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Abstract: We aimed to determine Malaysia’s COVID-19 reproduction number and herd immunity
threshold through a mathematical epidemiology synthesis. Using time-series incidence data, the
time-dependent reproduction number (Rt) was yielded over time during the COVID-19 containment
measures in Malaysia. The value of Rt at the beginning of the epidemic and prior to any interventions
in place was used to determine the proportion of the population that needs to be immunized
to achieve herd immunity. Rt was strongly influenced by interventions being put in place. We
established that at least 74% of the Malaysian population needs to be vaccinated to achieve herd
immunity against COVID-19. This threshold estimate is somewhat influenced by the availability
of an efficacious vaccine. A vaccine with 95% efficacy would approximately synthesize a herd
immunity threshold of 78%. We conclude that Rt is a valid estimator to determine the effectiveness
of control measures and a parameter of use to synthesize herd immunity thresholds in the current
COVID-19 pandemic.
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1. Introduction

The ultimate challenge faced by public health workers during infectious disease out-
breaks is to implement rapidly effective control measures that have the capacity to break
the chain of transmission and to establish a population’s herd immunity. Mathematical
algorithms and models have been used to guide public health workers to assess the opti-
mization of control strategies for subsequent decision-making. However, the parameters
used to yield statistical estimates are highly dependent on the availability of surveillance
data and temporal changes of disease patterns. The fundamental value to synthesize the
anticipated mathematical models for further interventions is dependent on the estimated
reproduction number.

The evolution of infectious disease dynamics has applied four principal strategies to
yield reproduction numbers to date, namely the basic reproduction number (R0) [1], the
effective reproduction number (R) [2], the instantaneous reproduction number [3], or its
extension derivative, the time-varying reproduction number (Rt) [4]. While the primer
(R0) was contextualized as the number of secondary cases generated by the presence of an
index case in an otherwise susceptible, well-mixed population [1], R on the other hand was
postulated to be a more useful estimate during an epidemic spread, as it takes into account
the actual average number of secondary cases that will arise from an index case. If R < R0, it
is highly possible to deduce that the implemented interventions for epidemic control were
effective [2]. However, R only estimates the average number of secondary cases from an
index case at time t, while not being “instantaneous” beyond time t, even if interventions
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or control measures are being put in place or removed [4]. To overcome this limitation, an
“instantaneous” reproduction number (Rt) that synthesizes transmissibility over time has
been advocated for by Cori and colleagues [3]. While this framework is widely used, it
suffers from two critical limitations: the first is the requirement to have a serial interval
estimation, which is unlikely to be available at the early stage of an epidemic, while the
second is the inability to distinguish total incident cases from that of imported ones, which
has the tendency to cause overestimation [3,4]. The recent version of Rt as proposed by
Thompson and colleagues [4] is an extended framework by Cori and colleagues [3] that
has the capacity to offset these limitations.

As Rt is real-time, it has multiple advantages over R0. Firstly, Rt is a time-dependent
estimate that is capable to assess if implemented control measures are effective to contain
the outbreak, or whether additional interventions are required over time. Secondly, as Rt
represents the expected number of secondary cases that arise from an index case at time t,
the value of the estimate changes over time throughout the outbreak. If Rt < 1, the outbreak
will likely be controlled, but if Rt > 1, a sustained infection rate is likely. The principal aim
of control measures is to reduce Rt to be lower than one. Thirdly, with Rt, it is possible
to estimate the minimum proportion of the population that needs to be immunized to
achieve herd immunity, with the assumption that the value of Rt is yielded at the time
prior to interventions being put in place. This could be calculated using the formula
Pcrit = 1 − (1/Rt) as advocated by Anderson and May [1] and tested by Kwok and col-
leagues [5] for the recent COVID-19 pandemic, in which Pcrit represents the minimal
(“critical”) level of population’s immunity that could be acquired via vaccination. However,
this assumption is only valid for specified situations as Rt 6= R0. The classical formula for
calculating herd immunity is 1 − (1/R0). Rt will only equal to R0 with the assumption that
the whole population is susceptible [1,5], and the valid estimator of Rt is the parameter
yielded prior to any interventions being in place or at the beginning of the epidemic.

