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0 Abstract

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 cannot be altered by artificial factors. In this
study, we explore how non-pharmaceutical interventions (NPI) may affect transmission advantage. A
two-strain compartmental epidemic 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 highlight the important role of NPIs not only in controlling
the intensity of epidemics but also in showing or even containing the growth of the proportion of

mutated variants.

Keywords: COVID-19; transmission advantage; non-pharmaceutical intervention; reproduction

number; mathematical modelling.
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1 Introduction

The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1], poses a serious threat to global health [2, 3]. The control of
COVID-19 requires the knowledge of the factors that affect the transmission process [4, 5], e.g.,
virus mutation is one of the major challenges [6, 7]. For instance, around September 2020, genetic
variants in B.1.1.7 lineage were firstly detected in the United Kingdom (UK) [8], then spread to
otherwhere globally, and trended to reach fixation rapidly in many places, e.g., South Africa [9],
Brazil [10], the US [11], and the UK [12, 13]. In Brazil, the variants in P.1 lineage, or the variant of
concern 202101/02 [14], become prevalent in many places including the UK and Brazil [15]. 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 [16, 17], and the protective effects of

vaccines in use or under development [18-22].

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
predecessor (original) variants. The increase in the transmissibility attributed to the mutated variants
is named transmission advantage, which is a relative quantity measuring the fitness of pathogen at a
population scale. Epidemiological studies reported transmission advantage in many of the mutated
SARS-CoV-2 variants [12, 13, 23-26], 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 implemented 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 [27], 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 investigate the biological mechanism of the relationship between
different 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.
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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 structure. The susceptible population is denoted by S. The infections
are divided into 2 stages including exposed (E) and infectious (4 and /) cases. Specifically, the
infections in class E are corresponding to the cases during latent period (67 !). After the latent period,
we consider 2 classes of infectious cases including asymptomatic or with sub-clinical conditions (4),
and symptomatic (/) cases, both of whom are infectious. The removed (by recovery or death)

population is denoted by R.

The transmission is driven by the contact between susceptible (S) and infectious (4 and /)
individuals at an effective contact rate (or transmission rate) 5. All infected individuals join class £
immediately after infection, and then become infectious by leaving E at a transition rate o, which is
the reciprocal of the latent period. For the infectious cases, we model a proportion g of cases are
asymptomatic (4), where ¢ is the asymptomatic ratio, and thus (1 — g) of cases are symptomatic (/).
Eventually, all cases in 4 and 7 will either recover or die (and no longer infectious) at a transition rate
y, which is the reciprocal of the infectious period. Hence, there are 2 transition pathways ‘S — E —

A— R and ‘S — E — [ — R’ considered.

For the term £, we consider the same effective contact rate for the asymptomatic and
symptomatic cases merely for simplicity. Complex scenarios can be extended by considering
different transmission characteristics of asymptomatic and symptomatic cases, €.g., an asymptomatic
case is partially infectious as a symptomatic case by a constant factor. In addition, the pre-
symptomatic transmission period is considered as a part of infectious period (y '), and thus the
precise interpretation of / is the individuals who (may not yet but) develop symptoms eventually.
Alternatively, a separated pre-symptomatic compartment can be modelled to consider this issue,
which complicates the formulation. Note that 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 [ classes, we consider 2 types of variants as the pathogen

of disease that are indicated by subscript ‘1’ for the original variant, and ‘2’ for the newly emerged
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(mutated) variant. Comparing against the original type, we consider several epidemiological
characteristics of mutated variants that are different from the original. They include

e achange in the effective contact rate, or transmission rate, (f) by a factor 7,

e achange in the asymptomatic ratio (¢) by a factor n,, and

e achange in the infectious period (y™') by a factor n,,.

All these 3 factors are positive (> 0). Specially, for the range of 174, it is subject to the condition that

0 < ngyq < 1, such that the epidemiological meaning of asymptomatic ratio holds.

