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Abstract The ongoing COVID-19 pandemic has caused

unprecedented public health concern in Bangladesh. This

study investigated the role of Non-Pharmaceutical Inter-

ventions on COVID-19 transmission and post-lockdown

scenarios of 64 administrative districts and the country as a

whole based on the spatiotemporal variations of effective

reproduction number (Rt) of COVID-19 incidences. The

daily confirmed COVID-19 data of Bangladesh and its

administrative districts from March 8, 2020, to March 10,

2021, were used to estimate Rt. This study finds that the

maximum value of Rt reached 4.15 (3.43, 4.97, 95% CI) in

late March 2020, which remained above 1 afterwards in

most of the districts. Containment measures are moderately

effective in reducing transmission by 24.03%. The Rt was

established below 1 from early December 2020 for overall

Bangladesh and a gradual increase of Rt above 1 has been

seen from early February 2021. The basic reproduction

number (R0) in Bangladesh probably varied around 2.02

(1.33–3.28, 95% CI). This study finds a significant positive

correlation (r = 0.75) between population density and

COVID-19 incidence and explaining 56% variation in

Bangladesh. The findings of this study are expected to

support the policymakers to adopt appropriate measures for

curbing the COVID-19 transmission effectively.
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1 Introduction

The ongoing coronavirus disease (nCoV-19), caused by the

SARS-CoV-2 strain, has caused unprecedented public

health concern worldwide. The World Health Organization

(WHO) declared COVID-19 as a global pandemic on

March 11, 2020. With the emergence of a novel infectious

disease, various transmissibility metrics are used to quan-

tify how infectious it is. Among various metrics, the basic

reproduction number (R0) is most utilized and can track the

disease dynamics in an environment when everyone is

susceptible to the disease. R0 is regarded as an estimate of

contagiousness that is a function of human behavior and

pathogens’ biological characteristics [1]. Researchers

across the world have exercised many models to assist

policymakers in fighting COVID-19. To assess the effec-

tiveness of containment measures and design non-phar-

maceutical interventions (NPIs), accurate estimation of R0

and Rt is of paramount importance.
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The first confirmed case in Bangladesh was identified on

March 8 2020. In response to the outbreak, the Government

of Bangladesh (GoB) has implemented various non-phar-

maceutical interventions (NPIs) to contain the transmis-

sion. Bangladesh has taken several types of containment

measures intending to reduce COVID-19 transmission.

These NPIs have been implemented with essential modi-

fications, like whole country and zone-based. Only essen-

tial items have come under consideration from the group of

containment and closure policies. Require closing (or work

from home) for some sectors or categories of workers, from

early May to mid-May for the entire country and require

closing (or work from home) for all-but-essential work-

places (e.g., grocery stores, doctors), from mid-May to late

May for the whole country. In targeted places, these

measures were undertaken from mid-March to late March

and mid-July to early December.

However, there is an ongoing debate whether measures

have been adopted adequately and implemented efficiently

[2]. Lack of adequate NPIs, it can be assumed that the

COVID-19 pandemic will exacerbate in Bangladesh. It

remained fuzzy how adopted containment strategies were

effective in curtailing COVID-19 transmission. As Ban-

gladesh lifted lockdowns due to economic burden, it is

unclear how SARS-CoV-2 transmission varied across the

country. Since the COVID-19 pandemic is still ongoing,

relaxation of containment measures is accountable for

weakening the foundation for control of infectious disease

by declining caution and awareness [3].

Bangladesh is one of the world’s most populous coun-

tries, with a high poverty rate and dense population,

implying greater COVID-19 exposure [4]. Jahangiri et al.

