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Objectives: Real-time COVID-19 spread mapping and monitoring to identify lockdown and semi-
lockdown areas using hotspot analysis and geographic information systems and also near future pre-
diction modeling for risk of COVID-19 in Punjab, Pakistan.
Study design: Data for all COVID-19 cases were collected until 20 October 2020 in Punjab Province.
Methods: The methodology included geotagging COVID-19 cases to understand the trans-mobility areas
for COVID-19 and characterize risk. The hotspot analysis technique was used to identify the number of
areas in danger zones and the number of people affected by COVID-19. The complete lockdown areas
were marked down geographically to be selected by the government of Pakistan based on increased
numbers of cases.
Results: As per predictive model estimates, almost 9.2 million people are COVID-19 infected by 20
October 2020 in Punjab Province. The compound growth rate of COVID-19 decreased to 0.012% per day
and doubling rate increased to 364.5 days in Punjab Province. Based on Pueyo model predictions from
past temporal data, it is more likely that Punjab and Pakistan entered into peak around the first week of
July 2020, and the decline of growth rate (and doubling rate) of reported cases started afterward. Hos-
pital load was also measured through the Pueyo model, and mostly, people in the 60þ years age group
are expected to dominate the hospitalized population.
Conclusions: Pakistan is experiencing a high number of COVID-19 cases, with the maximum share from
Punjab, Pakistan. Statistical modeling and compound growth estimation formulation were done through
the Pueyo model, which was applied in Pakistan to identify the compound growth of COVID-19 patients
and predicting numbers of patients shortly by slightly modifying it as per the local context.

© 2020 The Royal Society for Public Health. Published by Elsevier Ltd. All rights reserved.
Introduction

The outbreak of a tragic coronavirus disease (COVID-19 also
known as 2019-nCoV) led to a pandemic situation globally, which
has subsequently affected all continents.1 It led to a public health
emergency of international concern that has infected 40 M people
in about 215 countries as of 20 October 2020. Person-to-person
transmission and travel patterns across the USA make it the
topmost country with total confirmed COVID-19 cases exceeding
).
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8.4 M, and the deaths above the 200 K threshold,2 which is more
than China, from where the outbreak initiated.3 The overall death
rate per diagnosed case in China was increased from 4.5% to 15% in
one week after 2 January, 20204 but reduced when more testing
was done.

The COVID-19 pandemic that has a strong grip in developed and
developing countries has already spread across Pakistan with the
most rapid spread moving toward vulnerable conditions.5 Despite
Pakistan being a neighboring country of China, the first patient of
COVID-19 was confirmed three months later than in China, on 26
February 2020. The total rise in confirmed patients exceeded 304,
including 208 in Sindh, 33 in Punjab,19 in Khyber Pakhtunkhwa, 23
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in Baluchistan, and 7 in Islamabad by 18 March 2020,6 which has
increased in succeeding weeks.7

The health, social, and economic effects of this situation are
alarming in the country. Health impacts could be minimized if
physical distancing measures were adopted at the initial stages of
this pandemic.7 Initial monitoring and identification of high-risk
areas for complete lockdown and quarantine are important fac-
tors to legitimize the precautionary measures.3 All stages, from
real-time monitoring to communicating results publicly, to combat
the pandemic in countries are major challenges worldwide.8

Geographic information system (GIS) and other methods have
been helpful in near real-time spatial monitoring, including disease
spread, disease cases reported, measuring reaction of social media
to disease spread, risk-mapping based on imported and locally
transmitted cases, mapping and tracing of contacts across time and
space, and monitoring of spread trajectories.9 It also provides a
clear understanding of the disease source, dynamics and response
mapping, and risk assessment and defines quarantine areas to
restrict the COVID-19 patients.10 With real-time monitoring, fore-
casts of the situation of the pandemic into the future are also
important for policymaking to minimize loss of life.11

One of the key challenges of forecasting COVID-19 is that better
and more accurate predictions demand sufficient historical data.12

In the case of COVID-19, we are lacking in sufficient data, as it is a
recent phenomenon and Pakistan is just in the early phases of its
outbreak. In the recent and rapidly growing literature, various
models for forecasting COVID-19 are being used to inform public
health interventions and preparedness. Pueyo (2020) proposed a
simple yet reliable model to predict the true case rates of the
COVID-19 cases based on data from China.13

