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A B S T R A C T

Contact tracing is an important tool for controlling the spread of infectious diseases, including COVID-19. Here,
we investigate the spread of COVID-19 and the effectiveness of contact tracing in a university population,
using a data-driven ego-centric network model constructed with social contact data collected during 2020 and
similar data collected in 2010. We find that during 2020, university staff and students consistently reported
fewer social contacts than in 2010, however those contacts occurred more frequently and were of longer
duration. We find that contact tracing in the presence of social distancing is less impactful than without social
distancing. By combining multiple data sources, we show that University-aged populations are likely to develop
asymptomatic COVID-19 infections. We find that asymptomatic index cases cannot be reliably discovered
through contact tracing and consequently transmission in their social network is not significantly reduced
through contact tracing. In summary, social distancing restrictions had a large impact on limiting COVID-19
outbreaks in universities; to reduce transmission further contact tracing should be used in conjunction with
alternative interventions.
1. Introduction

Contact tracing is an important tool for controlling the spread
of infectious diseases, including COVID-19. Contact tracing involves
identifying individuals at high risk of infection due to their contact with
a known case, and then testing, treating, or isolating them to prevent
the onward spread of infection. It is commonly used for sexually
transmitted infections (Willcox et al., 1966; Brewer, 2005), where the
definition of a contact is clearly established. Contact tracing is also used
to control novel viral infections, particularly in the early containment
phase of an epidemic (Mclean et al., 2010; Kang et al., 2016), as during
the 2020/1 COVID-19 pandemic (Kucharski et al., 2020; Keeling et al.,
2020).

The success of contact tracing depends on the proportion of trans-
mission that occurs before symptom onset (Hellewell et al., 2020);
in the case of COVID-19, individuals are infectious for at least a day
before developing symptoms and so forward contact tracing, which
aims to identify contacts before they are infected, is likely to lag behind
transmission. In contrast, backward contact tracing, which aims to
identify missed ancestral cases and then use forward tracing to identify
multiple branches of transmission, has been found to be more successful
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for COVID-19, in part due to the presence of super-spreaders (Endo
et al., 2020).

Individual-based models are useful for capturing the heterogeneous
nature of disease transmission and network models lend themselves
to contact tracing analysis as they can explicitly define connections
between individuals. We use an ego-centric network model framework,
whereby a central-completely connected node has alters that are con-
tacts of the ego — a formulation that resembles an individual and their
social contacts and can be constructed from available social contact
data (Danon et al., 2013; Nixon et al., 2021).

The Social Contact Survey (SCS) collected data on social contact pat-
terns for the general British population in 2010 and has been used for
mathematical modelling of infectious disease (Danon et al., 2012, 2013;
Brooks-Pollock et al., 2021b). However, university populations are
different to the general population (Elmer et al., 2020). Students tend
to be young adults, with higher than average numbers of social contacts
and often live in communal residences. Also, during the COVID-19 pan-
demic, social restrictions have limited people’s ability to socialise. To
capture any new contact patterns in university staff and students during
the pandemic, the Coronavirus Questionnaire (CON-QUEST) (Nixon
et al., 2021) survey was launched in June 2020.
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With these two surveys we are able to investigate how social be-
haviours of a university population changed under social restrictions
and then the effectiveness of contact tracing in this setting. The effec-
tiveness of contact tracing is assessed by its ability to reduce the extent
an individual spreads the disease and the schemes ability to back-trace
and discover asymptomatic index cases.

2. Methods

2.1. Social contact data

2.1.1. The Social Contact Survey (SCS)
The SCS surveyed 5388 individuals from across Great Britain in

2010; see Danon et al. (2012, 2013) for full details of the methodology
and results. We extracted 635 individuals from the SCS whose occu-
pation contained the text ‘‘Student’’, ‘‘Lecturer’’ or ‘‘Researcher’’ and
who were aged 18 or older. We assumed that these respondents were
affiliated with a university.

2.1.2. The University of Bristol Coronavirus Questionnaire (CON-QUEST)
We used data from a longitudinal online survey of University of

Bristol staff and students, launched on 23 June 2020. Participants of the
survey reported demographic information about themselves and their
contacts from the previous day, as well as details about the frequency
and duration of the interactions with their contacts. Participants com-
plete an initial questionnaire which include questions on background
demographics and then are given the option to fill out a shorter version
of the questionnaire on contacts, symptoms, and whether they have had
COVID-19; repeating this every 8 days. Here, we used data collected
between 23 June 2020 and 8 February 2021. Though this period
includes holidays, most responses were given within term-time. In that
time, 744 staff and 887 students responded at least once, and we used
the first response from each participant. The CON-QUEST questionnaire
was designed to mirror the SCS, so many of the questions are similar,
but the surveys are not identical. In particular, SCS did not collect the
age of the contact and CON-QUEST did not collect who-knows-whom
data. For full details of CON-QUEST, see Nixon et al. (2021).

