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Abstract

Contact tracing is a key component of successful management of COVID-19. Contacts of
infected individuals are asked to quarantine, which can significantly slow down (or prevent)
community spread. Contact tracing is particularly effective when infections are detected
quickly, when contacts are traced with high probability, when the initial number of cases is
low, and when social distancing and border restrictions are in place. However, the magni-
tude of the individual contribution of these factors in reducing epidemic spread and the
impact of population immunity (due to either previous infection or vaccination), in determin-
ing contact tracing outputs is not fully understood. We present a delayed differential equa-
tion model to investigate how the immunity status and the relaxation of social distancing
requirements affect contact tracing practices. We investigate how the minimal contact trac-
ing efficiency required to keep an outbreak under control depends on the contact rate and
on the proportion of immune individuals. Additionally, we consider how delays in outbreak
detection and increased case importation rates affect the number of contacts to be traced
daily. We show that in communities that have reached a certain immunity status, a lower
contact tracing efficiency is required to avoid a major outbreak, and delayed outbreak detec-
tion and relaxation of border restrictions do not lead to a significantly higher risk of over-
whelming contact tracing. We find that investing in testing programs, rather than increasing
the contact tracing capacity, has a larger impact in determining whether an outbreak will be
controllable. This is because early detection activates contact tracing, which will slow, and
eventually reverse exponential growth, while the contact tracing capacity is a threshold that
will easily become overwhelmed if exponential growth is not curbed. Finally, we evaluate
quarantine effectiveness in relation to the immunity status of the population and for different
viral variants. We show that quarantine effectiveness decreases with increasing proportion
of immune individuals, and increases in the presence of more transmissible variants. These
results suggest that a cost-effective approach is to establish different quarantine rules for
immune and nonimmune individuals, where rules should depend on viral transmissibility
after vaccination or infection. Altogether, our study provides quantitative information for con-
tact tracing downsizing in vaccinated populations or in populations that have already experi-
enced large community outbreaks, to guide COVID-19 exit strategies.
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1 Introduction

Contact tracing, in combination with quarantine, is a key component of the successful man-
agement of the COVID-19 pandemic. When contact tracing is in place, people with a con-
firmed infection provide information about individuals they have been in contact with during
the previous days, who are in turn at risk of developing an infection. Identified contacts are
traced and quarantined, and quick tracing can significantly slow down, or even prevent, epi-
demic spread, by quarantining infectious individuals before they become contagious. Efficient
contact tracing may allow for partial relaxation of social distancing requirements and border
restrictions, particularly during vaccine roll-out.

Different studies have focused on understanding the impact of contact tracing practices on
COVID-19 outbreaks [1-10]. Successful strategies involve quick detection of infectious cases
(for example through testing) [1, 3, 4, 6, 7, 10], a high probability that contacts are traced [2, 5,
7, 10], alow number of initial cases when contact tracing is implemented [2], and, more gener-
ally, maintaining social distancing [2, 4-6], where different variants can affect viral transmissi-
bility [11, 12].

The implementation of border control measures can also impact contact tracing manage-
ment [13]. Case importations contribute to epidemic spread when infection prevalence is low
[14], and it is critical to consider how contact tracing practices should respond to the relaxa-
tion of border restrictions, in addition to the relaxation of social distancing. However, the link
between case importations and the contact tracing efficiency needed to keep an outbreak
under control has been little explored [15].

Finally, population immunity (acquired either through natural infection or vaccination)
can clearly affect contact tracing management [16-18]. Especially, with vaccines availability,
we expect downsizing, or even dismantlement, of contact tracing to be possible, but only few
contact tracing models directly account for vaccine roll-out [19, 20]. Additionally, the propor-
tion of immune individuals in a community may affect quarantine effectiveness, as isolation of
contacts who have a significantly lower probability to get infected [21, 22], may lead to unnec-
essary costs related to isolation of healthy individuals [23].

While the factors increasing contact tracing efficiency during the COVID-19 outbreak have
been identified, the magnitude of their individual contribution in reducing epidemic spread is
not fully understood [9]. Most of the current approaches have been based on stochastic frame-
works which, despite accounting for potential sources of uncertainty in disease transmission,
limit the derivation of analytical expressions to quantitatively understand the interplay of dif-
ferent interventions during an outbreak [4].

