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As the COVID-19 pandemic continues, genetic mutations in SARS-CoV-2 emerge, and some of them are
found more contagious than the previously identified strains, acting as the major mechanism for many
large-scale epidemics. The transmission advantage of mutated variants is widely believed as an innate
biological feature that is difficult to be altered by artificial factors. In this study, we explore how non-
pharmaceutical interventions (NPI) may affect transmission advantage. A two-strain compartmental epi-
demic model is proposed and simulated to investigate the biological mechanism of the relationships
among different NPIs, the changes in transmissibility of each strain and transmission advantage.
Although the NPIs are effective in flattening the epidemic curve, we demonstrate that NPIs probably lead
to a decline in transmission advantage, which is likely to occur if the NPIs become intensive. Our findings
uncover the mechanistic relationship between NPIs and transmission advantage dynamically, and high-
light the important role of NPIs not only in controlling the intensity of epidemics but also in slowing or
even containing the growth of the proportion of variants.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction around September 2020, genetic variants in B.1.1.7 lineage were
The coronavirus disease 2019 (COVID-19), caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Hu et al.,
2021), poses a serious threat to global health (Li et al., 2020; Wu
et al., 2020). The control of COVID-19 requires the knowledge of
the factors that affect the transmission process (Kutter et al.,
2018; Fraser et al., 2004), e.g., virus mutation is one of the major
challenges (Baum et al., 2020; Tsetsarkin et al., 2007). For instance,
firstly detected in the United Kingdom (UK) (Tang et al., 2020),
then spread to otherwhere globally, and trended to reach fixation
rapidly in many places, e.g., South Africa (Tang et al., 2021), Brazil
(Claro et al., 2021), the US (Galloway et al., 2021), and the UK
(Leung et al., 2021). In Brazil, the variants in P.1 lineage, or the vari-
ant of concern 202101/02 (England, 2021), become prevalent in
many places including the UK and Brazil (Wise, 2021). In India,
the recent B.1.617 lineage emerged and resulted in large numbers
of case and deaths locally, which is considered as a potential risk
for many other places globally. These emerging variants may affect
the epidemiological characteristics of COVID-19 (Walensky et al.,
2021; Rondinone et al., 2021), and the protective effects of vaccines
in use or under development (Xie et al., 2021; Moore and Offit,
2021; Muik et al., 2021; Supasa et al., 2021; Yadav et al., 2021).

For a mutated variant that may be more infectious, one of the
key investigations is to find how much more transmissible are
these variants than another type of variants, typically the prede-
cessor (original) variants. The increase in the transmissibility
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attributed to the mutated variants is named transmission advan-
tage, which is a relative quantity measuring the fitness of pathogen
at a population scale. Epidemiological studies reported transmis-
sion advantage in many of the mutated SARS-CoV-2 variants
(Davies et al., 2021; Volz et al., 2021a; Zhao et al., 2021a,b;
Leung et al., 2021), which is considered as the major reason for
the large-scale outbreaks in many places despite the controlling
efforts implemented previously. Regardless of the widely imple-
mented non-pharmaceutical interventions (NPI), which are
adopted to mitigate epidemics, the mutated variants continuously
bring challenges to COVID-19 control. It is widely believed (and
adopted) that the transmission advantage of a mutated variant is
a biological feature, which holds constantly and cannot be altered
by artificial factors. However, interestingly, a recent ecological
study reported that the transmission advantage of B.1.1.7 variants
declined in England around December 2020 empirically (Graham
et al., 2021), which coincides with numbers of intensive control
measures implemented simultaneously, e.g., social distancing and
regional lockdown. Inspired by this coincidence, we suspect that
NPIs play a role in affecting the transmission advantage.

To explore how NPIs may determine transmission advantage,
we formulate a classic two-strain compartmental model to investi-
gate the biological mechanism of the relationship between differ-
ent NPIs and the change in transmissibility of each strain. We
simulate this model to demonstrate that several types of NPIs
could affect the effective transmission advantage dynamically
under various scenarios accounting for the impacts of each NPI.
2. Model

2.1. Model formulation

2.1.1. Conceptualization and parameterization
We develop a compartmental model based on the classic

susceptible-exposed-infectious-removed (‘SEIR’) modelling struc-
ture. The susceptible population is denoted by S. The infections
are divided into 2 stages including exposed (E) and infectious (A
and I) cases. Specifically, the infections in class E are corresponding
to the cases during latent period (r�1). After the latent period, we
consider 2 classes of infectious cases including asymptomatic or
with sub-clinical conditions (A), and symptomatic (I) cases, both
of whom are infectious. The removed (by recovery or death) popu-
lation is denoted by R.

The transmission is driven by the contact between susceptible (S)
and infectious (A and I) individuals at an effective contact rate (or
transmission rate) b. All infected individuals join class E immedi-
ately after infection, and then become infectious by leaving E at a
transition rate r, which is the reciprocal of the latent period. For
the infectious cases, we model a proportion q of cases are asymp-
tomatic (A), where q is the asymptomatic ratio, and thus (1 � q) of
cases are symptomatic (I). Eventually, all cases in A and Iwill either
recover or die (and no longer infectious) at a transition rate c, which
is the reciprocal of the infectious period. Hence, there are 2 transi-
tion pathways ‘S ? E? A? R’ and ‘S ? E ? I ? R’ considered.