The data we extracted from CONQUEST was the age of the respon-
dent, the age and number of individual contacts, the size of group
contacts and the ages of their members, and the duration and frequency
of any interaction. Note that ages of individual and group contacts were
recorded within intervals, not as exact ages, so the ages of contacts are
estimated by interpolating the intervals with a uniform distribution.

The duration and frequency distributions of social contacts reported
in the two surveys are compared with a Chi-square test, to inves-
tigate whether social restrictions implemented during the COVID-19
pandemic have changed contact patterns in the university.

2.2. Modelling COVID-19 transmission and contact tracing on ego-centric
networks

We model the spread of COVID-19 over ego-centric social networks,
constructed from the social contact survey data described above. An
ego-centric network consists of an ego, which is a central node that
is connect to all other nodes, with alters that are connected to the
ego but not necessarily to each other. This formulation lends itself to
the available data when the respondent is modelled as the ego and
their contacts are the alters. The edges represent social connections and
are weighted with the duration (𝑇 ) and frequency (𝐹 ) of interaction.

he nodes are weighted by the number of people involved in the
nteractions, so will only be greater than one 1 when representing a
roup.

Groups are assumed to be well-mixed and individuals group mem-
ers are explicitly defined only during an interaction. Transmission
ithin group is modelled on a virtual, complete network. The virtual
2

etwork exists when a node weighted greater than 1 is interacted with.
hen the ego interacts with a group contact of size 𝑠 (represented as
node with weight 𝑠) transmission is modelled on a complete network
ith 𝑠 + 1 nodes and 𝑠(𝑠 + 1)∕2 edges. How the respondent interacted
ith each group member is unknown, so we assume that the duration
eighting of all edges in the group network is a fraction of the reported
uration of the group interaction, such that the 𝑠 edges of all nodes will
e weighted with 𝑇 ∕𝑠, where 𝑇 is the reported duration. Frequency
eighting in the virtual network is unnecessary because the group

nteraction will already have been triggered. The edge that connects
he ego with the weighted node will have a frequency weighting equal
o the reported frequency.

We model contact tracing as originating from a symptomatic in-
ectious node. Upon developing symptoms, symptomatic cases may
e tested. Thereby assuming there is no surveillance testing within
he university population and only symptomatic cases are tested. All
ontacts they met in the past 5 days are traced. The symptomatic
riginating case and their traced contacts isolate. During isolation it is
ssumed that individuals contact no one, including household contacts.
he only contacts that do not isolate are ones reported in CON-QUEST
o be ‘met for the first time this day’, these contacts are considered
trangers and unidentifiable.

.3. COVID-19 natural history parameters

We use a compartmental approach for capturing progression from
usceptible to infection, to latent infection (not infectious), and infec-
ious (either symptomatic or asymptomatic) (Chung and Chew, 2021;
adŭlescu et al., 2020; Teslya et al., 2020).

We model the probability of transmission 𝑃 (𝑇 ) during an interaction
o be dependent on the length of the interaction, 𝑡, as the risk of
nfection has been found to increase the longer a person is exposed to
n infected individual (Wiersinga et al., 2020). We attempt to capture
his time dependence of transmission with a stochastic transmission
rocess that hinges on an adaptation of the fixed infectious period
odel reported in Keeling and Grenfell (2000). We consider asymp-

omatic individuals to be less infectious by a factor 𝐴; the probability
f transmission during an interaction, 𝑃 (𝑇 ), is then

(𝑇 ) =

{

1 − 𝑒−𝛼𝑡 symptomatic individual
(1 − 𝐴)(1 − 𝑒−𝛼𝑡) asymptomatic individual

(1)

here 𝛼 is the rate of transmission and 𝑡 is the duration of interaction in
inutes. We assumed that asymptomatic cases were 35% less infectious

han symptomatic cases, i.e. 𝐴 = 0.35 (Chen et al., 2020). We explored
n expected number of cases, 𝙴(𝑐𝑎𝑠𝑒𝑠), in the absence of any social
istancing between 1 and 4 and calculated the transmission rate per
inute, 𝛼. From the SCS, the median number of unique contacts (𝑛)
as 9, the median frequency of interaction was 6 days in two weeks
1∕𝜎) and mean duration (𝑡) was 124 minutes. Taken together with an
nfectious period (1∕𝛾) of 12.2 days, this corresponds to values of 𝛼
qual to 1.7 × 10−4, 3.5 × 10−4, 5.3 × 10−4 and 7.2 × 10−4 per minute,
alculated as:

= −1
𝑡
log(1 −

𝛾𝜎𝙴(𝑐𝑎𝑠𝑒𝑠)
𝑛

).

These transmission rates are the same for everyone. We do not consider
inherent differences in shedding between individuals.

