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Abstract

Introduction

The novel Coronavirus disease (COVID-19), caused by the severe acute respiratory syn-

drome coronavirus—2 (SARS-CoV-2), in Africa is characterised by a more substantial pro-

portion of asymptomatic (or mildly symptomatic) individuals thought to be playing a role in

the spread of the infection. The exact proportion and degree of infectiousness of asymptom-

atic individuals remains unclear. Studies however indicate that their management is crucial

for control of SARS-CoV-2 transmission.

Methodology

We developed a simplified deterministic susceptible-exposed-infectious-removed (SEIR)

mathematical model to assess the effect of active isolation of SARS-CoV-2 infected but

asymptomatic individuals through blanket testing for control of the outbreak in Lusaka Prov-

ince of Zambia. Here we modelled two scenarios; (1) assuming asymptomatic individuals

comprised 70% of all COVID-19 cases and (2) asymptomatic individuals comprised only

50% of the cases. For contrast, the model was assessed first under the assumption that

asymptomatic individuals are equally as infectious as symptomatic individuals and then sec-

ondly, and more likely, assuming asymptomatic individuals are only half as infectious as

symptomatic individuals.

Results

For the model assuming 70% asymptomatic cases, a minimum sustained daily blanket test-

ing rate of� 7911 tests/100000 population was sufficient to control the outbreak if asymp-

tomatic individuals are only half as infectious while if equal infectiousness was assumed
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then a testing rate of� 10028 tests/ 100000 population would be required. For 50% asymp-

tomatic, minimum blanket testing rates of� 4540 tests/ 100000 population was sufficient to

control the outbreak at both assumed levels of infectiousness for asymptomatic individuals

relative to symptomatic individuals.

Discussion and conclusion

Our model predicts that active isolation of COVID-19 cases, including asymptomatic individ-

uals, through blanket testing can be used as a possible measure for the control of the

SARS-Cov-2 transmission in Lusaka, Zambia, but it would come at a high cost.

Introduction

Since the first reported case on 31 December 2019 in China, the current pandemic of the novel

Coronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus—

2 (SARS-CoV-2), has killed over 2 million and infected over 100 million people globally by

February 2021 [1–4]. The disease is characterised by a more substantial proportion of asymp-

tomatic (or mildly symptomatic) individuals thought to be playing an “in-dismissible” role in

the spread of the infection [5–13]. The degree of infectiousness of the asymptomatic individu-

als remains unclear although recent data from the World Health Organisation (WHO) and

others suggest that relative to individuals with symptomatic infections, those with asymptom-

atic infection are considerably less infectious [14–16]. Nonetheless, various studies, including

modelling studies, have suggested that asymptomatic individuals comprise about 50–80% of

all COVID-19 cases and may be responsible for as much as 40–73% of new infections [6, 7,

17–19]. Therefore, their management is critical for the control of the disease [6, 7, 12]. To give

a striking example, identification and isolation of asymptomatic people through blanket testing

(random mass testing) helped eliminate the virus in a completely isolated village of about 3000

people in northern Italy which saw the number of people with COVID-19 symptoms fall by

over 90% within ten days [6]. The current study applied a simple mathematical modelling

approach to explore the effect of increased blanket testing rates as a possible measure to cap-

ture and isolate asymptomatic individuals and control the COVID-19 outbreak in Lusaka

Province of Zambia which is the epicentre of the outbreak in Zambia since the first recorded

case in the country on 18th March 2020 [20]. Recent studies have modelled the spread and

expected burden of the COVID-19 outbreak in Africa and Zambia and explored the effects of

various control measures such as applying different levels of physical distancing and shielding

in the population [21–24]. Although this provides vital information to guide policy for Zam-

bia, some interventions may not be easy to monitor in practice. Additionally, while such inter-

ventions have already been instituted, cases continue to rise in Zambia and other African

countries [20, 22, 25, 26]. Assessment of more COVID-19 control options through mathemati-

cal modelling based on the known epidemiology of the disease would therefore serve to sup-

plement current information on the possible management of the outbreak in Zambia.

