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This second Special Issue in a series of Special Issues in Tropical Medicine and Infectious
Disease looks at recent global research on the current Coronavirus (COVID-19) Pandemic.
The disease is caused by a novel virus: severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [1,2]. The International Committee on Taxonomy of Viruses (ICTV) named
the virus SARS-CoV-2, as it is genetically related to the coronavirus responsible for the SARS
outbreak of 2003 [2]. While related, the two viruses are quite different in their behaviour.
At the time of submission for publication (9 January 2023), COVID-19, named by the World
Health Organization (WHO) on 11 February 2020, caused more than 657 million cases and
over 6.6 million deaths with over 430,000 new cases within the past 24 h [2].

The COVID-19 pandemic greatly affected the capacity of health systems in providing
essential health care [1], but in response, there has been a remarkable and timely devel-
opment of vaccines and laboratory tests, including rapid antigen tests. There has been a
rigorous application and promotion of public health measures in many countries around
the world. As of 6 January 2023, there have been more than 13 billion vaccine doses of
COVID-19 vaccines administered [2], although there remains a question concerning how
equitable their distribution is. Our knowledge has expanded on the pathogenesis and treat-
ment of COVID-19 and experience gained within different countries, and this is reflected
in the enormous number of scientific papers generated, including those in this Special
Issue. There have been 24 papers published upon peer review acceptance in this Special
Issue, including 17 research papers [3–19], 2 review papers [20,21], 1 opinion piece [22],
1 commentary [23], and 3 systematic reviews [24–26]. Each paper in this Special Issue
contributes to our understanding of COVID-19.

The contributions of these 17 research papers can be summarized as follows. The first
of the research papers aimed to explore the risk perception and prevention practices of
coronavirus disease 2019 (COVID-19) among people living in high- and low-population
density areas in Dhaka, Bangladesh. Interestingly, findings showed that participants were
not concerned about COVID-19 and believed that coronavirus would not have a devas-
tating impact on Bangladeshis; thus, they were reluctant to follow prevention measures
and undergo testing [3]. The second study investigated the clinical features of severity
and mortality among COVID-19 patients in Luanda, Angola. Fever (46%), cough (47%),
gastrointestinal symptoms (26.7%), and asthenia (26.7%) were the most common symptoms.
About 64.4% of the patients presented coexistent disorders, including hypertension (42%),
diabetes (17%), and chronic renal diseases (6%) [4]. The third study assessed the charac-
teristics, practices, and associated factors of self-medication (SM) by the public during the
COVID-19 pandemic in Sargodha, Pakistan. Consciousness and understanding about the
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possible adverse effects of SM must be established and validated at a continuous level; in
addition, at the commercial level, collaboration from pharmacists in not selling products
(especially prescription-only medicines) without a certified prescription must be developed
and implemented [5]. The fourth of these constructed a compartmental model with a time-
dependent transmission rate that incorporates two sources of infection. The model was
applied to the COVID-19 spread data from a university environment, namely, the Institut
Teknologi Bandung, Indonesia, during its early reopening stage, with a constant number of
students. The results show a significant fit between the rendered model and the recorded
cases of infections [6]. The fifth of these analyzed the COVID-19 contact tracing dataset
from 15 July to 31 December 2021 using multiple logistic regression analyses, considering
exposure details, demographics, and vaccination history. Having symptoms, unprotected
exposure, lower education level, and receiving low-potency vaccines increased the risk of
laboratory-confirmed COVID-19 following healthcare-related exposure events. [7]. In the
sixth of these, the cases and deaths for the four waves of COVID-19 in 119 countries and
regions (CRs) were collected. They compared the mortality across CRs where populations
experience different economic and healthcare disparities. The clinical outcomes in develop-
ing countries became worse along with the expansion of the pandemic [8]. The purpose
of the seventh of these was to compare four commercial RT-qPCR assays with respect to
their ability to detect the SARS-CoV2 virus from nasopharyngeal swab samples referred to
Laboratorio Carvajal IPS, SAS in Tunja, Boyacá, Colombia. GeneFinderTM COVID-19 Plus
RealAmp (GF-TM) and Berlin-modified protocols offer the best sensitivity and specificity,
with similar results in comparison to the gold standard Berlin protocol [9]. The eighth of
these explored the epidemiology of emerging variants of SARS-CoV-2 that circulated in
Bangladesh from December 2020 to September 2021, representing the second and third
waves. A rapid growth in the number of variants identified across Bangladesh showed
virus adaptation and a lack of strict quarantine, prompting periodic genomic surveillance
to foresee the spread of new variants, if any, and to take preventive measures as soon
as possible [10]. The ninth was a document review of the health operations and techni-
cal expertise (HOTE) pillar coordination meetings’ minutes, reports, policy, and strategy
documents of the activities and outcomes and feedback on updates on the HOTE pillar
given at regular intervals to the regional incident management support team of the World
Health Organization regional office for Africa. The coordination mechanism appeared to be
robust; some challenges included the duplication of coordination efforts, communication,
documentation, and information management [11]. The tenth of these was the use of
a triage strategy of routine COVID-19 testing for febrile patients with viral prodromes.
All febrile patients with viral prodromes and no epidemiologic risk for COVID-19 were
first admitted to a designated ward for COVID-19 testing. During successive COVID-19
pandemic waves in a dengue-endemic country, coinfection with dengue and COVID-19
was uncommon. [12]. The eleventh of these was a descriptive longitudinal study conducted
for determining the community transmission of SARS-CoV-2 in high- and low-density
areas in Dhaka city. No differences in the seropositivity rates depending on the population
gradient were observed [13]. The twelfth study was conducted to determine the effective-
ness of the combined use of remdesivir and regdanvimab in patients with severe COVID-19.
In patients with severe COVID-19, clinical outcomes can be improved by administering
regdanvimab in addition to remdesivir [14]. In the thirteenth study, the authors compared
excess all-cause mortality and COVID-19 mortality in 25 Peruvian regions to determine
whether most excess deaths in 2020 were attributable to COVID-19. Most excess deaths in
Peru are related to COVID-19 [15]. The fourteenth study aimed to assess the magnitude of
and factors associated with depression and anxiety among Vietnamese frontline hospital
healthcare workers in the fourth wave of COVID-19. There was a relatively high prevalence
among Vietnamese hospital healthcare workers exhibiting symptoms of depression and
anxiety during the ongoing pandemic [16]. The fifteenth study explored the association be-
tween body mass index (BMI), the prevalence of overweight and obesity, and the COVID-19
mortality rates in 25 Peruvian regions, adjusted for confounding factors, using multiple
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linear regression. As obesity prevalence increases, COVID-19 mortality rates increase in the
Peruvian population ≥ 15 years [17]. The sixteenth study reported on an autochthonous
outbreak of SARS-CoV-2 P.1 variant infections in southern Italy in seven subjects who had
not travelled to endemic areas or outside the Apulia region. The circulation of variants of
concern highlights the importance of strictly monitoring the spread of SARS-CoV-2 variants
using genomic surveillance and by investigating local outbreaks [18]. The goal of the last
study was to determine the frequency of newly diagnosed diabetes mellitus (DM) and its
different types among COVID-19 patients and to check the glycemic control in diabetic
cases for three months. COVID-19 patients with newly diagnosed diabetes had a high risk
of mortality [19].

There were two review papers in this Special Issue. The first of these was a review
examining the coagulopathy of dengue and COVID-19, particularly looking at clinical
considerations [20]. The objective of the second review was to describe the intimate re-
lationship between the gastrointestinal tract, including the liver and pancreas, and the
pathogenesis, clinical course, and outcomes of the COVID-19 pandemic. Patients with
gastrointestinal autoimmune diseases require close follow-up visits and may need modifi-
cations in immunosuppression. Acute pancreatitis is a rare manifestation of COVID-19, but
it must be considered in patients with abdominal pain. [21]. There are two other papers in
this Special Issue. The first is an opinion piece examining the possible consequences of the
overlapping of pulmonary fibrosis secondary to COVID-19 and tuberculosis in the setting
of sub-Saharan Africa, the region of the world with the highest prevalence of helminth in-
fection [22]. The second was a commentary on COVID-19 vaccine hesitancy in sub-Saharan
Africa. The authors’ overarching opinions were that political influences, religious beliefs,
and low perceived risk exist in sub-Saharan Africa, and they collectively contribute to
COVID-19 vaccine hesitancy [23]. There are also three systematic reviews. The first of
these sought to assess breakthrough SARS-CoV-2 infections in vaccinated individuals by
variant distribution and to identify common risk associations. It was found that continued
mitigation approaches (e.g., wearing masks and social distancing) are warranted even in
fully vaccinated individuals to prevent transmission [24]. The second systematic review
aimed to assess the prevalence of people living with HIV (PLWH) among COVID-19 cases
and whether HIV infection affects the risk of severe COVID-19 or related death at the global
and continental level. Although there is a low prevalence of PLWH among COVID-19
cases, HIV infection may increase the severity of COVID-19 in Africa and increase the
risk of death globally [25]. The last systematic review examined the risk of breakthrough
infections in vaccinated individuals at a high risk of exposure, such as healthcare personnel
(HCP). The authors’ findings further support the published high effectiveness rates of
mRNA vaccines in preventing SARS-CoV-2 infections among fully vaccinated HCP [26].

The diversity of papers, the depth of the topics, and the relative geographical reach of
the authors in this Special Issue confirm the continued collective major interest in COVID-19.
There are 253 contributors for the 24 papers published in this Special Issue with affiliations
in Europe, Africa, North America, South America, and Asia-Pacific. This wide-ranging
open access collection contributes to a much better understanding of the epidemiology,
presentation, diagnosis, treatment, prevention, and control of COVID-19. As the editors of
this Special Issue, we trust that you find the content valuable, as the authors are pleased to
share their knowledge with an international audience.

We currently have another opportunity to update advances in this field via a third Spe-
cial Issue, “COVID-19: Current Situation and Future Trends”. We encourage you to publish
your work in and/or propose a Special Issue for Tropical Medicine and Infectious Disease.

Acknowledgments: The Special Issue editors acknowledge all contributors to this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: We aimed to explore coronavirus disease 2019 (COVID-19) risk perception and prevention
practices among people living in high- and low-population density areas in Dhaka, Bangladesh. A
total of 623 patients with confirmed COVID-19 agreed to participate in the survey. Additionally,
we purposively selected 14 participants from diverse economic and occupational groups and con-
ducted qualitative interviews for them accordingly. Approximately 70% of the respondents had low
socioeconomic status. Among the 623 respondents, 146 were from low-density areas, and 477 were
from high-density areas. The findings showed that study participants perceived COVID-19 as a
punishment from the Almighty, especially for non-Muslims, and were not concerned about its severity.
They also believed that coronavirus would not survive in hot temperatures or negatively impact
Bangladeshis. This study revealed that people were reluctant to undergo COVID-19 testing. Family
members hid if anyone tested positive for COVID-19 or did not adhere to institutional isolation. The
findings showed that participants were not concerned about COVID-19 and believed that coronavirus
would not have a devastating impact on Bangladeshis; thus, they were reluctant to follow prevention
measures and undergo testing. Tailored interventions for specific targeted groups would be relevant
in mitigating the prevailing misconceptions.

Keywords: socioeconomic status; risk perception; risk prevention practices; qualitative; COVID-19

1. Introduction

Novel coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2), has become a global public health concern [1]. On
11 March 2020, the World Health Organization declared the COVID-19 outbreak a global
pandemic [2]. As of 27 July 2022, 572 million confirmed cases of SARS-CoV-2 infection had
caused 6.39 million deaths worldwide [3]. This novel virus is transmitted person-to-person
via droplets and aerosols [4]. Population density [5] along with socioeconomic and cultural
factors play an essential role in disease transmission and mortality [6].

Many COVID-19-affected countries have implemented various preventive measures,
including national and zonal lockdowns, social distancing recommendations, isolation
and quarantine of patients and contacts, guidelines for wearing facemasks, and recom-
mendations for frequent handwashing to combat the spread of the virus [7]. South Asia’s
lower-middle-income countries have taken initiatives to curb the rapid transmission of

Trop. Med. Infect. Dis. 2022, 7, 447. https://doi.org/10.3390/tropicalmed7120447 https://www.mdpi.com/journal/tropicalmed
7



Trop. Med. Infect. Dis. 2022, 7, 447

the virus [8]. India enacted the “Janata curfew” on 22 March 2020, and a 21-day complete
lockdown starting on 25 March 2020 [8]. The Government of Bangladesh declared a national
lockdown between 26 March and 30 May 2020, in the form of general holidays [9]. The GoB
restricted mass gatherings, implemented bans on passenger movement on roads, water,
and rail, suspended international and domestic flights, closed schools and colleges, and
shut businesses, except for critical businesses and services [9]. People were requested to
stay at home and maintain social distancing [9].

Adherence to public health measures is affected by beliefs, attitudes, and risk
perception [10,11]. In a study in India, it was found that 90% of the respondents had
knowledge about the name and origin, mode of transmission, symptoms, and prevention
control of the virus, and they maintained the recommended measures, such as staying
at home, elbow sneezing, maintaining social distancing, and wearing masks. However,
there was a lack of perception. Of the respondents, 33.9% perceived that eating garlic
could not prevent COVID-19, and 37.9% believed that the breath-holding test could not
diagnose COVID-19 [12].

In Bangladesh, the first confirmed case was reported on 8 March 2020 [8], and as of
5 October 2020, the highest reported cases (64%) and highest reported deaths (50%) were
in the Dhaka division [13]. In locations with a high population density, we do not know
how people perceive the risk of respiratory infection or the benefits of non-pharmaceutical
interventions. This is crucial, as in Dhaka, approximately 6 lakh people live in high-density
areas where almost 75% of households share one room [14,15]. Moreover, because of shared
toilets and kitchens, common water sources, and a lack of education, people living in these
areas are more likely to be exposed to this virus [15]. Our study aimed to explore risk
perception and prevention practices among high- and low-density populations in Dhaka,
Bangladesh, during the COVID-19 pandemic.

2. Materials and Methods

2.1. Study Sites, Design, and Sampling

From July to September 2020, a multidisciplinary team comprising social scientists
and epidemiologists conducted a cross-sectional study in Dhaka, Bangladesh. The team
selected six high-density areas and seven low-density areas of Dhaka City for evaluation.
High-density areas were horizontally shared spaces, with more than five people living in a
9–12 by 6–8-foot room (according to one of our ongoing studies, PR-20005). Low-density
areas were areas with high-rise buildings and apartments.

We located symptomatic and asymptomatic laboratory-confirmed index cases in the
community through the “Transmission Dynamics of COVID-19 in Bangladesh” study
(PR-20005). The contacts of these patients were traced for enrollment, data collection, and
sample collection. If any of the cases reported having neighborhood contacts, the team
validated them based on the operational definition of contacts (a person who experienced
face-to-face contact within 1 m and for more than 15 min, including travel, gossip, tea
stall activity, or direct physical contact) between 2 days before and 14 days after the onset
of symptoms in a confirmed COVID-19 case. The team developed a list of contacts for
each case and validated it using phone calls or in-person visits. For qualitative interviews,
we selected participants from diverse economic and occupational groups. The influential
and informative persons of selected communities (i.e., ward counselors, ward members,
community leaders, members of community-based organizations, schoolteachers, and
religious leaders) who kept detailed updates of ongoing activities in their communities
were considered to be study participants.