Here, we present a continuous time approach to disentangle and quantify the impact of
individuals’ immunity and relaxation of social distancing requirements on contact tracing
practices. More specifically, we determine the minimal contact tracing efficiency needed to
keep an outbreak under control, in relation to the contact rate and to the proportion of
immune individuals in a population (section 3.1). Additionally, we quantify the impact of
delays and case importations on the epidemic dynamics, to determine whether the contact
tracing capacity should be adjusted in immune populations (section 3.2). We also consider
how population immunity affects quarantine effectiveness, expressed as the proportion of peo-
ple that will develop an infection while in quarantine (section 3.3).

Our study provides information about contact tracing downsizing during the relaxation of
COVID-19 restrictions in immune populations, and provides insights into the impact of con-
tact tracing policies in different jurisdictions. The model presented here is general, and can be
applied to different initial conditions, indicating differences in infection prevalence in a
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community. However, our focus will be on jurisdictions that have followed an elimination
approach [24], where the infection is introduced in an initially virus-free community.

2 Model and methods

To understand the impact of contract tracing on the epidemic we model transmission rates as
a product of the average number of contacts, where quarantine is considered in a compart-
mental model similarly to what done by Lipsitch et al. [25], and later followed by several others
(e.g., [26-28]). One of the factors that makes COVID-19 particularly difficult to trace is the
abundance of asymptomatic individuals in the population, who are spreading the disease with-
out awareness of their infectious status [29]. Thus, in our model we differentiate infectious
cases into three subclasses, namely pre-symptomatic, symptomatic, and asymptomatic (analo-
gously to [16]). While in [25] individuals are quarantined based on contact with infected indi-
viduals, here we assume that individuals are quarantined based on contact with symptomatic
individuals only. Indeed, individuals developing symptoms are more likely to seek testing and
become aware of their infectious status. We consider asymptomatic and pre-symptomatic
individuals unlikely to seek testing, especially as we consider the situation where the commu-
nity is not experiencing any outbreak prior to disease introduction.

The pre-symptomatic status lasts on average 2-3 days [16], and if we assume that symptom-
atic individuals are tested and begin contact tracing 1-2 days after symptoms onset, then indi-
viduals can be contagious for five days before their contacts are traced and quarantined. To
account for this delay, the contact tracing dynamics is formulated according to a system of
delayed differential equations. A detailed description of model dynamics is provided in the
Appenix, while a schematic representation of the model compartments is provided in Fig 1. To
understand the impact of different interventions and contact tracing practices, we consider the
Susceptible-Exposed-Asymptomatic-Infected-Recovered (SEAIR) framework developed by
Miller et al. [16] (described in Appendix A.1 in S1 File) and extend it to incorporate contact
tracing (A.2), immunity status (A.3), delays in outbreak detection (A.4), case importations
(A.5), and quarantine effectiveness (A.6).

Model parameters are given in Table 1. Parameters are based on the population size and
public health regulations of the Canadian province of Newfoundland and Labrador, as this
province lends itself to this study for having followed an elimination approach to reduce
COVID-19 transmission, and having implemented extensive contact tracing and quarantine
measures to end transmission whenever an outbreak has occurred.

3 Results
3.1 Contact tracing efficiency and outbreak control

We define the contact tracing efficiency g as the proportion of symptomatic individuals whose
contacts will be traced, multiplied by the proportion of contacts that will be quarantined.
When the number of cases is low, we can derive an expression for the minimal contact tracing
efficiency needed to avoid a growth in the number of cases (see Appendix B, section B.1in S1
File). We find that disease spread does not occur as long as:

M% =3
q> 5 , (1)
pltac(zbc + 3bp) N + pIL.