COVID-19 is defined as a category B infectious disease that was
declared as a class A infection by the Chinese government, which is
quite dangerous. Factors such as air pollution, adverse environ-
mental conditions, and smoking may contribute to the severity and
spread rate of COVID-19.14e16 Air pollution could exacerbate health
outcomes of COVID-19 patients. Wang et al., 202017 argued that
environmental conditions such as temperature and humidity could
interrupt transmission of COVID-19 compared to other pandemic
viruses, suggesting a possible decline in disease, although these
conclusions have been disputed.17 The GIS is an important tool to
analyze spatial variation and distribution of this disease, which can
support the process of monitoring and controlling its progress.18e20

In recent studies, critical spatial models have been used suc-
cessfully to investigate statistically the geographic relationship
between disease outbreak and explanatory variables.21e24 For
instance, autoregressive spatial models and predictive models have
been examined to assess COVID-19 in the USA based on demog-
raphy, topography, and environmental factors, to provide inter-
vention strategies to policymakers. For the present study, many
people came into Pakistan from Iran, China, UK, USA, and other
countries.25,26 Pakistan becomes reconciled with severe effects of
COVID-19, with 323,452 patients suffering from the virus until 20
October 2020 and with a growth rate of 0.20%.27

The objective of this study is real-time monitoring of COVID-19
cases in Punjab Province, Pakistan. The real-time complete lock-
down areas are also identified through hotspot analysis. Predictive
models were created to predict numbers of cases of COVID-19 in the
near future in Punjab, Pakistan.

Methods

Study Design

To analyze COVID-19 spread in Punjab, all positive and negative
cases were considered up to 20 October 2020.
43
Study area

Punjab has the highest number of COVID-19 cases compared to
other provinces of Pakistan.28 The number of confirmed cases in
Punjab are 101,652 out of 323,452 total in Pakistan, which makes
31.4% of the total confirmed patients, according to the Government
of Pakistan federal portal. It is situated in the center of Pakistan,
with seven major airports, and having the most economic
activity.29,30
Data collection and real-time monitoring of COVID-19

Detailed information was collected, such as travel history,
gender, residential address (where infected), age, contact number,
lab result (negative/positive), and so on. Raw data were processed
and cleaned after collection through careful analysis of each case
(Fig. 1aec). Based on the travel history of each patient, the data
were divided into three categories including pilgrims (coming from
religious events in Iran), religious center's patients (i.e. infected
during a religious event in Lahore), and local spread. We have also
collected information on the recovery of the COVID-19 patients in
Punjab by capturing data from the follow-up of each case. Each case
was geotagged to obtain the spatial distribution of COVID-19 cases
by converting their addresses into real-time locations (Fig. 1b).
Estimating the trans-mobility through hotspot analysis

The exact location was used to monitor the current trans-
mobility areas for COVID-19 to identify the risk in neighboring
areas.31 Hotspot analysis depending upon the number of patients in
a 25 km radius vicinity was performed in ArcGIS 10.6 to identify
vulnerable clusters across Punjab.32 This hotspot analysis utilizes
the Gi* statistics technique,33 which is calculated as:

Gi * ¼

Pn

j¼1
WijXj

Pn

j¼1
Xj

(1)

where Gi* defines the spatial autocorrelation statistics of any event
denoted with i over n events; the equation xj shows the magnitude
of the variable x at any event that occurs at j over n; the overall
weight is determined by the weight value between the I and j
variables that identify the interrelationship. The hotspot analysis
and Gi* statistics considered the magnitude of all features in the
dataset of neighboring values. The overall sumwas compared to the
local sum of all the neighboring values. If a significant difference is
found between the local and expected local sum, and that the dif-
ference is large, then the significant z-score is counted as the final
result.34 The hotspot analysis calculated the z-score and P score for
each COVID-19 patient location, which helped to indicate hotspots
and cold spots of different kinds of events. The statistical signifi-
cance of clustering was identified through z-score for a specified
distance, whereas P represents the probability of the unified spatial
pattern. Transmissibility of patients was monitored across 25 km
radius of each location of active COVID-19 cases in Punjab. How-
ever, at the city level, census blocks were used to microanalyze the
patterns spatially. The red zones are the highly risky areas where
the chances of being infected are relatively high in 25 km of radius
(Fig. 3a).
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Identifying lockdown areas and quarantine areas