For the term b, we consider the same effective contact rate for
the asymptomatic and symptomatic cases merely for simplicity.
Complex scenarios can be extended by considering different trans-
mission characteristics of asymptomatic and symptomatic cases,
e.g., an asymptomatic case is partially infectious as a symptomatic
case by a constant factor. In addition, the pre-symptomatic trans-
mission period is considered as a part of infectious period (c�1),
and thus the precise interpretation of I is the individuals who
(may not yet but) develop symptoms eventually. Alternatively, a
separated pre-symptomatic compartment can be modelled to con-
sider this issue, which complicates the formulation. Note that
2

when the latent period approaches the incubation period, the
pre-symptomatic transmission period will vanish. We remark that
the simple settings adopted here will not change our conclusion.

2.1.2. Different epidemiological characteristics of mutated variants
For the cases, i.e., those in E, A, or I classes, we consider 2 types

of variants as the pathogen of disease that are indicated by sub-
script ‘1’ for the original variant, and ‘2’ for the newly emerged
(mutated) variant. Comparing against the original type, we con-
sider several epidemiological characteristics of mutated variants
that are different from the original. They include.

� a change in the effective contact rate, or transmission rate, (b)
by a factor gb,

� a change in the asymptomatic ratio (q) by a factor gq, and
� a change in the infectious period (c�1) by a factor gc.

All these 3 factors are positive (>0). Specially, for the range of gq,
it is subject to the condition that 0 � gqq � 1, such that the epi-
demiological meaning of asymptomatic ratio holds.

For interpretation, the factor gb is the relative ratio of contagion
(or infectivity) for the second type (new) against first type (origi-
nal) of variants. The factor gq is the relative ratio of being asymp-
tomatic for the second type against first type of variants. The
1=gc is the relative ratio of recovery or death for the second type
against first type of variants. In other words, the new variants pro-
long (or shorten) the infectious period by the factor gc. When any
factor equals to 1, the corresponding epidemiological parameters
are indifferent for the 2 types of variants.

The differences in these epidemiological characteristics were
reported in literature among different SARS-CoV-2 variants for
infectivity (Hui et al.,2022; Khan et al., 2021; Frampton et al.,
2021), clinical severity or asymptomatic ratio (Loconsole et al.,
2021), and time interval between transmission generations (Hart
et al., 2022; Backer et al., 2022; Ong et al., 2021), as well as other
features not included in the modelling study.

2.1.3. Compartmental model
We formulate the two-strain epidemic model as an ordinary

differential equation (ODE) system expressed in Eqn. (1).

dS
dt

¼ �bS �
A1 þ I1ð Þ þ gb � A2 þ I2ð Þ

h i
N

;

dE1

dt
¼ �bS � A1 þ I1ð Þ

N
� rE1;

dE2

dt
¼ �gbbS �

A2 þ I2ð Þ
N

� rE2;

dA1
dt ¼ qrE1 � cA1;

dA2

dt
¼ gqqrE2 � c

gc
A2;

dI1
dt

¼ 1� qð ÞrE1 � cI1;

dI2
dt

¼ 1� gqq
� �

rE2 � c
gc

I2;

dR
dt

¼ c � A1 þ I1ð Þ þ A2 þ I2ð Þ
gc

" #

ð1Þ

Straightforwardly, for the total populationN= S+E1 +E2 +A1 +A2 +
I1 + I2 + R, we have dN

dt ¼ 0, and thus, N is a constant. The daily num-
bers of new cases are formulated as c1ðtÞ ¼

R
dayt rE1dt for the orig-

inal variant, and c2ðtÞ ¼
R
dayt rE2dt for the new variant. Hence, the

overall daily number of new cases is c tð Þ ¼ c1 tð Þ þ c2ðtÞ.
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This basic but elegant model includes several simplifying
assumptions, such as exponential distributions of both latent and
infectious periods, homogeneous mixing and long-lasting
immunity after recovery. For convenience, we ignore the cases of
co-infection, which were rarely reported, and re-infection, which
occurs at a low rate with a long gap between two infections, by
another variants. Since the infection fatality ratio of COVID-19 is
relatively low, which is estimated from 0.7% to 1.3% among all
SARS-CoV-2 infections (Russell et al., 2020; Verity et al., 2020),
we assume all infections will eventually recovery for simplicity.
The natural birth and death of human are also neglected since
the effects of them are minor comparing to the transmission
dynamics of COVID-19. Considering the ‘trade-off’ between the
transmission rate (infectivity) and disease-induced death rate (vir-
ulence) (Acevedo et al., 2019), different infection fatality ratio can
be further considered by setting additional ratio parameters to
class R, which was omitted in this study. Although some of the
assumptions are probably ‘unrealistic’, the system in Eqn. (1) pro-
vides a parsimonious approximation of the reality, which allows us
to capture and investigate the general patterns and dynamics of
COVID-19 epidemics.