where So/N represents the proportion of initially susceptible individuals; c is the contact rate; o

is the probability of infection given a contact, b is defined as the weighted average of the
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Fig 1. A schematic representation of the flow of individuals among different compartments as described by the system of Eq (11). Model
parameters are described in Table 1. Susceptible individuals S can become exposed E after having interacted with an infected person, and successively
become infectious pre-symptomatic I, symptomatic I, or asymptomatic I,.. Individuals in states represented in blue are not aware of their infectious
status and behave normally in the population. Individuals in I, represented in orange, can become aware of their status and be contact traced, where I"
represents the number of people whose contacts are being traced today (see Eq (6)) and $<7 is the total number of identified contacts that each contact
tracing individuals has had in the past five days (see Eq (7)). Once contact tracing is activated (for I. > 0, see Eq (5)) contacts can be moved to
quarantine (states in grey), where contacts developing an infection will enter the Q class, and contacts not developing an infection will enter the S, class.
Recovered individuals enter the R status (in green). Delays in outbreak detection are modelled by assuming that contact tracing activates only when

I, > I, rather than when I. > 0 (see Appendix A.4 in S1 File).

https://doi.org/10.1371/journal.pone.0268586.9001

adjusted contact rates of pre-symptomatic (b,,); symptomatic (b.) and asymptomatic individu-
als (b,); 0 is the average length of the infectious status 0; and p;, is the time-dependent propor-
tion of symptomatic individuals. Equality in Eq (1) is obtained when g = g, where gj, is the
minimal contact tracing efficiency required to avoid epidemic spread. A graphical representa-
tion of g; as a function of the proportion of immune individuals in a population and of the
contact rate is provided in Appendix B, Fig B1 in S1 File.

When the contact rate ¢ is high, and acS,/N is relatively big with respect to é and py (e,
when proportion of immune individuals is low and the proportion of symptomatic infections
is high), g approaches a constant value, namely:

L R 2)
= p.(2b,+3b,)

with b/ (2b, + 3b,) < 1.For 0 < g; < 1 there exists a minimal contact tracing efficiency that
can prevent infection spread, even in the absence of social distancing requirements, and in
nonimmune populations (e.g., in schools or other unvaccinated settings). Thus, as long as
q > q; (asit s the case for the parameter space considered), contact tracing can be considered
an effective sole intervention against COVID-19.

Our simulations confirm the relationship found in Eq (20). In Fig 2 the minimal contact
tracing efficiency g4° needed to avoid overwhelming contact tracing capacity is computed as a
function of the proportion of immune individuals in a population and of the contact rate. We
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Table 1. Brief description of the variables and parameters of the model given in Eq (11), with corresponding
default values or ranges considered for the simulations. Values in brackets correspond to the explored ranges.

Variable/parameter | Description Value/Range
S Susceptible population -
E Exposed population -
I Pre-symptomatic infected population -
I, Symptomatic infected population -
I, Asymptomatic infected population -
Q Infected population in quarantine -
Sq Not-infected population in quarantine -
R Recovered population -
N Total population 500,000 **
a Probability of infection given a contact 0.2 (0.1-0.5) [39]
c Contact rate 5(3-9) [40]
b, Standard contact rate (pre-symptomatic) 1
b, Reduction in contact rate (symptomatic) 0.75*
b, Reduction in infectiousness (asymptomatic) 0.5 [41]
q Contact tracing efficiency 0.75 (0-1)
r Probability of becoming symptomatic given infected 0.7 [29]
I Contact tracing capacity 250 (125, 500) **
I Symptomatic population when contact tracing is activated 0 (0-9)
Sk Rate of people leaving state E daily 1/4 [16]
o ,p Rate of people leaving state I, daily 1/2.4 [16]
J, Rate of people leaving state I, daily 1/3.2[16]
oy, Rate of people leaving state I, daily 1/7 [16]
g Rate of people leaving state Q daily 1/14**
5% Rate of people leaving state S, daily 1/14**
Py Proportion of immune individuals in the population 0-1
T Total simulation time 180 [days]