Upon infection, all individuals become latently infected for a dura-
tion drawn from a lognormal distribution with a mean 3.3 days (Zhao,
2020). Subsequently, the infectious period is modelled as lasting for a
fixed 10 days after symptom onset, which is the same for everyone to
reflect the UK track and trace guidelines which state that a person who
has developed symptoms of COVID-19 must isolate for 10 days (NHS,
2021).

Infectious individuals are either symptomatic or asymptomatic. Age
is a key factor in the probability of symptoms, with younger indi-

viduals less likely to report typical COVID-19-like symptoms (Wells
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Table 1
Conditional probabilities of an individual being asymptomatic given their age with the constituent parts of Bayes’ Theorem
used to calculate the conditional probabilities. 𝑃 (𝐴𝑔𝑒 ∣ 𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐) is taken to be the proportion of asymptomatic cases
that fell into each age band in Kronbichler et al. (2020). 𝑃 (𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐) here, is the mean proportion of cases found to be
asymptomatic across the studies reviewed in Oran and Topol (2020). 𝑃 (𝐴𝑔𝑒) is the proportion of people in the UK that fall
into each age band, according to the 2017 ONS records on the demographic of the UK Gov.uk (2021). In the fifth column,
which contains 𝑃 (𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐 ∣ 𝐴𝑔𝑒), shows that in general the probability of being asymptomatic decreases with age. The
only deviation is in the age band 40–49.

Age band 𝑃 (𝐴𝑔𝑒 ∣ 𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐)
(Kronbichler et al., 2020)

𝑃 (𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐)
(Oran and Topol, 2020)

𝑃 (𝐴𝑔𝑒)
(Gov.uk, 2021)

𝑃 (𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐 ∣ 𝐴𝑔𝑒)

0–9 0.191 0.59 0.121 0.930
10–19 0.147 0.59 0.114 0.760
20–29 0.162 0.59 0.132 0.723
30–39 0.147 0.59 0.131 0.661
40–49 0.074 0.59 0.128 0.341
50–59 0.103 0.59 0.134 0.453
60–69 0.074 0.59 0.106 0.411
70+ 0.074 0.59 0.134 0.325
et al., 2020; McQuade et al., 2021), so we seek to quantify an age-
dependent probability of being asymptomatic. Measuring the age de-
pendence of being asymptomatic directly is challenging. Similarly to
other works (Nishiura et al., 2020), we calculate the conditional prob-
ability using Bayes’ Theorem,

𝑃 (𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐 ∣ 𝐴𝑔𝑒) =
𝑃 (𝐴𝑔𝑒 ∣ 𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐) ⋅ 𝑃 (𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐)

𝑃 (𝐴𝑔𝑒)
.

where 𝑃 (𝐴𝑔𝑒 ∣ 𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐) is the age distribution of asymptomatic
ases, estimated using a meta-analysis (Kronbichler et al., 2020),
(𝐴𝑠𝑦𝑚𝑝𝑡𝑜𝑚𝑎𝑡𝑖𝑐) is the mean percentage of asymptomatic cases in in-

fected individuals (Oran and Topol, 2020) and 𝑃 (𝐴𝑔𝑒) is the probability
of an individual belonging to a given an age group, calculated from
data on the UK age demographic (Gov.uk, 2021). The banding of age
groups as well as their conditional probability of being asymptomatic
are shown in Table 1.

2.4. Calculating individual reproductive number

Event-based simulations with a time step of one day are used to
model the local epidemic. The simulations are initiated with an infected
ego and susceptible alters, and run for 30 days. On any given day, two
nodes that are connected by an edge have a probability of interacting
equal to 1∕𝜎. The probability of transmission during this interaction is
given by Eq. (1). Newly infected individuals transition to a latent stage
with a length that is drawn from a log normal distribution and then
become infectious with symptomatic or asymptomatic infection with a
probability depending on their age (Table 1).

2.5. Impact of contact tracing

We consider three scenarios for the egos’ symptom status: (1) they
are all symptomatic, (2) they are all asymptomatic, (3) they are asymp-
tomatic with a probability dependent of their age (Table 1). In all
scenarios the symptomatic status of infected contacts is dependent on
their age. If an ego is asymptomatic they can still be discovered by
contact tracing through one of their symptomatic contacts.

Once an individual develops symptoms it is assumed they take a
test that same day and receive the results 1 to 3 days later, determined
randomly. Individuals will not isolate until they receive their result,
and it at this point that all identifiable contacts met in the past 5 days
also isolate. Isolation is implemented by setting the probability that an
individual meets their contacts to zero. Isolation lasts for 10 days for
the individual who tests positive and 14 days for their contacts. An
individual is considered susceptible once their isolation ends.