Herd immunity is conceptualized as the proportion of the population that needs to
become immune to an infectious disease outbreak so that those without immunity are un-
likely to interact with an infected person and become infected. To establish herd immunity,
epidemiologists first need to know how contagious the infection is, and concurrently be
able to determine how many nonimmune people are susceptible to acquiring the infection
from an infected person; in other words, what is the reproduction number yielded in a
particular population being infected with the outbreak? Typically, herd immunity thresh-
olds vary between populations or countries, based on varying infectiousness of the disease,
which is highly dependent on accuracies of diagnostic tests used to detect cases, testing
capacities, host characteristics, and environmental risk factors that influence the dynamics
of disease transmission [6,7].

The herd immunity threshold is somewhat influenced by the proportional vaccine
efficacy and the desirable efficacious value (ε) for any vaccine is 80%. Malaysia has acquired
a vaccine deal that is claimed to be 95% efficacious, and is projected to be available for the
Malaysian population in the first quarter of 2021 [8]. With this proportional vaccine efficacy,
the extended formula to calculate the threshold of herd immunity could be expressed
by the formula Pcrit = 1 − (1/Rt)/ε [9]. Here, we applied a mathematical epidemiology
synthesis approach to determine the trends of Rt and the minimal “critical” level (Pcrit) of
the Malaysian population’s immunity threshold for COVID-19.

2. Materials and Methods
2.1. Data Source and Tools

Using the global multi-country COVID-19 statistics estimate from Our World in Data
(dataset available from https://ourworldindata.org/coronavirus, accessed on 1 December
2020) [10], which was subsequently checked for consistency with two local real-time data
captures, namely from outbreak.my (accessible at https://www.outbreak.my/, accessed
on 1 December 2020) and the Ministry of Health Malaysia COVID-19 current situational
pandemic data capture (accessible at: http://covid-19.moh.gov.my/, accessed on 1 De-
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cember 2020), we synthesized Rt using an epidemiological tool, EpiEstim App (accessible
at https://shiny.dide.imperial.ac.uk/epiestim, accessed on 5 December 2020), which is
also available as an R package (EpiEstim 2.2). Both yielded consistent, valid, and reliable
estimates [3,4].

2.2. Model Assumptions of Rt

Based on the approach advocated and tested by EpiEstim [3,4,11], we assumed that
the total numbers of incident COVID-19 cases arising from timestep t, denoted as It, will
be the summation of numbers that constitute both local (It

local) and imported (It
imported)

COVID-19 cases in Malaysia, thus yielding the following equation:

It = Ilocal
t + Iimported

t (1)

Rt is principally contextualized as the ratio between new locally infected cases at time
t, Ilocal

t , with the total infectivity potential of all infected individuals at time t denoted as Λt.
When there is a presence of a single serial interval distribution,ωs (s = 1, 2, 3, 4, 5, ...) which
simply denotes the probability of a secondary case surfaced at time s after the index case,
the incident case (either local or imported) that appears in the previous time-step, t-s, is
assumed to contribute to its latest infectiousness at a level relative to ωs. Being conditional
onωs, Λt yields the following equation:

Λt(ωs) =
t

∑
s=1

It−sωs (2)

The likelihood of incidence data (seen as a Poisson count) observed over a sliding
time window of size τ that ends at t is maximized. It is assumed that the reproduction
number is constant throughout this sliding time window (t−τ, t). Hence, estimation of the
reproduction number at each time window, denoted as Rt, τ, for the time interval (t−τ, t)
is verified by the equation:

Rt,τ(t) = argmax
Rt

t

∏
k=t−τ

(RtΛk(ωs))
Ik exp(−RtΛk(ωs))

Ik!
(3)

The Rt is conceptually yielded from both incidence and available serial interval data,
thereby computing relevant mean and 95% credible intervals. The synthesis of Rt is based
on underlying assumptions as follows:

I. The COVID-19 epidemic would be ongoing, and to evaluate the effectiveness of
interventions, the total number of infections caused by the latest detected cases are
yet to be known.