* Estimated parameters

** Parameters based on public health regulations of Newfoundland and Labrador.

https://doi.org/10.1371/journal.pone.0268586.t001

find that, for the parameter space considered, when the contact tracing efficiency q is large
enough (i.e., g > 0.5 in Fig 2), overwhelming contact tracing capacity does not occur, indepen-
dently from the contact rate and immunity status of the population, and contact tracing alone

is a sufficient measure to keep epidemic spread under control. We see, for example, that the
outbreak can be controlled without contact tracing if 55% of the population is fully immune
when the contact rate ¢ = 3, or if 85% of the population is fully immune when the contact rate
¢ =7. Alternately, in non immune populations, the outbreak can be controlled with contact
tracing efficiency q > 0.4 when the contact rate is 3, and with g > 0.5 if the contact rate ¢ = 7.
Different variants (expressed as differences in the probability of infection given a contact @)
can also affect the minimal contact tracing efficiency needed to avoid overwhelming contact
tracing capacity, where higher contact tracing efficiency is needed to control outbreaks of
more contagious variants.
We found that the contact tracing capacity I';** does not significantly affect the results (Fig

B2 in S1 File). In a parameter space where the outbreak can be controlled, disease spread, and
consequently overwhelming contact tracing capacity, will not occur. If the outbreak can not be
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Fig 2. Contact tracing efficiency needed to avoid overwhelming contact tracing capacity, as a function of the proportion of immune individuals in
a population and for different contact rates (black curves, with ¢ = {3, 4, 5, 6, 7, 9}), for I'=0. The area below each curve represents the parameter
space for which contact tracing is overwhelmed, while the area above each curve represents the parameter space for which contact tracing is not
overwhelmed. The curves represents the minimal contact tracing efficiency g’ needed to avoid contact tracing overwhelming. Default parameters used
for the simulations are given in Table 1.

https://doi.org/10.1371/journal.pone.0268586.9002

controlled, the number of cases will grow nearly exponentially and exceed the contact tracing
capacity I';**, where doubling or halving I?>** will not significantly affect the results. Therefore,
the minimal contact tracing efficiency needed to avoid overwhelming contact tracing (g7,
obtained numerically) and the minimal contact tracing efficiency needed to avoid a growth in
the number of cases (g;, obtained analytically in Eq (20)), appear to be similar quantities (cfr.
Fig 2 and B2 with Fig B1 in S1 File). Efficiency, in terms of quick detection of symptomatic
cases and identification and quarantining of their contacts, and not contact tracing capacity, is
therefore the most important determinant of whether an outbreak will be controlled or not.
Highly efficient contact tracing should keep the number of infections, and thus the number of
contact tracing individuals, below capacity.
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3.2 Delayed detection and case importations

We consider the situation in which contact tracing is efficient enough to control the outbreak
(i-e., g = 0.75, cfr. Fig 2) and investigate the impact of delayed detection on contact tracing
capacity, where delays are modeled as an increase in the number of symptomatic cases present
in the community when contact tracing is activated (i.e., I, see Eq (13)). In Fig 3a-3c we see
that if a delay in detection is experienced, the number of cases to be traced per day increases,
particularly when the proportion of immune individuals in a population is low. An increase in
the daily number of cases can lead to a non-controllable outbreak, even when the contact trac-
ing efficiency is high. For example, we see that if the outbreak is detected only when already 6
symptomatic cases are present (see. Fig 3b), in nonimmune populations and with a contact
rate of 7, the number of contacts to be traced is around 400 a day. High immunity however,
minimizes the impact of delays, and helps to maintain contact tracing within capacity, even
when the contact rate is high. For example, if 60% of the population is immune and the out-
break is detected when 6 symptomatic cases are already in the community, the maximum
number of contacts to trace with a high contact rate of 7 per day is around 50, and thus more
easily manageable (Fig 3b).

Delays in outbreak detection
Max number of contacts

(@ =3 (€) Ic*=9 to trace per day
— 80 — 80 — 500
X X X
= =
S 60 o 60 g 400
] b ©
g = S 300
2 40 S 40 <3
Q o = 200
o o o)
S 20 S 20 5
g g g 100
£ =
g 0 = 0 =
3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Contact rate [c] Contact rate [c] Contact rate [c]
Case Importations Max number of contacts
(¢) m=3 (d) m=6 (e) m=9 to trace per day
S % 9 = 80 500
= = c
S 60 I S 400
0 © ©
3 =] =) 300
S 40 oy & 40
a 2 ‘o8
% = 200
(0]
S 20 = 5
= E g 20 100
£
= 0 § E 0
3 4 5 6 7 3 4 5 6 7 3 4 5 6 7
Contact rate [c] Contact rate [c] Contact rate [c]