We adopted the WHO First Few X Cases and Contacts (FFX) Protocol (Version: 2,
Date: 10 February 2020) that guided the B1 form for our survey [16]. The team also devel-
oped, piloted, and revised the interview guidelines before administration. The field team,
consisting of five social scientists, received training on the study design, data collection,
participant enrollment, interviewing, recording, note-taking, and data transcription. The
field team also had several years of experience working on emerging infections.
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2.2. Data Collection Methods and Techniques

We asked each contact for written informed consent and enrolled those who agreed
to participate in the study. Survey interviews (conducted face-to-face or by mobile phone,
depending on the respondent’s preference) were conducted to collect information on so-
cioeconomic status, water safety, sanitation and hygiene (WASH) practices, and behavioral
patterns related to coronavirus.

Through in-depth interviews (IDIs), we collected information on participants’ per-
ceived understanding of COVID-19 and their knowledge of transmission pathways, their
infection prevention practices, perceived and real challenges in maintaining prevention
practices, experiences regarding treatment facilities (if any), opinions on isolation and
lockdown, the impact of social stigma due to infection (if observed or faced), and the
impact of lockdown on them and their households. Each IDI lasted for an average of
60 min and was recorded using an audio recorder. One note-taker was assigned to take
notes, document non-verbal responses, and ensure tape recording.

Kuppuswamy’s socioeconomic scale (SES) is the most widely used scale for urban
populations. We used a score of 3–29. This scale was developed based on a composite score
of the family head’s education, occupation, and monthly family income. It was classified as
high, middle, or low SES (Table 1).

Table 1. Modified Kuppuswamy’s Socioeconomic Scale [17,18].

Score

Education
Professional Degree 7

Graduate 6
Diploma 5

Higher Secondary Certificate 4
Secondary School Certificate 3
Primary School Certificate 2

Illiterate 1

Occupation
Profession 10

Self-employed 6
Clerical, shop-owner, farmer 5

Skilled worker 4
Semi-skilled worker or driver 3

Unskilled worker or labor or rickshaw puller 2
Unemployed 1

Family income per month (in BDT)
≥60,001 12

30,001–60,000 10
15,001–30,000 5
12,001–15,000 4
9001–12,000 3
3001–9000 2
≤3000 1

Socioeconomic class
Upper/High 26–29

Upper Middle 16–25
Lower Middle 11–15

Poor 5–10
Extreme poor or Below the poverty line 0–4

2.3. Data Processing and Analysis

All categorical variables collected from the survey were summarized using frequencies
and percentages. Continuous numeric variables using mean and standard deviation and
variables without a normal distribution were presented as medians and interquartile ranges.
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Tape-recorded discussions during the qualitative interviews were transcribed in Ben-
gali. The accuracy and consistency of the data were ensured as the researchers cross-checked
the transcripts of the interviews.

We sought assistance from Colaizzi’s phenomenological analysis method [19] and
analyzed the qualitative data. Two anthropologists reviewed the data separately and
identified themes and sub-themes that were shared among all the authors for discussion
and consensus.

2.4. Patient and Public Involvement

The study participants or associated persons were not involved in the design, conduct,
reporting, or dissemination plans of this study.

2.5. Ethics Statement

The Institutional Review Board of icddr,b (PR-20066) reviewed and approved the
study protocol. The Bill and Melinda Gates Foundation (BMGF) reviewed and relied on
the IRB approval of icddr,b.

3. Results

3.1. Survey Results

Among the 623 respondents who participated in our survey, 146 (23%) were from
low-density areas and 477 (77%) were from high-density areas. A total of 288 (46%)
were males and 335 (54%) were females. The mean age was 28.54 years, with a standard
deviation of 15.24. A total of 238 respondents (38%) reported having completed primary
education, 180 (29%) had completed secondary education, 44 (7%) had higher secondary
education, and 161 (26%) had no institutional education. A total of 157 (25%) were
service holders, 97 (17%) were dependent on daily wages for their livelihood, 52 (8%)
ran small-scale businesses in their locality, 34 (5%) were unemployed, 157 (25%) were
housewives, and 126 (20%) were students (Table 2).

Table 2. Distribution and comparison of demographic characteristics among infected and non-
infected contacts.

Characteristic
Infected Contacts,

(n = 74)
n (%)

Uninfected Contacts,
(n = 549)

n (%)
p

Density
Low 25 (33.8) 121 (22.0)

<0.05High 49 (66.2) 428 (78.0)
Age, years

<18 17 (23.0) 162 (29.5)

>0.05
18–25 22 (29.7) 105 (19.1)
26–60 32 (43.2) 268 (48.8)
>60 3 (4.1) 14 (2.6)
Sex

Male 25 (33.8) 263 (47.9)
<0.05Female 49 (66.2) 286 (52.1)

Education
No education 11 (14.9) 150 (27.3)

<0.05Primary 37 (50.0) 201 (36.6)
Secondary 23 (31.1) 157 (28.6)

Higher Secondary 2 (2.7) 26 (4.7)
Graduate and above 1 (1.4) 15 (2.7)

Occupation
Service 19 (25.7) 138 (25.1)

>0.05
Business 6 (8.1) 46 (8.4)

Self-employed (independent workers, employers) 9 (12.2) 88 (16.0)
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Table 2. Cont.

Characteristic
Infected Contacts,

(n = 74)
n (%)

Uninfected Contacts,
(n = 549)

n (%)
p

Dependent 40 (54.1) 277 (50.5)
Religion
Muslim 73 (99.0) 545 (99.2) >0.05
Hindu 1 (1.0) 4 (0.8)

Household size (median, range) 4 (1–14) 4 (1–14)
Household size
≤4 members 54 (73.0) 355 (64.7)

>0.05>4 members 20 (27.0) 194 (35.3)
No. of bedrooms (median, range) 1 (1–3) 1 (1–5)

Average size of bedroom, sft (median, range) 120 (30–180) 120 (30–400)
Sharing bedroom 71 (95.9) 529 (96.4) >0.05

No. of family members sharing one bedroom
(median, range) 3 (2–7) 3 (1–20)

Average monthly income, BDT 17,939 17,846
Average monthly expenditure, BDT 15,202 15,214

3.1.1. Socioeconomic Status

Three families (0.5%) had high socioeconomic status, 76 (12.2%) had upper-middle
socioeconomic status, 110 (17.7%) had lower status, 411 (66%) had poor socioeconomic
status, and 23 (3.7%) had extremely poor socioeconomic status (Table 3).

Table 3. Distribution of SES among neighborhood contacts in low-density and high-density areas.

Characteristic
Low-Density (n = 146)

n (%)
High-Density (n = 477)

n (%)
p

Upper/High 3 (2.1) 0 (0.0)

<0.05
Upper Middle 28 (19.2) 48 (10.1)
Lower Middle 29 (19.9) 81 (17.0)

Poor 83 (56.8) 328 (68.8)
Extremely poor or Below

the poverty line 3 (2.1) 20 (4.2)

3.1.2. Water, Sanitation, and Hygiene (WASH) Access, Behavior, and Practices

The proportion of respondents who reported the use of improved sanitation facilities
was significantly higher among low-density contacts (LD vs. HD, 56% vs. 25%, p = 0.0001),
while the perceived importance of handwashing after urination and defecation and before
eating was significantly lower among low-density contacts (LD vs. HD, 43% vs. 81%,
p = 0.001) (LD vs. HD, 51% vs. 90%, p = 0.001) (Table 4).

Table 4. Comparison of WASH practices among neighborhood contacts in low-density and high-
density areas.

Characteristic
Low-Density (n = 146)

n (%)
High-Density (n = 477)

n (%)
p

Drinking water sources
Tube-well 9 (6.2) 32 (6.7)

<0.05Supply 118 (80.8) 424 (88.9)
Drinks purified water 98 (67.1) 325 (68.1) >0.05
Purification of water 77 (52.7) 206 (56.2) >0.05

Actions are taken for purifying water
Boil 74 (96.1) 240 (89.6)

>0.05Use a water filter/gravel/ceramic/sand 1 (1.3) 18 (6.7)
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Table 4. Cont.

Characteristic
Low-Density (n = 146)

n (%)
High-Density (n = 477)

n (%)
p

Water source for drinking looks clean 143 (97.9) 442 (92.7) >0.05
Hand washing station at home 145 (99.3) 476 (99.8) >0.05

Hand washing duration, seconds
(median, range) 20 (4–600) 20 (3–200)

Assumption on hand washing duration
(median, range) 20 (3–600) 20 (0–200)

Use of sanitizer and soap
after coming back home 141 (96.6) 460 (96.4) >0.05

Frequency of hand washing in a day
1–2 times 11 (13.9) 15 (3.1)

<0.053–4 times 35 (44.3) 119 (24.9)
>4 times 33 (41.8) 343 (71.9)

Assumption on occasions important
for hand washing *

Before eating 75 (51.4) 428 (89.7) <0.05
Before feeding a child 11 (7.5) 46 (9.6) >0.05

Before cooking /preparing/serving food 28 (19.2) 148 (31.0) <0.05
After defecation/urination 63 (43.2) 385 (80.7) <0.05

After cleaning a child that has
defecated/changing nappies/washing diaper 12 (8.2) 23 (4.8) >0.05

Toilet facility
Improved sanitation facilities 82 (56.2) 118 (24.7) <0.05

Shared sanitation facilities 64 (43.8) 353 (74.0)
Unimproved sanitation facilities 0 (0.0) 6 (1.3)

No. of household members/toilet
(median, range) 7 (1–212) 12 (1–100)

Frequency of cleaning toilet per day
(median, range) 0 (0–7) 0 (0–2)

Frequency of cleaning toilet per week
(median, range) 2 (0–21) 2 (0–30)

Hand washing station availability 136 (93.2) 439 (92.0) >0.05
Soap or detergent availability 142 (97.3) 464 (97.3) >0.05

Surface of house/floor
Cement 79 (100.0) 456 (95.6)

>0.05Other 0 (0.0) 21 (4.4)
Options for cleaning floor

Sweeping 34 (43.0) 121 (25.4)
<0.05Mopping 44 (55.7) 355 (74.4)

Surface of yard
Cement 76 (96.2) 337 (70.6)

<0.05Soil 3 (3.8) 59 (12.4)
Options for cleaning yard

Sweeping 61 (77.2) 380 (84.3)
<0.05Mopping 15 (19.0) 53 (11.8)

* multiple responses.

Cleaning their clothing after coming home from outside every day was found to be
significantly higher among high-density contacts (LD vs. HD, 60% vs. 73%, p = 0.02), while
social distancing maintained by low-density contacts was significantly higher (LD vs. HD,
70% vs. 54%, p = 0.03) (Table 5).
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Table 5. Comparison of behavioral change of neighborhood contacts in low-density and high-
density areas.

Characteristic
Low-Density (n = 146)

n (%)
High-Density (n = 477)

n (%)
p

Infection
Uninfected contacts 121 (82.9) 428 (89.7)

<0.05Infected contacts 25 (17.1) 49 (10.3)
Frequently touch face/eyes/nose 59 (40.4) 182 (38.2) >0.05

Practices during coughing/sneezing
Cover face with hands/elbow before coughing or sneezing 84 (57.5) 286 (60.0)

>0.05
Cover face with tissue or handkerchief 36 (24.7) 94 (19.7)

Nothing is done 11 (7.5) 54 (11.3)
Others 15 (10.3) 43 (9.0)

Mask use outside every time 128 (87.7) 422 (88.5) >0.05
Type of mask

Face mask/surgical single-use mask 22 (31.9) 142 (31.8)
>0.05Cloth mask 46 (66.7) 286 (64.0)

Frequency of cleaning mask (times/day)
0 22 (31.9) 186 (41.6)
1 43 (62.3) 252 (56.4) <0.05
2 4 (5.7) 9 (2.0)

Difficulty wearing mask 65 (44.5) 218 (45.7) >0.05
Cleaning of outside clothes everyday 87 (59.6) 350 (73.4) <0.05

Social distancing maintained 102 (69.9) 257 (53.9) <0.05
Difficult behavioral changes due to SARS CoV-2

Do not rub hands over face/eyes/nose 26 (17.8) 39 (8.2) <0.05
Wear mask outside of home 48 (32.9) 198 (41.5) >0.05

Cover face with elbow before coughing or sneezing 18 (12.3) 46 (9.6) >0.05
Wash hands with soap/use sanitizer

after coming home from outside 12 (8.2) 27 (5.7) >0.05

Perceived positive behavioral change
can protect from COVID-19 127 (87.0) 397 (83.2) >0.05

3.2. Findings of Anthropological Exploration

Fourteen individuals (10 males, three females, and one transgender individual) partic-
ipated in the qualitative study. Six of them were from high-density areas and eight were
from low-density areas (Table 6).

Among them, seven reported running small-scale businesses in their locality; three
were service holders, one was a school teacher, and one was unemployed. The other
par-ticipant was a health worker who had good acceptance in the community. Moreover,
among these participants, one was a ward member who had an active influence on the
community through various social activities during the lockdown period. Additionally,
two were social workers and community leaders. The mean age of the participants was
38 years (range, 26–48 years). Five had a graduate degree, one had received higher second-
ary-level education, two had received secondary education, five had received prima-ry-level
education, and one did not have any institutional education. The religious back-ground of
all participants was Islam.

Table 6. Socio-demographic profile of the qualitative interviewees.

Characteristics Frequency (n) Percentage (%)

Gender
Male

Female
Transgender

10
3
1

71.4
21.4
7.1
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Table 6. Cont.

Characteristics Frequency (n) Percentage (%)

Age group (years)
21–30
31–40
41–50

5
5
4

35.7
35.7
28.6

Marital status
Married
Single

12
2

85.7
14.3

Religion
Islam 14 100.0

Educational level
Illiterate

<Secondary
Secondary

>Secondary

1
5
2
6

7.1
35.7
14.3
42.9

Occupation
Employed

Unemployed
Business

6
1
7

42.9
7.1

50.0
Place of residence

High density
Low-density

6
8

42.9
57.1

3.3. Risk Perception
3.3.1. Beliefs in Supernatural Power

The participants shared a common belief that the Almighty had created the coron-
avirus. Participants with limited or no institutional education did not consider COVID-19
a disease; instead, they believed that it was a punishment from the Almighty. Participants
shared a firm belief that, since Bangladesh was a Muslim country, most people living there
followed the Islamic ideology and Islamic-prohibited deeds were restricted there; therefore,
the virus would not infect the people of Bangladesh.

The participants also believed that the coronavirus would infect non-Muslim people.
Despite using the term “non-Muslim,” they specified the population as those who eat
snakes, frogs, and scorpions. One participant from a low-density site or community stated
that during the initial stage of COVID-19, there was a widespread belief in their community
that COVID-19 would not enter a Muslim country. He also expressed that community
members had a firm belief in Huzur’s (the mosque’s Imam) words. They did not want
to maintain social distancing and protective measures following Huzur’s statements, as
initially, Huzur mentioned that coronavirus would not enter a Muslim country and that
Muslim people would not be affected by coronavirus.

A 27-year-old male participant who was a service holder from a low-density area
stated the following:

“I am not against Huzur. However, the first mistake we made was a prevailing conception
that Muslim people will not be infected by corona. Those who eat snakes, frogs, and
scorpions will be infected. Besides, maintaining lockdown and restrictions were hampered
because people obey Huzur’s words ten times more than regulation!”

The participants also perceived that coronavirus was first reported in China during the
winter season. As it was summer in Bangladesh at the time of the interview, they believed
that the coronavirus would not survive or be transmitted.

A 33-year-old female participant who was a social worker from a high-density area stated,

“If it could do anything, then there would have been a procession of corpses.”