Materials and methods

Study area

Lusaka Province is the smallest and highly urbanised province in Zambia (83.5% urbanisation)

with seven districts over an area of about 23,490 km2 [27]. It is one of the most densely
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populated provinces in the country [28, 29]. It has a total population of about 3,308,438—Den-

sity: 140.8/km2 (2019) [27]. The provincial capital, which is also the capital of Zambia, is the

highly-populated Lusaka district with the latest population estimated at 2,627,700 –Density:

6,288/km2 (2019) [27]. Lusaka is a busy corporate and commercial hub of Zambia and an out-

let to the rest of the world with the busy Kenneth Kaunda International Airport. It is therefore

no surprise that the first recorded COVID-19 cases in Zambia occurred in Lusaka district as

imported cases [20]. The province also shares borders with neighbouring Zimbabwe and

Mozambique [29].

Lusaka province COVID-19 outbreak

On 18th March 2020, Zambia recorded the first confirmed cases of COVID-19 in Lusaka from

two residents who had previously travelled to France [20]. By August 2020, Lusaka had

recorded about 3900 confirmed cases and 157 deaths [20]. From the onset of the outbreak in

Lusaka, the Zambian Ministry of Health and other stakeholders had implemented required

preparedness and disease control measures including mandatory physical distancing, surveil-

lance and case notification, heightened sanitation and handwashing in public places, closure of

some public institutions as well as general sensitisation [20]. The main laboratory testing

approach employed has been targeted testing based on prescribed case definitions and contact

tracing to optimise positivity rates (Zambia COVID-19 situation reports No. 1–14) [20]. A few

mass testing campaigns have also been conducted in some areas of Lusaka province as by 21st

May 2020 e.g., Rhodes park (about 1,190 persons tested), Chirundu, (about 1,000 persons

tested), and Kafue (undetermined) (Zambia COVID-19 situation reports No. 29,44–46,62–64)

[20].

The model

The spread of SARS-Cov-2 in Lusaka province was modelled through a simplified determin-

istic susceptible-exposed-infectious-removed (SEIR) compartmental mathematical model as

shown in Fig 1.

The model both directly and indirectly incorporated the current mitigation measures to

attempt to predict the trajectory of the outbreak in Lusaka accurately. We started by denoting

the infection states as the total number of susceptible S(t), exposed E(t), infectious I(t), and

removed R(t) at any given time (t) in the population of size N. For our analysis, the total popu-

lation size was assumed to be constant and demographics of natural birth and deaths rates

were considered negligible [30, 31]. Table 1 shows the average values of parameters used and

equations in set 1 and set 2 give the systems of ordinary differential equations (ODEs)
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describing the flow of individuals in the model. The ODEs in set-1 describe the spread of infec-

tion under the assumption of equal infectiousness for both asymptomatic and symptomatic

individuals while the ODEs in set-2 describe the spread of infection assuming asymptomatic

individuals are only half as infectious as symptomatic individuals. For the ODEs in set-1, we

assume that susceptible individuals are infected at the rate 1

N bIT tð ÞS tð Þ where IT(t) is the total

number of active infectious individuals in the population both symptomatic IS(t) and asymp-

tomatic IA(t). On the other hand, for the ODEs in set-2, the susceptible individuals are infected

at the rate 1

N bIS tð ÞS tð Þ þ 1

N 0:5bIA tð ÞS tð Þ with the probability of infection from asymptomatic

individuals only half that of symptomatic individuals. In both equations, after infection occurs

the susceptible individuals are exposed E(t) and enter an incubation period of about 4.8 days

on average before they become infectious I(t). Once they have become infectious, they may

belong to either one of two classes of infectious individuals; symptomatic infectious (IS), or

asymptomatic infectious (IA) determined by the fraction for symptomatic persons ε. Based on

current interventions in Lusaka, the symptomatic infectious individuals are effectively man-

aged in that once a person becomes symptomatic in the community, they are identified

through targeted testing under the current testing criteria and quarantined. However, in our

Table 1. Parameters used for the SEIR model for spread of COVID-19 in Lusaka province.

PARAMETER DEFINITION VALUE UNITS COMMENT REFERENCE

N Total population 3,300,000 people Lusaka [27]

R0 Basic reproduction number - Secondary infections/

infectious period (days)

Data fitted [1, 5, 12, 30, 32–42]

β The average rate of effective contacts per unit time

between susceptible people and infectious people

γR0 Effective contacts per day Data fitted -

k The average rate to infectiousness 1/4.8 1/incubation period

(days)

Average estimate [1, 5, 12, 30, 36–39, 43–50]

γ Recovery rate 1/7.5 1/infectious period (days) Average estimate [1, 5, 6, 9, 12, 30, 36–38, 40,

43, 45, 47, 51–54]

ε Fraction symptomatic infectious people 30% - 50% - proportion [6, 7, 9, 12]