We identified the complete lockdown areas where large
numbers of patients were affected by COVID-19 in Punjab Province.
Lockdown areas were selected geospatially based on patient ad-
dresses, and if five or above patients were in a house, it was marked
as a lockdown house/street/town by the provincial government of
Punjab. Patients’ real-time locations were overlaid onto satellite
imagery and vulnerable areas were identified and marked in the
GIS technique. Schools and hospitals were selected through
accessibility analysis, which showed exact locations of quarantine
locations where people coming from other countries will reside for
14 days or more in Punjab. Travel history of each of the patients was
recorded in this study, which we summarized in terms of the
number of countries from where people traveled to Punjab during
the pandemic.
Fig. 1. (a) Cumulative active and confirmed COVID-19 patients (Punjab) from 15 March 2020
vulnerability (red zones lockdown areas). (For interpretation of the references to color in t
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Socio-economic and statistical analysis of COVID-19

Pueyo (2020) proposed a framework to backtrack the true cases
of COVID-19 from the reported death data. Based on the assumption
about mortality rates, Pueyo estimated the number of the actual
infected cases on the day of the onset of infection.35 The onset of
infection is estimated based on the average number of days from
infection to death of the countries under study.36 To better under-
stand the model, we first discuss the assumptions of the author,
which arenot vague assumptions but are basedon the averageof the
numbers reported by countries under study; the Pueyo 2020model
assumes a case-fatality rate of 0.87e1.00, the number of days from
infection to death as 17, and a doubling time of 6.18e6.20, and it took
17 days for the cases to double.

Based on the assumptions, the basic postulation as the model is
that one death reported today means 17 days back at least 100
to 21 October 2020, (b) physical addresses converted to spatial location, and (c) Lahore
his figure legend, the reader is referred to the Web version of this article.)
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persons were infected (as per the 1% fatality rate). These infections
are doubling every 6.2 days, so 17 days later, those 100 cases have
grown to 697. Then 697 cases will become 780 by the next day and
1528 by one week if no mitigation measures are taken. The present
study attempts to apply the Pueyo 2020 model in Pakistan by
slightly modifying it to local contexts.
Fig. 2. (a) District-wise number of COVID-19 cases in Punjab Province, (b) tehsil-wise num
group, and (d) COVID-19 cases by the area (urban/rural) from 15 March 2020 to 21 Octobe
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Results

Hotspot analysis and lockdown areas

wMore than101,652 cases have been recorded inPunjab Province,
which is 31.3% out of 323,452 overall patients in Pakistan (21 March
2020to20October2020). Fig. 4 shows the cases through30May2020
ber of COVID-19 cases in Punjab Province, (c) classification of COVID-19 cases by age
r 2020.



Fig. 3. (a) Total number of confirmed cases found within a 25-km radius through hotspot analysis. (b) Quarantine centers allocated by the Government of Punjab.
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and the rate of increase doubled from 30 May 2020 to 11 June 2020
and 20 October 2020. In Punjab Province, the Lahore District is the
most vulnerable area, with 50,111 cases as of 5 October 2020. The
Rawalpindi District was identified as the second most affected area,
with 8093 cases and a compound growth rate of 0.16% (Table 1).

Each district and tehsil of Punjab have confirmed cases ranging
from 20% to 90% (Fig. 2a and 2sb). The top ten cities, ranked from
most affected to less affected, are Lahore (50,111 cases), Rawalpindi
(8,093), Multan (6,135), Faisalabad (6,102), Gujranwala (3,958),
Gujrat (3,026), Sialkot (2,565), Bahawalpur (1,857), Dera Ghazi
Khan (1,741), Sargodha (1,418), and so on (Table 1). COVID-19 cases
by the area (urban/rural) in 15 March 2020 to 21 October 2020 are
shown in Fig. 2d.