2.2. Reproduction number

By definition, the reproduction number is the expected number
of cases directly generated by one typical case in a population. As a
well-studied metric that considers both reproducibility and surviv-
ability of the seed case, reproduction number is typically adopted
to measure the fitness of a pathogen in maintaining its transmis-
sion (Metz et al., 1992; Diekmann et al., 2010; Schreiber et al.,
2021).

At the disease-free equilibrium, with a wholly susceptible pop-
ulation, the basic reproduction numbers, denoted by R, can be for-
mulated by using the next generation matrix approach (van den
Driessche and Watmough, 2002). For the first type of (i.e., original)

strains,RðAÞ
1 ¼ b

c contributed by a typical asymptomatic case, i.e., A1,

and R
ðIÞ
1 ¼ b

c contributed by a typical symptomatic case, i.e., I1. For

the second type of (i.e., new) strains, RðAÞ
2 ¼ gbgc � bc contributed

by a typical asymptomatic case, i.e., A2, and R
ðIÞ
2 ¼ gbgc � bc con-

tributed by a typical symptomatic case, i.e., I2. Apparently,

R
ðAÞ
1 ¼ R

ðIÞ
1 and R

ðAÞ
2 ¼ R

ðIÞ
2 , and this is merely because we have

assumed the same profiles for asymptomatic and symptomatic
cases for simplicity. We remark that assuming different profiles
for asymptomatic and symptomatic cases will not affect our main
conclusions.

Combining the 2 parts, we have R1 ¼ qRðAÞ
1 þ 1� qð ÞRðIÞ

1 ¼ b
c,

and R2 ¼ gqqR
ðAÞ
2 þ 1� gqq

� �
R

ðIÞ
2 ¼ gbgc � bc. Considering the whole

model, the basic reproduction number, denoted byR0, is composed
of R1 and R2. We denote the probability that a case is infected by
the first type of strain as p, and thus, (1 � p) for the second type of
strain. Then, R0 ¼ pR1 þ 1� pð ÞR2. From the epidemiological
standpoint, the term p can be interpreted as the proportion of
the first type of strains among the source of infection, or as the
prevalence of the active cases who are infected by the first (origi-
nal) type of strains. Straightforwardly, when the second (new) type
of strain is absent, i.e., p = 1, the basic reproduction number
becomes b/c, which is equivalent to that of the classic
susceptible-infectious-removed (‘SIR’) model.

By contrast to R0, the effective reproduction number, denoted
by Reff , is commonly adopted when accounting for the depletion
of the susceptible population. We have Reff ¼ R0 � S

N, which is less
than (or equal to) R0 by definition. Since S is time-varying during
the course of an epidemic, Reff is also considered as a
3

time-varying metric. In an epidemic of infectious disease,
non-pharmaceutical interventions are commonly implemented to
mitigate the outbreak size. When the control measures are
considered, the effective reproduction number will be reduced,
which is sometimes referred to as the controlled reproduction
number.

2.3. Transmission advantage

2.3.1. Intrinsic transmission advantage
For infectious disease, the transmission advantage (g) of a

pathogen against another is typically quantified by the relative fit-
ness. Thus, the term g is defined as the ratio between two repro-
duction numbers, which was adopted to study the epidemics of
gonorrhoeae (Whittles et al., 2017), influenza (Leung et al., 2017),
HIV (Kühnert et al., 2018), and COVID-19 (Zhao et al., 2021a;
Volz et al., 2021a; Faria et al., 2021). As such, g ¼ R2

R1
¼ gbgc for

the second type against the first type of strains in a general con-
text. Note that the term g indicates the advantage of transmission
under a natural selection-free context, namely the intrinsic trans-
mission advantage.

Specifically, the transmission advantage (of the second against

first type) is gðAÞ ¼ R
ðAÞ
2

R
ðAÞ
1

¼ gbgc for the asymptomatic cases, and

gðIÞ ¼ R
ðIÞ
2

R
ðIÞ
1

¼ gbgc for the symptomatic cases. Hence, we have

g ¼ gðAÞ ¼ gðIÞ. Here, we consider the multiplicative transmission
advantage, and alternatively, the transmission advantage might
also be defined additively (Davies et al., 2021; Volz et al., 2021a;
Volz et al., 2021b), which leads to similar conclusions and is not
discussed in this study to avoid repeating.

2.3.2. Effective transmission advantage
Since the selection pressures contribute to alter the fitness, the

intrinsic transmission advantage appears limited in more realistic
contexts. We consider the situation that the non-pharmaceutical
interventions (NPIs) are placed. The effective transmission advan-
tage, denoted by geff , accounts for the effects of selection pressures
from NPIs to the disease transmission, which is an extension of the
concept of intrinsic transmission advantage. Thus, the geff is
defined as the ratio between the effective reproduction numbers
of the second type and first type of variants. Similar to the intrinsic
transmission advantage, if geff > 1 the new variants are more
transmissible than the original variants, the larger geff becomes
the prevalence of new variants grows more rapidly, and vice versa.

In the remaining parts of this work, we demonstrate several
scenarios that the effective transmission advantage may become
time-varying when the NPIs are implemented during epidemics.

3. Numerical simulations

To illustrate the way how NPIs may affect the transmission
advantage, we conduct the numerical simulations using the set-
tings and schemes introduced in this section.