Those who believed that coronavirus depended on God’s will were also unwilling to
maintain social distancing and personal protective equipment.
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3.3.2. The Reluctance to Maintain Preventive Measures

Participants conveyed that there was an indifferent tendency regarding the use of
protective measures. There was a lack of adherence to preventive measures, and community
members were less inclined to maintain them.

A 48-year-old male participant who ran a small business in a high-density area stated:

“I saw rural people using a bamboo-made mask for domestic cows. Why would I wear
such things that are used for cows?”

People who belonged to low socioeconomic status groups and were engaged in
services (those who ran a general store, shop in the bazaar, or tea stall) where they needed
to deal with the general population were less inclined to wear masks.

A 45-year-old male participant who was a small-scale businessman from a low-density
area mentioned:

“If I wear a mask all the time, customers do not understand properly what I was
responding to them.”

In low-density areas, people with low socioeconomic status are unwilling to maintain
preventive measures. They perceived that as they lived from hand to mouth, God was
more merciful to them, and, therefore, they would not be infected by the coronavirus.

One participant in a high-density area stated that most of her neighbors preferred
to die rather than maintain preventive measures. People with low socioeconomic status
in low-density areas were unwilling to maintain social distancing or follow lockdowns.
Middle- and lower-middle-class people were worried that if they did not earn a livelihood,
they would die of hunger.

A 45-year-old male participant who ran a small-scale business in a low-density area
stated the following:

“We would rather die in corona but not out of hunger.”

3.4. Perceived Reasons for Non-Adherence to Preventive Measures
3.4.1. Financial Insolvency

Participants stated that financial constraints hindered the maintenance of protective
measures. One participant said that buying masks and sanitizing hands with soap were
beyond their affordability. One participant from a high-density area stated that he needed
to think several times before buying a mask because a mask would cost at least BDT 15
(USD 0.2), which was expensive for him.

Participants also mentioned their struggle to maintain isolation, even if their families
had any patients who tested positive for COVID-19. All participants from high-density
areas reported living in a single room with their families. They could not afford multiple
rooms or spacious houses. Therefore, if any family members tested COVID-19-positive,
they were unable to maintain isolation.

A 40-year-old male participant, a small-scale businessman from a high-density area, stated:

“I, along with my four family members, live in a single room. My neighbors as well as
most of the families in our community, live in 10 feet by 10 feet single room where 6–9
members are living along.”

According to the participants, community members were unwilling to undergo the
COVID-19 diagnosis test because of their financial hardship.

A 26-year-old male participant who was unemployed and from a high-density area
stated the following:

“As it requires 3000–4000 taka (USD 35.71–47.61) for COVID-19 test, it is impossible
for the lower-middle-class people to bear these expenses.”

3.4.2. Existing Rumors in the Community Regarding COVID-19

Participants opined that the prevailing rumors might increase anxiety among com-
munity members and force them to maintain preventive measures. They perceived that if
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they were positive for COVID-19, they would be taken away to the hospital, would not
be able to return home anymore, and would be killed with injections. According to some
participants (3/14), the rumor was that if they became positive, they would either be kept
in isolation or taken away by the police, and the whole area would be locked down. They
would be detached from their family and friends and would not be able to earn money to
continue their livelihoods.

A 48-year-old male participant who ran a small-scale business from a low-density
area mentioned:

“The most common rumor in our community is that people think if someone tested
positive for COVID-19, she/he would be taken away to Dhaka Medical College hospital
and killed by pushing injection. We heard people are dying in hospitals for lack of
treatment, oxygen, and food, etc.”

3.5. Prevention Practices during COVID-19

Participants stated that government and non-government organizations disseminated
preventive messages during the initial stage of COVID-19 and initiated restrictions, such
as one-meter physical distancing and isolation. When these restrictions stopped, people
became indifferent to maintaining social distancing, began roaming outdoors, and gathered
for leisure time.

3.5.1. Handwashing

Participants in low-density areas stated that during the lockdown period, people
became habituated to washing their hands and were used to maintaining this seriously.
People panicked, and they did this out of excitement (Hujug). One participant said that
there were arrangements for washing hands at essential points, such as the marketplace,
and that people had to practice handwashing. In addition, people wash their hands after
returning home from outside. However, these practices gradually faded.

3.5.2. Use of a Mask

One participant in the low-density area said that most people in his community
were not inclined to wear masks unless there was a fear of police or community leaders
reinforcing wearing them while going outside. He also said that some people perceived
that wearing masks would spread more viruses. He opined that one of the reasons was
illiteracy, and the other was religious influence. In the beginning, he noted that religious
leaders told people that if they wore masks, they would be safe. However, later in mosques,
Wazz Mahfil and Boyan, the Huzurs stated,

“Nothing will happen. If God gives sickness, there will be nothing to do.”

People were not inclined to wear masks initially, but later they realized this and
prioritized them. A 26-year-old male participant who was unemployed and from a high-
density area stated that 95% of the people were not self-conscious and less prone to wearing
masks in his community. During the initial period of COVID-19, death and infection rates
were broadcast on television as breaking news. Participants became tensed and panicked
accordingly. However, when this briefing stopped, people started assuming that everything
had returned to “normal.” He also added that only a limited number of people were still
concerned, as the educational institutions remained closed, and when all these opened,
people started thinking that everything was as expected.

One participant in the high-density area said that in his community, most people
had no educational background and were less inclined to accept the gruesomeness of the
virus. He also stated that people between the ages of 40 and 50 were unwilling to maintain
preventive practices. They just agreed during counseling but later did not maintain it.

3.5.3. Maintaining Social Distancing

One participant in the low-density area stated that people later realized the importance
of social distancing. They were not serious about COVID-19 in the initial period and did
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not believe that the coronavirus would affect Bangladesh. He also added that people
maintained social distancing during the lockdown period, and in some cases, they were
forced to do so.

3.5.4. Not going Outside the Home

A 27-year-old male participant who was a service holder from a low-density area
stated that when there was a tense situation regarding the coronavirus, people were serious
about it and tended to go out less. However, because they stayed home for a long time,
people started feeling uncomfortable, and the rules were not appropriately maintained.

Participants also mentioned that they used to go outside the home only during emer-
gencies, such as buying rice, vegetables, and baby food, while wearing masks.

A 29-year-old female participant, who was a schoolteacher from a low-density
area, mentioned:

“I went outside for an important purpose, not for roaming aimlessly.”

3.5.5. Isolation of Infected People at Home

One participant in the low-density area stated that people belonging to the middle
and lower-middle classes did not want to reveal whether they were COVID-19-positive
because of an inferiority complex. He also added that the isolation of a person positive for
COVID-19 was not appropriately maintained.

A participant from a high-density area who was COVID-19-positive stated that she
could not maintain proper isolation during that period. She shared a bed with her husband
and her four-year-old daughter. She said that she did not have any other options; she
neither had her own house nor the capability to rent a house outside this area.

One participant in the high-density area shared a community incident: a ward coun-
selor wanted to arrange a separate room for the isolation of 4–5 people who tested positive
for COVID-19, but their family members would not allow them to live separately. The
family members thought that the COVID-19-positive person would not be adequately
cared for if they lived separately.

3.5.6. Raising Awareness, Providing Financial and other Required Support

All participants reported awareness-raising initiatives in both high- and low-density
communities, such as distributing masks, setting up handwashing stations, distributing
leaflets, spraying disinfectants, and raising awareness by motivating community members
to maintain hygiene.

In high-density communities, several organizations such as Building Resources Across
Communities (BRAC), Dushtha Sasthya Kendra (DSK), and other anonymous foreign
initiatives helped people by providing food (rice, oil, and potatoes), protective equipment
(masks and soaps), and financial aid so that people in the lower-middle-class could remain
at home and did not need to go out to earn their livelihood. It was also reported that the
solvent families of low-density communities provided food packages, including rice, oil,
and onions, to their insolvent neighbors.

4. Discussion

This study explored the risk perceptions and prevention practices during the COVID-
19 pandemic in low- and high-density areas. The findings showed that participants were not
concerned about COVID-19 and believed that the coronavirus would not have a devastating
impact on Bangladeshis. The participants highlighted that Almighty Allah would save
Muslims. They also believed that Bangladesh’s warm weather would create a barrier to
the widespread transmission of COVID-19. Protective measures were not accepted as
practical or feasible. Substantial misinformation and rumors in the community regarding
government containment strategies and day-to-day dissemination of death and infection
rates through authentic electronic media of the government were reported. Moreover, this
study revealed that people were reluctant to undergo COVID-19 testing. Family members
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hid information about being COVID-19-positive and avoided complying with institutional
isolation, which has the potential for household transmission.

Participants’ prevention practice was influenced by their perception. They perceived
that COVID-19 was a punishment from God. A study conducted in another Muslim country
showed that 73.5% of Arab residents believed that COVID-19 was a dangerous disease [20].
In a study, researchers showed that people’s religious and ethical beliefs affect their coping
mechanisms for disease and treatment regime [21]. Researchers also showed that people
usually follow their religious coping behavior (e.g., faith in God, prayer, help, and strength
from God) to deal with stressful situations.

Safe water, sanitation, and hygiene are required to protect against this virus [22].
The findings showed that most respondents consumed purified water for drinking and
used sanitizers and soap after returning home from outside (Table 4). This may be due
to government intervention. Although evidence of the effectiveness of face masks as a
prevention measure [23] is still a topic of debate, a significant proportion (88%) of our
study participants mentioned that they consistently used masks outdoors (Table 5). One
study suggested that early public interest in facemasks may be an essential factor in
controlling the COVID-19 epidemic on a population scale. Social distancing is regarded
as the most effective measure for disease mitigation [24]. Most countries have focused
on social distancing based on experiences gathered from China [25]. Participants from a
previous study [26] believed that social distancing and the use of facemasks could break
the chain of COVID-19 spread. However, according to our study participants, protective
measures such as wearing a mask, sanitizing hands with soap, and maintaining social
distancing were not accepted as practical and feasible. These findings are in line with
a study conducted in Nepal [27], where the authors showed that the high population
density in South Asia’s urban areas makes it difficult for people to maintain social
distancing. A study conducted in Nepal [28] revealed a gap in knowledge regarding
social distancing and quarantine; however, a positive perception of universal safety
measures for COVID-19 has been reported. Another study [29] also shared participants’
poor knowledge of preventive measures.

Misinformation and rumors regarding government containment strategies, lock-
downs, institutional isolation, and treatment management of patients admitted to hospi-
tals during the early period of the pandemic were prevalent in communities. Similarly,
a study conducted in India [30] reported gaps in the correct perception of knowledge
and the propagation of myths and misconceptions. This finding suggests the need
for educational programs to address misconceptions. Other studies [31–34] have also
reported misconceptions regarding this disease. This study also found that community
members did not trust the government’s daily announcements of deaths or infection
rates. They perceived that the government announced an estimated number rather than
an accurate one. Accurate information shared by the media plays a role in shaping
people’s perceptions of the risk of COVID-19 transmission; a lack of accessibility to
this information can serve as a barrier [35]. Studies conducted in India and northern
Iraq have also reported the spread of fake news on social media [12,36]. This study
also revealed that due to the financial hardship and misinformation prevalent in the
community, people were reluctant to undergo COVID-19 testing.

There is available evidence that individuals change their behaviors, and increasingly
rely on social media influencers, especially during the pandemic situation. However, one of
the limitations of this study was that it was out of scope to share the relationship between
social media usage and COVID-19.

5. Conclusions

This study portrays the diverse perceptions of people belonging to different socioeco-
nomic backgrounds. It also reveals that people’s practices are influenced by their attitudes
and perceptions of disease and risk. In our study, we found that those who had negative
and apathetic perceptions of the disease were less likely to maintain safety measures. More-
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over, religious beliefs and issues were found to play a crucial role in driving people toward
new practices. Our findings suggest the need for feasible and effective health education
programs that include religious leaders and could be aimed at enhancing people’s disease-
related knowledge, thereby helping them to perceive such diseases properly and maintain
safe practices accordingly.
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Abstract: Background: Infection due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is associated with clinical features of diverse severity. Few studies investigated the severity and
mortality predictors of coronavirus disease 2019 (COVID-19) in Africa. Herein, we investigated the
clinical features of severity and mortality among COVID-19 patients in Luanda, Angola. Methods:
This multicenter cohort study involved 101 COVID-19 patients, between December 2020 and April
2021, with clinical and laboratory data collected. Analysis was done using independent-sample t-tests
and Chi-square tests. The results were deemed significant when p < 0.05. Results: The mean age of
patients was 51 years (ranging from 18 to 80 years) and 60.4% were male. Fever (46%), cough (47%),
gastrointestinal symptoms (26.7%), and asthenia (26.7%), were the most common symptoms. About
64.4% of the patients presented coexistent disorders, including hypertension (42%), diabetes (17%),
and chronic renal diseases (6%). About 23% were non-severe, 77% were severe, and 10% died during
hospitalization. Variations in the concentration of neutrophil, urea, creatinine, c-reactive protein,
sodium, creatine kinase, and chloride were independently associated with severity and/or mortality
(p < 0.05). Conclusion: Several factors contributed to the severity and mortality among COVID-19
patients in Angola. Further studies related to clinical features should be carried out to help clinical
decision-making and follow-up of COVID-19 patients in Angola.

Keywords: SARS-CoV-2; COVID-19; clinical features; Luanda; Angola

1. Introduction

At the end of 2019, the world was confronted with the emergence of cases of pneu-
monia of unknown etiology initially identified in Wuhan, China [1]. A new coronavirus
named Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) was identified
as being the causative agent of the ongoing outbreak of atypical pneumonia [2–4], and
the disease was named coronavirus disease 2019 (COVID-19) [5,6]. After identifying the
first cases of infection in China, the virus spread rapidly to other geographic locations
worldwide acquiring pandemic dynamics and leading to an unprecedented breakdown of
healthcare systems with high mortality rates among patients with arterial hypertension,
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diabetes mellitus, and older age [7,8]. For instance, between December 2019 and May 2022,
there have been about 521 million confirmed cases including most of 6.2 million deaths, of
which about 99,000 cases and 1900 deaths were reported in Angola [9].

Generally, the main clinical manifestations identified among COVID-19 patients in-
clude fever, dry cough, muscle pain, headache, nausea, vomiting, difficulty in breathing, and
diarrhea [10–13]. Furthermore, while those manifestations can be mild or moderate in some
patients, they can rapidly evolve into a more severe condition and death in others [14–19].
Reportedly, the progression to severe disease has predictable pathology indicators regard-
ing hematological, biochemical, and immunological biomarkers, particularly concerning
biological markers of inflammation, impaired liver and kidney function, damage to car-
diac tissues and muscles, and hypercoagulation [14–19]. Indeed, the pathophysiology
of SARS-CoV-2 infection is characterized by aberrant inflammatory responses that affect
multiple organs of the cardiac, hepatic, and renal systems leading to unfavorable clinical
outcomes [20–22].

Studies involving COVID-19 patients around the world have shown that the identi-
fication of the laboratory biomarkers of disease progression among COVID-19 patients
might be crucial for clinical decision-making with a positive impact on healthcare system
costs mainly in low- and middle-income countries. To the best of our knowledge, there are
no published studies assessing biomarkers that could be related to the worsening of the
disease or unfavorable clinical outcomes among COVID-19 patients in Luanda, the capital
city, and the COVID-19 hotspot in Angola. In this study, we identify clinical features related
to severity among COVID-19 patients in Angola aiming to contribute to the generation of
global knowledge about the clinical effects of SARS-CoV-2 exposure and define effective
management strategies for follow-up of COVID-19 patients in Angola.