Fig. 3a and c shows the high-risk zones identified through a
geospatial analysis, where case numbers are greater than 50 within
a 25 km radius in Punjab. The major hotspots area in terms of the
total number of cases are Lahore, Ferozewala, Sheikhupura, Mur-
idke, Kamoki, Gujranwala, Sialkot, Gujrat, Jhelum, Sargodha, Fai-
salabad, Multan, Muzaffargarh, D.G. Khan, and Rahim Yar Khan
(Fig. 3a).

Lahore is the topmost vulnerable city in Punjab shown in Fig. 1c.
The lockdown areas of Lahore include Raiwind, Chah Miran, Bahria
Town, Sikandria colony, Bhatta Chowk, Bedian Road, China Scheme,
Mughalpura, Samanabad, Shahdara, small industries, and some
areas of Saddar, Rustam Park, and Gulshan-e-Ravi as of 15 May
2020. Areas unlocked after 5 May 2020 includes Bahria Town,
Raiwind, and Sikandria colony.

For traveling monitoring, it shows that more than 800þ people
traveled from UK, France, Spain, and USA to Punjab, as of March
2020, and so on (Fig. 5). Many universities, hospitals, and restau-
rants were selected by the Government of Punjab for quarantine
(Fig. 3b).
Affected age group in Punjab

COVID-19 cases by age group clearly show that themost affected
age group in Punjab Province is 50e75 years (Fig. 2c). Many pa-
tients infected with COVID-19 of age 1 to 30 years are in Lahore,
Ferozewala, Kamoke, Gujranwala, and Gujrat. Sahiwal has the
highest number of patients in the 40e60 and 61e75 years age
46
intervals; Faisalabad is also high in the 60e75 years age group
(Fig. 2c).
Compound growth of COVID-19

The ten major infected cities are compared in terms of identi-
fying the number of days to double COVID-19 (Table 1). Lahore is on
the top of the list, where 50,111 cases and doubling in 694.2 days as
shown in Table 1b. The compound growthwas lower in Sargodha at
only 0.23% and doubling in 296.7 days (Table 1b). Lahore has the
highest number of cases reported. Rawalpindi is marked as second.
Khushab has the lowest number of cases reported, only 304 as
shown in Table 1a.
Predictive models

In Pakistan, on 10 March 2020, 19 cases were reported for the
first time, and 2 deaths were reported on 18 March 2020. The
temporal data of reported COVID cases are shown in Fig. 4 and the
confirmed patient data are shown in Fig. 6a across Pakistan. Simi-
larly, in Punjab, 37 cases were reported on 19 March 2020,
(excluding Zaireenwhich was quarantined), and the first death was
reported on 24 March 2020 and it increased until to date (Fig. 6b).
The projected and reported patients were interpreted from 20
March 2020 to 2 October 2020 (Fig. 7). The Pueyo 2020 model has
been applied in Pakistan with assumptions slightly modified as per
locally reported data. For instance, the key assumptions for the
Pakistan model are a mortality rate of 1.46%, a prelockdown
doubling-rate of 6.20 days, and a postlockdown (23 March)
doubling rate of 11 days.

Our doubling rates are drawn from the actual reported data
before and after lockdown, which shows that prelockdown
average growth of reported cases is higher than the postlockdown
average growth rate of reported cases. The results of the model
applied in Punjab show that true cases projected as per model
(9,261,348) are 92 times higher than actual reported cases
(101,014) on 13 October 2020 (Fig. 8); if these calculations are true,
definitely most of these cases are asymptomatic. The graphs
(Fig. 8) show that the slope of the predicted model is almost closer
to the actual but the only difference is in the quantum of numbers.



Fig. 4. Temporal analysis of COVID-19 cases from 21 March 2020 to 20 October 2020.