[5] mentioned that transmission of COVID-19 has a high

sensitivity to population size. Wong and Li [6] found that

population density is an effective predictor of COVID-19

cases in the USA and that places with high population

density levels are expected to have high cases. Moreover,

Rt varies with the social dynamics, and regional Rt esti-

mation may guide easing or imposing local control mea-

sures [7]. Therefore, given the urgency of the COVID-19

situation, this study aimed to assess the effectiveness of

containment measures and estimate Rt for Bangladesh and

post-lockdown throughout the country. It is crucial to

scrutinize and examine the dynamics of COVID-19 and the

necessity of evaluating different containment strategies to

gain a better overview of continuing conditions that might

help adjust and strengthen public health intervention

schemes. We aimed to estimate a plausible in Bangladesh

for the early outbreak of COVID-19 using several serial

intervals from other countries. In addition, we hypothe-

sized that population density could be an influential factor

in spreading COVID-19 in Bangladesh. Thus, this study

also assessed the association between population density

and COVID-19. Since Bangladesh is in the midst of this

COVID-19 outbreak, this study will highlight the impor-

tance of the real-time monitoring of COVID-19 transmis-

sion and the necessity of containment measures to curb the

transmission effectively. This study might be an essential

reference for advanced studies on the transmission pattern

of SARS-CoV-2 across Bangladesh.

2 Materials and method

2.1 Data source

Daily data of confirmed COVID-19 cases in Bangladesh

was included in this study from March 8, 2020, to March

10, 2021. The COVID-19 data used in this study were

retrieved from Johns Hopkins University’s GitHub repos-

itory. The district-wise COVID-19 incidences were

retrieved from the online version of Institute of Epidemi-

ology Disease Control and Research (IEDCR). District-

wise data is available from July 8 2020 to December 15

2020 [8]. The NPIs information was retrieved from Github

repository Oxford Covid-19 Government Response

Tracker (OxCGRT). District-level population and popula-

tion density data has been retrieved from Bangladesh

Bureau of Statistics (BBS) [9].

2.2 Study area

Bangladesh is a riverine country located in (23.6850� N,

90.3563� E) the south-eastern part of Asia, which shared a

border with India and Myanmar. It is one of the most

densely populated countries in the world with an average of

964 inhabitants per square kilometer and 142,319 thousand

population [9]. Whole country has been selected as a study

area, including administrative 8 divisions and 64 districts

shown in Fig. 1.
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2.3 Methods

2.3.1 Estimation of basic and effective reproduction

number

R0 represents the average number of people infected by one

infectious individual [1]. If R0 is greater than 1, the number

of infected people is likely to increase exponentially and

the epidemic will continue. If R0 is less than 1, the outbreak

is likely to die out on its progression course. The R0 is

extensively used to evaluate how an epidemic will spread

through a population and design various non-pharmaceu-

tical interventions (NPIs) as exit strategies. The R0 is

estimated early phase of an outbreak when any NPIs are

not adopted to control the transmission. This study utilized

R0 package of R software [10] with Exponential Growth

(EG) and Maximum Likelihood (ML) methods to estimate

R0.

When various intervention measures are implemented to

contain a disease transmission, the time-varying version of

the reproductive number Rt can be estimated. Similar to the

concept of R0, a Rt value over 1 indicates the disease is

transmitting exponentially, whereas less than 1 indicates

the transmission is decreasing. The R0 will not be constant

over time because actions will be taken by policymakers

(i.e., lockdown and socio-behavioral factors). The time-

varying variation of an epidemic can be estimated by the

effective reproduction number over time, Rt [11–13]. To

estimate Rt, we utilized EpiEstim [12] in R software

environment. It is demonstrated that the method of Cori

[12] most accurately estimates the instantaneous repro-

ductive number in real-time since it assumes minimal

assumption and uses only past data and minimal parametric

assumptions [14].

Rt was estimated by Eq. (1) which can be explained as

the ratio of the number of new infections generated in step

Fig. 1 Study area map showing district-wise distribution COVID-19 cases and population density
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t, It, to the total infectiousness of infected individuals at

time t, the sum of infection incidence up to the time step t-

a, weighted by the infectivity function ws [15].

Rt ¼
Xt

s¼1

It�aws ð1Þ

The estimate-R function in the EpiEstim library [12]

assumes a gamma distribution of the serial interval and

models the transmission of the infection using a Poisson

likelihood to estimate the effective reproduction number

[16]. We used a discrete gamma distribution with a mean

of 4.7 days and a standard deviation of 2.9 [17]. The Rt was

estimated on a 7-day sliding window to account for dis-

creteness in data. All analyses were carried out in R sta-

tistical software and graphical presentations in Python 3

and ArcGIS 10.5.