π Quarantine rate for symptomatic 1/2.5 1/diagnosis delay (days). Assumed [44]

θ Community blanket testing rate 150/100000–

10733/100000

daily tests per 100000

population

Daily random

mass testing

-

α Apparent death rate (CFR) 0.0206186 Deaths/confirmed cases Data fitted -

https://doi.org/10.1371/journal.pone.0249479.t001

Fig 1. The SEIR model for the spread of COVID-19 in Lusaka province. The solid arrows represent flow between

compartments and dotted arrows represent the additive contribution relationship to a compartment. Infectious

individuals are split into symptomatic and asymptomatic individuals. For symbols used refer to Table 1.

https://doi.org/10.1371/journal.pone.0249479.g001
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model we assumed an average delay of about 2.5 days in the identification of these symptom-

atic individuals because sometimes people delay in seeking medical attention when symptoms

are unclear, may be in self-denial, plus may have an extra 24hrs turnaround time delay in the

laboratory results [20]. The symptomatic infectious individuals are therefore quarantined at a

rate π (1/diagnosis delay) and enter the group of quarantined symptomatic infectious individ-

uals ISQ(t). It is taken that during this delay period these symptomatic individuals can infect

others but are no longer able to do so once isolated in quarantine. The quarantined infectious

individuals recover at rate γ and are removed as ISR(t). On the other hand, in our model the

asymptomatic (or mildly symptomatic) infectious individuals (IA) are taken to be generally

unnoticed in the community but also recover at a rate γ in which time they can infect suscepti-

ble individuals before they become removed as IAR(t) and no longer infectious. Note that

some asymptomatic individuals develop symptoms much later in their infection but this does

not substantially affect our model because at that time they would still be removed (IAR) if they

become diagnosed and quarantined through targeted testing. In this study, we assumed that the

current mostly targeted testing for COVID-19 in Lusaka province is restrictive and probably

missing some asymptomatic individuals [17]. Therefore, a parameter (θ) was introduced in the

model which describes daily blanket testing (random mass testing) applied as tests per 100000

population used to identify and isolate all infectious individuals in the community (symptom-

atic and asymptomatic) through sustained random mass testing. The total removed individuals

for the model R(t) are given as ISR(t)+IAR(t) while the total confirmed cases are given as ISQ(t)
+ISR(t) of which a fraction α (Case fatality rate -CFR) are recorded dead D(t) [55].

Model optimisation and simulation

Model optimisation and simulation was done using Vensim PLE systems dynamics modelling

software for Windows (version-7) [56]. This was done for two scenarios of 70% and a modest

50% assumed proportion of asymptomatic infectious individuals in the population. Data from

the first three months of the outbreak in Lusaka (accessed between 18th March - 21st May

2020) as given in the Zambia COVID-19 situation reports No. 1–64 [20] was used to configure

the model and optimise parameters. However, due to presence of imported cases in the early

days and the considerable variations in recorded cases between some days (probably influ-

enced by variations in availability of testing kits), only data from 10th April 2020 to 16th May

2020 was used. This is because this period had more consistent data and by then community

infections had been established [20]. The model initial conditions were estimated from the

available data as follows: S (0) = N-92, E (0) = 24, IS (0) = 9, ISQ (0) = 38, ISR (0) = 0, IA (0) =

21, IAR (0) = 0, R (0) = 0, and D (0) = 0. With other parameter values fixed, the model was cali-

brated to the cumulative number of confirmed cases over time. This was done by manually

adjusting values of R0 until the best model fit was achieved (since R0 was expectedly affected by

the current mitigation measures). R0 estimates the average number of secondary infections

arising from a single infectious individual in a naive population [57, 58]. Model fit was statisti-

cally evaluated using Pearson’s correlation at a significance level of 0.01 as well as chi-square

goodness of fit test at a significance level of 0.05. For the calibration, θ was approximated at a

daily 150 tests/100000 populations–reflective of the mass testing rates achieved in this period

[20]. After calibration, the model simulation was extended to 631 days (10th April 2020 – 31st

December 2021) to predict the spread of the outbreak in Lusaka under the current transmis-

sion rate. To assess which value of θ would sufficiently flatten the curves of both the total num-

ber of active infectious individuals and the cumulative number of confirmed cases over time

(as a key indicator of control of the outbreak), several iterations of this simulation were then

performed using increasingly higher values for θ.
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The relation between R0 and θ (daily blanket testing rate)

A simplistic intuition into the relation between θ and R0 can be seen when we consider the use

of blanket testing as the only method of diagnosing and isolating all COVID-19 cases in the

model system i.e., if we assume no targeted testing is being offered. The relation between θ and

R0 can then be easily demonstrated arithmetically using the ODE set-1 as an example as

follows:

When an outbreak has established in a community, then we expect the number of new

infections to increase in the community. This means that;
dEðtÞ
dt > 0

Removing the (t) notation for convenience, this statement means that from the ODE set-1

above we have that:
1

N bITS � kE > 0 which can be re-written as:
1

N bITS > kE . . .. . .. . .. . .. . .. . .. . ... inequality 1.