U. Saeed, K. Sherdil, U. Ashraf et al. Public Health 190 (2021) 42e51

47



Table 1
(a) Top 10 cities by the number of cases. (b) Top 10 cities by 7-day growth rate as on 5 October 2020.
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This huge gap is attributed to a higher number of asymptomatic
cases and low testing capacity and affordability. In Pakistan,
currently, the facilities of testing are much lower than the
requirement. Pakistan has a testing capacity of 9,878 tests per
million.37 India is conducting 18,478 tests per million and USA is
doing 202,508 tests per million.37
Fig. 5. Direction map showing the number of patients traveled

48
Estimation of peak in Punjab and Pakistandprediction

Based on the model estimations and patterns of actual reported
cases, it is more likely that Punjab and Pakistan entered into peak
around the first week of July 2020 and a decline of growth rate (and
doubling rate) of reported cases of COVID has been observed af-
terward. Table 1 shows growth of COVID cases with doubling rates
in the top 10 cities of Punjab. Lahore is the topmost city in terms of
to Punjab from all over the world before 21 March 2020.
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Fig. 6. (a) Confirmed number of COVID-19 cases across Pakistan. (b) Confirmed number of COVID-19 cases across Punjab.
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the number of cases reported with a growth rate of 0.10% and a
doubling rate of 694.2 days. Faisalabad stands fourth in the number
of reported cases but has a low growth rate of 0.06% and a doubling
rate of 1136 days. Similarly, the top 10 cities in terms of the 7-days
average compound growth rate are shown in Table 1b. The
confirmed ratio of patients varies by age; from age 1 to 15, most are
recovering at home as the case fatality rate in percentage shows the
hospital load and home load scenarios as of 14 October (Table 2).

Nevertheless, as for now in this study, the actual prediction was
carried out based on previous and current data and concluded that
the actual number of COVID-19 patients are 9.2 million until 14
October 2020 (Fig. 8). This gap is mostly attributed to a higher
number of asymptomatic cases and very low testing capacity and
affordability. Currently, the facilities of testing are much lower than
the requirement. Pakistan has a testing capacity of 9878 tests per
million.37
Discussion

The first patient of COVID-19 was confirmed on 26 February
2020 in Pakistan, a student who returned from Iran who tested
18,771,858
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positive. As of 20 October 2020, the number of total confirmed
cases was 323,452, out of which 6,659 possible deaths were
observed; the number of patients recovered are 307,409 with only
9,384 active in Pakistan. Punjab is found as the topmost affected
province as the total confirmed cases are 101,652 out of which 2,310
possible deaths were observed, the number of patients recovered
are 97,252 with only 4,400 active cases.

It has been predicted through the Pueyo 2020 model in this
study that the actual number of confirmed cases are up to 9.2
million by 20 October 2020 in Punjab. This huge gap between re-
ported and estimated COVID-19 cases is attributed to a higher
number of asymptomatic cases and low testing ability and afford-
ability.37,38 Furthermore, the claim of an enormous number of
asymptomatic cases is further strengthened by the result of smart
testing of random public done in mid-May to start of June 2020 by
the Health Department of the Government of Punjab found that
almost 95%e97% of the COVID-19 positive people were
asymptomatic.

GIS and other methods are helpful in near-real-time monitoring
including mapping of disease spread, disease cases reported,
measuring reaction of social media about disease spread, risk
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Table 2
Hospital load extreme scenario estimation based on literature and actual demographic dispersion of confirmed reported COVID-19 cases as on 14 October 2020.

Age-group (years) Percent of Population Infected Total Symptomatic Total Clinical Total Hospitalized Case Fatality Rate (%)

1 to 15 35% 558,557 184,324 55,856 11,171 0.2%
15 to 30 28% 2,975,390 1,190,156 446,309 59,508 0.2%
30 to 45 19% 2,420,414 1,064,982 484,083 72,612 0.3%
45 to 60 11% 2,058,784 905,865 679,399 267,642 1.3%
60 to 75 5% 1,106,373 697,015 497,868 365,103 6.0%
Over 75 2% 128,898 128,898 128,898 122,453 21.9%
Total 100% 9,262,737 4,171,239 2,292,411 898,489 1.3%
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mapping through patients traveling from outside country and local
transmission through in-house traveling, mapping and tracing of
contacts across time and space, and monitoring of spread trajec-
tories.36 GIS as a tool can aid in providing a clear understanding of
the disease source, dynamics and response mapping, and risk
assessment and defining quarantine areas to restrict the COVID-19
patients.37
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