Hospitalisations and deaths are not included in this model as we are
focusing on a primarily young population.
3

3. Results

3.1. Comparing characteristics between the two surveys

The median number of daily contacts reported in the CON-QUEST
survey was 2, compared to 9 from the university-affiliated subset of the
SCS used here. No one in the SCS subset reported having zero contacts
on the previous day, but this was reported by 18% of CON-QUEST
participants. The proportion of respondents with low numbers of daily
contacts is greater in the CON-QUEST data than in the SCS data. The
proportion of respondents reporting one, two or three daily contacts
is an order of magnitude greater in the CON-QUEST survey than in
the SCS subset (Fig. 1d). The maximum number of daily contacts was
greater in the SCS subset (𝑘 = 3011) than in CON-QUEST (𝑘 = 531) and
there was a higher overall proportion of respondents with high numbers
of contacts in the SCS subset (the proportion of respondents reporting
12–24 contacts was one order of magnitude greater).

The duration of social contacts reported during 2020 increased
compared to contacts reported in 2010 (𝜒2 = 367.8, df = 2, 𝑝 ⩽
0.001). Respondents in the CON-QUEST survey had longer interac-
tions with their contacts than those in the SCS, with 58% and 43%
of respondents having interactions that lasted longer than one hour
respectively. A higher percentage of university-affiliated respondents
in the SCS reported short interactions lasting of less than 10 minutes
(33%) compared to the CON-QUEST survey (24%). In the SCS, nearly
60% of all reported interactions lasted less than one hour, compared to
42% in CON-QUEST (Fig. 1a).

In addition to longer duration contacts, social contacts reported in
CON-QUEST occurred more frequently than in the SCS (𝜒2 = 1518, df
= 4, 𝑝 ⩽ 0.001). A greater proportion of contacts reported to be met ‘8
or more times in 2 weeks’ in the CON-QUEST survey than in the SCS
(57.2% and 29.2% respectively). However, there was little difference
between the number of contacts that were ‘Met for the first time this
day’ (SCS- 13.8%, CON-QUEST- 12.5%) (Fig. 1b).

For respondents with ages 18–24 (n = 637) and 25–44 (n = 647) the
majority of their contacts (77% and 58% respectively) were within their
own age interval. Respondents aged 45–64 (n = 314) had the greatest
proportion of their contacts in their own age group (36%) but not a
majority, while respondents 65–80 (n = 16) had similar proportions of
contacts aged 25–44, 45–64 and 65–80 (28%, 23%, 25% respectively).
However, respondents aged 81+ (n = 1), reported no contacts in their
own age category. The greatest proportion of contacts for respondents
age 81+ was 0–4 years old.
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Fig. 1. Comparison of social contact data for university students and staff in a pre-COVID-19 pandemic survey (the 2009 Social Contacts Survey, n = 635) (Danon et al., 2012,
2013) and COroNavirus QUESTionnaire (June 2020 to February 2021, n = 1631) (Nixon et al., 2021). For all panels, data shown in blue in taken from the CON-QUEST and
data in orange is taken from the SCS. (a) The interaction durations between the respondents and their contacts. (b) The interaction frequencies between the respondents and their
contacts. (c) The proportion of contacts within each age category reported by respondents in each age category in CON-QUEST. (d) The distribution of the number of daily contacts
(on a loglog scale). Both datasets are normalised by their own sizes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
3.2. Secondary COVID-19 cases

To assess how observed behavioural changes have impacted trans-
mission and highlight the importance of contextually accurate data in
modelling, the model is run with both university affiliated data from
the SCS and the CON-QUEST data. In these simulations it is assumed
the ego is symptomatic and there is no contact tracing. As can be seen
in Table 2, when the ego-centric networks are constructed from the
pre-COVID data recorded in the SCS there is a greater average number
of secondary cases for all transmission rates. The average number of
secondary cases is at least 1 when the SCS data is used. However, only
with the highest transmission rate (fitted to produce a reproductive
number of 4 in a simplified pre-COVID social network) does the average
number of secondary cases reach 1 when the CON-QUEST data is used.

3.3. The effect of contact tracing

The spread of COVID-19 in a university population is found to be
dependent on the transmission rate, the infectiousness of the index
case, and whether contact tracing is implemented. Fig. 2 shows that
an increase in transmission rate always results in an increase in the
average number of secondary cases. However, it is only in the scenario
where all index cases are symptomatic, and the transmission rate is
7.9 × 10−4 per minute that the average number of secondary cases
exceeds 1 (Fig. 2).

In the absence of contact tracing, symptomatic index cases generate
a greater number of secondary cases compared to asymptomatic index
cases due to their increased infectiousness. However, the spread of
COVID-19 from symptomatic index cases is greatly reduced with the
implementation of contact tracing. In comparison, the reduction due
to contact tracing for asymptomatic index cases is minimal. When
4

Table 2
The mean and 95% confidence intervals for average number of sec-
ondary infections when the simulation is run using data from the
pre-COVID data from the SCS and the data from CON-QUEST. 𝛼1−4 are
the transmission rates provided in Table 1.