2.3.2 Serial interval and effectiveness of lockdown

A few epidemiological quantities are needed to understand

and quantify the transmissibility of a novel infectious dis-

ease, such as the distribution of the generation time, serial

interval and incubation period. However, generation time

often difficult to find out in early outbreaks; thus, the

generation time has been approximated by the serial

interval [18]. Since, there is no published literature on

generation time and serial interval time of COVID-19 in

Bangladesh. Thus, we have adopted eleven published lit-

erature with parameterized serial intervals [13, 19]. To

estimate the effectiveness of lockdown measures, the mean

Rt before lockdown (early March to late March 2020) and

consecutive 15 days Rt of lockdown period from late

March to late May 2020 has been considered.

2.3.3 Simple linear regression

To assess the correlation between COVID-19 incidence

and population density, we employed simple linear

regression as the following Eq. (2).

Y ¼ b0 þ b1:PDþ e ð2Þ

where Y denotes total confirmed cases per million as a

dependent variable, b0 is the regression intercept, PD is the

population density as an independent variable, b1 is the

regression coefficient and e is the error term.

3 Results

3.1 COVID-19 scenario in Bangladesh

The monthly change of COVID-19 dynamics in Bangla-

desh is illustrated in Fig. 2. The number of cases has

increased from May, and a higher number of cases was

observed in June and July, indicating a fully propagated

Fig. 2 The dynamics of COVID-19 in Bangladesh. The total monthly cases are in logarithmic scale Log(N ? 1)
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epidemic. However, the number of cases declined from

September 2020.

The COVID-19 scenarios in 64 administrative districts

of Bangladesh under eight divisions are shown in Fig. 3.

Barishal has tallied the highest number of cases from July

to September and declined from December. Chittagong

district has faced the maximum number of cases, a

notable declination has been seen from July to October, but

a substantial increase started from December. In Khulna,

maximum number of cases ranged from July to September.

Dhaka city has recorded the highest number of cases with

an almost homogeneous pattern. From July to August,

Mymensingh faced the highest number of incidents, and a

substantial increase started in November. Bogura and

Rajshahi had a maximum number of cases from July to

August. Dinajpur had a higher number of daily confirmed

cases from July to August. A higher number of cases have

been recorded in Sylhet from July to September.

Fig. 3 District-wise dynamics of COVID-19 cases transformed in logarithmic scale of Log(N ? 1)
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3.2 Basic (R0) and effective reproduction number

(Rt) in Bangladesh

From Table 1, the overall R0 in Bangladesh is assumed to

vary around 2.02(1.33–3.28, 95% CI). The overall means

under Log-Normal and Gamma distributions were 2.01

(1.16, 3.29, 95% CI) and 2.02 (1.51, 3.26, 95% CI),

respectively (Table 1).

Bangladesh observed a maximum value of Rt 4.15 (3.43,

4.97, 95% CI) in late March 2020. A gradual decrease of Rt

has been observed from April 1 to April 20, 2020. How-

ever, Rt increased from late April 2020 and started to

decrease in mid-May. The Rt remained below 1 from mid-

June to end of July. For a shorter period Rt was above 1 in

early August. The Rt reached above 1 from late October to

mid-November 2020 and was below 1 from early

December 2020 to end of January 2021. However, an

upheaval of Rt above 1 has been seen from early February

2021 (Fig. 4).

Figure 5 shows Rt trends at district-level from early July

to mid-December 2020. Rt showed a monotonic increase

throughout the period and remained above 1.5 in 11 dis-

tricts (Bagerhat, Bandarban, Chapainawabganj, Joypurhat,

Narail, Netrokona, Pirojpur, Rangamati, Satkhira,

Shariatpur, and Sherpur). Bagerhat showed a sharp increase

in October and early-December and declined to 1.5 in mid-

December. Chapainawabganj reached 3.0 in late-October

and remained above 2.0 in mid-December. Satkhira fluc-

tuated between 1.5 and 3.2 from October to December.

Other districts either decreased monotonically or remained

stable. A noticeable decrease can be seen in Pabna and

Panchagarh districts.