3.1. Settings and initialization

3.1.1. Fixed epidemiological parameters
Without losing the generality, we set the values for model

parameters according to the epidemiological characteristics of
the COVID-19 for demonstration. The mean latent period is consid-
ered at r�1 = 3.5 days referring to the previous estimates at 3.3 days
in (Zhao, 2020), and from 3.4 to 3.7 in (Li et al., 2020). The mean
infectious period is set at c�1 = 4.0 days, which is based on the pre-
vious calculations in (Wu et al., 2020; Li et al., 2020; Kucharski
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et al., 2020; Read et al., 1829). We set asymptomatic ratio at
q = 30% by choosing the middle point of the range from 20% to
40% estimated in (Roxby et al., 2020; Gudbjartsson et al., 2020;
Mizumoto et al., 2020; Nishiura et al., 2020).

The total population is considered at N = 1,000,000 individuals.
We consider the basic reproduction number for the first type of
variants at R1 ¼ 2:2, which is in line with most of existing esti-
mates (Li et al., 2020; Wu et al., 2020; Du et al., 2020; Ferretti
et al., 2020; Lin et al., 2020; Nishiura et al., 2019; Wang et al.,
2020; Zhao et al., 2020; Ran et al., 2020). As such, the value of b
can be calculated by using the formula R1 ¼ b

c backwardly.

For the changing factors of the mutated (new) variants, i.e., gb,
gq and gc, we consider values larger than 1 because the emerging
variant usually appears more competitive than the original vari-
ants. For convenience, we assume gb ¼ 1:2, gq ¼ 1:5 and
gc ¼ 2:0 fixed for demonstration. Then, we have g ¼ gbgc ¼ 2:4.
Thus, the value of R2 can be calculated by using the relationship
R2
R1

¼ gbgc, and we have R2 ¼ 5:28. Note that in the real-would sit-

uation, the values of gb, gq and gc can be very different, and thus
the assumed values in model situation are merely for illustration
at a conceptual level, which not necessarily reflects the
characteristics of SARS-CoV-2 variants. Other values may merely
change the numerical results, but will not affect the main
conclusions.

3.1.2. Initial conditions
Since it is the first outbreak of COVID-19 in human history, we

assume the initial susceptible population with a relatively large
scale, and at S(t = 0)/N = 99% as of the start of simulation, i.e.,
t = 0. For the seed cases, we mimic the situation that the new vari-
ants start emerging from a low prevalence when the original vari-
ants circulate among individuals. As such, we consider 99 and 1
exposed cases infected the original (E1) and new (E2) variants at
the initial stage, respectively. Thus, the prevalence of the new vari-
ant is 1% (=1 � p) at the initial stage. The rest proportion (0.99%) of
the population are all assigned to class R.

Using R0 ¼ pR1 þ 1� pð ÞR2, we calculate R0 ¼ 2:23. With the
initial conditions fixed, the initial Reff t ¼ 0ð Þ ¼ R0 � S t¼0ð Þ

N ¼ 2:21.

3.2. Simulation schemes for different non-pharmaceutical
interventions

We consider and simulate 5 scenarios with (or without) the
implementation of NPIs. For each scenario, we simulate the epi-
demic models based on Eqn. (1) deterministically for 120 days
using the fix-time-step Euler’s method with dt = 1/365.25 year,
which is equivalent to 1 day on the scale of a year.

Under each scenario, we record the change in the model
conditions due to NPIs, and extract the characteristics of transmis-
sion, including reproduction number and transmission advantage
metrics, and key epidemiological outcomes, including the number
of cases and proportion of each variant, from the simulation
results.

3.2.1. Scenario (#0): Without non-pharmaceutical intervention
We consider the scenario (#0) that NPI is absent. As the baseline

scenario, scenario (#0) is simulated and compared as the reference
level for other scenarios with NPIs. In scenario (#0), the predefined
model conditions are fixed such that both effective reproduction
numbers of original and new variants only depend on the depletion
of S simultaneously. Therefore, the effective transmission advan-
tage geff ¼ g ¼ 2:4 also holds constant. Since NPIs are expected to
mitigate the size of outbreak, the number of cases (c) in scenario
(#0) is the upper bound of all scenarios.
4

3.2.2. Scenario (#1): reduction in infectivity by personal protective
equipment

One of the major impacts of NPIs is to reduce the infectivity (i.e.,
transmission rate b) of the sources of infection, e.g., infectors,
which can be achieved by, for instance, the adoption of personal
protective equipment (PPE). For instance, facemask and hand ster-
ilizer may significantly decrease the chance of respiratory infection
(Cowling et al., 2009). To investigate the impacts of infectivity
reduction on transmission advantage, a fractional reduction in
the infectivity is modelled. For illustration, we reduced 30%, 50%
and 70% of the infectivity of both original and new variants on
day 40, 60 and 80, respectively. Here, we consider changes in infec-
tivity due to PPE are unlikely sensitivity to genetic mutations, and
thus infectivity of new variants is considered equally likely to be
reduced by PPE than that of original variants under scenario (#1).

Alternatively, we relax the restriction in model conditions, and
consider 2 additional sub-scenarios that infectivity of new variants
is less or more likely to be reduced by PPE than that of original
variants, which is presented in Supplementary Information S1.1.