Transmission rate SCS CON-QUEST

𝛼1 1.1 [1.0, 1.2] 0.40 [0.38, 0.42]
𝛼2 1.9 [1.9, 2.0] 0.62 [0.59, 0.65]
𝛼3 2.7 [2.6, 2.8] 0.87 [0.84, 0.89]
𝛼4 3.2 [3.1, 3.3] 1.0 [0.99, 1.0]

the index case is symptomatic, contact tracing has the potential to
reduce the mean number of secondary cases by up to 56%, with the
biggest impact for lower transmission rates. When the index case is
asymptomatic, contact tracing reduces the mean number of secondary
cases by less than 3%. In the asymptomatic case, the greater impact is
seen with higher transmission probabilities. When the index case has
a probability of being asymptomatic dependent on their age, we see
the expected behaviour of COVID-19 in a university population, shown
in Fig. 2. In this realistic scenario, contact tracing has the potential to
reduce the mean number of secondary cases by 26.6%, 25.2%, 22.8%
and 20.9% for 𝛼1−4 respectively.

The inability for contact tracing to curb asymptomatic transmission
can be explained by the low percentage of index cases that are dis-
covered from their symptomatic contacts. As the transmission rate is
increased in the model from 𝛼1 to 𝛼4 the percentage of index cases
isolated also increases, from 4% to 12%, but remains low. This is in
line with the increasing relative reduction of average cases seen in the
asymptomatic scenario.
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Fig. 2. The average number of secondary cases in each scenario plotted against the transmission rate (𝛼). The lines show the mean number of secondary cases per index case, in
their respective scenarios and the coloured regions around each line show the 95% confidence intervals of the respective means. Solid lines represent the scenarios with contact
tracing, and dashed lines represent the scenarios without contact tracing.
4. Discussion

Here a unique data driven simulation model has been presented.
Other models of SARS-CoV-2 transmission in university populations
use compartmental models that do not consider the structure of so-
cial networks and as a result are not able to include contact trac-
ing (Muller and Muller, 2021; Paltiel et al., 2020; Brooks-Pollock
et al., 2021a; Borowiak et al., 2020; Martin et al., 2020). In the case
where no data is available models make strong assumptions about
the homogeneity of interactions between individuals, taking assumed
averages of parameters such as the probability of infection during an
interaction (Paltiel et al., 2020), and the number of contacts within
pre-defined groups (Muller and Muller, 2021). The few models that
consider contact tracing in a university population call for individual-
based models informed by more detailed contact data to properly assess
contact tracing (Gressman and Peck, 2020; Lopman et al., 2021). Here
we analyse such data and construct an appropriate model. The data
used in our model allowed us to quantify the variations in the contact
patterns of university populations and then construct an individual
based model of the effects and limitations of contact tracing.

Despite differences in modelling approach there are still consisten-
cies in the findings presented here with other works. Social distancing
and mass testing are found to be necessary measures for control in a
university. Modelling conducted with anonymised university accommo-
dation data found that asymptomatic cases produce more secondary
cases even if they have a lower transmission rate than symptomatic
cases (Brooks-Pollock et al., 2021a). A non-data driven model for
COVID-19 transmission on US campuses also found that mass testing
is important but does conclude that when prevalence is low, high
rates of testing can lead to high proportions of isolated individuals
with false-positives (Paltiel et al., 2020). These high proportions of
unnecessarily isolated people were generated without the inclusion of
contact tracing; only those that were tested were isolated. With the low
levels of transmission found in this model, if contacts identified through
contact tracing were isolated then the number of unnecessary isolations
would be a justifiable criticism of using mass testing and contact tracing
5

in conjunction.
Analysis comparing the two sets of survey data suggests university
populations were more clustered during the pandemic. The general
pattern of the CON-QUEST data is that university populations have few
select contacts that they meet frequently for long periods of time. This
pattern is in line with expected lockdown behaviour. These changes in
the social behaviours of university populations seen in the 2020 data
meaningfully reduces the average number of secondary cases produced
by an infectious individual. This reduction is seen when model sim-
ulations are run with the pre-COVID SCS data and the CON-QUEST
data. The comparison suggests that social restrictions can prevent
COVID-19 from becoming endemic in a university for all but the most
transmissible variants. However, there may be other explanations for
the differences seen between the SCS and CON-QUEST surveys. For
example, a survey in 2017/8, which collected information on contact
patterns of UK citizens (Klepac et al., 2020), found a real reduction in
the number of contacts made by 15-19 year-olds from data collected
2005/6, that could be explained by the digitisation of young people’s
social interactions (Rideout and Robb, 2018). Therefore, the differences
seen in the social contact behaviour in students captured in the 2010
SCS compared to the behaviour captured by CONQUEST in 2020 may
not be completely attributable to the COVID-19 pandemic.

When contact tracing is used in combination with social restrictions,
they amount to an effective control. For all transmission rates when
contact tracing is used the average number of secondary cases is below
one. However, the extent to which contact tracing reduces transmis-
sion is limited when index cases are asymptomatic, suggesting that
asymptomatic transmission cannot be curbed by contact tracing when
asymptomatic cases are left undetected. Considering that universities
have a young population and younger people have a higher probability
of being asymptomatic, contact tracing may not sufficiently reduce
transmission without mass testing. With mass testing the expected
university behaviour will more closely resemble the scenario where all
index cases are symptomatic.