3.3 Spatial trend of monthly effective reproduction

number across Bangladesh

Spatial distribution of mean monthly Rt shows how the

spread shaped from July to December in Bangladesh

(Fig. 6). Between July and September, Rt fluctuated

between below 1 and 1.5 for most of the districts which

ramped up in October. In October, Rt fluctuated between 1

and above 2 for almost all districts where the north-western

(Chapainowabgonj), the south-western (Satkhira) and

northern (Mymensingh) districts had Rt above 2. In

November, Rt fluctuated between 1.5 and above 2 for the

south-western (Sathkhira and Bagerhat), the north-western

(Chapainowabgonj), northern (Lalmonirhat, Nilphamari

and Pirojpur) and south-eastern (Khagrachari) districts. In

Table 1 Estimates of R0 for

COVID-19 in Bangladesh at

different serial interval using

exponential growth (EG) and

maximum likelihood estimate

(MLE) methods

Serial intervals Method Estimated R0 (95% CI)

Log-Normal Gamma

Mean = 6.3, SD = 4.2 [20] EG 1.91(0.94,3.49) 1.90(0.94,3.41)

MLE 2.76(1.65,4.30) 2.75(1.64,4.27)

Mean = 4.7, SD = 2.9 [17] EG 1.67(0.95,2.77) 1.67(0.95,2.75)

MLE 2.14(1.27,3.31) 2.15(1.29,3.34)

Mean = 3.96, SD = 4.75 [21] EG 1.51(0.95,2.19) 1.61(0.95,2.41)

MLE 1.74(1.03,2.70) 1.93(1.15,3.00)

Mean = 4.4, SD = 3.0 [22] EG 1.61(0.95,2.57) 1.62(0.95,2.58)

MLE 1.99(1.19,3.10) 2.02(1.20,3.14)

Mean = 5.29, SD = 5.34 [23] EG 1.67(0.94,2.65) 1.74(0.94,2.76)

MLE 2.09(1.25,3.26) 2.22(1.32,3.45)

Mean = 5.2, SD = 1.72 [24] EG 1.80(0.95,3.38) 1.74(0.94,2.76)

MLE 2.51(1.5,3.90) 2.22(1.32,3.45)

Mean = 3.95, SD = 1.51 [24] EG 1.58(0.96,2.58) 1.58(0.96,2.58)

MLE 1.93(1.15,3.00) 1.93(1.15,2.99)

Mean = 6.7, SD = 5.2 [13] EG 1.93(0.93,3.49) 1.93(0.93,3.40)

MLE 2.78(1.66,4.32) 2.76(1.65,4.29)

Mean = 4.56, SD = 0.95 [25] EG 1.70(0.95,3.06) 1.70(0.95,3.06)

MLE 2.20(1.31,3.42) 2.20(1.31,3.42)

Mean = 4.22, SD = 0.4 [25] EG 1.65(0.96,2.88) 1.64(0.95,2.88)

MLE 2.07(1.24,3.22) 2.04(1.23,3.21)

Mean = 7.0, SD = 4.5 [26] EG 2.03(0.93,3.94) 2.02(0.93,3.81)

MLE 3.16(1.89,4.92) 3.12(1.86,4.85)

Overall 2.01(1.16,3.29) 2.02 (1.51,3.26)
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December, south-western (Sathkhira) and north-western

(Chapainowabgong) had Rt above 2.

The mean Rt of post-lockdown period in Bangladesh is

shown in Fig. 7. The northern (Sherpur and Netrokona),

South-western (Satkhira and Bagerhat), and north-western

(Chapainowabgonj) districts of Bangladesh had a higher

mean Rt.

3.4 Effectiveness of lockdown measures

on the curtailment of COVID-19 transmission

in Bangladesh

Table 2 shows lockdown measures’ effectiveness on the

curtailment of COVID-19 transmission in Bangladesh. The

mean Rt at four lockdown interval periods in Bangladesh.

At 15 days of the lockdown phase, the mean Rt was 2.16

(1.66–2.75, 95% CI), and an increasing trend of Rt was

observed at the 30 days of LD 2.37 (2.23–2.52,95% CI)

with a relative change of 9.72%. At 45 days of lockdown,

Rt plummeted to 1.24 (1.21–1.29, 95% CI) with a

decreasing relative change of - 47.68%. However, the Rt

increased to 1.29 during 60 days of LD (1.21–.29, 95%

CI), implying a 4.03% increase from 45 days of the LD

phase. Considering the total effect of NPIs, containment

measures are shown to be moderately effective in reducing

Rt by 24.03%.