Similarly, when the outbreak has established in the community, then we expect the number

of total infectious individuals to increase. This means that;
dIðtÞ
dt > 0

Similarly, removing the (t) notation for convenience, and considering all the terms that are

subtracting from I(t), this statement means that from the ODE set-1 above we have that:

εkEþ ð1 � εÞkE � pIS � yIS � yIA � gIA � gISQ > 0

Note that here we are considering that there is no contribution from targeted testing which

in the model is captured by the automatic isolation of symptomatic cases at rate πIS(t) where π
= 1/diagnosis delay from targeted testing (in days). Therefore, in this case, the contribution of

the quantity πIS(t) falls off from the model system. Note that by doing so, we are trying to

assess the scenario where only blanket testing is used for the diagnosis and isolation of all total

infectious individuals in the community. Therefore, in this case the above inequality for total

infectious individuals can be written as:

εkEþ ð1 � εÞkE � yIS � yIA � gIA � gISQ > 0 which can be re-written as:

kE > εkE � εkEþ yIS þ yIA þ gIA þ gISQ which further simplifies into inequality 2 as:

kE > yðIS þ IAÞ þ gðIA þ ISQÞ
kE > yIT þ gIT
kE > ðyþ gÞIT . . .. . .. . .. . .. . .. Inequality 2.

Now considering inequality 1 and inequality 2, we, therefore, have that:
1

N bITS > yþ gð ÞIT which simplifies into inequality 3 as:
1
NbS
ðyþgÞ

> 1 . . .. . .. . .. . .. . .. Inequality 3.

Following the definition of R0, inequality 3 is analyzed at t(0) where the entire population is

considered completely susceptible except for the index case. At this point therefore N� S(0).
This means that at this point inequality 3 is simplified as:

1
NbS 0ð Þ

ðyþgÞ
> 1) b

ðyþgÞ
> 1 and the quantity on the left-hand side of this inequality gives the esti-

mate of R0 and it is expected to be greater than unity if the infection is to spread in the commu-

nity at the disease epidemic equilibrium [57–61]. This quantity was therefore also used to

assess changes in R0 for increasing values of θ.

Ethical considerations

No ethical issues were encountered as no human or animal subjects were used in this study

and the cases were anonymous. Only publicly available data in the form of the total reported

counts of COVID-19 daily new confirmed cases and deaths for Lusaka district in the national
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COVID-19 situation reports compiled by the Zambia National Public Health Institute

(ZNPHI available at http://znphi.co.zm/news/situation-reports-new-coronavirus-COVID-

19-sitreps/) was used.

Results

The model had a significant fit to outbreak data under all the assessed conditions and therefore

could be used for the general purpose of analysing the outbreak under all these general scenar-

ios. Fig 2 shows the results of model optimisation and fit to outbreak data for both the 70%

and 50% asymptomatic scenarios assuming equal infectiousness for asymptomatic and symp-

tomatic individuals (denoted as A1 and A2). Fig 3 shows the model fit results when asymptom-

atic individuals are only half as infectious as symptomatic individuals (B1 and B2). All R0

values were within the range estimated for COVID-19 [1, 5, 12, 30, 33, 36–39, 41, 42].