3.2.3. Scenario (#2): isolation of symptomatic cases
It is possible that a mutated (new) variant may potentially

result in a set of clinical conditions (or symptoms) that appear dif-
ferent than those of the original variants. The differences in symp-
toms may result in different detection ratio, which also changes
the isolation proportion since cases isolation (or self-isolation) is
typically implemented immediately after detection by symptoms.
We consider that a fraction (i.e., isolation proportion) of symp-
tomatic cases is timely detected and then isolated. To mimic the
effects of case isolation, we remove an isolation proportion of
symptomatic cases directly to the recovery class (R). Note that
the transition pathways for the asymptomatic cases remain
unchanged, which means no isolation is applied for asymptomatic
cases. For illustration, we remove 20%, 60% and 80% of the symp-
tomatic cases infected by both original and new variants on day
40, 60 and 80, respectively.

We explore how the differences in the clinical conditions of
variants and in the implementation of symptomatic case isolation
shapes the profile of transmission advantage. Alternatively, we
relax the restriction in model conditions, and consider 2 additional
sub-scenarios that symptomatic cases of new variants are less or
more likely to be detected than those of original variants, which
is presented in Supplementary Information S1.2.

3.2.4. Scenario (#3): early detection by contact tracing
Contact tracing is commonly implemented to find linked

infected within transmission clusters. Under intensive contact
tracing, cases can be detected timely (and followed by isolation)
such that future transmission can be prevented. Here, we model
the effect of early detection and isolation by directly removing
the cases to the recovery class (R) immediately after detection.
Specifically, we assume the mean detection delay, or containment
delay (Du et al., 2020), at 3.5, 2.5 and 1.5 days on day 40, 60 and 80,
respectively for illustration. Thus, if the mean infectious period is
larger than the mean detection delay, the mean infectious period
will be changed to the mean detection delay, which mimics the
case isolation after detection. This applies to both asymptomatic
and symptomatic cases.

3.2.5. Scenario (#4): enhancement of stay-at-home and social
distancing

To avoid confusion, we re-visit the previous scenario (#1) for
more clarification before introducing scenario (#4). In scenario
(#1), the infectivity is reduced by proportionally decreasing the
transmission rate b, which is considered as the effect from PPE.
To clarify, we crudely decompose term b into the contact rate (de-
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noted by b) and transmission probability per contact (denoted by
a, and 0 � a � 1), and thus b = ab according to the classic epidemi-
ological theory. Since the PPE will not affect the scale of term b, the
reduction in infectivity under scenario (#1) is to reduce a, which
also decrease b. Therefore, more specifically, the factor gb controls
the advantage in a.

In NPI-absence situation, the transmission occurs with a high b
but a low a, which reflects the general contexts of public places
including workspace, market, and school. However, with social dis-
tancing, people are forced to stay at private location such as hotel
and private residence, which implies a low b but a high a. The a
becomes higher because social distancing increases the duration
and proximity of each contact. Under scenario (#4), although the
product of ab decreases, the increase in a may lead to different
changing patterns of transmission advantage. Indeed, the propor-
tion of household infections becomes more common with inten-
sive social distancing. Note that the value of a may become
remarkably high, and even close to 1, under intensive social dis-
tancing, which means if infectors are almost certain to transmit
disease to their close contacts.

For illustration, we firstly fix a = 0.5 for the original variants at
the initial stage of simulation (i.e., t = 0), and thus the value of b (for
both original and new variants) can be calculated by using the ini-
tial settings in Section 3.1.1. For the new variant, we have
gba ¼ 0:6. Then, we reduced 30%, 50% and 70% of b on day 40, 60
and 80, respectively, which models the impact of the social dis-
tancing on reducing the contact rate b. Note that, at this stage,
the exact same simulation outcomes as those of scenario (#1)
can be obtained because the same values of b series are also
assigned here. Next, we model that social distancing leads to
increase in transmission probability per contact a. We consider
increase in a with factors 1.2, 1.5 and 2.0 on day 40, 60 and 80,
respectively. To check the overall effect, we have (1 – 30%) � 1.2
= 84%, (1 – 50%) � 1.5 = 75% and (1 – 70%)� 2.0 = 60% as the chang-
ing factor for b, which mimics the overall decreasing trends for the
transmission rate due to social distancing. Note that the value of
transmission probability per contact will be restricted at 1 when
exceeding.

Equivalently, the impacts of social distancing in a and b can be
explicated modelled by decompose the transmission rate into 2
additive parts including public-space and household transmission.
Then, we have b1 = apbp + ahbh for original strains, and b2 = gb�(ap-
bp + ahbh), where the subscript ‘p’ and ‘h’ denotes the public-space
and household transmission setting, respectively. For the transmis-
sion probability per contact, we have bp < bh < gbbh < 1, which indi-
cates household contact are more likely to be infected. For the
attributed change in transmission rate without social distancing,
it is [gb�(apbp + ahbh)]/(apbp + ahbh) = gb as pre-defined. With social
distancing, we remove the contribution of public-space transmis-
sion (apbp) and increase the household transmission probability
per contact (i.e., b0

h > bh), and attributed change in transmission
rate is min[gb�(ahb0

h), ah]/(ahb0
h) = (gbb0

h)/b0
h = min[gb, 1/b0

h] � gb,
where gbb’h must not exceed 1. Hence, social distancing might lead
to a decrease in transmission advantage due to a satiation in
household transmission probability per contact. Although this
explicit decomposition of public-space and household transmis-
sion was not adopted for simulation here, we remark that similar
numerical outcomes can be reached, which leads to the same
conclusion.
4. Results