Fig 3. Maximal number of contacts to trace per day as a function of the proportion of immune individuals in the population and the contact rate.
The number of symptomatic individuals already present in the community when contact tracing is activated (I”) is progressively increased from (a)

I =3,to(b) I! =6,to(c) I! =9.1In figures (d)-(f) I! = 3 for all simulations, and the number of imported cases m over the time interval considered
(i.e., T = 180 days) varies, with (d) m = 3, (e) m = 6, and (f) m = 9. The contact tracing efficiency is kept constant at g = 0.75.

https://doi.org/10.1371/journal.pone.0268586.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0268586  June 10, 2022 7/13


https://doi.org/10.1371/journal.pone.0268586.g003
https://doi.org/10.1371/journal.pone.0268586

PLOS ONE

Downsizing of COVID-19 contact tracing in highly immune populations

o
o

o)
o

N
o

N
)

-
-

'\

Quarantine effectiveness [%]
W
o

()

Case importations can also lead to overwhelming contact tracing capacity (Fig 3d and 3e),
however in immune populations this risk is strongly reduced. Indeed, if for example a number
of 6 imports are experienced in 180 days, the number of contacts to trace per day might reach
500 in the absence of immunity, while it remains lower than 40 when 60% of the population is
immune (Fig 3e). Note however that when a region experiences multiple imports, each import
incorporates a risk for delayed detection, leading to an increased risk of exceeding capacity (as
seen in Fig 3a-3c). Swift detection of infected imported cases is therefore important to make
sure that the contact tracing capacity is not overwhelmed. Additionally, in the simulations we
assumed imports to be evenly distributed over the time interval considered. However, imports
might occur simultaneously, which could increase the risk of overwhelming contact tracing
capacity.

3.3 Quarantine effectiveness

We look at how quarantine effectiveness, intended as the proportion of quarantined individu-
als that develop an infection, is affected by the proportion of immune individuals in a popula-
tion and by disease infectiousness (i.e., the probability of infection given a contact a) (Fig 4).

0%
25 9
°_50 %

75 %

1

0.1 0.2 0.3 0.4 0.5

Probability of infection given a contact [«]

Fig 4. Quarantine effectiveness, defined as the percentage of quarantined individuals that develop an infection, as a function of the probability of
infection given a contact (e). Different curves represent different proportions of immune individuals in a population, where we consider that 0%, 25%,
50% or 75% of the population is immune.

https://doi.org/10.1371/journal.pone.0268586.9004
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Quarantine effectiveness decreases when the proportion of immune individuals in the popula-
tion is high. Additionally, quarantine effectiveness increases when « is high, meaning that the
percentage of quarantined individuals that develops an infection is higher in the presence of
more contagious variants. For example, we obtain that for & = 0.2, about 25% of the quaran-
tined individuals will develop an infection in the absence of immune individuals. With 75% of
the population being immune, only 10% of the quarantined individuals will develop an infec-
tion, thereby decreasing quarantine effectiveness by more than half. Note that quarantine
effectiveness does not depend on the contact tracing efficiency q (see Appendix A.6 in S1 File).

4 Discussion

Previous work has disputed whether contact tracing can be used as sole intervention to control
outbreaks [6, 9, 30, 31]. Ferretti et al. [31] found that epidemic control through contact tracing
could be achieved through the immediate notification and isolation of at least 70% of infec-
tious cases, while three or more days delay in case notification would not allow for epidemic
control. Analogously, we show that, under certain circumstances, efficient contact tracing
alone can be considered an effective control measure even in nonimmune communities. For
example, for a contact rate corresponding of 7 individuals per day, contact tracing can be an
effective sole intervention as long as more than 50% of the contacts of symptomatic individuals
are identified and quarantined within 1 or 2 days from symptoms onset. However, delays in
detection and relaxation of border control measures can cause the number of contacts to be
traced in a day to exceed the contact tracing capacity. Similarly, other studies found that testing
at first symptom is a necessary prerequisite for efficient tracing [1, 2, 8, 10, 30], and that a
higher contact tracing efficiency is needed to keep an outbreak under control when the num-
ber of initial cases is large [2, 32]. These findings emphasize the importance of testing at first
symptoms, as well as testing new arrivals, to avoid overwhelming contact tracing capacity.