Fig 2. Model optimisation and fit to outbreak data for both the 70% (A1) and 50% (A2) proportion asymptomatic

individual’s scenarios under the assumption of equal infectiousness for asymptomatic and symptomatic individuals.

https://doi.org/10.1371/journal.pone.0249479.g002

Fig 3. Model optimisation and fit to outbreak data for both the 70% (B1) and 50% (B2) proportion asymptomatic

individual’s scenarios under the assumption that asymptomatic individuals are only half as infectious as symptomatic

individuals.

https://doi.org/10.1371/journal.pone.0249479.g003
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At both assessed levels of infectiousness for asymptomatic individuals, Table 2 shows that

the model rightly predicts slightly lower expected peak values for the cumulative number of

confirmed cases if there is more (70%) of asymptomatic individuals in the community who are

poorly detected. However, this more substantial proportion of asymptomatic individuals

(70%) is associated with higher expected peak values of both total active infectious individuals

and total quarantined individuals. It is also observed that the outbreak is expected to peak

much earlier for all variables in Table 2 for the 70% asymptomatic individual’s scenario com-

pared to only 50% asymptomatic. Note that the model predictions for the Lusaka COVID-19

outbreak given in Table 2 are however subject to the effectiveness of the containment policies

in Lusaka province over time. Figs 4 – 7 and Table 3 give the results of the effect of increasing

daily blanket testing rates (θ) on control of the outbreak (flattening the curve for the expected

cumulative number of confirmed cases and expected total number of active infectious individ-

uals over time) for the assessed model scenarios. If asymptomatic individuals make up 70% of

all COVID-19 cases and we assume equal infectiousness for asymptomatic and symptomatic

individuals, then a minimum daily blanket testing rate of about� 10028/100000 would be suf-

ficient to flatten the curve for both the expected cumulative number of confirmed cases (Fig

4A1.1) and the total number of active infectious individuals (Fig 4A1.2) by more than 90%

(Table 3). However, if the asymptomatic individuals only make up 50% of all cases and are also

as infectious as symptomatic individuals, then a minimum daily blanket testing rate

of� 4540/100000 would be sufficient to flatten the curve for both the expected cumulative

number of confirmed cases (Fig 5A2.1) and the total number of active infectious individuals

(Fig 5A2.2) by more than 90% (Table 3). Alternatively, if asymptomatic individuals make up

70% of all COVID-19 cases but are only half as infectious as symptomatic individuals, then a

minimum daily blanket testing rate of about� 7911/100000 would be sufficient to flatten the

curve for both the expected cumulative number of confirmed cases (Fig 6B1.1) and the total

Table 2. The model predicted key outbreak variables for the Lusaka COVID-19 outbreak for period 10th April 2020 – 31st December 2021 under the different

model assumptions.

Model scenario Variable Estimated peak period Approximated total number at peak

(A1) 70% asymptomatic -equal infectiousness Cumulative confirmed cases February 2021 734; 564

Total active infectious individuals October 2020 191; 072

Total quarantined October 2020 73; 749

Cumulative deaths February 2021 15,146

(A2) 50% asymptomatic—equal infectiousness Cumulative confirmed cases September 2021 772; 161

Total active infectious individuals February 2021 53; 198

Total quarantined February 2021 40; 635

Cumulative deaths August 2021 15,921

(B1) 70% asymptomatic—less infectiousness Cumulative confirmed cases March–April 2021 640; 500

Total active infectious individuals November 2020 136; 020

Total quarantined November 2020 52; 647

Cumulative deaths March–April 2021 13,206

(B2) 50% asymptomatic—less infectiousness Cumulative confirmed cases September–October 2021 727; 187

Total active infectious individuals February 2021 49; 499

Total quarantined February 2021 37; 814

Cumulative deaths August–September 2021 14,994

Values are given as single point estimates only.

https://doi.org/10.1371/journal.pone.0249479.t002
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number of active infectious individuals (Fig 6B1.2) by more than 90% (Table 3). However, if

the asymptomatic individuals only make up 50% of all cases and are only half as infectious rel-

ative to the symptomatic individuals, then a minimum daily blanket testing rate of� 4383/

100000 would be sufficient to flatten the curve for both the expected cumulative number of

confirmed cases (Fig 7B2.1) and the total number of active infectious individuals (Fig 7B2.2)

by more than 90% (Table 3) which is comparable to the result for A2.1 and A2.2.

Effect of θ on R0

Fig 8 shows the results of how increasing θ affects R0 through the relation between R0 and θ
given by the quantity b

ðyþgÞ
> 1 as derived from the ODE set-1 when we consider the use of

blanket testing as the only method of diagnosing and isolating all COVID-19 cases in the

model system for the model scenarios A1 and A2 (Fig 8) as an example.