2. Materials and Methods

2.1. Study Design and Setting

This was a multicenter cohort study carried out on 101 COVID-19 patients admitted to
three hospitals, the Lucrecia Paim Maternity, Hospital Militar Principal, and Clínica Giras-
sol, from December 2020 to April 2021. All health facilities are located in Luanda, Angola.
All patients enrolled, have been confirmed as COVID-19 according to the diagnostic criteria
established by the WHO, with positive RT-PCR detection in nasal or pharyngeal samples.
The study was previously reviewed and approved by the national ethics committee of the
Ministry of Health of Angola (approval no. 25/2020). The main inclusion criterion in the
study was that participants had to be at least 18 years of age. Moreover, all participants were
informed of the study objectives and free verbal consent was obtained from participants
before being included in the study.

2.2. Sample Collection and Testing

An estimated volume of 10 mL of venous blood was collected from all participants.
Of these, 5 mL of blood was placed in tubes containing ethylenediamine tetraacetic acid
(EDTA) for the screening of hematological biomarkers (complete blood count or hemogram)
using the Automated Hematology Analyzer SYSMEX XT-4000i (Sysmex Europe SE, Norder-
stedt, Germany). The other 5 mL of blood was placed in tubes with activated clot gel
for serum separation and biochemical and/or immunological screening (glucose, urea,
creatinine, aspartate transaminase (AST), alanine aminotransferase (ALT), lactate dehy-
drogenase (LDH), serum creatine kinase (SCK), alkaline phosphatase, albumin, D-Dimer,
C-reactive protein (CRP), sodium, potassium, chloride, procalcitonin (PCT), interleukin-6
(IL-6)) using automatic biochemical analyzer Cobas C111 analyzer (Roche), MINI VIDAS
(Biomerieux SA, Bagno A Ripoli, Italy) and Cobas E411 (Roche). In addition, we performed
the quantification of IgG against SARS-CoV-2 by neutralization assays. The entire process
of sample separation, as well as laboratory processing, was carried out in the hematology,
biochemistry, and immunology laboratory of Instituto Nacional de Investigação em Saúde
(INIS), located in Luanda—Angola. The serological assay for the detection of antibodies
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that recognize the SARS-CoV-2 Spike protein, by ELISA, was performed using the method-
ology developed by Florian Krammer [23] at the Instituto Gulbenkian de Ciência, located
in Lisbon—Portugal. The baseline laboratory parameters analyzed in these COVID-19
patients were grouped into three major groups, (i) blood routine examination, (ii) serum
biochemical index, and (iii) infection-related factors.

2.3. Data Sources and Processing

Medical records of all COVID-19 patients were reviewed to collect the sociodemo-
graphic (age, gender, and place of residence), clinical information (symptoms, disease
severity, comorbidities, and clinical outcome), and laboratory examination results obtained
through routine blood tests. The laboratory parameters were analyzed by comparing the
average of the values between non-severe and severe patients, as well as between surviving
and non-surviving patients. In this study, non-severe patients were those who did not
report clinical manifestations but were tested with RT-PCR and included in the study for
having an epidemiological link with a confirmed case of SARS-CoV-2 and also for being
asymptomatic or pre-symptomatic COVID-19 patients with a high possibility to spreading
the infection. On the other hand, patients who revealed any of the symptoms related to
SARS-CoV-2 infection were grouped into the category of severe patients. Regarding clinical
outcome, we considered surviving patients, all those who were clinically and epidemio-
logically discharged, while all patients who died during the hospitalization period were
grouped as non-survivors.

2.4. Statistical Analysis

Statistical analyses were carried out using the SPSS v28 (IBM SPSS Statistics, Armonk,
NY, USA). Descriptive data were expressed as frequencies and percentages. Independent-
sample t-tests were conducted to estimate the differences of continuous data while Chi-
square tests were conducted on categorical data. All reported p-values are two-tailed with
a level of significance of 5%.

3. Results

3.1. Baseline Characteristics of the Studied Population

As shown in Table 1, the COVID-19 patients from Luanda, Angola, had a mean age of
51 ± 14 years, ranging from 18 to 80 years, most of the patients were male (60.4%, 61/101),
and residents of urbanized areas (54.5%, 55/101). A total of 23/101 (23%) patients were
non-severe, while 78/101 (77%) were classified as severe. Regarding clinical outcome, a
total of 10/101 (10%) patients did not survive during hospitalization and 91/101 (90%)
were discharged. The mean age of patients who did not survive was higher compared
to those of patients who survived (60 ± 13 years vs. 50 ± 14 years, p = 0.045). The most
common symptoms at onset were cough (37%), fever (36%), asthenia (27%), gastrointestinal
symptoms (27%), dyspnea (19%), headache (15%), osteomyalgia (16%), and fatigue (8%).
More than half of patients (64%, 65/101) had some form of the coexisting disorder, with
arterial hypertension (42%, 42/101) being the most common coexisting disorder, followed
by diabetes mellitus (17%, 17/101) and chronic renal disease (6%, 6/101). Statistically
significant differences were observed between the presence of coexisting disorder with
the severity of the disease (p < 0.001). The top three coexisting disorders in patients who
died were arterial hypertension (60%), diabetes mellitus (20%), and chronic kidney disease
(20%). Compared to the survivors, the non-survivors were over 40 years old (100%),
from urbanized areas (60%), and with a coexisting disorder (90%). Furthermore, another
significant difference was observed between the clinical outcome with the presence of
chronic kidney disease (p = 0.048) or allergic rhinitis (p = 0.002). We also explore humoral
immune responsiveness by assessing late-stage disease antibodies or Immunoglobulin
G (IgG) in approximately 80% of patients (80.2%, 81/101). Immunity assessment results
showed that 33% (27/81) had developed an immune response against SARS-CoV-2 and
had considerable levels of IgG (mean of 1.67 ± 0.22, ranging from 1.07 to 1.99), while 67%
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(54/81) had no IgG antibodies. No statistically significant difference was observed between
the presence of IgG antibodies and disease severity or clinical outcome. As we expected,
the presence of IgG antibodies was more frequently observed among patients with severe
disease (37%, 23/78) or in patients who died (44%, 4/10), compared to non-severe patients
(21%, 4/23) or patients who survived (32%, 23/91), respectively.

Table 1. Baseline characteristics related to disease severity and clinical outcome among COVID-19
patients in Luanda, Angola.

Baseline Characteristic N (%)

Disease Severity Clinical Outcome

Non-Severe Severe p-Value Survivors
Non-

Survivors
p-Value

Overall 101 (100%) 23 (22.8) 78 (77.2) 91 (90.1) 10 (9.90)
Age

Mean ± SD—yr 51.1 ± 14.2 50.4 ± 13.1 51.3 ± 14.5 0.774 50.2 ± 14.1 59.6 ± 12.5 0.045
Distribution—No. (%)

<20 yr 1 (1.00) 0 (0.0) 1 (1.30) 0.826 1 (1.10) 0 (0.0) 0.161
20–40 yr 24 (23.8) 5 (21.7) 19 (24.4) 24 (26.4) 0 (0.0)
>40 yr 76 (75.2) 18 (78.3) 58 (74.4) 66 (72.5) 10 (100)

Gender—No. (%)
Female 40 (39.6) 11 (47.8) 29 (37.2) 0.359 35 (38.5) 5 (50.0) 0.479
Male 61 (60.4) 12 (52.2) 49 (62.8) 56 (61.5) 5 (50.0)

Place of residence—No. (%)
Rural area 46 (45.5) 9 (39.1) 37 (47.4) 0.482 42 (46.2) 4 (40.0) 0.711
Urban area 55 (54.5) 14 (60.9) 41 (52.6) 49 (53.8) 6 (60.0)

Fever on admission
Mean (SD) 36.5 ± 0.73 36.3 ± 0.27 36.5 ± 0.81 0.268 36.5 ± 0.69 36.5 ± 1.04 0.955
Distribution of temp.—◦C

<37.5 ◦C 88 (87.1) 23 (100) 65 (83.3) 0.221 80 (87.9) 8 (80.0) 0.565
37.5–37.9 ◦C 3 (3.00) 0 (0.0) 3 (3.80) 3 (3.30) 0 (0.0)
38.0–38.9 ◦C 9 (8.90) 0 (0.0) 9 (11.5) 7 (7.70) 2 (20.0)
≥39.0 ◦C 1 (1.00) 0 (0.0) 1 (1.30) 1 (1.10) 0 (0.0)

Signs and symptoms—No. (%) 78 (77.2) 0 (0.0) 78 (100) <0.001 68 (74.7) 10 (100) 0.070
Fever 36 (35.6) 0 (0.0) 36 (46.2) <0.001 34 (37.4) 2 (20.0) 0.277
Cough 37 (36.6) 0 (0.0) 37 (47.4) <0.001 32 (35.2) 5 (50.0) 0.355
Headache 15 (14.9) 0 (0.0) 15 (19.2) 0.023 14 (15.4) 1 (10.0) 0.649
Fatigue 8 (7.90) 0 (0.0) 8 (10.3) 0.109 7 (7.70) 1 (10.0) 0.798
Asthenia 27 (26.7) 0 (0.0) 27 (34.6) <0.001 23 (25.3) 4 (40.0) 0.318
Dyspnea 19 (18.8) 0 (0.0) 19 (24.4) 0.009 16 (17.6) 3 (30.0) 0.340
Osteomyalgia 16 (15.8) 0 (0.0) 16 (20.5) 0.018 15 (16.5) 1 (10.0) 0.594
Gastrointestinal symptoms 27 (26.7) 0 (0.0) 27 (34.6) <0.001 24 (26.4) 3 (30.0) 0.806
Apathy 2 (2.00) 0 (0.0) 2 (2.60) 0.438 1 (1.10) 1 (10.0) 0.055
Anosmia 9 (8.90) 0 (0.0) 9 (11.5) 0.088 9 (9.90) 0 (0.0) 0.297
Malaise 20 (19.8) 0 (0.0) 20 (25.6) 0.007 16 (17.6) 4 (40.0) 0.091
Hemiplegia 1 (1.00) 0 (0.0) 1 (1.30) 0.585 0 (0.0) 1 (10.0) 0.002
Loss of consciousness 1 (1.00) 0 (0.0) 1 (1.30) 0.585 0 (0.0) 1 (10.0) 0.002

Coexisting disorder—No. (%)
No 36 (35.6) 17 (73.9) 19 (24.4) <0.001 35 (38.5) 1 (10.0) 0.074
Yes 65 (64.4) 6 (26.1) 59 (75.6) 56 (61.5) 9 (90.0)
Disorder distribution—No. (%)

Chronic pulmonary disease 3 (3.00) 0 (0.0) 3 (3.80) 0.438 3 (3.30) 0 (0.0) 0.636
Arterial hypertension 42 (41.6) 4 (17.4) 38 (48.7) 0.007 36 (39.6) 6 (60.0) 0.213
Chronic renal disease 6 (5.90) 0 (0.0) 6 (7.70) 0.170 4 (4.40) 2 (20.0) 0.048
Diabetes 17 (16.8) 4 (17.4) 13 (16.7) 0.935 15 (16.5) 2 (20.0) 0.778
Cancer 1 (1.00) 0 (0.0) 1 (1.30) 0.585 1 (1.10) 0 (0.0) 0.739
Immunodeficiency 1 (1.00) 0 (0.0) 1 (1.30) 0.585 1 (1.10) 0 (0.0) 0.739
Hepatitis B infection 1 (1.00) 0 (0.0) 1 (1.30) 0.585 1 (1.10) 0 (0.0) 0.739
Allergic rhinitis 1 (1.00) 0 (0.0) 1 (1.30) 0.585 0 (0.0) 1 (10.0) 0.002

IgG
No 54 (66.7) 15 (78.9) 39 (62.9) 0.194 49 (68.1) 5 (55.6) 0.453
Yes 27 (33.3) 4 (21.1) 23 (37.1) 23 (31.9) 4 (44.4)

Bold numbers mean that results were statistically significant for independent-sample t-tests (p < 0.05) and
Chi-square tests (p < 0.05).
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3.2. Baseline Laboratory Parameters Related to Disease Severity and Clinical Outcome

Laboratory testing results as well as the average of the laboratory parameters for
patients from non-severe vs. severe disease or non-survivors vs. survivors are shown
in Table 2. In terms of blood parameters, no significant differences were found between
patients classified as non-severe and severe, except for neutrophils (2.40 vs. 5.48, p = 0.035).
Regarding the biochemical indexes, we observed statistically significant increases in the
mean from non-severe patients to severe patients for urea (19.2 vs. 28.1, p = 0.017) and CRP
(1.57 vs. 7.44, p = 0.006), while a significant decrease was observed for sodium (136 vs. 127,
p = 0.007). A significant increase was observed between survivors and non-survivors for urea
(26.5 vs. 29.2, p = 0.039), while a significant decrease was observed in creatinine (1.06 vs. 0.50,
p = 0.025), SCK (230 vs. 136, p = 0.039), and chloride (101 vs. 99.7, p = 0.026). As we expected,
laboratory parameters varied according to gender and age groups. Significant variations
for gender were observed with an increase from female to male in AST (31.0 to 55.9,
p < 0.001), ALT (24.5 to 52.0, p < 0.001) and decrease in alkaline phosphatase (105 to 76.5,
p = 0.029) and chloride (103 to 101, p = 0.017). On the other hand, significant variations
for the age group were observed with an increase from patients under 40 years to over
40 years in urea (19.7 to 30.9, p = 0.003), SCK (155 to 287, p = 0.024) and D-Dimer (3.50 to
6.42, p = 0.033).

3.3. Treatments and Clinical Outcomes among COVID-19 Patients

The therapeutic description used among COVID-19 patients according to gender, age
groups, disease severity, and clinical outcomes are described in Table 3. The most used
drug groups among the COVID-19 patients analyzed in this study were antibiotics (73%,
74/101), corticosteroids (52%, 51/101), anticoagulants (43%, 43/101), antihypertensives (19%,
19/101), and analgesics (13%, 12/101). Of these therapeutic groups, only antibiotic use
was statistically related to clinical outcome, with all non-surviving patients (100%, 10/10)
using antibiotics compared to 70% (64/91) of surviving patients exposed to antibiotic ther-
apy. In addition, antibiotics use was also related to disease severity (p < 0.001), age group
(p = 0.025), and gender (p = 0.015). Corticosteroid use was related to severity (p = 0.001)
and age group (p = 0.002). Similarly, the use of anticoagulants was related to severity
(p = 0.001) and age group (p = 0.002). Finally, the use of antihypertensive drugs was related to
the age group (p = 0.029). Curiously, patients treated with antimalarial were part of the group
of severe, although the total number is too low to make the result statistically significant.
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4. Discussion

This extensive, multicenter cohort study was performed among patients with COVID-19
who had a definitive clinical outcome in Angola, a sub-Saharan African country, a continent for
which there is a limited number of studies. In the present study, the mean age of all COVID-
19 patients was 51 years, which was higher than the mean age reported by Huang et al.
(49 years) [16], but lower than that reported by Chen et al. (56 years) [13], and Wang et al.
(56 years) [24]. The critically ill patients were mainly older than 40 years old, male, from
urbanized regions, and with comorbidities, which resemble findings already reported in
Angola by our research group [25]. Furthermore, patients who have the same characteristics
related to age and gender have been observed by Zhang et al., in a study conducted in
China [12]. As the data are relative to the first wave of the pandemic, it reports data on the
first infection of individuals, prior to re-infection or vaccine administrations. Therefore, our
data on biological indicators of risk factors associated with worsening and death among
COVID-19 patients are free from the confounding effects associated with viral circulating in
the population, including prior immunity to the pathogen. Key signs and symptoms as well
as the main comorbidities (Table 1) observed in the studied population were in line with
many independent reports [12–16]. In contrast with the study carried out by Zhang et al. [12]
in which no patient came forward with Rhinitis, our research presented a patient with
rhinitis, which was significantly associated with unfavorable clinical outcomes (p = 0.002).
Currently, we do not have a reasonable explanation of whether allergic conditions such as
rhinitis could constitute an independent predictor of mortality amongst COVID-19 patients
in Angola. However, additional studies of this possible relationship should be taken into
consideration in future studies.