The inability of contact tracing to control asymptomatic transmis-
sion partly stems from the fact that young members of the university
interact most with other young members. Within these cliques an
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asymptomatic infective is likely to transmit to a person who will
also develop an asymptomatic infection. When transmission is low,
the majority of index cases will only transmit to people who develop
asymptomatic infections. Hence, contact tracing cannot be relied upon
to back-trace and isolate an asymptomatic index case. However, the
rates of asymptomatic infection could be high in this analysis, as cohort
studies have found age stratified asymptomatic rates to be lower than
what is estimated in Table 1 but with significant variations between
cohorts and the largest cohorts finding rates of asymptomatic in line
with our predictions (Wang et al., 2023). Lower rates of asymptomatic
infection would result in a more infectious but more detectable popu-
lation. Though an infectious person would be more likely to transmit
during an interaction (Eq. (1)) contact tracing would cut short the
time they are transmitting. It is difficult to say whether the number
of infected contacts would increase but it can be said that a lower
asymptomatic rate would increase the impact of contact tracing.

Although CON-QUEST is a longitudinal survey, we only analyse the
first responses from the 23rd June 2020 to 8th February 2021. In this
period, there was variation in the social restrictions measures, and we
do not capture such time varying behaviour here, nor do we consider
significant social events such as mass travel for University vacations.

Our model does not account for vaccination or natural immunity
and the results are representative of early stages in the pandemic, which
is true also for the contact data used in constructing the networks. Other
models have found that vaccination can reduce COVID-19 incidence
in a population to near zero (Moghadas et al., 2021), even without
other mitigating controls (Bubar et al., 2021). Due to the low levels
of transmission observed in the simulations, we would expect few rein-
fections in the majority of networks. However, due to heterogeneity in
the networks, where multiple transmissions do occur it would likely be
to a select few individuals and in our model reinfection is a possibility.
Consequently, the inclusion of natural immunity would likely lead to a
reduction in the average number of secondary cases.

What could increase the number of secondary cases is modelling
transmission within a group as dependent on the number of infectious
people rather than the number of susceptible people. By dividing the
amount of time spent with a reported group by the number of people in
the group the probability of transmission is dependent on the number
of susceptible people in the group. If instead it is assumed that all
people in the group are exposed as to the infectious person, the whole
time the probability of transmission is dependent on the number of
infectious people. We would likely see a greater number of infected
people contact under the latter modelling approach, but as this work
studies a period in which group interactions were limited and small,
we expect the difference in these modelling approaches to be small.

Further limitations of the model are that alters are not connected,
the networks are isolated from each other, and secondary contacts are
not considered. In reality there is a wider, population level network that
would describe the whole University. Contact tracing would be most
powerful in preventing cascades of infection across this population level
network. However, the data collected in CON-QUEST cannot inform
about these wider connection. More extensive data collection such as
that done by the SCS, where respondents reported which of their con-
tacts had met each other, would provide information on transitive links
(links between alters). In the absence of these data, algorithms such
as preferential attachment, an observed social phenomenon (Newman;
Capocci et al., 2006), could be used. With regards to population-level
networks, more targeted data collection could be conducted on schools
or departments within universities (Cauchemez et al., 2011; Conlan
et al., 2010; Salathé et al., 2010), collecting information on whole
cohort interactions. Data collection on this scale can be expensive and
at times impractical, so synthetic social networks can be construct via
algorithms. Previous research (Herman and Schwartz, 2020) has mod-
elled COVID-19 transmission assuming a scale-free degree distribution
exists at a population level, and investigated how different population-
6

level social restrictions can reduce the critical levels for herd immunity. b
However, both the SCS and CON-QUEST data suggest that the degree
distribution of a university population is power-law distributed only in
the tail. Better population-level networks could be constructed through
data-driven algorithms, such as exponential random graph models.
However, the use any of these methods requires strong assumptions
about the structure of the network that would fundamentally affect the
spread of the disease.

5. Conclusion

In this paper we compare the results of two social surveys con-
ducted before and during the pandemic, by looking at the frequency,
duration and number of contacts that were reported. From the data
we construct ego-centric networks to model COVID-19 transmission
from an index cases to their contacts. We then introduce contact
tracing and investigate three scenarios where the index case is either,
always symptomatic, always asymptomatic, or asymptomatic with a
probability dependent on their age.