Fig 4. The estimated reduction in the cumulative number of confirmed cases (A1.1) and the total number of active

infectious individuals (A1.2) at different values of θ (daily blanket testing rate) for the 70% asymptomatic scenario

assuming equal infectiousness for asymptomatic and symptomatic individuals.

https://doi.org/10.1371/journal.pone.0249479.g004

Fig 5. The estimated reduction in the cumulative number of confirmed cases (A2.1) and the total number of active

infectious individuals (A2.2) at different values of θ (daily blanket testing rate) for the 50% asymptomatic scenario

assuming equal infectiousness for asymptomatic and symptomatic individuals.

https://doi.org/10.1371/journal.pone.0249479.g005
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Figs 8 and 9 shows that θ has an inverse relationship with R0 as expected. In fact, our

derived equation relating θ to R0 estimates the absolute values of θ required to reduce R0 to

exactly one are 16400 test/100000 populations for scenario A1, 13733 tests/100000 populations

for scenario A2, 21966/100000 populations for scenario B1, and 18406/100000 populations for

scenario B2.

Discussion

In this study, we developed a simple deterministic model to forecast the spread of infection

and assess required blanket testing rates for the control of the novel SARS-Cov-2 outbreak in

Lusaka province, Zambia, with specific consideration for asymptomatic infectious individuals.

We assessed the effect of various levels of blanket testing for control of the COVID-19 out-

break in Lusaka province under different assumed scenarios of the proportion and infectious-

ness of asymptomatic individuals with results tabulated in Figs 4 – 7 and Table 3. Out of all the

Fig 7. The estimated reduction in the cumulative number of confirmed cases (B2.1) and the total number of active

infectious individuals (B2.2) at different values of θ (daily blanket testing rate) for the 50% asymptomatic scenario

assuming asymptomatic individuals are only half as infectious as symptomatic individuals.

https://doi.org/10.1371/journal.pone.0249479.g007

Fig 6. The estimated reduction in the cumulative number of confirmed cases (B1.1) and the total number of active

infectious individuals (B1.2) at different values of θ (daily blanket testing rate) for the 70% asymptomatic scenario

assuming asymptomatic individuals are only half as infectious as symptomatic individuals.

https://doi.org/10.1371/journal.pone.0249479.g006
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assessed scenarios, we nominate scenario B1 to represent the most likely epidemiological

dynamics for COVID-19 in the population where asymptomatic individuals make up 70% of

cases but are only half as infectious as symptomatic individuals. Therefore, for this scenario, a

Table 3. Approximated percentage reduction in the predicted cumulative number of confirmed cases and the total number of active infectious individuals for

higher values of θ (daily blanket testing rate).

Model scenario Variable θ (daily tests/100000 populations) Per cent reduction

(A1) 70% asymptomatic -equal infectiousness (R0 = 2.23) Cumulative confirmed cases (A1.1) 9322/100000 � 77.27%

10028/100000 � 92.98%

10733/100000 � 98.12%

Total active infectious individuals (A1.2) 9322/100000 � 96.92%

10028/100000 � 98.99%

10733/100000 � 99.81%

(A2) 50% asymptomatic -equal infectiousness (R0 = 2.03) Cumulative confirmed cases (A2.1) 3991/100000 � 88.26%

4540/100000 � 96.175%

5089/100000 � 98.74%

Total active infectious individuals (A2.2) 3991/100000 � 92.76%

4540/100000 � 98.04%

5089/100000 � 99.58%

(B1) 70% asymptomatic -less infectiousness (R0 = 3.53) Cumulative confirmed cases (B1.1) 7206/100000 � 75.42%

7911/100000 � 92.44%

8617/100000 � 97.998%

Total active infectious individuals (B1.1) 7206/100000 � 95.18%

7911/100000 � 98.44%

8617/100000 � 99.72%

(B2) 50% asymptomatic—less infectiousness (R0 = 3.174) Cumulative confirmed cases (B2.1) 3678/100000 � 72.86%

4383/100000 � 91.55%

5089/100000 � 97.82%

Total active infectious individuals (B2.2) 3678/100000 � 85.66%

4383/100000 � 95.03%

5089/100000 � 99.101%

https://doi.org/10.1371/journal.pone.0249479.t003

Fig 8. The relation between R0 and θ (daily blanket testing rate) for model scenario A1 and A2 when blanket testing

alone is applied for diagnosis and isolation of all COVID-19 cases.