For interpretation, the factor 14 is the relative ratio of contagion (or infectivity) for the
second type (new) against first type (original) of variants. The factor 7, is the relative ratio of being
asymptomatic for the second type against first type of variants. The 1/77y is the relative ratio of
recovery or death for the second type against first type of variants. In other words, the new variants
prolong (or shorten) the infectious period by the factor 17,,. 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 [28-30], clinical severity or asymptomatic ratio [31],

and time interval between transmission generations [32-34], as well as other features not included in

the modelling study.
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2.1.3 Compartmental model

We formulate the two-strain epidemic model as an ordinary differential equation (ODE)

system expressed in Eqn (1).

dS _ oo [+ 1) +mg- (4r + 1)

da_ ( ) M |
E; _ A+ 1
dd_t_ S (T—)O'El,
E, _ A, + 1,
o = TMPS Ty ok
dA;
—— = qoE; —vAq,
de (1)
dA, _ E y p
dt =TMNgqqoL; m 2
dr;
éi_t =1 —q)oE; —vl,
I, Y
E— (1_nqq)aE2_alz,
dRr A, +1
w_ v (A1+I1)+M-

14
Straightforwardly, for the total population N=S+ E\ + E> + A1+ A + 1 + [ + R, we have (31_1: =0,

and thus, N is a constant. The daily numbers of new cases are formulated as ¢, (t) = | day ¢ oE; dt for

the original variant, and ¢, (t) = | day ¢ oE, dt for the new variant. Hence, the overall daily number of
new cases is ¢(t) = ¢, (t) + c,(¢t).

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 co-infection, which is 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 [35, 36], 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 (virulence) [37], 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) provides a parsimonious approximation of the reality, which allows us to capture and investigate

the general patterns and dynamics of COVID-19 epidemics.
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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
survivability of the seed case, reproduction number is typically adopted to measure the fitness of a

pathogen in maintaining its transmission [38-40].

At the disease-free equilibrium, with a wholly susceptible population, the basic reproduction

numbers, denoted by R, can be formulated by using the next generation matrix approach [41]. For

the first type of (i.e., original) strains, REA) = g contributed by a typical asymptomatic case, i.e., 41,
and R&I) = é contributed by a typical symptomatic case, i.e., /1. For the second type of (i.e., new)

. A _ B . . . . o _ B
strains, R = ngn, » contributed by a typical asymptomatic case, i.e., 42, and R, " = ngn, ”

contributed by a typical symptomatic case, i.e., [>. Apparently, iRiA) = 3251) and RgA) = RS), 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 R, = qR&A) + (1 - q)?%gl) = %’ and R, = nqugA) +
(1 — nqq)RgD =NgNy - é Considering the whole model, the basic reproduction number, denoted by

Ry, 1s composed of R, and R,. 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, R, = pR; + (1 — p)R,. 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
(original) type of strains. Straightforwardly, when the second (new) type of strain is absent, i.e., p =
1, the basic reproduction number becomes f/y, which is equivalent to that of the classic susceptible-

infectious-removed (‘SIR’) model.
By contrast to R, the effective reproduction number, denoted by R.¢f, is commonly adopted
when accounting for the depletion of the susceptible population. We have Rq¢r = R - %, which is

less than (or equal to) R, by definition. Since S is time-varying during the course of an epidemic,
Resr 1s also considered as a 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.
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2.3 Transmission advantage

2.3.1 Intrinsic transmission advantage

For infectious disease, the transmission advantage (7) of a pathogen against another is
typically quantified by the relative fitness. Thus, the term # is defined as the ratio between two

reproduction numbers, which was adopted to study the epidemics of gonorrhoeae [42], influenza

[43], HIV [44], and COVID-19 [23, 25, 45]. As such, n = % = npmn, for the second type against the
1

first type of strains in a general context. Note that the term 7 indicates the advantage of transmission

under a natural selection-free context, namely the intrinsic transmission advantage.

A
Specifically, the transmission advantage (of the second against first type) is n® = ;% =

1
. R .
npgn, for the asymptomatic cases, and n® = R_(ZI) = npn, for the symptomatic cases. Hence, we have
1
n =n® = nM. Here, we consider the multiplicative transmission advantage, and alternatively, the

transmission advantage might also be defined additively [24, 25, 46], 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 advantage, denoted by
Nefr, 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 1. 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 n.¢ > 1 the new variants are more transmissible than the
original variants, the larger n.¢ 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 how NPIs may affect the transmission advantage, we conduct the numerical

simulations using the settings and schemes introduced in this section.
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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
considered at ! = 3.5 days referring to the previous estimates at 3.3 days in [47], and from 3.4 to
3.7 in [48]. The mean infectious period is set at y! = 4.0 days, which is based on the previous
calculations in [3, 48-50]. We set asymptomatic ratio at ¢ = 30% by choosing the middle point of the
range from 20% to 40% estimated in [51-54].