We find that investing in fast detection, for example via testing programs, rather than
increasing the contact tracing capacity, has a larger impact in determining whether an out-
break will be controllable. Strong testing programs to ensure the quick detection of new com-
munity outbreaks, in combination with efficient identification and isolation of contacts,
ensures slow epidemic spread, where the number of daily contacts to be traced remains low for
the whole duration of the outbreak. Should slow detection cause uncontrolled epidemic
spread, we expect overwhelming contact tracing capacity to occur even when the maximum
daily number of tracing contacts is large, owing to exponential growth of the outbreak.

Population immunity has the double impact of reducing the contact tracing efficiency
required to keep an outbreak under control, and minimizing the impact of delays and case
importations. Indeed, in immune populations, a lower contact tracing efficiency is required to
avoid overwhelming contact tracing capacity. For example, with 70% of the population being
immune, a contact tracing efficiency of 40% is enough to keep an outbreak under control,
even with a high contact rate of 7 individuals per day. Additionally, predictions show that the
maximum number of contacts to be traced per day is drastically reduced when epidemic
spread occurs in highly immune populations, where delays in detection or increase in the
number of imported cases do not lead to a significant risk of overwhelming contact tracing
capacity. These findings suggest possible downsizing of contact tracing practices in highly vac-
cinated communities or in communities whose populations have already experienced signifi-
cant outbreaks, even when downsizing occurs in conjunction with the relaxation of social
distancing and border restrictions. As immunity is distributed heterogeneously in the popula-
tion, contact tracing downsizing, rather than dismantlement, should be considered, especially
as contact tracing remains an important measure to reduce or avoid community spread in
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communities that have not yet acquired immunity, such as schools for young children that
may not be vaccine eligible.

Efficient tracing can be affected at many stages of the contact tracing process. Individuals
may delay getting tested, and positive results may take days to be confirmed [33]. Additionally,
contacts may not be easily identified or contacted, and they may not adhere to isolation
requirements [10, 30, 33]. Generally, higher efficiency can be achieved in regions characterised
by social cohesiveness, such as small jurisdictions with interconnected populations, where
infected individuals might be known and a high proportion of contacts is likely to be reached
[34, 35]. In denser populations, contact identification may be an arduous task, where manual
contact tracing might be impractical and electronic contact tracing, for example through
mobile apps, has often raised privacy concerns [36, 37]. Thus, while contact tracing might be
an effective sole intervention in rural areas, failure might be observed in larger or more densely
populated regions, which emphasizes the potential need for different policy decisions in small
and large jurisdictions.

In our model, we assume contacts of symptomatic individuals to be isolated within 1-2 days,
and we do not explicitly take into account possible delays from testing of symptomatic individu-
als to quarantining of their contacts. Additionally, we assume that individuals in quarantine do
not transmit the disease, while this might often not be the case. Possible extensions of the model
presented here include delays in the identification of contacts, and poor community adherence
to quarantine rules [30]. Contact tracing could become more efficient by considering that pre-
symptomatic and asymptomatic individuals, once identified as positive contacts of a symptom-
atic case, can as well contact trace. This particular feature could add realism to the model, but
further complicate its formulation, and it will therefore be left for future work.

Finally, we show that quarantine effectiveness is low in highly immune populations, as a
large proportion of quarantined contacts will not develop an infection. These findings suggest
that a cost-effective approach is to establish different quarantine rules for immune and nonim-
mune individuals, as has indeed been done in several jurisdictions [38]. Rules should be evalu-
ated with respect to the presence of more transmissible viral variants, which can increase the
probability of infection given a contact for unvaccinated individuals as well as for individuals
that have recovered from natural infection [11, 12]. Future modelling efforts should explicitly
consider the risk of non-quarantining individuals that are only partially immune to different
viral variants.
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