II. The calculations are based on the potential number of secondary infected persons
that a cohort of cases could have caused if the transmissibility pattern had remained
the same at the time of their detection.

III. Local cases are distinguished from imported cases.

2.3. Analytical Procedure

Daily incidence of “all cases” and a separate dataset that distinguished imported
cases (retrieved from Malaysia’s daily situational update available from http://covid-
19.moh.gov.my/, accessed on 1 December 2020) were analyzed concurrently to avoid
overestimation [4]. Selecting the sliding time window of fourteen days (given the upper
limit of COVID-19 incubation period), for which Rt was to be estimated, we chose a
distributional estimate of serial interval for parametric without uncertainty (an offset
gamma), being a conjugate to Poisson likelihood) through a Bayesian framework to yield
the Rt over time, with estimated mean and 95% credible intervals to be synthesized. The
yielded Rt prior to any interventions executed in Malaysia, with the assumption that the
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whole population was susceptible at the beginning of the COVID-19 outbreak in Malaysia,
was subsequently used to determine Pcrit.

2.4. COVID-19 Interventions

The COVID-19 control measures executed in Malaysia were principally classified into
three phases: the Movement Control Order (MCO), the Conditional Movement Control
Order (CMCO), and the Recovery Movement Control Order (RMCO). The MCO was
enacted on 18 March 2020 with full enforcement using legislative measures. The CMCO
was enforced on 4 May 2020 with soft reopening of the economic and business sectors, but
subjected to strict Standard Operating Procedures (SOPs). The RMCO was implemented
from 10 June 2020 with gradual reopening of social, economic, and educational activities
under strict SOPs, with the exception that international borders remained closed. All phases
mandated high compliance to non-pharmacological measures, such as physical distancing
and masking [12]. To appreciate if trends of reproduction numbers were influenced by
interventions being put in place, we sub-grouped yielded Rt’s overtime into four major
phases, namely pre-MCO (non-intervention phase), MCO, CMCO, and RMCO.

3. Results
3.1. Estimated Reproduction Numbers (Rt)

Table 1 exhibits Rt values over time with interventions being put in place. The mean
(95% credible intervals) Rt fourteen days prior to MCO was 3.91 (2.69, 5.35). During
interventions, there were consequent decreases of Rt, from 2.52 (2.34, 2.70) from the first
phase of MCO, to a subsequent Rt of 1.12 (1.07, 1.17) at MCO phase 2, Rt of 0.97 (0.93, 1.01)
at MCO phase 3 and Rt of 0.59 (0.55, 0.64) at MCO phase 4. At the CMCO and RMCO
phases, Rt showed inconsistencies with periodic upward and downward trends (Table 1).

Table 1. Cumulative number of positive cases (N) and estimated time-dependent reproductive number (Rt) of an ongoing
epidemic.

Phase Duration N Rt (95% Credible Intervals)

Pre-MCO

1/22/2020–2/4/2020 10 0.19 (0.02, 0.54)
2/5/2020–2/18/2020 22 0.15 (0.02, 0.43)
2/19/2020–3/3/2020 36 0.16 (0.02, 0.46)
3/4/2020–3/17/2020 673 3.91 (2.69, 5.35)

MCO

3/18/2020–3/31/2020 2766 2.52 (2.34, 2.70)
4/1/2020–4/14/2020 4987 1.12 (1.07, 1.17)
4/15/2020–4/28/2020 5851 0.97 (0.93, 1.01)
4/29/2020–5/12/2020 6742 0.59 (0.55, 0.64)