The total population is considered at N = 1,000,000 individuals. We consider the basic

reproduction number for the first type of variants at R; = 2.2, which is in line with most of existing
estimates [2, 3, 55-61]. As such, the value of f§ can be calculated by using the formula R, = g
backwardly.

For the changing factors of the mutated (new) variants, i.e., g, 4 and 7,,, we consider

values larger than 1 because the emerging variant usually appears more competitive than the original

variants. For convenience, we assume ng = 1.2, 7, = 1.5 and n,, = 2.0 fixed for demonstration.

Then, we have n = ngn, = 2.4. Thus, the value of R, can be calculated by using the relationship

;‘;—j = 1pNy, and we have R, = 5.28. Note that in the real-would situation, the values of ng, 17, and
1, 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(z = 0)/N = 99% as of the start of simulation, i.e., =
0. For the seed cases, we mimic the situation that the new variants start emerging from a low
prevalence when the original variants circulate among individuals. As such, we consider 99 and 1
exposed cases infected the original (£1) and new (E>) variants at the initial stage, respectively. Thus,
the prevalence of the new variant is 1% (= 1 — p) at the initial stage. The rest proportion (0.99%) of
the population are all assigned to class R.

Using Ry = pR; + (1 — p)R,, we calculate R, = 2.23. With the initial conditions fixed, the

S(t=0)
N

= 2.21.

initial :Reff(t = 0) = RO '

10
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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 epidemic models based on Eqn (1) deterministically for 120 days using the
fix-time-step Euler’s method with dz = 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 transmission, 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
advantage 1. = 11 = 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.

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 f3) 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 sterilizer may significantly decrease
the chance of respiratory infection [62]. 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 infectivity 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 different than those of the original variants. The differences in symptoms

11
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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 symptomatic 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 symptomatic 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 [63], 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

cascs.

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 S, which is considered as the effect from PPE. To clarify, we crudely decompose
term f into the contact rate (denoted by b) and transmission probability per contact (denoted by a,
and 0 < a < 1), and thus f = ab according to the classic epidemiological 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 ng controls the advantage in a.

12
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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
distancing, 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 o may lead to different changing patterns of transmission advantage. Indeed, the
proportion of household infections becomes more common with intensive social distancing. Note
that the value of @ may become remarkably high, and even close to 1, under intensive social

distancing, 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., = 0), and thus the value of b (for both original and new variants) can be calculated by using the

initial settings in section 3.1.1. For the new variant, we have nga = 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
distancing 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 /5 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%) x 1.2 = 84%, (1 — 50%) x 1.5 =75% and (1 — 70%) x 2.0 = 60% as
the changing factor for f, 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 f1 = apbp + anbn for original strains, and > = 5 (apbp + anbn), where the
subscript ‘p’ and ‘h’ denotes the public-space and household transmission setting, respectively. For
the transmission probability per contact, we have b, < bn < 5gbn < 1, which indicates household
contact are more likely to be infected. For the attributed change in transmission rate without social
distancing, it is [#p (apbp + onbn)] / (apbp + onbn) = 1 as pre-defined. With social distancing, we
remove the contribution of public-space transmission (apbp) and increase the household transmission
probability per contact (i.e., b1 > by), and attributed change in transmission rate is min[#s-(anb 1), an]
/ (anb'w) = (ngbv) / b'w=min[np, 1 / b'n] < np, where npb 1 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
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transmission 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 (Refr) and flattening the epidemic curve
(comparing to the outcome without NP1, i.e., baseline scenario), the transmission advantage (9q)
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 n.¢ appears unchanged. The prevalence
of new variants almost follows the same pattern as that without NPI. The outcomes appear different
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 n.¢ may increase when the infectivity of new variants is less likely to be
reduced (i.e., insensitive to PPE), but n.¢ 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 1. in Fig 1 is
included as the main results. Many existing studies follow the context of scenario (#1) [12, 23, 24,
45, 46], where the transmission advantage is considered as a constant regardless of the change in

reproduction number.