https://doi.org/10.1371/journal.pone.0249479.g008
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daily blanket testing rate of about� 7911 tests /100000 (� 80/1000) would be sufficient to con-

trol the outbreak in Lusaka. It is perceived however that such a testing rate would come at a

high cost as it would result in the entire Lusaka population being tested on more than one

occasion within a year just to bring the outbreak to some level of control. Therefore, based on

these results, we can see that blanket testing is indeed a viable strategy to control the spread of

infection but may be costly and is probably less efficient compared to other strategies such as

vaccination which would require a usually once-off minimum 1−1/R0 fraction of the popula-

tion to be vaccinated; assuming vaccination provides full protection [62–65]. Based on the

estimated value of R0 for the selected epidemic scenario in B1 in this study, a minimum vacci-

nation coverage of only 70% of the Lusaka population would therefore be required to prevent

the spread of the infection if a vaccine for COVID-19 became available and distributed in

Zambia. Further, with our results we envisage that random blanket testing as applied in this

study would probably be a more feasible and cost effective control measure only in a very

small population that is well isolated [6] and where there is enough testing capacity to test

4–10% of the population every day. In their study, a complex model created by Smith and col-

leagues [66] to assess optimal COVID-19 surveillance strategies in long-term care facilities also

found random daily testing to be an inefficient use of resources in the long term. Therefore,

overall we suggest that for such large populations as Lusaka, this control strategy would there-

fore be more realistically applied only besides other control measures such as intensified lock-

downs, targeted testing/contact tracing, and vaccinations. Additionally, this study has also

demonstrated a relationship of how the identification and isolation of all COVID-19 cases

through increased blanket testing negatively affects R0 for the infection (Figs 8 and 9). This is

possibly because increased blanket testing results in more cases being physically isolated hence

reducing their ability to spread the infection in the population. Estimates by our simple

derived equation for the relationship between R0 and θ showed that extensively even higher

absolute values of θ would be required to reduce R0 to exactly one as compared to the model

simulations which just considered the minimum values of θ required to achieve a certain desir-

able percentage reduction in projected outbreak outcomes. This showed that when used alone,

blanket testing would be an unwieldy and probably less efficient method for reducing R0 to

Fig 9. The relation between R0 and θ (daily blanket testing rate) for model scenario B1 and B2 when blanket testing

alone is applied for diagnosis and isolation of all COVID-19 cases. For demonstration purpose only of the direction of

the relationship between R0 and θ, an average value of β is used for both scenarios B1 and B2 in Fig 9 given as average β
= (β + 0.5β)/2 since these scenarios consist of symptomatic and asymptomatic individuals considered to be

transmitting the infection at different rates.

https://doi.org/10.1371/journal.pone.0249479.g009
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one and therefore other methods would need to be incorporated for this objective e.g vaccina-

tions. Note that the estimated absolute values of θ needed to completely reduce R0 to one are

even greater for scenarios B1 and B2 because these scenarios have larger values of R0 as seen in

Table 3. One consequence for this is that with such large values of R0, greater than 90% reduc-

tions in projected infections through blanket testing would probably not be enough as the out-

break would much easily bounce back later hence the larger required values of θ to completely

reduce R0 to one for these scenarios.

In the early stages of novel infectious diseases, and for small populations, stochastic models

are used due to uncertainty in parameter values [67–70]. However, deterministic models

which require average values can be used after the pandemic has progressed as is the case in

this study and other studies that have used deterministic models to study COVID-19 [13, 30].

The deterministic model was also considered appropriate for this study due to its simplicity

and also because the modelled population of Lusaka was considered large enough such that

stochastic effects could be neglected [69–71]. In the context of Africa, earlier modelling studies

have given gloomy predictions of the pandemic for the continent in case of failed early con-

tainment [17, 21–23, 26] with Zambia projected to have more than 2.8 million total infections

[17] or between 4.8 million and 5.7 million total symptomatic cases [22] in the first year with

estimated outbreak peaks as early as July 2020 [17, 21, 22]. Further, the model in [22] also pre-

dicted that Zambia would record between 2.5 million– 4.4 million total number of symptom-

atic cases over 12 months even under various levels of physical distancing and shielding

interventions applied at country level. However, early implementation of the outbreak con-

tainment measures in Zambia, and most African countries, appears to be substantially averting

the given predictions [17, 20]. This may be because Africa was on high alert and prepared for

the virus given the weaker health systems on the continent hence early containment of the dis-

ease significantly slowed the pandemic. Further, other studies have suggested favorable bio-

socioecological factors on the African continent (e.g educated immune systems, young popula-

tion, climate etc) leading to milder disease and lower rate of transmission in the region with

fewer expected cases and deaths compared to other countries such as USA and Italy [13, 17,