Besides men being those with the most serious disease (Table 1), it was also a group
that came forward with a slight decrease in lymphocytes compared with groups of women
(0.096), although it is not a statistically significant reduction (Table 2).

Liver damage among COVID-19 patients could affect the C-reactive protein concentra-
tions that were three times higher (5.61 mg/L to 15.2 mg/L) in response to disease severity
(Table 2). We observed that the adult age group above 40 years was the group that mostly
used antibiotics (Table 3), which could have affected the outcome of these patients, since all
patients who died had exposure to antibiotics (p = 0.044). All patients who used antimalarial
in our study had severe COVID-19 although the total number is too low to make the result
statistically significant, which corresponds with previous studies that have seen no benefit
and even a trend toward worse clinical outcomes with the use of antimalarial in COVID-19
patients [26,27]. Recently our research team reported a 14% rate of malaria/SARS-CoV-2
coinfection in Luanda [28], which suggests that genetic peculiarities or local diseases such
as vector-borne diseases (e.g., malaria, dengue, and chikungunya), might influence the
course of the COVID-19 disease representing risk or protective factors for COVID-19 sever-
ity and mortality, which deserve further investigation [29]. The biological indicators used
to assess responsiveness to infection in these COVID-19 patients were IgG and IL-6. The
higher frequency of patients without antibodies IgG is not surprising, as patients were
recruited early after disease onset, presumably without having yet developed a humoral
response to infection. The increase in IgG antibodies with the severity of the disease is
expected and is in accordance with the profile of the immune response to SARS-CoV-2
infection [30,31]. In agreement with our results, Marklund et al. showed that patients with
severe COVID-19 seroconvert earlier and develop higher concentrations of SARS-CoV-2-
specific IgG compared to patients with non-severe disease, which could improve patient
outcomes [30]. Nonetheless, the rate of patients without antibodies (55.6%) who died was
higher compared to patients who died despite the presence of antibodies (44.4%), which
could indicate that patients who develop IgG antibodies tend to increase their chances of
survival. Indeed, a previous study carried out by Corona et al. showed that treatment
based on an infusion of IgG enriched with IgM and IgA seems to give a survival advantage
in cases of severe infection by SARS-CoV-2 [31].
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Our data show a significant difference in sodium concentration in non-severe vs.
severe patients (136 mmol/L vs. 127 mmol/L, p = 0.007), which is in agreement with
a study carried out by Guan et al. where non-severe COVID-19 patients also showed
high sodium [31,32]. In our study, patients who died (131 mmol/L) had higher sodium
concentrations compared to surviving patients (128 mmol/L) (p = 0.403), showing that a
high concentration of sodium could be a protective biological factor against an unfavorable
clinical outcome. It is also worth mentioning that these results show that during hospi-
talization, some patients could have developed a state of dehydration which could have
led to disturbances in brain function, such as seizures and abnormalities in the level of
consciousness. Consistently, loss of consciousness was observed among severe patients and
was significantly related to the unfavorable clinical outcome (p = 0.002), since the patient
with loss of consciousness in this study died during their hospital stay (Table 1).

Generally neglected, variations in sodium concentration could be an indicator of dis-
ease severity and have been linked to late hospitalization and significant morbidity [33].
Our results were similar to a study carried out by Albeladi et al. observed low concentra-
tions of sodium in severely COVID-19 patients on admission [34]. A recent study carried
out by Chen et al. in China showed that the SARS-CoV-2 infection has a strong association
with a decrease in potassium, which was not consistent with the results of this study [35].
Measurement of sodium among severe COVID-19 patients is crucial to avoid complica-
tions related to a potassium imbalance, such as dangerous cardiac irregularities [36], once,
Moreno-P et al. showed that the reduction of potassium is an indication of disease severity
and need for invasive mechanical ventilation [37]. We also observed a significant relation-
ship between the mean concentration of chlorine between surviving and non-surviving
patients (p = 0.026), indicating that chlorine could be an extremely sensitive biological indi-
cator of SARS-CoV-2 and that reduction could be predictive of bad outcomes. Albeladi et al.,
also noted that there was a significant decrease in serum chloride values at admission,
although during hospitalization the levels increased significantly [34]. In agreement with
our results, Petnak et al. showed that serum chloride at hospital discharge in the range of
100–108 mmol/L predicted a favorable clinical outcome [38], which was similar to the mean
chlorine concentration of 102 ± 1.03 mmol/L observed among survived patients (Table 2).
The reasons for this relationship between chloride concentration and mortality (p = 0.026)
as well as biological systems with affected biological function due to variation in chlorine
concentration among COVID-19 patients have not been explored. Interestingly, there was a
decrease in eosinophils with disease severity but an increase in mortality, similar to that
seen by Zhang et al. [12], that could also serve as an indicator of infection and mortality.

Previously undertaken studies showed advanced age might be a significant stand-alone
predictor of severity and mortality between patients infected with SARS and MERS [39–41].
We confirmed that an increase in mean age has been linked to mortality among COVID-19
patients (p = 0.045) (Table 1). It is worth noting that all patients who have died were
patients aged over 40 years, which represents a group of the largest clinical concerns
that require timely intervention from the beginning of the laboratory screening to follow-
up during hospitalization. Regarding biological indicators, a significant increase in the
concentrations of urea (p = 0.003), SCK (p = 0.024), and D-Dimer (p = 0.033) were observed
in the present study among the patients aged over 40 years compared to the younger
patients. Nonetheless, we do not know whether these systemic disorders are caused by the
fact that patients have COVID-19 or whether there are other genetic, clinical, or behavioral
reasons. It is worth mentioning that, during disease progression, the D-dimer significantly
increases with the platelets [11]. In this study, we observed increased clotting activity,
marked by an increase in D-dimer concentrations by 1.6 times higher in severe COVID-19
patients, 1.8 times higher in patients over 40 years, and a reduction among patients who
did not survive (Table 2), which was similar to study carried out by Milbrandt et al. [42]
who also observed increased D-dimer in about 90% of hospitalized patients. Our findings
support the hypothesis proposed by other authors that SARS-CoV-2 infection activates the
coagulation cascade in ways leading to hypercoagulability [11]. On the other hand, our
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results do not corroborate the association between D-dimer and mortality from COVID-19,
reported by Zhou et al. or by Rodelo et al. among COVID-19 patients in Wuhan and
Colombia, respectively [14,43].

This study has some caveats. First, the number of participants is low. Second, the
patients come from Luanda and might not represent the entire country. Thirdly, due to the
limitations in laboratory resources, not all laboratory tests were performed for all patients.
Finally, most patients were transferred with high disease severity to health units, and not
sampled in this study. Despite these limitations, our study presents the clinical features of
COVID-19 patients, explores possible biological indicators related to severity and mortality,
allowing an in-depth assessment of the baseline clinical features that might be related
to COVID-19 in Angola. Further investigations from a clinical and laboratory point of
view must be carried out, to explore and clarify the main laboratory changes that occur
during SARS-CoV-2 infection. Furthermore, the possibility of co-infection between viral
and bacterial agents and its relationship with severity and clinical outcome should also be
investigated in the future. It is also worth mentioning that with the emergence of numerous
variants of SARS-CoV-2 with different degrees of infectivity, severity, and mortality, it would
be crucial to consider the possibility of exploring the clinical differences and laboratory
variations that could occur according to the different variants of SARS-CoV-2.

In conclusion, we identified several biological factors that contributed to the severity
and mortality among COVID-19 patients during a period of pre-vaccine in Luanda, Angola.
However, further studies related to clinical features, severity, and mortality due to SARS-CoV-2
infection should be carried out to help clinical decision-making and follow-up of COVID-19
patients in Angola.
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Abstract: Self-medication (SM) is characterized by the procurement and use of medicines by by-
passing primary healthcare services and without consulting a physician, usually to manage acute
symptoms of self-diagnosed illnesses. Due to the limited availability of primary healthcare services
and the anxiety associated with the COVID-19 pandemic, the compulsion to SM by the public has
increased considerably. The study aimed to assess the characteristics, practices, and associated factors
of SM by the public during the COVID-19 pandemic in Sargodha, Pakistan. χ2-tests and univariable
analyses were conducted to explore the identification of characteristics and the potential contributing
factors for SM during COVID-19, while multivariable logistic regression models were run to study
the effect of variables that maintained a significant association. The study was performed during July–
September 2021, with n = 460 questionnaires returned overall (response rate: 99.5%). The majority of
respondents were males (58.7%, n = 270) who live in the periphery of the town (63.9%, n = 294), and
most of the respondents belonged to the age group of 18–28 years (73.3%, n = 339). A large number,
46.1% (n = 212), of the participants were tested for COVID-19 during the pandemic, and among
them, 34.3% (n = 158) practiced SM during the pandemic; the most common source of obtaining
medicines was requesting them directly from a pharmacy (25.0%; n = 127). The chances of practicing
SM for medical health professionals were 1.482 (p-value = 0.046) times greater than for non-medical
health personnel. The likelihood of practicing SM in participants whose COVID-19 test was positive
was 7.688 (p-value < 0.001) times more than who did not test for COVID-19. Allopathic medicines,
acetaminophen (23.6%), azithromycin (14,9%), and cough syrups (13%), and over the counter (OTC)
pharmaceuticals, vitamin oral supplements, such as Vitamin C (39.1%), folic acid (23.5%), and calcium
(22.6%), were the most commonly consumed medicines and supplements, respectively; being a
healthcare professional or having a COVID-test prior showed a significant association with the usage
of Vitamin C (p < 0.05 in all cases). Respondents who mentioned unavailability of the physician and
difficulty in travelling/reaching healthcare professionals were found 2.062-times (p-value = 0.004)
and 1.862-times (p-value = 0.021) more likely to practice SM, respectively; SM due to fear of COVID
was more common in individuals who had received COVID-tests prior (p = 0.004). Practices of
SM were observed at alarming levels among our participants. Consciousness and understanding
about the possible adverse effects of SM must be established and validated on a continuous level;
in addition, on a commercial level, collaboration from pharmacists not to sell products (especially
prescription-only medicines) without a certified prescription must be developed and implemented.

Keywords: self-medication; COVID-19; pandemic; over-the-counter; medicine use; Pakistan
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1. Introduction

Self-medication (SM) is characterized by the procurement and use of medicines by by-
passing primary healthcare services and without consulting a physician, usually to manage
acute symptoms of self-diagnosed illnesses [1,2]. Based on the World Health Organization’s
(WHO) definition, SM is “the choice and use of drugs by any individual in order to treat
their own self-identified illness or symptoms” [3]. Drugs used for SM normally include
over the counter drugs (OTC), however, in some cases (when the patients acquire them
from various sources) prescription-only medicines (POM) are also relevant [4]. The inten-
tion of utilizing SM may be affected by various factors, such as individual, organizational,
and environmental variables [5]. Individual factors include age, income, gender, highest
level of education, life satisfaction, convenience, and urgency/severity of symptoms [6].
Commercials and adverts by pharmaceutical companies via the media and the internet
also have a considerable role in facilitating this practice [7]. SM incorporates purchasing
drugs (both from formal and informal sources), or re-utilizing stashes (i.e., leftovers from
a medicine cabinet) from past prescriptions, receiving medicines from and taking them
on the counsel of relatives, neighbors, and friends [8]. SM is a global public health issue;
nevertheless, the prevalence of this practice is more common in developing countries
(i.e., low and middle-income countries) [9,10]. In these regions, organizational attributes,
such as poor quality and availability of healthcare services, a relatively high number of
individuals without health insurance, a lack of human resources, unavailability of transport
services, non-professional behaviors of healthcare providers, and long turnaround times—
coupled with the availability of drugs for purchase from “hawkers”—considerably increase
the SM [11,12]. The lack of knowledge regarding the use of pharmaceuticals (i.e., their
indications, dosage, appropriate treatment duration, and possible side effects) and mistrust
towards physicians may also facilitate SM [13,14]. Although the WHO has noted that the
practice of SM may remedy some minor obsessive situations at a reasonable expense, there
have been reports that it might lead to the squandering of medical assets and excess phar-
maceutical waste [15]. In addition, inappropriate use of pharmaceuticals carries the risk of
a delayed diagnosis, an unfavorable response to medications, excess morbidity, and the
emergence of multi-drug resistant (MDR) organisms in the case of antimicrobials [15–17].
The general population of Pakistan turned to self-medication and symptomatic therapy
because of inadequate care for the COVID-19 infection; about 80% of the population also
stockpiled drugs for use during the pandemic [18].

During the first part of 2020, the WHO cautioned the world about the rapid spread
of the novel coronavirus (SARS-CoV-2), which later progressed into a global pandemic;
due to the associated disease (COVID-19), an overall lockdown was set off in the greater
part of the world [19]. The pandemic has caused a considerable burden on healthcare
infrastructures worldwide, especially in countries where the healthcare framework was
fragile to begin with [20]. In response to the limited availability of primary healthcare
services and the anxiety associated with the pandemic, the compulsion to SM by the public
has increased considerably, as in the eyes of many, this was the only sensible “link” to
healthcare [21,22]. In parallel with the onset of the pandemic, many studies (both pre-
clinical and clinical) have been published on the effectiveness of various drugs in the
treatment and prevention of COVID-19; these included anti-malarial agents (chloroquine
and hydroxychloroquine), antibiotics (azithromycin and doxycycline), antiparasitic drugs
(ivermectin), decongestants (azelastine), leukotriene inhibitors (montelukast), non-steroidal
anti-inflammatory drugs, and acetaminophen, alongside nutrients, such as Vitamin C and
D, zinc, and calcium [23]. Although the effectiveness of most of the above mentioned
therapies has largely been disproven by multicentric clinical trials, in the first and second
waves of the pandemic—in combination with the rampant “infodemic” regarding COVID
treatments in online media—attempts to treat COVID-19 with e.g., hydroxychloroquine in
the absence of any healthcare professional consultation or prescription (as a prime example
of SM) were widespread [24–26]. Due to the overlap of symptoms between COVID-19
and other viral respiratory infections (e.g., throat aches, dry cough, malaise, fever, and
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shortness of breath), in many regions, individuals began taking drugs without being tested
for COVID-19 at all, often leading to drug shortages due to supply chain issues [27].

Since its global spread in 2020, COVID-19 has led to considerable morbidity and
mortality, significant upheaval in healthcare systems worldwide, and the fear of infection
has been constantly present in the lives of individuals; this has led to anxiety and tension
in both medical service laborers and the overall population in numerous parts of the
world [28]. These factors may have contributed to an increase in SM; thus, the present
study aimed to investigate the characteristics, practices, and potential contributing factors
towards the use of SM during COVID-19 in Sargodha, Pakistan. This research also explored
the different types of medicines used for SM during COVID-19.