CMCO
5/13/2020–5/26/2020 7604 0.80 (0.74, 0.86)
5/27/2020–6/10/2020 8338 1.16 (1.08, 1.24)

RMCO

6/11/2020–6/24/2020 8596 0.62 (0.57, 0.67)
6/25/2020–7/8/2020 8677 0.62 (0.53, 0.69)
7/9/2020–7/22/2020 8831 0.36 (0.25, 0.48)
7/23/2020–8/5/2020 9023 0.78 (0.62, 0.95)
8/6/2020–8/19/2020 9235 0.58 (0.48, 0.69)
8/20/2020–9/2/2020 9360 0.66 (0.55, 0.78)
9/3/2020–9/16/2020 10,031 1.27 (1.17, 1.37)
9/17/2020–9/30/2020 11,224 1.36 (1.29, 1.44)

10/1/2020–10/14/2020 17,540 1.49 (1.46, 1.53)
10/15/2020–10/28/2020 29,441 1.16 (1.14, 1.18)
10/29/2020–11/11/2020 42,872 1.03 (1.01, 1.05)

CMCO 11/12/2020–11/25/2020 59,817 1.14 (1.12, 1.15)

Note: Estimates are based on fourteen days interval in view of COVID-19 incubation period; MCO—Movement Control Order; CMCO—
Conditional Movement Control Order; RMCO—Recovery Movement Control Order; Rt was predicted using a Bayesian framework, with
estimated serial interval (mean =4.7 days, SD =2.9 days) as proposed by Nishiura et al. [13]; time-series incidence data were available up to
25 November 2020.
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3.2. Critical Level (Pcrit) of the Malaysian Population’s Herd Immunity Threshold

The minimum expected proportion of the population that needs to be immunized
to achieve herd immunity using the formula Pcrit = 1 − (1/Rt) was 74%. If we assume
that the projected deal of the vaccine acquirement by Malaysia in the first quarter of 2021
materializes and that the vaccine is 95% efficacious, hence using the extended valid formula
of Pcrit = 1− (1/Rt)/ε, the estimated herd immunity threshold for the Malaysian population
will be 78%. Lower efficacious vaccine values would synthesize higher thresholds for the
population’s herd immunity (Table 2).

Table 2. Vaccine efficacy (ε) and estimated herd immunity threshold (Pcrit).

Vaccine Efficacy (ε) Population’s Herd Immunity Threshold (Pcrit)

95% 0.78
90% 0.82
85% 0.88
80% 0.93

4. Discussion

The current paper has shown that while public health systems worldwide struggle to
contain the spread of the COVID-19 pandemic through rapid implementation of legislative
and non-pharmacological interventions, the effectiveness of such measures to break the
chain of infection or to establish a population’s herd immunity could be evaluated through
mathematical algorithms. The yielded Rt parameters over time for the current mathematical
epidemiology synthesis in Malaysia has observed either a declining or increasing trend
over time. The Rt value yielded fourteen days prior to MCO was above three, consistent
with the report by the Ministry of Health Malaysia [14]. A plausible explanation that
could be advocated here is that the strength of implemented interventions, such as both
legislative and community mitigation measures with high compliance to SOPs, would
have influenced Rt trends. Such trends were observed by Li and colleagues [15].