72]. With limited incorporation of current containment measures implemented in Zambia,

the highest number of cumulative confirmed cases predicted for Lusaka province in our model

was 772,161 cases by September 2021 (Table 2). This lower projection is plausible given that it

is an estimate for Lusaka province alone and it conforms to the relatively slow progression of

the outbreak in Zambia compared to earlier predictions [13, 17, 20, 72]. Further, our model

predicts that the outbreak in Lusaka would spread much faster and peak earlier if asymptom-

atic individuals make up 70% of all COVID-19 cases (earliest peaks October—November 2020

for total active infectious individuals). This is because a higher proportion of poorly detected

asymptomatic individuals inflated the population of active infectious individuals in the popu-

lation (IS+IA = IT) thereby increasing the infection rates in the community; 1

N bIT tð ÞS tð Þ (ODEs

in set-1) or 1

N bIS tð ÞS tð Þ þ 1

N 0:5bIA tð ÞS tð Þ (ODEs in set-2), resulting in a faster progression of

the outbreak. The higher proportion of asymptomatic individuals was, however, associated

with the less overall cumulative number of confirmed cases since asymptomatic individuals

are generally less diagnosed under targeted testing approaches such as those employed in

Lusaka province [17].

In our model, we refer as asymptomatic all “silent spreaders” of COVID-19 which includes

all those that have become infectious but never develop symptoms (asymptomatic or mildly

symptomatic) and those that have become infectious but only develop symptoms much later

in their infection (pre-symptomatic spreaders) [14, 17–19, 72, 73]. Studies however agree that

collectively these asymptomatic individuals (or silent spreaders) are less infectious compared
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to symptomatic individuals [14–16]. This is most likely because their viral shedding rate (how

much virus an infected person releases) may be limited without the symptoms of coughing

and sneezing which produces infectious respiratory droplets even if these asymptomatic indi-

viduals may have similar viral load, duration of viral shedding, and contact rates in the com-

munity as symptomatic individuals [5, 74–78]. Therefore, we suspect that transmission of the

infection from asymptomatic individuals may mostly rely on the other possible routes of trans-

mission for COVID-19 including contact with fomites, unwitting close intimate facial contact,

and possibly even faecal-oral route [16, 17, 79]. Even with a lowered ability to transmit the

infection, lack of detection and awareness of the carrier state may cause the asymptomatic

individuals to be playing an important role in the spread of COVID-19 and sustaining the out-

break [5–7, 9, 10, 12]. Active isolation of all infected individuals (symptomatic and asymptom-

atic) through blanket testing, therefore, offers a possible solution to this challenge [6, 7, 17].

The effect of blanket testing is that it acts to directly reduce the size of the total number of

active infectious individuals which leads to a disproportionately higher reduction in the infec-

tion rate in the population. This is achieved through active isolation of even the otherwise

largely un-detected asymptomatic individuals in the population who possibly participate in the

transmission of the infection [5–7, 9]. In the case of Africa, control of asymptomatic infections

may be even more pertinent than other regions of the world. This is because Africa has been

found to have a younger population and with lower personal vulnerabilities to severe infection

compared to Europe, USA, and other regions leading to most of the infections in Africa being

asymptomatic [13, 17, 72]. Therefore, more outbreak control strategies with specific consider-

ation of the role of asymptomatic individuals will be required in Africa.

Conclusion

Active isolation of SARS-Cov-2 asymptomatic infectious individuals through blanket testing

has been shown to have indeed the potential to control the outbreak in Lusaka province of

Zambia. However, we project that this would require a lot of resources to be feasible. For

example, we estimate that a minimum sustained daily blanket testing rate of� 7911 tests/

100000 population would be sufficient to control the outbreak in Lusaka following the most

likely epidemiological dynamics for COVID-19 which may not be very efficient especially for

developing nations. Therefore, other control strategies such as vaccinations, not explicitly ana-

lyzed in this study, may need to be considered together with blanket testing.

Limitations

As is the case in creating infectious disease models, appropriateness of the model design to

incorporate containment measures implemented in Lusaka and quality of data used were

some of the challenges faced in this study [29, 80]. Also, limited outbreak data was used due to

significant irregularities in the reported outbreak data. Cases were not reported in real-time

and there is a possibility of under-reporting due to low testing capacities in the earlier stages of

the outbreak in Zambia [20, 81]. Additionally, the model was fitted to cumulative confirmed

cases which could still introduce uncertainties [81]. Further modelling studies using more

refined models and more outbreak data should, therefore, be conducted to study the COVID-

19 outbreak in Lusaka.
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