2. Materials and Methods

2.1. Study Design, Study Site and Population

A questionnaire-based cross-sectional study design was adopted to assess the charac-
teristics, practices, and contributing factors towards SM during the COVID-19 pandemic in
Sargodha, Pakistan (155 km2, 12th largest city by population, with ~660,000 inhabitants and
a literacy rate ~80%). The potential population of this study was the general population of
Sargodha city and its periphery. The respondents or participants were selected through
convenience and snowball sampling methods. The study was conducted between July and
September 2021.

2.2. Sample Size Calculation

To establish the required sample size for our study, a sample size calculation was per-
formed by using the Raosoft sample size calculator [29,30], based on the Formula (1) below:

n = N
x

(N − 1)E2 + x
(1)

where the population N was set at 20,000 (as the general population of Sargodha city was
>20,000; however, in such population ranges, higher population values do not have an
effect on the target sample size), x is the confidence interval of 95%, E is the margin of error
set at 5%, and the expected response rate is set at 50%.

The calculated initial sample size of residents of Sargodha was 384, which was in-
creased by 20% for added contingency (to adjust for factors such as withdrawals, missing
and incomplete questionnaires), with the final sample size set at n = 462.

2.3. Study Instrument and Data Collection

Before the development of the research instrument, a literature search was performed
to ascertain potentially relevant questions and topics; during this process, we converted
the research topic into keywords, which served as the foundation of an efficient search
by providing results based on any of the terms included. After a thorough search of the
literature, a structured and validated questionnaire was developed as a data collection
tool. The questionnaire was validated by experts and researchers and for a better under-
standing of the respondents, then an interviewer-administered technique was used. The
questionnaire was comprised of statements and items pertaining to the following sections:
(i) socio-demographic data and general questions about the participants, including whether
they are healthcare professionals or their history of being COVID tested; (ii) knowledge,
attitudes, and practices towards SM during the COVID-19 pandemic, types of medicines
used for SM; and (iii) piotential contributing factors influencing SM. The translation and
adaptation of the questionnaire were performed according to the criteria of Beaton et al. [31].
Before the main study, pilot testing was performed (involving 30 participants not included
in the sample population) for the instrument to assess its face and content validity and
comprehension/readability by the respondents. Using Cronbach’s Alpha, the instrument’s
internal consistency and reliability were evaluated; the resultant value (α = 0.710) showed
acceptable reliability in questionnaire-based research. Based on the experiences from the
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pilot testing of the questionnaire, various minor changes have been made in the wording
of the paper questionnaire to produce the final instrument (Supplementary Material S1).
The final instrument was then administered by the interviewer, which meant that the
principal researcher approached each participant personally, and the interviewer gave the
respondent feedback or repeated the question or available options (if an invalid one was
given) to obtain an appropriate response. Each participant was explained the nature of the
study and asked their responses. If any query arose at that time, the principal researcher
clarified the doubts and proceeded with data collection.

2.4. Inclusion and Exclusion Criteria

The participants included in this study were willing adults (between 18 and 60 years
of age) without having any communication problems, either due to illness or some other
reason. Adults who could not participate without a caretaker or guardian, and people
approached who were unwilling to participate were excluded.

2.5. Statistical Analysis

Data analysis—including descriptive statistics (frequencies, means, and percentages)
and all inferential statistical analyses were performed using SPSS (Statistical Package for
Social Sciences) version 24 (SPSS Inc., Chicago, IL, USA). χ2-tests and univariable analyses
were conducted to explore the identification of characteristics and the potential contributing
factors for self-medication during COVID-19. Multivariable logistic regression models
were run to study the effects of variables that maintained a significant association. Results
are presented as odds ratios (OR) and 95% confidence intervals (CI); p-values ≤ 0.05 were
considered statistically significant.

2.6. Ethical Considerations

The study was conducted in accordance with the Declaration of Helsinki and national
and institutional ethical standards. Study approval for the study protocol was obtained
from the Advanced Studies and Research Board of the University of Sargodha (Ref number:
SU/Acad/1723). All participants were informed of the nature and aims of the study and
the data collected; all willing participants of the study signed an informed consent form.
The confidentiality and anonymity of the participants were protected throughout the study.

3. Results

3.1. Socio-demographic Characteristics of the Participants

Out of the 462 questionnaires, n = 460 questionnaires were returned completely filled
out, resulting in a response rate of 99.5%. The socio-demographic characteristics of the
study participants are summarized in Table 1; participants were invited to add their age in
years, but later it was binned to groups. The majority of respondents were males (58.7%,
n = 270) who lived in the periphery of the town (63.9%, n = 245), and most of the respondents
belonged to the age group of 18–28 years (73.3%, n = 339). Only 46.1% (n = 212) of the
participants were tested for COVID-19 during the pandemic. Almost half (46.5%, n = 214)
of the respondents were working in the healthcare field.

Table 1. Demographic characteristics and general information of participants.

Demographic Characteristics Category n, %

Age (Years)

18–28 339 (73.3)
29–38 61 (13.5)
39–48 32 (7.0)
49–58 28 (6.2)

Gender
Male 270 (58.7)

Female 190 (41.3)
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Table 1. Cont.

Demographic Characteristics Category n, %

Marital Status

Single 307 (66.7)
Married 142 (30.9)
Divorced 10 (2.4)

Area of Residence
Sargodha 166 (36.1)

Peripheral part of the city 294 (63.9)

Healthcare-Professional
Yes 215 (46.7)
No 245 (53.3)

Tested for COVID-19

Yes (the result was positive) 34 (7.2)
Yes (the result was negative) 178 (38.7)

No 248 (53.9)

3.2. Characteristics of SM during the COVID-19 Pandemic

Table 2 presents our main findings regarding the practices of SM in our study pop-
ulation. Overall, 34.3% (n = 158) of participants self-medicated during the COVID-19
pandemic. The most common sources of drugs for SM were from requesting them directly
from a pharmacy (25.0%). A significant association was observed between responses to SM,
being employed in the healthcare profession (p = 0.046), and being tested for COVID-19
(p < 0.001). The types of medicines (allopathic vs. others and OTC and POM vs. POM only)
used for SM were associated with area of residence and COVID-testing (p < 0.001). The
majority of the respondents, about 65.9% (n = 304), were aware of the possible adverse
effects of the SM drug taken, there was a significant association found with being employed
in the healthcare profession (p < 0.001) and being tested for COVID-19 (p = 0.004).

3.3. Types of Medicines Used as SM during the COVID-19 Pandemic

The types of medicines used as SM and the associated correlates with their use were
summarized in Table 3. The use of herbal medicines as SM was prevalent among respon-
dents: 51.7% of participants never used any herbal medicines, while 20.0 % used Senna
Makhi Kehwa; their use was significantly associated with area of residence (p < 0.001),
being affiliated with the medical profession (p < 0.001) and undergoing a test for COVID-19
(p < 0.017). Among allopathic medicines, the most commonly used drugs were acetamin
ophen (23.6 %), azithromycin (14,9 %), and cough syrups (13.0 %), all drugs associated
with the SM for the prevention and treatment of COVID infections during lockdowns;
area of residence, being a healthcare professional, or having a COVID-test were important
correlates. The most commonly consumed supplements during COVID-19 in our sample
were vitamins (Vitamin C: 39.1%, folic acid: 23.5%, and calcium: 22.6%); area of residence,
being a healthcare professional, or having a COVID-test showed significant correlation
(p < 0.001) with the use of these supplements to boost immunity against COVID.

3.4. Possible Contributing Factors and Reasons Associated with SM during the
COVID-19 Pandemic

Potential contributing factors for SM were identified based on the literature review of
factors shown to increase SM, and an expert consensus of a group of public health specialists.
Reported reasons and contributing factors associated with SM in our sample are shown
in Table 4. While previously existing SM habits (7.3%) were also noted, the main reasons
for SM were identified, i.e., the unavailability (13.9%) and difficulty in travelling/reaching
healthcare professionals (12%), which may have led to preventive SM. SM associated
with unavailability of a physician was more common in the peripheral parts of the city
(p = 0.010), while SM due to difficulty in travelling/reaching healthcare professionals was
more common in individuals who had received COVID-tests prior (p = 0.030).
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Table 5 depicts the results of univariable and multivariable logistic regression analyses.
Univariable analyses showed that the likelihood of practicing SM for individuals within
the age group of 29–38 years was 1.72-fold (p-value = 0.047) compared to participants
between 18–28 years of age. The chance of practicing SM for medical health professionals
was 1.482-times higher (p-value = 0.046) than for non-medical health professionals. The
likelihood of practicing SM for participants whose COVID-19 test was positive was 7.688-
times (p-value < 0.001) more than for those who did not test for COVID-19. Individuals
who were aware of the possible side effects of SM drugs were 2.266-times (p-value < 0.001)
more likely to practice SM. Participants who received information regarding the possible
side effects of the SM by the physician showed an almost 2 times (p-value = 0.045) higher
chance of performing SM practices as compared to those who did not receive such infor-
mation. As far as reasons are concerned, individuals who mentioned unavailability of
the physician and difficulty in travelling/reaching healthcare professionals were found
2.062-times (p-value = 0.004) and 1.862-times (p-value =0.021) time more likely to perform
SM, respectively.

The selection of variables for multivariable logistic regression analyses was based
on the significance of the variables (p-values ≤ 0.05) in the univariable analysis. Further-
more, to confirm the best fitted model, different multivariable logistic models were run,
for example, a multivariable model included all variables that were presented in univari-
able analysis, and another multivariable model included only those variables that were
significant in univariable analysis. With the help of Akaike Information Criterion, AIC
(the minimum values are better), it was found that the multivariable model presented in
Table 5 was found to be better; the adjusted odds ratio and confidence interval are also
reported in Table 5. Hence, after adjusting variables no. 1, 2, 3, 4, 5, 6, 8, 10, and 14 listed in
Table 5, it was noted that variables 3 (“Tested for COVID”) and 4 (“Were you aware of the
possible side effects of the SM drugs?”) showed significant (p-values ≤ 0.05) association as
contributing factors for SM.
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4. Discussion

The purpose of the present study was to assess the characteristics and practices of
SM in Sargodha, Pakistan, during the COVID-19 pandemic and to shed some light on
the potential factors contributing to the practices of SM. According to our results, around
one-third of the selected population has practiced SM, meaning that the majority still
preferred/tried to establish contact with a physician or a licensed healthcare professional
before consuming any medicine. Hence, the drugs received and utilized via personal
prescriptions were higher than the rate of SM. Our findings (34.3%) regarding the use of SM
were similar to findings from other developing countries after the onset of the pandemic,
such as studies conducted in Togo (34.2%) [32] and Nigeria [33,34]. The main sources of
drugs for SM were leftover prescriptions procured from friends and family, receiving drugs
directly from family, and requesting them directly OTC from a pharmacy; similar sources
as easy access to medications and SM were documented in a recent study from Dhaka,
Bangladesh [35], and from previous studies in Rio Grande, Brazil [36], and Kuwait [37].

In this study, SM practice showed that those working in medical fields might be
more fearful about the adverse effects of taking drugs inappropriately [38]; the possible
reason for this could be better accessibility to relevant and trustworthy COVID-related
information (from their workplace or from the internet), both about the prevention and
the treatment of the illness. These findings are in line with a study conducted in India [39],
where greater drug-related knowledge has led to concerned attitudes towards SM. On
the other hand, identical studies have also been published noting the opposite, i.e., with
significant levels of comprehension of OTC and POM drugs, including their prescription
and adverse reactions, healthcare professionals were more likely to self-medicate during
the outbreak [40]. Among our respondents, over half had never had a COVID-19 test
of any kind, while the majority of those who had tests were documented as negative.
This finding could be due to having a good degree of self-awareness about their health
among people with a higher educational status [41]. The reasons for SM reported in this
study were the unavailability of physicians, fears or difficulties in getting in contact with
them, or bad experiences/ineffective treatments associated with visiting them, which were
noted in other reports as well [32,33,36,37]. Fears of contracting the virus and difficulties
in travelling to healthcare facilities were similarly documented in a study conducted in
Lahore, Pakistan [42], and Dhaka, Bangladesh [35].

Our study reports that azithromycin was the most commonly used POM during the
COVID-19 pandemic, while other notable allopathic medicines were acetaminophen, be-
ing the most commonly used for SM, and cough syrups, which is consistent with other
reports in the context of COVID and SM [42]. The reason for azithromycin SM could be
due to its properties being effective against COVID in vitro in addition to its proposed
property to alleviate inflammation of the respiratory epithelium [43]. Acetaminophen
was also highly noted among participants as a preventive measure against COVID-19;
this drug has a widespread use already in SM for various indications, however, its use
has expanded remarkably during the viral outbreak, both for its classical and novel sup-
posed indications [44,45]. Ivermectin was also used as a preventative measure during the
pandemic, as some early reports suggested a more promising outcome associated with
supplementing the drug [46]; nevertheless, no recent clinical study has been successful in
reliably confirming the usefulness of this compound in the prevention of COVID-19 [47].
Hydroxychloroquine was also extensively used in the initial stages of the pandemic as
a preventive measure against COVID-19; studies of a different nature and quality have
described the productive use of hydroxychloroquine and azithromycin for hospitalized in-
dividuals [48]; however, the utilization of hydroxychloroquine alone or with azithromycin
may lead to substantial cardiac toxicities—leading to lethal arrhythmias in hospitalized
COVID-patients—and highlighting that the use of these drugs as SM is questionable at
best [49]. When it comes to dietary supplements to prevent/treat COVID, Vitamin C was
used by approximately one third of participants; some studies have noted the efficacy
of Vitamin C in the management of COVID-19 [50]. Nevertheless, it is also important to
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note that in high doses and when taken for extended periods of time, this vitamin may
cause unwanted and harmful effects, like kidney stones [51]. Similarly, there has been
considerable interest in Vitamin D supplementation for the prevention of acute respiratory
tract infections and, in turn, COVID-19 [52,53]; but being a lipid-soluble vitamin, one has to
be mindful with dosage to prevent hypervitaminosis and its associated adverse outcomes.
According to this study, the participants used herbal medicines, i.e., Senna Makhi Kehwa,
for the treatment and anticipation of contracting COVID-19. This may be explained by
the fact that traditional medicines are habitually utilized as a result of the accessibility
and lower expenses associated with herbal products [54]. It is also worth mentioning that
the WHO has invited development throughout the world, including medicines of natural
origins and herbal products, to explore potential therapeutics for COVID-19 [55].

The practice of SM has been previously noted to be highly prevalent in association with
several ailments, including for the treatment of chronic pain [56], toothache and other dental
indications [57], gastro-intestinal issues [58], and mood disorders [59]; nonetheless, with the
onset of the COVID-19 pandemic, an increase in the prevalence of SM drug use associated
with respiratory tract infections was noted. The WHO has predicted that the COVID-19
pandemic may last for a number of years, resulting in serious socio-economic consequences
and changes in individuals’ psycho-physical lifestyles, leading to deteriorating mental and
physical health, which occurs in the backdrop of the unavailability of primary healthcare
and mental care services [60]. With this in mind, national surveys on SM awareness and
campaigns must be put forward to help educate laypeople and protect them from the
potential harmful effects of the practice of SM.

The limitations of the present study must be acknowledged: firstly, the cross-sectional
nature of the study design; the study was conducted in selected areas of Sargodha, with
participants who were willing to participate in the research, which may have introduced
bias into the results. Young adults and healthcare professionals are represented in high
numbers among the participants. In this study, the practice of SM was associated with
demographical patterns, i.e., age, gender, marital status, area of residence, and type of
profession, however, this may not reflect the genuine image of SM in the entirety of
Pakistan. Regarding statistical analyses, a limitation of the χ2-square test is its sensitivity to
sample size. When a big enough sample is employed, even small associations may become
statistically significant. When applying the χ2-square test, “statistically significant” does
not automatically imply “meaningful”. To establish causality, a more thorough examination
would be needed, which we aimed to amend with the introduction of univariate and
multivariable logistic regression analyses. Finally, the main limitation in conducting the
present research-based study was the limited time-frame available to complete the study.