Through the Prevention and Control of Infectious Diseases Act 1988 and the Police
Act 1967, the MCO in Malaysia prohibited mass movements, religious gatherings, sports,
social or cultural activities, and enforced closures of business premises [12]. Self-quarantine
was made compulsory from those returning abroad and travel restrictions were imposed
on tourists and visitors; kindergartens, schools, and universities were closed in addition
to government and private premises, except for essential services. In contrast, the CMCO
allowed the soft reopening of the economic and business sector with the exception that
these sectors will not risk infecting people. The educational and social sectors still re-
mained closed. In addition to legislative measures, the compliance of the implemented
SOPs based on avoidance of the 3Cs (Crowded places, Confined places, Closed conversa-
tion) and the practice of 3Ws (Wash hands, Wear masks, Warn against risks) were highly
promoted [12,16]. As Malaysia observed a depleting number of cases, the RMCO was
implemented in June 2020, facilitating full reopening of the economic and social sectors,
with the exception that borders remained closed and non-pharmacological interventions
are highly adhered to [16]. Such measures were crucial as the nation needed to equilibrize
between lives and livelihoods of the people, preventing unprecedented economic and
social impacts to the country. However, over time there were periodic emergences of new
clusters, observing an exponential rise of new cases due to non-adherence to SOPs, that
subsequently forced the government to revert back to the CMCO stage from November
2020 [17]. This phenomenon could be attributed to the inconsistent trends of yielded Rt
values at the CMCO and RMCO phases.

The herd immunity threshold of 78% (if a vaccine with 95% efficacy becomes available
now) for the total Malaysian population will be a valid, reliable, and practical estimate to
be of most use, as it assumes the proportion of the population that needs to be immune
before life could return to “pre-COVID-19 normal”. The yielded estimate is within the
anticipated epidemiological range of 70–90% to achieve a population’s herd immunity [6].
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This mathematical epidemiology synthesis could be a fundamental guide for Malaysia
to plan appropriate distribution of vaccines for COVID-19 when they become available,
with the aim to establish herd immunity through spatial epidemiological COVID-19 hotspot
analysis, promising a resource for the planning of cost-saving measures for the government
and health facilities nationwide.

Limitations

Limitations of this mathematical epidemiology synthesis should be acknowledged.
Firstly, although the efficacy of the current COVID-19 vaccines is known, their effectiveness
(duration of protection) are yet to be established. We anticipate that the time required to
vaccinate 78% of the Malaysian population (more than 25 million people) may extend to
over a year, and if vaccine effectiveness is shorter than expected, this could compromise the
establishment of herd immunity. Secondly, the current synthesis excluded the percentage of
the population that survived natural infection (considered immune for the next exposure)
with symptoms. Thirdly, the actual number of infected cases in Malaysia is not known.
The actual number of cases may reach up to 8 times or more as compared to tested positive
cases based on the Center for Disease Control (CDC) simple probabilistic multiplier model
estimation [18], as certain adults and most children under 16 years of age usually do not
show symptoms after infection. Fourthly, the demographic structure of the Malaysian
population such as different age groups and geographic variations was neglected while
estimating Rt and herd immunity thresholds. Finally, although the Rt metric can be used as
a near real-time indicator to assess the effectiveness of interventions, the delays between
infection and case observation data (which is unavoidable in most surveillance systems)
may pose challenges to estimate Rt in the near real-time, and to accurately infer the timing
of Rt movement. However, by generating synthetic data from deterministic and stochastic
models, Gostic and colleagues [19] strongly recommended the use of EpiEstim model for
analysis, as used in the current paper, due to its best fit for synthesizing real-time estimates
of Rt values with minimal bias, of both systematic over- or underestimations, and temporal
inaccuracies. Thus, our estimates, although valid and reliable, need to be interpreted with
caution after taking these limitations into consideration.

5. Conclusions

The synthesized Rt values clearly show that the parameter of a valid estimate was
strongly influenced by the effectiveness and adherence to interventions over time. Population-
level interventions that Malaysia executed in response to the COVID-19 outbreak have
shown real-time effects on interrupting the overall transmission dynamics. As Malaysia
needs to balance between economic activity and disease transmission, control measures
that were implemented in four major phases substantially relied on real-time assessment
of Rts, allowing public health professionals to tune relaxation decisions by ensuring that
the infectiousness of COVID-19 is significantly reduced or plateaued, yet sustaining it to
be less than 1. We conclude that the minimum proportion of the Malaysian population
to be immunized with a vaccine of 95% efficacy would be 78%, in the quest to achieve
the population’s herd immunity. Lower vaccine efficacy values would yield higher herd
immunity thresholds.
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