Considering the effects of PPE under scenario (#1), although the
reduction in infectivity can be achieved in terms of the effective
reproduction number (Reff) and flattening the epidemic curve
5

(comparing to the outcome without NPI, i.e., baseline scenario),
the transmission advantage (geff ) holds unchanged, see Fig. 1. Since
the reduced infectivity of new or original variants in scenario (#1)
are always proportional to each other, and thus the value of geff

appears unchanged. The prevalence of new variants almost follows
the same pattern as that without NPI. The outcomes appear differ-
ent if the infectivity of new variants is not equally (i.e., more, or
less) likely to be reduced than that of original variants. We find
geff may increase when the infectivity of new variants is less likely
to be reduced (i.e., insensitive to PPE), but geff may decrease and
even become lose effect (i.e., <1, theoretically but unrealistic)
otherwise, see Supplementary Information S1.1. Practically, the 2
types of variants are more likely to be equally sensitive to the
PPE, and thus the unchanged geff in Fig. 1 is included as the main
results. Many existing studies follow the context of scenario (#1)
(Leung et al., 2021; Zhao et al., 2021a; Davies et al., 2021; Faria
et al., 2021; Volz et al., 2021b), where the transmission advantage
is considered as a constant regardless of the change in reproduc-
tion number.

Another important and efficient NPI is the isolation of individ-
uals with symptoms matching clinical conditions of COVID-19
(e.g., high body temperature, sore throat, and headache), namely
isolation of symptomatic cases in scenario (#2). Since a fraction
of cases are isolated and thus cannot contribute to the transmis-
sion, the Reff decreases and the epidemic curve is flattened, see
Fig. 2. However, the geff increases when more fraction of symp-
tomatic cases are isolated. We also find that the prevalence of
the new variant increases faster than the scenario without NPI,
see Fig. 2G. If the isolation proportion for symptomatic case
becomes extremely high (e.g., 100% isolation), the value of effec-
tive transmission advantage will approach the product of gbgqgc.
This means the transmission advantage governed by the asymp-
tomatic ratio (gq) can be traded by eliminating the transmissibil-
ity of symptomatic cases. By contrast, if gq < 1, the geff may
decrease when more fraction of the symptomatic cases are iso-
lated. The outcomes appear different if the symptomatic cases
of new variants are not equally (i.e., more, or less) likely to be iso-
lated than those of original variants. We find that the geff is
decreased or increased dynamically depending on the different
proportion of symptomatic cases isolation for the 2 types of vari-
ants, see Supplementary Information S1.2. However, it appears
that the genetic mutations in pathogen seldomly cause any dis-
tinguishable (and detectable) difference in clinical conditions
(Graham et al., 2021), and thus symptomatic cases of new vari-
ants are equally likely to be detected (and thus isolated) than
those of original variants under the scenario (#2).

Contact tracing is frequently implemented to find individuals
with high risk of exposure, and prevent future transmission, see
scenario (#3). Since all cases under intensive contact tracing will
be detected earlier and isolated, the Reff decreases and the size of
outbreak is reduced, see Fig. 3. However, the geff decreases when
the contact tracing is implemented. Here, we consider a simplified
assumption that the contact tracing reduces the infectious periods
of both variants to the same value, which matches the findings in
containment delay (Du et al., 2020; Kwok et al., 2021; Ran et al.,
2020). In other words, each case is expected to be detected and iso-
lated certain period (e.g., 3.5, 2.5 and 1.5 days used in section 3.2.4)
after latency. Once the infectious periods for both original and new
variants appear the same, and thus the (part of) transmission
advantage governed by factor gc vanishes. Thus, the value of geff

decreases from gbgc ¼ 2:4 to gb ¼ 1:2 as we set, see Fig. 3C. It
worth noting that due to the dramatical change in geff , the growth
of the proportion of new variants is evidently slowed, see Fig. 3G,
which indicates the contact tracing may delay the new variant
reaching dominance in the population.



Fig. 1. The simulation results of scenario (#1), reduction in infectivity by personal protective equipment (PPE). In panel (A), the infectivity (b) of both original and new
variants is reduced by 30%, 50% and 70% on day 40, 60 and 80, respectively. Panels (B) and (C) show the changing patterns of effective reproduction number (Reff ) and effect
transmission advantage (geff ), respectively. Panels from (D) to (F) present the daily number of new cases infected by both, original, and new variants, respectively. Panel (G)
shows the changing patterns of the new variants’ prevalence. In all panels, the scenario with NPIs and the baseline scenario (#0) without NPIs are indicated by the normal
(original variants in red and new variants in blue) and dashed curves, respectively. The vertical green dashed lines indicate the timing when NPIs in panel (A) are
implemented.
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The social distancing appears one of the commonly adopted NPI
against COVID-19 pandemic (Teslya et al., 2020). In scenario (#4),
we highlight the increase in transmission probability per contact a
despite the reduction in contact rate b as well as the overall reduc-
tion in transmission rate b, which is thus distinguished from sce-
nario (#1). In Fig. 4, the number of cases is decreased due to the
impacts of social distancing. The geff also decreases in Fig. 4C when
the term a of both variants reaching 1 in Fig. 4A. Namely, contacts
who are closely connected to the source of infection (i.e., infector)
are highly likely to become infected, which occurs frequently at
private places. As a increasing and reaching 1, b of the 2 types of
variants approaches each other and eventually converges to the
same value. Thus, geff decreases from gbgc to gc, which indicates
the transmission advantage controlled by the factor gb vanishes.
5. Discussion