5. Conclusions

Self-medication (SM) has become a significant issue of health and well-being in de-
veloping countries, which has been exacerbated by the presently occurring COVID-19
pandemic. This study has concluded that the practice of self-medication is undertaken by
approximately one-third of the population in Sargodha. The major contributing factors
towards SM during COVID-19 were the unavailability of physicians, the lack of effective-
ness of medicines prescribed by the physicians, and the fear of contracting the virus. Based
on our results, various allopathic and natural alternative medicines were used for the
prevention and treatment of COVID-19: azithromycin, acetaminophen, Ivermectin, and
vitamin C and D were the most frequently consumed medicines and supplements. Medical
health professionals, having comprehensive knowledge about drugs, are mostly involved
in practicing SM. To minimize SM, the public must consult with a physician before admin-
istering any type of drug to establish a reliable diagnosis and to get a prescription for POM
with recommended dosages. One of the pertinent arms of intervention to minimize SM
practice is to improve awareness against misinformation about illegal COVID-19 preventive
products and aiming to improve psychological health in the pandemic crisis (thus reducing
anxiety and the compulsion to perform SM). Consciousness and understanding about the
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possible adverse effects of SM must be established and validated on a continuous level;
in addition, on a commercial level, collaboration from pharmacists not to sell products
(especially POM) without a certified prescription must be developed and implemented.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/tropicalmed7110330/s1. Supplementary Material S1: Instrument
for data collection.
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Abstract: When it comes to understanding the spread of COVID-19, recent studies have shown that
pathogens can be transmitted in two ways: direct contact and airborne pathogens. While the former
is strongly related to the distancing behavior of people in society, the latter are associated with the
length of the period in which the airborne pathogens remain active. Considering those facts, we
constructed a compartmental model with a time-dependent transmission rate that incorporates the
two sources of infection. This paper provides an analytical and numerical study of the model that
validates trivial insights related to disease spread in a responsive society. As a case study, we applied
the model to the COVID-19 spread data from a university environment, namely, the Institut Teknologi
Bandung, Indonesia, during its early reopening stage, with a constant number of students. The
results show a significant fit between the rendered model and the recorded cases of infections. The
extrapolated trajectories indicate the resurgence of cases as students’ interaction distance approaches
its natural level. The assessment of several strategies is undertaken in this study in order to assist
with the school reopening process.

Keywords: SIR model; socio-behavioral aspects; interaction distance; school reopening strategy

1. Introduction

In epidemiology, compartmental models are general modeling techniques used to
understand the spread of disease, and they commonly consider three variables: S for those
who are susceptible, I for those who are infected, and R for individuals who have recovered.
Variations of the generic SIR model are available: the SIS model accommodates temporal
immunity [1], the SEIR model best represents the spread of disease with a significant
latency period [2], and there are even combinations of the two [3]. The convenience of
compartmental models in respect of adding more variables has resulted in their being
widely used in infectious disease modeling [4]. Besides providing each state’s estimated
figure, this approach can also provide the reproductive ratio, which represents the expected
number of secondary cases generated by one primary case [5–7]. In most of the constructed
models, the reproductive ratio acts as a crucial threshold; above one indicates endemic,
while below one indicates disease-free [8]. This is crucial for policymakers when regulating
whether or not to ease restrictions amid disease spread.
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However, generic compartmental models are sometimes based on assumptions that
are not necessarily relevant; the population is considered closed in SIR models, whereas
complete isolation was not followed in most regions, making them vulnerable to changes
in the neighboring communities [9]. Another assumption that is commonly used in a
generic model is that transmission and recovery rates are assumed to remain constant
over time. Such a scenario will best represent disease that spreads in a population with no
response to current disease prevalence, meaning that a high or low number of recorded
cases will not affect the average socio-behavior of the population. The simplest case to
consider is a disease spread within a closed population of sheep in a field [10]. When it
comes to a human population, people’s psychological behavior causes them to reduce their
interaction intensity as the declared number of cases increases, which ought to vary the
viral transmissibility [11]. Moreover, setting constant rates of transmission and recovery
results in a high number of projected infected cases once the model is applied to a vast and
highly populated community; this could be at the scale of entire nations [12]. According
to recent studies, SIR-based predictions using early data for COVID-19 cases have shown
an enormous figure for predicted cases, with the peak reaching up to 15–30% of the
total population [13,14]. Nevertheless, an absence of the psychological behavior of the
population could overestimate the prediction figure [15].

According to recent studies, there are so many studies that discuss the spread of the
COVID-19 disease. Researchers developed various models and approaches from all over the
world [16,17]. However, in this paper, we will discuss two major sources of transmission in
some infectious diseases: direct contact and airborne transmission. In respect of the former,
it is quite obvious that human-to-human transmission is mainly caused by direct contact
such as talking at a close distance. The smaller the average interaction distance of people
within a population, the greater the chance for pathogens to spread. By incorporating the
effect of human psychological behaviors, it is natural to expect an increase in the average
interaction distance given a high disease prevalence in a specific population, which will lead
to a reduction in viral transmissibility. However, the latter source of transmission opens up
possibilities for infections induced by the presence of airborne pathogens. This method of
transmission is found in the spread of TB [18] and SARS-CoV-2 [19]. Although airborne
pathogens can infect susceptible individuals, some studies have shown that most airborne
pathogens can only last for a certain period. Mycobacterium tuberculosis, which attacks lungs
and causes TB, can stay in the air for several hours depending on the environment [20], and
SARS-CoV-2 can only last for hours in the air but can survive for up to a week on plastic [21].
In disease modeling, taking airborne pathogens into account is crucial, especially for those
that have a significant period of viral survivability in the air.

The incorporation of the psychological behavior of society into responses to disease
prevalence has been introduced in several works, such as Hua-Li et al. [11] and Oluyori
et al. [22]. In practice, the authors define saturated transmission rates that are dependent
on the figure of disease prevalence. The transmission rate is expected to increase for a low
disease prevalence and start decreasing once the prevalence exceeds its critical point [11].
In 2021, Cabrera et al. [23] introduced a compartmental model that incorporates a socio-
behavioral aspect in a slightly different way; they introduced the interaction distance
to measure societal behaviors in response to disease prevalence. Hence, the nonlinear
transmission rate integrates the interaction distances. However, the effect of airborne
pathogens is rarely incorporated. One study conducted by Bazant and Bush in 2021 [24]
demonstrates the significant effect of airborne transmissions on society regarding activities.
Although airborne pathogens, especially SARS-CoV-2, can only last for hours, indoor
transmission is crucial for infectious disease modeling, especially for school or office
environments involving many indoor activities.

In this study, we constructed an SIR-based mathematical system that accommodates
the two major causes of infection: direct contact and airborne transmission. The former
source of infection, representing the socio-behavioral aspect, is based on the measure of
the interaction distance of people in society. In 2021, Cabrera et al. [23] proposed adding a
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new variable that determines the interaction distance over time. The closer the interaction
distance, the higher the chance of disease spread. The latter cause of infection, which
represents viral characteristics, is incorporated by defining another variable that solely
represents the concentration of pathogens in the air over time. We expect that the longer
the pathogens can last in the air, the higher the concentrations over time, which leads
to a higher chance of disease spread. Hence, the newly added variables will govern the
transmission rate that eventually depends on the socio-viral behavioral aspects. In the
analysis of the constructed model, we provide numerical results in respect of infections
under different socio-viral behavioral aspects. The model performs well in depicting the
spread of disease in societies under different rates of response, different rates of resistance
to adopting new habits, and under different characteristics of the concerned diseases. As a
case study, we applied the constructed models to the SARS-CoV-2 spread data that were
collected in a university environment (Institut Teknologi Bandung College) in January
2022. The choice to use data from a university was made to ensure homogeneous socio-
behavioral aspects for the whole society; no demographic is taken into account due to the
homogeneity assumption [25–27]. The small scale of a university environment also ensures
the involvement of pathogens in the air; the larger the scale of the observation, the smaller
the effect of pathogens in the air. Lastly, we utilized the extrapolated figures to assess some
strategic action plans related to SARS-CoV-2 infections in educational environments; school
reopening schemes and vaccination implementation [28].

2. Context

Humans are mobile creatures who move in their part of an environment; they may
meet an acquaintance or not. When the former scenario happens, they will likely move
closer to reaching out to that acquaintance [29]. This phenomenon exemplifies the im-
portance of interpersonal space (IPS) and peripersonal space (PPS) in which humans can
perform body–environment interactions [30]. Although the dimensions of IPS and PPS
include all directions, previous studies have only focused on a specific distance, i.e., the
distance from the front of the person [31]. When it comes to understanding infectious
diseases, the front-directed PPS is essential since most diseases, including SARS-CoV-2, are
transmitted via the front parts of the human body. One unit that measures the intensity of
PPS contact is the interaction distance, in which the closer the distance, the more intense
the contact, which leads to an increase in the risk of disease transmission [32]. According
to Sorokowska et al. [33], the preferred interpersonal distance of humans differs between
different types of social relations (strangers, acquaintances, and partners). Table 1 provides
a global comparison in respect of interaction distance.

Other than the interaction distance that causes direct transmissions, airborne trans-
mission of some diseases is now widely recognized, especially for the spread of COVID-
19 [34,35]. This approach accounts for the plausibility of infections caused by pathogen-
bearing aerosols that are fine enough to be continuously mixed through an indoor space.
Every infected individual present will contribute to the production of droplets containing
the virus. Bazant and Bush [24], in their COVID-19 study, estimated the concentration of
pathogens produced by a single infected individual in a well-mixed room for every breath,
and for whispering and talking indoors.

However, other studies have shown that pathogens can remain active on other media,
such as copper, cardboard, and plastic [21], for a certain period. Hence, other than signifi-
cant airborne transmission indoors, pathogens that are attached to other media can also
infect susceptible individuals. A study by Doremalen et al. provides the estimated critical
periods of SARS-CoV (1 and 2) before they become inactive; these are given in Table 2.
The estimations show that SARS-CoV can last up to 12 h in the air but can last longer on
other media. This fact should indicate the importance of airborne pathogens and their
attachment to other media in respect of understanding viral transmission. In this study
we construct a mathematical model that incorporates both socio-behavioral and airborne
pathogen effects.
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Table 1. Average preferred interpersonal distance (in meters) for different types of social relations:
strangers, acquaintances, and partners/close relations across all nations. The figure estimations were
conducted by Sorokowska et al. [33].

Countries Social Distance Personal Distance Intimate Distance

Romania, Hungary, Saudi
Arabia, Turkey, Uganda 1.20–1.40 m 0.90–1.20 m 0.45–0.90 m

Pakistan, Estonia,
Colombia, Hong Kong,
China, Iran, Malaysia,

Czech Republic, Portugal,
Kenya, Switzerland, India,
Indonesia, Croatia, Ghana,

South Korea

1.05–1.20 m 0.75–1.05 m 0.40–0.75 m

Norway, Canada, Nigeria,
Brazil, England, Mexico,
Poland, Germany, USA,

Kazakhstan, Italy, Serbia,
Greece, Spain

0.90–1.05 m 0.60–0.75 m 0.40–0.60 m

Russia, Slovakia, Austria,
Ukraine, Bulgaria, Peru,

Argentina
0.70–0.90 m 0.60–0.70 m 0.30–0.50 m

Table 2. Estimated critical periods for SARS-CoV to remain active on several media.

Media SARS-CoV-2 SARS-CoV-1

Aerosol 10.00 ± 2.00 h 8.00 ± 2.00 h

Copper 11.00 ± 6.00 h 19.00 ± 7.50 h

Cardboard 39.00 ± 9.00 h 8.00 ± 5.00 h

Stainless steel 72.00 ± 15.00 h 50.00 ± 10.00 h

Plastic 90.00 ± 10.00 h 90.00 ± 10.00 h

3. Proposed Model

In this study we used a generic model, but we separated those who had and had not
received vaccines. This modification was based on the fact that the presence of immune titer
in the human body can significantly prevent people from becoming infected, offering up to
90% protection [36]. Hence, there are three main state variables: susceptible (S), currently
infected individuals (I), and removed individuals (R), with the total of six state variables
created by adding subscripts v and u to each of the main states, representing the categories
of being vaccinated and not, respectively. As shown in Figure 1, new infected individuals
are generated from both Su and Sv, caused by a direct interaction between susceptible
and infectious individuals. After a specific period of infections, infected individuals
will enter R, which represents being immune or deceased. We assume that there is no
demographic change, which implies a constant population size: Nu = Su(t) + I(t) + Ru(t)
and Nv = Sv(t) + Iv(t) + Rv(t), for t ≥ 0, and N = Nu + Nv with a constant proportion of
vaccinated and unvaccinated individuals. The model also assumes no significant difference
in the recovery rates of vaccinated and unvaccinated individuals.
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Figure 1. State-flow diagram of {SIR}uv. Solid lines represent direct flow, while dashed lines
represent interactions of states.

As shown in Figure 1, there are three parameters involved: transmission rate (β),
recovery rate (γ), and vaccine effectiveness (ρ). The last two parameters are observable,
i.e., their values can be measured and estimated using relevant information. Vaccine
effectiveness, which ranges from 0 to 1, represents the protection induced by the vaccine.
The higher this value, the lower the chance of people becoming infected once they interact
with infectious individuals. Limited to the COVID-19 vaccine, the vaccine efficacy should
vary depending on the manufacturer and COVID-19 variants [36]. The value of γ represents
the rate of recovery, which governs the speed of transition from I to R. To make this realistic,
γ−1 can be considered as the average infection period. In contrast, the rate of transmission
β is unclear in terms of its physical representation; it summarizes all factors that produce
infections. Hence, the value of β is considered unobservable. To incorporate the two major
causes of infection as mentioned in Section 2, we added two additional lines to the system
that represent the dynamics of the interaction distance D and the pathogen concentrations
V. The final two variables dictate the dynamics of β resulting in the transmission rate
that depends on the socio-viral behavioral aspect. A mathematical representation of the
constructed model is given in the following form:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

S′
u= −β(Iu + Iv)Su/N

I′u= β(Iu + Iv)Su/N − γIu
R′

u= γIu
S′

v= −β(1 − ρ)(Iu + Iv)Su/N
I′v= β(1 − ρ)(Iu + Iv)Su/N − γIv
R′

v= γIu

(1)

with a constant population size N. The other two additional variables are D (in meters) and
V (in quanta/m3), representing the average interaction distance and viral loads over time.
The formulation of D was first introduced by Cabrera et al. [23] along with the definition
of the natural distancing habit D∗ that could differ from one society to others—symbol
D∗ denotes the average of natural distancing behavior of society. The complete additional
lines are given in the following systems:

{
D′ = −λ1(D − D∗) + λ2(Iu + Iv)/N
V′ = λ3(Iu + Iv)− λ4V

(2)

with non-negative initial conditions
{

S0
u, I0

u, R0
u, S0

v, I0
v , R0

v, D0, V0} that are evaluated at the
initial point t = 0. It is natural to assume that I0

u = (1 − α)I0 and I0
v = αI0, for I0 = I0

u + I0
v ,

with α (in percent relative to the population size) representing the vaccine coverage. The
addition of the two variables involves another four parameters. On one hand, the value of
λ2 (distance/time) represents how quickly people react to the current disease prevalence,
i.e., the so-called rate of social response. By neglecting the first term, there are two scenarios
that increase the interaction distance D: high values of the rate of response λ2 or the disease
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prevalence I. Interestingly, setting λ2 equals zero will lead to a situation where a society
pays no attention to the current disease spread. Such a scenario drives the society to resort
to their natural interaction distance D for λ1 �= 0. On the other hand, the rate λ1 (1/time)
measures the rate of resistance in society, per distance unit, to changing distancing behavior.
It represents how quickly individuals return to their natural interaction distance D∗ or their
natural distancing habits. This rate is strongly related to the distancing culture. When we
set a high value of λ1, this results in a situation in which the society has a strong culture
embedded, making it resistant to changes in behavior amid the current pandemic. In this
study, we restrict the plausibility of λ1 = 0 since we assume that every society has its
own resistance in changing habits. When the disease prevalence approaches zero, then
D′ approaches −λ1(D − D∗), which leads to the convergence of D to D∗ regardless of
the initial condition D0. More detailed formal analysis of System (1) and (2) are given in
Appendix A.

