which round(s) of data

were used to train the network (i.e. identify which students are connected by a single link

and not), and which round of data this network was tested against. ‘No link’ and ‘link’

indicates how many students are connected by a single link in the training data. When two

training sets are used, students are sometimes linked in one and not linked in the other;

these are classed as ‘ambiguous’. Potential links gives the total number of possible single

links that could exist between nodes in that network. The ability of a training dataset to

predict links in a test dataset is assessed using precision, recall, F-score and accuracy (see

Methods).
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Figure 1: Reported social contacts in four schools over four months. (A–D) Co-

educational school in London. All uni-directional links between study participants are

shown, with nodes fixed in same position if participants were surveyed in multiple rounds

and each arrow pointing toward the participant who was named. Grey squares show fe-

males, white circles show males. (E–H) Co-educational school in West Sussex. (I–L)

Single-sex school in London. (M–P) Co-educational school in Cumbria.
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Figure 2: Distribution of contacts and clustering coefficient in each school, based on all

single links in each of the four rounds of data collection. (A) Co-educational school in

London. (B) Co-educational school in West Sussex. (C) Single-sex school in London.

(D) Co-educational school in Cumbria.
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Figure 3: Structure of social contacts in the four schools across all sampling periods.

(A–B) Co-educational school in London. Reported school classes are grouped by colour

(white indicates no data); squares show females, circles show males. Left column shows

all reported uni-direction links across all four rounds (i.e. maximum of eight possible links

between each pair); right column shows only mutually reported (i.e. bi-directional) links

across the found rounds (i.e. maximum of four possible links). (C–D) Co-educational

school in West Sussex. (E–F) Single-sex school in London. (G–H) Co-educational school

in Cumbria.
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Figure 4: Predictive power of contact surveys. (A) Accuracy of predicting single links

in the network when one, two or three rounds of data collection are used to make out-of-

sample predictions, corresponding to values shown in Table 3. (B) F-scores when different

numbers of rounds of data collection are used to make out-of-sample predictions (C) Mean

absolute difference in degree across all participants. (D) Consistency of individual-level

categorical responses (i.e. mean absolute difference between value of category reported in

training rounds and reported in test round). Question was ‘How many people not in your

year group (including family and teachers) did you have a conversation with yesterday?’

(1: 0-5, 2: 6-10, 3: 11-15, 4: 16-20, 5: 20+).
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School Round Unique participants Male participants Female participants Total contacts

1 1 61 26 35 352

2 83 30 53 470

3 92 36 56 525

4 70 28 42 387

2 1 134 57 77 786

2 121 52 69 699

3 141 55 86 826

4 85 33 52 505

3 1 91 91 0 525

2 67 67 0 377

3 67 67 0 381

4 143 143 0 794

4 1 25 11 14 142

2 26 9 17 144

3 25 7 18 138

4 21 7 14 122

Table S1: Summary of survey data from the four schools in each round of data collection

(Table 1).
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