Another important and efficient NPI is the isolation of individuals 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 transmission, the Rerr decreases and the epidemic curve is flattened, see Fig 2.
However, the n.¢ increases when more fraction of symptomatic 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 effective transmission advantage will approach the product of 71,1, . This means the
transmission advantage governed by the asymptomatic ratio (14) can be traded by eliminating the
transmissibility of symptomatic cases. By contrast, if , < 1, the ne¢ may decrease when more
fraction of the symptomatic cases are isolated. The outcomes appear different if the symptomatic
cases of new variants are not equally (i.e., more, or less) likely to be isolated than those of original
variants. We find that the 1. is decreased or increased dynamically depending on the different
proportion of symptomatic cases isolation for the 2 types of variants, see Supplementary Information

S1.2. However, it appears that the genetic mutations in pathogen seldomly cause any distinguishable
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(and detectable) difference in clinical conditions [27], and thus symptomatic cases of new variants
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 Resr decreases and the size of outbreak is reduced, see Fig 3.
However, the n.¢ 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 [63-65]. In other words, each case is expected to be
detected and isolated 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 7,, vanishes. Thus, the value of n¢¢ decreases from
ngny = 2.4 tong = 1.2 as we set, see Fig 3C. It worth noting that due to the dramatical change in

Nefr, 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.

The social distancing appears one of the commonly adopted NPI against COVID-19
pandemic [66]. In scenario (#4), we highlight the increase in transmission probability per contact o
despite the reduction in contact rate b as well as the overall reduction in transmission rate £, which is
thus distinguished from scenario (#1). In Fig 4, the number of cases is decreased due to the impacts
of social distancing. The 1. 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 o increasing and
reaching 1, f of the 2 types of variants approaches each other and eventually converges to the same

value. Thus, 1 decreases from 7, to 1, which indicates the transmission advantage controlled

by the factor ng vanishes.

5 Discussion

In this study, we demonstrated that NPIs can not only control the intensity of epidemics, but
also show or even contain the growth of mutated variants’ proportion through changing the
transmission advantage. In the context of disease transmission, the reproduction number (Retr)
determined both cases time series and epidemic size, and strain-specific reproduction numbers
determined 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
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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
scenario (#4) is commonly implemented together with recommendation 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 o might offset to some (unknown) degree by each other, see Fig 1A and Fig 4A. As such, the
decrease in 1 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 oo 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 [25],
coincides with enforced social distancing and (Tier 3 and Tier 4) local restrictions in England since

December 2020 [27].

Considering the symptomatic case isolation under scenario (#2), the changes in 1. are also
determined by the setting of 74. In the real-world situation, the impact of symptomatic case isolation
vanishes if the asymptomatic ratios (q) are the same for both variants [27], which means 7.¢ holds
unchanged with n, = 1. Under scenario (#3), contact tracing may contribute to change 7.¢ when
1, # 1. However, we detect no evidence about the change in infectious period (y™) attribute to the
genetic mutation, and the value of 7,, is probably around 1. Thus, little impact on 7e¢ 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 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 n.¢, the growing patterns of the proportion of new variants,

denoted by p(t) = 2O are also changed to some extent. We further note that large and early

c(t)’
decrease in 744 could cause that the trend of p(t) becomes dramatically slower than the baseline
scenario. For example, a large drop in n.¢ before the new variants reach dominance, i.e., proportion

p(t) <50%, due to timely NPIs (Fig 3C) may lead to an evident change in p(t), see Fig 3G.
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454 Besides the 3 factors 14, 14, and 7, controlling the difference in epidemiological

455  characteristics attributed to mutations, see section 2.1.2, the real-world biological impacts of

456  mutation are probably more complex. We consider that the 3 factors formulated in Eqn (1) represent
457  the simplified but most likely scenarios that could occur. Other possible biological mechanisms that
458  may induce transmission advantage include immune escape (i.e., risk of re-infection), increasing

459  susceptibility in a group of population, and decreasing fatality risk so that the infector has a chance to
460  transmit to more individuals, which are partially discussed in [24]. Although many intrinsic features

461  of mutated variants could bring mixed contributions to the viral fitness, the impacts of 1z, 1,4, and
462 1, especially 1, are the most commonly considered scenarios in many studies of COVID-19 [12,

463 23, 45], and influenza [43, 67], which are more likely the dominant factors shaping the transmission

464  advantage.