In this study, we demonstrated that NPIs can not only control
the intensity of epidemics, but also slow or even contain the
growth of mutated variants’ proportion through changing the
transmission advantage. In the context of disease transmission,
6

the reproduction number (Reff) determined both cases time series
and epidemic size, and strain-specific reproduction numbers deter-
mined the transmission advantage of each strain. NPIs may change
the reproduction numbers of different strains to different levels,
and thus both epidemic curve and transmission advantage may
be altered, see the summary in Table 1. Moreover, the change in
transmission advantage due to NPIs (or sometimes not) also affects
the process of viral variants establishing their dominance at the
population scale through transmission. Our modelling framework
conceptualized the impacts and mechanisms of (different types
of) NPIs on the dynamics of transmission for different virus strains,
which may further lead to a change in the selection advantage
among strains.

In the practice, various types of NPIs are usually implemented
simultaneously to achieve a mixed impact on disease control at
populational scale. As one of typical NPIs, social distancing in sce-
nario (#4) is commonly implemented together with recommenda-
tion of PPE in scenario (#1). As we elaborated in section 3.2.5, PPE
aims at reducing a, and social distancing aims at reducing contact
rate b but could rise a unexpectedly. The combined effects of PPE
and social distancing on term a might offset to some (unknown)
degree by each other, see Figs. 1A and 4A. As such, the decrease



Fig. 2. The simulation results of scenario (#2), isolation of symptomatic cases. In panel (A), 20%, 60% and 80% of the symptomatic cases infected by both original and new
variants are detected and immediate isolated on day 40, 60 and 80, respectively. Panels (B) and (C) show the changing patterns of effective reproduction number (Reff ) and
effect transmission advantage (geff ), respectively. Panels from (D) to (F) present the daily number of new cases infected by both, original, and new variants, respectively. Panel
(G) shows the changing patterns of the new variants’ prevalence. In all panels, the scenario with NPIs and the baseline scenario (#0) without NPIs are indicated by the normal
(original variants in red and new variants in blue) and dashed curves, respectively. The vertical green dashed lines indicate the timing when NPIs in panel (A) are
implemented.
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in geff owing to social distancing might become minor when the
PPEs are also adopted. However, under intensive social distancing
measures, e.g., national or regional level restrictions, the increase
in a may dominant against the decreasing effect of PPE. For
instance, the decline in the effective transmission advantage of
B.1.1.7 SARS-CoV-2 lineage, which was found in (Volz et al.,
2021a), coincides with enforced social distancing and (Tier 3 and
Tier 4) local restrictions in England since December 2020
(Graham et al., 2021).

Considering the symptomatic case isolation under scenario
(#2), the changes in geff are also determined by the setting of gq.
In the real-world situation, the impact of symptomatic case isola-
tion vanishes if the asymptomatic ratios (q) are the same for both
variants (Graham et al., 2021), which means geff holds unchanged
with gq ¼ 1. Under scenario (#3), contact tracing may contribute to
change geff when gc–1. However, we detect no evidence about the
change in infectious period (c�1) attribute to the genetic mutation,
and the value of gc is probably around 1. Thus, little impact on geff

from contact tracing could occur.
In all scenarios, the epidemics are controlled considering the

number of cases, peaking size, and the decay time of peak, which
7

reflects the effectiveness of NPIs. The key impacts of each type of
NPI on the epidemiological parameters and effective transmission
advantage are summarized qualitatively in Table 1. By affecting
geff , the growing patterns of the proportion of new variants,

denoted by q tð Þ ¼ c2ðtÞ
c tð Þ , are also changed to some extent. We further

note that large and early decrease in geff could cause that the trend
of q tð Þ becomes dramatically slower than the baseline scenario. For
example, a large drop in geff before the new variants reach domi-
nance, i.e., proportion q tð Þ < 50%, due to timely NPIs (Fig. 3C)
may lead to an evident change in q tð Þ, see Fig. 3G.