3.5 Correlation between COVID-19 cases

and population density

The correlation between population density and COVID-19

cases is shown in Fig. 8. A strong positive correlation was

observed between COVID-19 incidence and population

density (Pearson’s correlation coefficient r = 0.75) with a

statistical significance (p\ 0.001). The linear fit between

population density and COVID-19 incidence exhibits a

significant positive trend (p\ 0.001). The coefficient of

determination is 0.56, suggesting population density

explains 56% of COVID-19 cases in Bangladesh.

4 Discussion

The main focus of this study was to evaluate the effec-

tiveness of containment measures in Bangladesh using R0

and Rt. This is probably the first study to estimate the

transmission potential and severity of COVID-19 outbreak

after the lockdown across Bangladesh. This study finds

preliminary R0 of Bangladesh was 2.02 (1.33–3.28,95%

CI). Our results are similar to previously reported R0 in

China [17, 27] and neighboring country India [28]. After a

week of nation-wide lockdown, Rt decreased substantially

from early April 2020 in Bangladesh, which corroborates

with those of [29, 30]. Our finding suggests that Bangla-

desh has seen an upheaval of Rt in early February 2021,

which corroborates with Abbott et al. [31].

In response to transmission curtailment, preventive

measures have been started in late March 2020 in

Fig. 4 Effective reproduction number (Rt) changes of Bangladesh. The grey regions (Mar–May) show nation-wide lockdown phase
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Bangladesh. A mass movement occurred by the people of

urban centers, particularly from Dhaka, since Dhaka City

was the initial outbreak center. On March 25, 2020, the

Director of (IEDCR) suspected a limited community

transmission was occurring. However, by mid-April, they

claimed community transmission went on a large scale. A

drastic drop in the testing quantity occurred because of the

increased COVID-19 testing charge by the government of

Bangladesh (GoB) in late June. It is reported that daily

testing rates have dropped to 0.8 tests per 1000 people, and

it declined to 0.06 tests per 1000 people in August [32].

The spatial variation of SARS-CoV-2 transmission is

observed across Bangladesh. The transmission dynamics

might be modulated by several confounding factors (i.e.,

Fig. 5 District-wise effective reproduction number (Rt) showing linear trend at 95% confidence interval
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lockdown, socio-economic, socio-behavioral, bioclimatic,

other factors). Islam et al. [33] and Hridoy et al. [4] found a

profound effect of meteorological parameters on COVID-

19 transmission in Bangladesh. Population density is also

an influential factor for COVID-19 transmission in Ban-

gladesh [34, 35]. Due to poor socio-economic conditions,

most of population tend to continue daily movements

exacerbating transmission. This study suggests a strong

positive correlation between COVID-19 cases and popu-

lation density; this finding corroborates with prior resear-

ches in Bangladesh [35–37] and with other countries India

[38], USA [6], and Turkey [39]. Moreover, this study found

correlation coefficient of 0.75 between population density

and COVID-19 cases and explaining 56% variation in

Bangladesh.

To curb the transmission of the contagious disease, the

GoB has announced a nation-wide general lockdown from

March 26 to May 30, 2020, and then allowed to continue

all postponed works, excluding opening educational insti-

tutions from May 31, 2020. It is reported that the govern-

ment of Bangladesh (GoB) will reopen all educational

institutions, excluding universities, from March 30, 2021,

by giving COVID-19 vaccine to all teachers and staff

except students who have age of under 18 years [40].

However, mass mobility of susceptible students may

spread the transmission. Furthermore, universities will be

reopened from May 24 2021, where precautions are more

convincible than schools and colleges. Additionally, the

upcoming Eid-Ul-Fitr (one of the annual celebration days

of Muslims) event should be under concern regarding the

event’s potentiality to accelerate the propagation rate of

COVID-19.