465 In scenarios (#1), (#2) and (#4), the impacts of NPIs are simulated by changing the

466  epidemiological parameters in Eqn (1) multiplicatively. Since the transmission advantage () or 1q¢f)
467  is defined as a multiplicative factor between reproduction numbers, see section 2.3, we consider that
468  the multiplicative changes in the parameters provide a ‘fair’ comparison of the 1.¢ before and after
469  the implementation of various NPIs. Alternatively, additive changes can be adopted to mimic the
470  impacts of NPI. We note that the additive changes in parameters are more likely to results in the

471  changes of 1., consider section 3.2.4 as an example. Regardless of the additive or multiplicative
472  changes, we demonstrated that NPI may lead to change in the transmission advantage (7.¢) that

473  appears differently from its intrinsic value (1), which is likely to occur when the level of NPIs

474  becomes intensive.

475 For the limitations of this study, we merely demonstrated how NPI changes over time may
476  lead to the change in transmission advantage. We discuss that the spatial heterogeneity in the

477  implementation of NPIs may also cause and amplify the difference in transmission advantage. For
478  example, the transmission advantage of B.1.1.7 SARS-CoV-2 lineage appears at different scales in
479  different regions of England [27], and in other places [24, 68]. Aside from NPIs, other non-

480 pharmaceutical factors, e.g., weather and pollutants, might affect the infectivity to different degrees
481  regarding different variants. For example, although lack real-world supportive evidence, the

482  mutations might alter the viability of viruses that become more adaptive to warm weather, which
483  implies the changes in infectivity are different for the original and new variants as temperature

484  increases. Recent study also reported that the transmission advantage of B.1.1.7 SARS-CoV-2

485 lineage appears (slightly) less than average for target individuals with ages from 10 to 30 years [24].

486  As such, the NPIs having heterogeneous effects for different age groups could also lead to changes in

17



487  transmission advantage. Although vaccine and other pharmaceutical measures in controlling or
488 treating an infectious disease may affect the selection advantage of different genetic variants of the
489  pathogen at various scales, we concentrated on the impacts of NPIs in this study, and left these
490  possible scenarios with both pharmaceutical and non-pharmaceutical interventions for future

491  investigations.
492

493
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The simulation results of scenario (#1), reduction in infectivity by personal protective equipment

(PPE). In panel (A), the infectivity (f) of both original and new variants is reduced by 30%, 50% and
p y g y

70% on day 40, 60 and 80, respectively. Panels (B) and (C) show the changing patterns of effective

reproduction number (R.¢r) and effect transmission advantage (1.¢f), 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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20

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 (R¢) and effect transmission advantage (1), 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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Figure 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 (R.¢r) and effect transmission advantage (1efr),
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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Figure 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 (R¢) and effect transmission advantage (1), 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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Tables

Table 1.

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

N impacts on
scenario | in this study type of NPI — ; .
parameters or transmission dynamics transmission advantage

(#0) | section 3.2.1 | without NPI (baseline) no change no change

section 3.2.2, : . a reduction in infectivity with decreasing ) .
(#1) ! personal protective equipment . o may not change in reality

Fig 1 transmission probability per contact

section 3.2.3, . . . a fraction of symptomatic cases are isolated, and depending on 7,4, and
(#2) . symptomatic cases isolation . o o ) . .

Fig 2 thus their contribution to transmission vanishes may change in reality

tion 3.2.4 : . . d di », and

(#3) section ’ | contact tracing the containment delay is shortened Cpending on 7,, anc

Fig 3 may decrease in reality

section 3.2.5 reduction in infectivity with combined effects from devendine on s and
(#4) "7 | social distancing decreasing contact rate but p & on s,

Fig4

increasing transmission probability per contact

may decrease in reality
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