During the period of active social restrictions the contact patterns
of university populations changed, people generally met fewer contacts
for longer periods and with a greater frequency. This behavioural
change reduces the average number of secondary infections. Further
reduction can be achieved with contact tracing, when cases are iden-
tifiable. In a University population where there is expected to be a
large asymptomatic population, mass testing will be required to iden-
tify asymptomatic individuals and exercise contact tracing to its full
potential. However, our model suggests that under social restrictions
population level out-breaks are unlikely in a University.
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Radŭlescu, A., Williams, C., Cavanagh, K., 2020. Management strategies in an SEIR-type
model of COVID 19 community spread. Sci. Rep. 10 (1), 21256. http://dx.doi.org/
10.1038/s41598-020-77628-4.

Rideout, V., Robb, M.B., 2018. Social Medial, Social Life: Teens Reveal Their
Experiences. Technical Report, Common Sense. https://www.commonsensemedia.
org/sites/default/files/uploads/research/2018_cs_socialmediasociallife_fullreport-
final-release_2_lowres.pdf.

Salathé, M., Kazandjieva, M., Lee, J.W., et al., 2010. A high-resolution human contact
network for infectious disease transmission. Proc. Natl. Acad. Sci. USA 107 (51),
22020–22025. http://dx.doi.org/10.1073/pnas.1009094108.

Teslya, A., Pham, T.M., Godijk, N.G., et al., 2020. Impact of self-imposed prevention
measures and short-term government-imposed social distancing on mitigating and
delaying a COVID-19 epidemic: A modelling study. PLoS 17 (7), e1003166. http:
//dx.doi.org/10.1371/journal.pmed.1003166.

Wang, B., Andraweera, P., Elliott, S., amd Z Lassi, H.M., Twigger, A., Borgas, C.,
Gunasekera, S., Ladhani, S., Marshall, H.S., 2023. Asymptomatic SARS-CoV-2
infection by age: A global systematic review and meta-analysis. Pediatr. Infect.
Dis. J. 3 (42), 232–239. http://dx.doi.org/10.1097/INF.0000000000003791.

Wells, P.M., Doores, K.J., Couvreur, S., et al., 2020. Estimates of the rate of infection
and asymptomatic COVID-19 disease in a population sample from SE England. J.
Infect. 81 (6), 931–936. http://dx.doi.org/10.1016/j.jinf.2020.10.011.

Wiersinga, W.J., Rhodes, A., Cheng, A.C., et al., 2020. Pathophysiology, transmission,
diagnosis, and treatment of coronavirus disease 2019 (COVID-19) A review. JAMA
324 (8), 782–793. http://dx.doi.org/10.1001/jama.2020.12839.

Willcox, R., Jefferiss, F., Naughten, E., 1966. Contact investigation of male West Indian
patients with Gonorrhoea. Br. J. Vener. Dis. 42 (3), 167.

Zhao, S., 2020. Estimating the time interval between transmission generations when
negative values occur in the serial interval data: Using COVID-19 as an example.
Mol. Biol. Evol. 17 (4), http://dx.doi.org/10.3934/mbe.2020198.