Besides the 3 factors gb, gq, and gc controlling the difference in
epidemiological characteristics attributed to mutations, see section
2.1.2, the real-world biological impacts of mutation are probably
more complex. We consider that the 3 factors formulated in Eqn.
(1) represent the simplified but most likely scenarios that could
occur. Other possible biological mechanisms that may induce
transmission advantage include immune escape (i.e., risk of re-
infection), increasing susceptibility in a group of population, and
decreasing fatality risk so that the infector has a chance to transmit
to more individuals, which are partially discussed in (Davies et al.,
2021). Although many intrinsic features of mutated variants could



Fig. 3. The simulation results of scenario (#3), early detection by contact tracing. In panel (A), the mean infectious periods (equivalently, detection delay, or containment
delay) of both variants are reduced at 3.5, 2.5 and 1.5 days on day 40, 60 and 80, respectively. Panels (B) and (C) show the changing patterns of effective reproduction number
(Reff ) and effect transmission advantage (geff ), respectively. Panels from (D) to (F) present the daily number of new cases infected by both, original, and new variants,
respectively. Panel (G) shows the changing patterns of the new variants’ prevalence. In all panels, the scenario with NPIs and the baseline scenario (#0) without NPIs are
indicated by the normal (original variants in red and new variants in blue) and dashed curves, respectively. The vertical green dashed lines indicate the timing when NPIs in
panel (A) are implemented.
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bring mixed contributions to the viral fitness, the impacts of gb, gq,
and gc, especially gb, are the most commonly considered scenarios
in many studies of COVID-19 (Leung et al., 2021; Zhao et al., 2021a;
Faria et al., 2021), and influenza (Leung et al., 2017; Gog et al.,
2003), which are more likely the dominant factors shaping the
transmission advantage.

In scenarios (#1), (#2) and (#4), the impacts of NPIs are simu-
lated by changing the epidemiological parameters in Eqn. (1) mul-
tiplicatively. Since the transmission advantage (g or geff ) is defined
as a multiplicative factor between reproduction numbers, see sec-
tion 2.3, we consider that the multiplicative changes in the param-
eters provide a ‘fair’ comparison of the geff before and after the
implementation of various NPIs. Alternatively, additive changes
can be adopted to mimic the impacts of NPI. We note that the addi-
tive changes in parameters are more likely to results in the changes
of geff , consider section 3.2.4 as an example. Regardless of the addi-
tive or multiplicative changes, we demonstrated that NPI may lead
to change in the transmission advantage (geff ) that appears differ-
ently from its intrinsic value (g), which is likely to occur when the
level of NPIs becomes intensive.
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For the limitations of this study, we merely demonstrated how
NPI changes over time may lead to the change in transmission
advantage. We discuss that the spatial heterogeneity in the imple-
mentation of NPIs may also cause and amplify the difference in
transmission advantage. For example, the transmission advantage
of B.1.1.7 SARS-CoV-2 lineage appears at different scales in differ-
ent regions of England (Graham et al., 2021), and in other places
(Davies et al., 2021; Zhao et al., 2022). Aside from NPIs, other
non-pharmaceutical factors, e.g., weather and pollutants, might
affect the infectivity to different degrees regarding different vari-
ants. For example, although lack real-world supportive evidence,
the mutations might alter the viability of viruses that becomemore
adaptive to warm weather, which implies the changes in infectiv-
ity are different for the original and new variants as temperature
increases. Recent study also reported that the transmission advan-
tage of B.1.1.7 SARS-CoV-2 lineage appears (slightly) less than
average for target individuals with ages from 10 to 30 years
(Davies et al., 2021). As such, the NPIs having heterogeneous
effects for different age groups could also lead to changes in trans-
mission advantage. Although vaccine and other pharmaceutical



Fig. 4. The simulation results of scenario (#4), social distancing. In panel (A), the transmission probability per contact (a) gradually increases with factors 1.2, 1.5 and 2.0 on
day 40, 60 and 80, respectively due to the enhancement of social distancing. Panels (B) and (C) show the changing patterns of effective reproduction number (Reff ) and effect
transmission advantage (geff ), respectively. Panels from (D) to (F) present the daily number of new cases infected by both, original, and new variants, respectively. Panel (G)
shows the changing patterns of the new variants’ prevalence. In all panels, the scenario with NPIs and the baseline scenario (#0) without NPIs are indicated by the normal
(original variants in red and new variants in blue) and dashed curves, respectively. The vertical green dashed lines indicate the timing when NPIs in panel (A) are
implemented.

Table 1
Qualitative summary on the key impacts of each type of NPI on the epidemiological parameters and effective transmission advantage.

scenario in this study type of NPI impacts on

parameters or transmission dynamics transmission advantage

(#0) section 3.2.1 without NPI (baseline) no change no change
(#1) section 3.2.2, Fig. 1 personal protective equipment a reduction in infectivity with decreasing transmission

probability per contact
may not change in reality

(#2) section 3.2.3, Fig. 2 symptomatic
cases isolation

a fraction of symptomatic cases are isolated, and thus
their contribution to transmission vanishes

depending on gq, and may
change in reality

(#3) section 3.2.4, Fig. 3 contact tracing the containment delay is shortened depending on gc, and may
decrease in reality

(#4) section 3.2.5, Fig. 4 social distancing reduction in infectivity with combined effects from
decreasing contact rate but increasing transmission
probability per contact

depending on gb, and may
decrease in reality
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measures in controlling or treating an infectious disease may affect
the selection advantage of different genetic variants of the patho-
gen at various scales, we concentrated on the impacts of NPIs in
this study, and left these possible scenarios with both
pharmaceutical and non-pharmaceutical interventions for future
investigations.
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