On 14 December 2020, a new SARS-CoV-2 variant

referred to as SARS-CoV-2 VUI 202,012/01 (B.1.1.7) has

been identified in the United Kingdom of Great Britain and

Northern Ireland [41]. The authorities of Bangladesh did

not reveal information about the new UK variant of SARS-

CoV-2 was first detected in Bangladesh in January 2021

[42]. The new variant is estimated to be 70% more trans-

missible than previous circulating variants [41]. Moreover,

variant B.1.1.7 is 64% more lethal than the previously

circulating variants [43]. People who catch the new variant

are infected for a relatively long time [44]; thus, a more

extended quarantine period might be warranted for pas-

sengers coming from UK in Bangladesh. Moreover, phys-

ical distancing, wearing mask and washing hands practices

are not properly maintained in Bangladesh [45]. Thus, with

the emergence of a new variant of SARS-CoV-2 and high

population density, COVID-19 situation might aggravate in

Bangladesh.

In this study, 64 administrative districts of Bangladesh

have been analyzed to identify the areas with a higher

Fig. 6 Post-lockdown spatial trend of average monthly effective reproduction number (Rt) in Bangladesh at district scale
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Fig. 7 Mean Rt of post-

lockdown period in Bangladesh

Table 2 Effectiveness of lockdown measures at different lockdown intervals

Interval Effective reproduction number in Bangladesh (95% CI) Relative change (%) Total LD effectiveness

Before LD 2.33(1.49–3.34) - 24.03%

15 days of LD 2.16 (1.66–2.75) - 7.29

30 days of LD 2.37 (2.23–2.52) 9.72

45 days of LD 1.24 (1.21–1.29) - 47.68

60 days of LD 1.29 (1.27–1.32) 4.03

During LD 1.77(1.55,1.77)
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transmission rate. As the dynamism of COVID-19 varies

from place to place, it is inevitable to monitor the micro

(district) level scenarios of transmission. This study high-

lights the importance of real-time monitoring of COVID-

19 transmission, which will help policymakers impose or

ease containment measures regarding time and space.

Otherwise, a minor regional epidemic has the potentiality

to reintroduce an outbreak throughout the country. More-

over, the new variant of SARS-CoV-2 (B.1.1.7) might

propagate locally and cause a sustained epidemic.

Our study has some strengths and limitations. This study

incorporated a long durational observation of the Rt across

Bangladesh and estimated a preliminary basic reproduction

number utilizing different serial intervals. We had four

notable limitations. Firstly, we estimated the Rt using

diagnostic report date. However, the Rt should be estimated

by symptom onset date. Secondly, the reproduction number

estimation heavily depends on the generation time, which

may be difficult to get early in an outbreak [46]. Regarding

serial interval, as COVID-19 line-list data is not publicly

available, we have used serial interval time of other

countries, which may not reflect Bangladesh’s actual epi-

demic scenario. Thirdly, Rt estimation might be biased by

testing rate, delayed, inconsistent, under-reporting and

super-spreaders. Fourthly, district-wise data is not available

after mid-December 2020. Therefore, we could not esti-

mate Rt after mid-December 2020. However, real-time

monitoring of disease transmission may provide valuable

insights into COVID-19 dynamics in Bangladesh. Since the

local transmission is sustained, tailored community mea-

sures are needed to curb local outbreaks in Bangladesh.

5 Conclusion

The study estimated plausible R0 in the early outbreak and

Rt in Bangladesh. The real-time monitoring of Rt helped us

to understand the effectiveness of containment measures

adopted by authorities. There is a spatial variation of

SARS-CoV-2 transmission in 64 administrative districts of

Bangladesh. In August, Rt was above 1 for most districts

and fluctuated between 1 and above 2 for almost all dis-

tricts in October. Overall, the northern (Sherpur and

Netrokona), south-western (Satkhira and Bagerhat), and

north-western (Chapainowabgonj) districts of Bangladesh

had a higher mean Rt. This study indicated that the overall

Rt of Bangladesh had declined to below 1 from early

December 2020. However, a gradual increase of Rt above 1

has been seen from early February 202. Moreover, real-

time monitoring of district-wise Rt suggests that there

Fig. 8 Correlation between population density and COVID-19 cases
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might be sustained epidemics in most districts. Since

Bangladesh is amid COVID-19 outbreak and situation

might aggravate, real-time monitoring of transmissibility is

necessary to adopt appropriate measures to contain the

transmission.
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