http://dx.doi.org/10.1101/2020.09.07.20189688
http://dx.doi.org/10.1101/2020.09.07.20189688
http://dx.doi.org/10.1101/2020.09.07.20189688
http://dx.doi.org/10.1097/01.olq.0000153574.38764.0e
http://dx.doi.org/10.1038/s41467-021-25169-3
http://dx.doi.org/10.1038/s41467-021-25169-3
http://dx.doi.org/10.1038/s41467-021-25169-3
http://dx.doi.org/10.1098/rstb.2020.0276
http://dx.doi.org/10.1126/science.abe6959
http://dx.doi.org/10.1126/science.abe6959
http://dx.doi.org/10.1126/science.abe6959
http://dx.doi.org/10.1103/PhysRevE.74.036116
http://dx.doi.org/10.1073/pnas.1008895108
http://dx.doi.org/10.1073/pnas.1008895108
http://dx.doi.org/10.1073/pnas.1008895108
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb8
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb8
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb8
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb8
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb8
http://dx.doi.org/10.1038/s41598-021-89515-7
http://dx.doi.org/10.1038/s41598-021-89515-7
http://dx.doi.org/10.1038/s41598-021-89515-7
http://dx.doi.org/10.1098/rspb.2010.1807
http://dx.doi.org/10.1098/rspb.2013.1037
http://dx.doi.org/10.1098/rspb.2013.1037
http://dx.doi.org/10.1098/rspb.2013.1037
http://dx.doi.org/10.1098/rsif.2012.0357
http://dx.doi.org/10.1098/rsif.2012.0357
http://dx.doi.org/10.1098/rsif.2012.0357
http://dx.doi.org/10.1371/journal.pone.0236337
http://dx.doi.org/10.12688/wellcomeopenres.15842.3
http://dx.doi.org/10.12688/wellcomeopenres.15842.3
http://dx.doi.org/10.12688/wellcomeopenres.15842.3
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/articles/overviewoftheukpopulation/july2017
http://dx.doi.org/10.1016/j.mbs.2020.108436
http://dx.doi.org/10.1016/S2214-109X(20)30074-7
http://dx.doi.org/10.1088/1478-3975/aba8ec
http://dx.doi.org/10.1088/1478-3975/aba8ec
http://dx.doi.org/10.1088/1478-3975/aba8ec
http://dx.doi.org/10.3201/eid2209.152116
http://dx.doi.org/10.1006/jtbi.1999.1064
http://dx.doi.org/10.1136/jech-2020-214051
http://dx.doi.org/10.1101/2020.02.16.20023754
http://dx.doi.org/10.1101/2020.02.16.20023754
http://dx.doi.org/10.1101/2020.02.16.20023754
http://dx.doi.org/10.1016/j.ijid.2020.06.052
http://dx.doi.org/10.1016/j.ijid.2020.06.052
http://dx.doi.org/10.1016/j.ijid.2020.06.052
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb24
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb24
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb24
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb24
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb24
http://dx.doi.org/10.1038/s41598-021-85252-z
http://dx.doi.org/10.1038/s41598-021-85252-z
http://dx.doi.org/10.1038/s41598-021-85252-z
http://dx.doi.org/10.1101/2020.06.01.20118885
http://dx.doi.org/10.1101/2020.06.01.20118885
http://dx.doi.org/10.1101/2020.06.01.20118885
http://dx.doi.org/10.1017/S0950268810001366
http://dx.doi.org/10.1017/S0950268810001366
http://dx.doi.org/10.1017/S0950268810001366
http://dx.doi.org/10.1001/jamanetworkopen.2020.35234
http://dx.doi.org/10.1001/jamanetworkopen.2020.35234
http://dx.doi.org/10.1001/jamanetworkopen.2020.35234
http://dx.doi.org/10.1093/cid/ciab079
http://dx.doi.org/10.1016/j.idm.2021.08.004
http://dx.doi.org/10.1016/j.idm.2021.08.004
http://dx.doi.org/10.1016/j.idm.2021.08.004
https://www.nhs.uk/conditions/coronavirus-covid-19/self-isolation-and-treatment/when-to-self-isolate-and-what-to-do/
https://www.nhs.uk/conditions/coronavirus-covid-19/self-isolation-and-treatment/when-to-self-isolate-and-what-to-do/
https://www.nhs.uk/conditions/coronavirus-covid-19/self-isolation-and-treatment/when-to-self-isolate-and-what-to-do/
http://dx.doi.org/10.1016/j.ijid.2020.03.020
http://dx.doi.org/10.1038/s41598-021-91156-9
http://dx.doi.org/10.7326/M20-3012
http://dx.doi.org/10.7326/M20-3012
http://dx.doi.org/10.7326/M20-3012
http://dx.doi.org/10.1001/jamanetworkopen.2020.16818
http://dx.doi.org/10.1001/jamanetworkopen.2020.16818
http://dx.doi.org/10.1001/jamanetworkopen.2020.16818
http://dx.doi.org/10.1038/s41598-020-77628-4
http://dx.doi.org/10.1038/s41598-020-77628-4
http://dx.doi.org/10.1038/s41598-020-77628-4
https://www.commonsensemedia.org/sites/default/files/uploads/research/2018_cs_socialmediasociallife_fullreport-final-release_2_lowres.pdf
https://www.commonsensemedia.org/sites/default/files/uploads/research/2018_cs_socialmediasociallife_fullreport-final-release_2_lowres.pdf
https://www.commonsensemedia.org/sites/default/files/uploads/research/2018_cs_socialmediasociallife_fullreport-final-release_2_lowres.pdf
https://www.commonsensemedia.org/sites/default/files/uploads/research/2018_cs_socialmediasociallife_fullreport-final-release_2_lowres.pdf
https://www.commonsensemedia.org/sites/default/files/uploads/research/2018_cs_socialmediasociallife_fullreport-final-release_2_lowres.pdf
http://dx.doi.org/10.1073/pnas.1009094108
http://dx.doi.org/10.1371/journal.pmed.1003166
http://dx.doi.org/10.1371/journal.pmed.1003166
http://dx.doi.org/10.1371/journal.pmed.1003166
http://dx.doi.org/10.1097/INF.0000000000003791
http://dx.doi.org/10.1016/j.jinf.2020.10.011
http://dx.doi.org/10.1001/jama.2020.12839
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb44
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb44
http://refhub.elsevier.com/S1755-4365(23)00052-X/sb44
http://dx.doi.org/10.3934/mbe.2020198

	Limited impact of contact tracing in a University setting for COVID-19 due to asymptomatic transmission and social distancing
	Introduction
	Methods
	Social Contact Data
	The Social Contact Survey (SCS)
	The University of Bristol Coronavirus Questionnaire (CON-QUEST)

	Modelling COVID-19 transmission and contact tracing on ego-centric networks
	COVID-19 natural history parameters
	Calculating Individual Reproductive Number
	Impact of contact tracing

	Results
	Comparing characteristics between the two surveys
	Secondary COVID-19 cases
	The effect of contact tracing

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