While the first equation of System (2) portrays the socio-behavioral aspects, the sec-
ond equation portrays the concentration of the pathogens. The rate λ3 (quanta/(time
m3·person)) denotes the average concentration of viral/pathogens emitted by one infected
individual per unit time. Face coverings and the practice of other social and respiratory
etiquette will likely reduce the value of λ3 and hence reduce the number of pathogens
emitted into the air. The discharged microbes will remain suspended in the air in dust
particles, respiratory particles, and water droplets [37]. However, pathogens will not last
forever in the air (or other media); they will decay due to natural and human intervention.
On the other hand, parameter λ4 (1/time) denotes the removal rate of viral quanta in the
air. A higher intervention of humans in the community, including through air filtering
and periodical sanitation, can increase λ4 and hence allow more microbes to decay or
be inactive [38]. However, in most cases, λ4 will only account for the natural effect of
pathogen removal (subject to ambient temperature, humidity [21,39], and sunlight [40]),
while human intervention can be represented by another functional term added to the
dynamic of V [41]. Eventually, λ1, λ2, and λ3 represent the socio-behavioral aspects in
society while λ4 represents the characteristics of the pathogens.

D(t) = D∗ +
(

D0 − D∗
)

e−λ1t +
λ2

N

∫ t

0
I(s)e−λ1(t−s)ds (3)

V(t) = V0e−λ4t + λ3

∫ t

0
I(s)e−λ4(t−s)ds (4)

Since the model adopts a uni-flow, then there exists τ such as I(t) < ε, t > τ, for every
ε > 0. In terms of epidemiology, the virus will always be eradicated to zero for large values
of t since people will accumulate in the removed compartments. For the dynamics of D,
the second and third terms approach zero as t approaches infinity, leaving only the first
term that converges to D∗. However, the presence of V is strongly related to the presence of
infectious individuals, who will vanish once the disease vanishes, no matter how large the
initial condition. It should be noted that the proposed models do not consider reinfection
or susceptible newborns. Hence, multiple disease outbreaks (if any) are expected to be
driven by the change in interaction distance in society.

3.1. Observability of Socio-Behavioral Parameters

As discussed in the previous section, the model has 3 parameters that are related to
the socio-behavioral aspects of society: λ1, λ2, and λ3. It is clear from its definition that
λ3 is observable and that its value follows the estimations of the pathogen concentration
per person per m3. Bazant and Bush [24] and Miller et al. [42] provided estimated concen-
trations for several expiratory activities. Calibrated normal speaking activity is estimated
to produce 72 infections quanta/m3 while superspreading activity can contribute up to
970 infections quanta/m3. However, the first two socio-behavioral parameters are not
observable, i.e., the rate of social resistance λ1 is not something that we can determine from
the field. It combines all aspects that inhibit society in the change of behaviors.
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The rate of social response, denoted by λ2, has a dimension of meters per unit of time.
In the absence of λ1, the formula of D′ reduces to only D′ = λ2(I/N), with I = Iu + Iv.
When I = N, then D′ = λ2, which is interpreted as the interaction distance increasing at
the rate of λ2 meters per unit time when the whole population is infected. Taking another
scenario, I = 1 person results in D′ = λ2/N, which is considered as the λ2/N increment
of the interaction distance per unit of time when the society contains 1 infected individual.
Henceforth, λ2 is related to the quantity of the change in D for a certain disease prevalence.
To understand this parameter more, let us take the solution of D′ = λ2(I/N); D(t)− D0 =

λ2
∫ t

0 (I(s)/N)ds. By taking D0 = D∗, then λ2 = (D(t)− D∗)/
∫ t

0 (I(s)/N)ds. Expecting
the presence of an average prevalence of I in the length of time T2 will drive people in
society to interact at the distance of D, then λ2 can be estimated using the following formula:

λ2 =

(
D − D∗)
T2

(
I
N

) (5)

Note that I/N represents the percentage of infections in society, i.e., the so-called
point prevalence, denoted by a%. Therefore, by knowing that the society is practicing
distancing habits of D = D once the point prevalence is roughly a%, we can estimate the
expected value of λ2 as the rate of social response amid the disease spread. Henceforth,
λ2 =

(
D − D∗)/(aT2).

We can also consider the dynamics of D in the given system. When (Iu + Iv)/N tends
to zero, the effect of λ2 is no longer significant; the whole second term will tend to zero, leav-
ing D′ = −λ1

(
D − D∗). This simple ODE has a unique solution of D(t) = D∗ + D0e−λ1t.

The higher the value of λ1, the faster the dynamics of D to approach D∗. It is easy to prove
that lim

t→∞
D(t) = D∗, regardless of the value of D0. Hence, for an arbitrary small value ε > 0,

there exists a value of T1 that satisfies the following condition.

|D(t)− D∗|< ε for t >T1 ↔ |D(t)− D∗|
D0 <

ε

D0 = ε for t >T1 (6)

We can manipulate the solution of D(t) to reach D∗ + ε in t = T1 by adjusting the
value of λ1 as given by:

D∗ + ε = D∗ + D0e−λ1t → λ1 =
−In

(
ε

D0

)
T1

= − In(ε)
T1

(7)

Henceforth, the rate of social resistance λ1 can be evaluated using the estimated time
for society to return to their natural interaction distance in the absence of disease spread,
denoted by T1; see Figure 2 for illustration. It should be noted that ε is an arbitrary small
number ε > 0 divided by D0. According to Equation (7), λ1 takes the log value of ε, which
will be sensitive to the choice of ε. Hence, it is natural to assume the relative deviation from
D∗ as ε = 1%, although the formula of λ1 should clearly confirm that the value of λ1 is
dependent on the assumption.

55



Trop. Med. Infect. Dis. 2022, 7, 289

Figure 2. Illustration of rate of social resistance λ1 by the given data for T1.

3.2. Contact and Airborne-Based Transmission Rate

The rate of transmission is defined to be related to the interaction distance (D) and con-
centration of pathogens (V). In this study we accommodate two methods of transmission:
contact-based and airborne-based transmission. Contact-based transmission is affected by
the average interaction distance; the transmission rate decreases as the average interaction-
distance increases, as people practice social-distancing. However, a high concentration of
airborne pathogens contributes to an increase in the transmission rate.

β(D, V) = β∗
(

2D∗

D∗ + D

)v(V + V∗

V∗

)w
(8)

The definition of the contact-related transmission rate is adopted from [23], but we
have added the effect of the current concentration of pathogens. The basic transmission rate
β∗(1/time) is defined as constant, representing the basic probability of transmission per
unit time. The second term (dimensionless) represents the effect of the average interaction-
distance, which will decrease the overall β as D increases. The third term, however,
represents how the concentration of pathogens affects the overall β value at which the risk
of infection will rise as V increases. To keep the effect of V dimensionless, we divide V by
the standard number of quanta exhaled by infectors per individual per m3 per unit time.
The adjuster levels of v and w are added to be fitted to the data, representing the strength
of each source of infection in society.

3.3. Recovery Rate

Recovery rates (1/time) denote the quantity representing how fast infected individ-
uals recover from the disease and, hence, build their immunity [43]. For some infectious
diseases, the absence of healthcare might cause a longer infection period [27,44,45], specifi-
cally for COVID-19. Not limited to this disease, we define the implicitly time-dependent
recovery rate as follows:

γ(I, K) = γ0 + (γ1 − γ0)
K

I + K
(9)

where I denotes the state variable for infectious individuals and K denotes the constant
healthcare capacity (beds). In addition, γ1 and γ0 are both recovery rates but represent
different situations: excessive beds and collapsing health systems. On one hand, when the
number of beds is excessive, then each of the infected individuals receives proper treatment
and this leads to a shorter period of infections [45]. In other words, γ(I, K) will achieve
its maximum rate of recovery as K approaches infinity. Otherwise, γ(I, K) will converge
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to γ0 as the number of burdens is higher relative to the healthcare services [11]. Hence,
the former denotes the maximum recovery rate given the proper treatment, while the
latter denotes the lowest recovery rate achieved by patients treating themselves in order to
recover. Figure 3 depicts the functional parameters and their dependent variables. Figure 3
(left) illustrates the effect of the average interaction distance that results in higher values of
β(D, V) as D approaches D∗. On the other hand, the rate of recovery follows Equation (9),
which lessens the rate of the increase in the burden of cases down to γ0. For the case with
excessive healthcare capacities, the rate of recovery can be maximized up to γ1, as shown
in Figure 3 (right).

Figure 3. (a) Dependency of transmission rate β to D and V, by taking β∗ = 0.444, v = 7.680,
w = 0.051 and D∗ = 0.7 m; (b) Effect of K and I to the rate of transmission by taking γ1 = 1/6
(infection period of 6 days) and γ0 = 1/14 (infection period of 14 days).

4. Numerical Results

In this study, the behavior of society that is being accommodated by the model is
the rate of social resistance and social response. Socio-resistance rate, denoted by λ1,
represents the resistance of society to distancing their interactions due to the prevalence
of people when I is not significantly zero. When the prevalence of people is close to
zero, the resistance rate represents how fast the society moves back towards their natural
interaction-distance D∗. In contrast, the rate of societal response represents the increase in
interaction distancing per increase in point prevalence, which inhibits the disease spread
when this value is high. In this section, we provide the number of infected individuals (per
one thousand members of the population) for several values of λ1 and λ2.

4.1. Variations under Different Society Behaviors

The rate of social response is given in three scenarios (low, moderate, and high re-
sponse), by taking values of λ2 = 0.20, 0.53, and 0.87, respectively. These are based on the
physical distancing campaign: (i) low social response drives people to physical distancing
limited to D = 1 m only, (ii) moderate can reach D = 1.5 m, and (iii) high social response
can reach up to 2 m. Table 3 shows the diverse approaches of countries in campaigning
for physical distancing. We also set the rates of social resistance to λ1 = 0.15, 0.07, and
0.05, which are based on T1 = 30, 60, and 90 days, respectively. The ranges of λ1 and λ2
produced by Formulas (5) and (7) conform to those used in Cabrera et al. [23].
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Table 3. Physical distancing campaigns among countries [46,47].

Countries Physical Distancing (m)

Singapore, United Kingdom, Denmark, France, Hong Kong,
China and France 1 m

Australia, Belgium, Greece, Germany, Italy, Spain, Portugal,
Switzerland 1.5 m

Canada, United States 2 m

Figure 4 provides the numerical simulations for Iu + Iv and D for the different pairwise
scenarios of λ1 and λ2. As expected, the value of D(t) will vary over time—increases as the
disease prevalence increases. In all sub-figures, all dynamics for D(t) always start from D∗
as its natural distancing behavior when disease prevalence is around zero (no new cases
recorded). However, as the disease prevalence rises, people in society build awareness to
practice physical distancing which then increases the average distancing behavior D. As
the new cases decrease to zero, it is natural that people in society return to their natural
distancing D∗.

Figure 4. Numerical simulations for different values of the rate of resistance λ1 and response to
disease prevalence λ2. Blue lines represent the average interaction distance, while the orange lines
represent the burden of cases. The values of λ1 and λ2 are provided for three different values (low,
moderate, high); λ2 = 0.20, 0.53, 0.87 and λ1 = 0.05, 0.07, 0.15. All figures were generated by
choosing N = 1000 and D∗ = 0.7 m and other parameters that evaluate the values of R0 to exceed 1;
ρ = 0.5, γ0 = 1/14, λ1 = 1/6.

The sub-figure in the left upper corner depicts the simulation results for a society with
a lower response yet a higher resistance rate. Such a scenario results in a higher peak of
the burden of cases relative to other scenarios. This result shows that if the society does
not have enough awareness about the disease’s prevalence, and has a strong resistance
that inhibits the practice of physical distancing, the dynamics of D will be likely in around
D∗, which results in a higher number of cases. Societies that campaign for close physical
distancing (e.g., 1 m only), and have tendencies to always practice their natural habits, are
likely represented by the left upper corner sub-figure. The figure situated at the center

58



Trop. Med. Infect. Dis. 2022, 7, 289

of the nine depicts simulations that apply to a society that has a considerably moderate
level of resistance and response rate. The right lower corner depicts shows societies with
a higher rate of response but a lower rate of resistance. Due to higher values of λ2, every
individual in the society moves further away relative to other scenarios and this results
in a significant change in D relative to the value of D∗. When it comes to the figure of
the burden of cases, this scenario estimates the lowest number of cases relative to other
scenarios. Societies that practice physical distancing and have a tendency to keep practicing
it in a longer period, even after the disease is no longer present, are best represented by this
scenario, resulting in a lower burden of cases relative to other scenarios.

4.2. Variations under Different Pathogen Characteristics

Different pathogens lead to different survivability periods in the air or other media.
The longer the pathogens are active as airborne pathogens, the more they accumulate, which
increases the risk of infections. Characteristics of the observed pathogens are governed by
parameter λ4. In System (2), the term −λ4V represents the concentration of pathogens per
unit of time to become inactive. Figure 5 shows the dynamics of the disease prevalence
Iu + Iv under different periods of pathogens lasting in the air for the same parameters as
used in Figure 4. In the lower-right picture, it is shown that pathogens that can last up to
48 h (red) can accumulate up to 300,000 quanta pathogens per m3 and drive infections to as
high as 23%. Figure 5a demonstrates how the dynamics of Iu + Iv precede V on reaching a
peak for exactly 2 days (48 h). It is natural to accept that the longer the period, the wider
the gap between the occurrences of the two peaks. By setting a smaller period (higher λ4),
the dynamics of V decrease and so does Iu + Iv. Moreover, the peak of Iu + Iv shifts to the
right (see Figure 5b,c). More results on the model’s sensitivity analysis are provided in
Appendices B and C.

Figure 5. Numerical simulations of System (1) and (2) under different removal rates of air-
borne pathogens, that is implicated in the critical period of pathogens to remain active airborne:
(a) comparison between the dynamics for infected individuals and viral load for a critical period
of 48 h, which shows an exact lag of 48 h between the peak of infections and its viral loads,
(b,c) dynamics for Iu + Iv and its viral load under different critical periods of the airborne pathogen.
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5. Case Study: SARS-CoV-2 Spread in School

As mentioned in the previous section, the proposed model incorporates the socio-
behavioral aspects of people in the society combined with the effect of airborne transmission.
When it comes to socio-behavioral aspects, we included social resistance and social re-
sponse amid the disease spread, which limit the scope of the implementation. At the
scale of nations, people in society comprise all levels of education, culture, habits, or even
wealth [48], which leads to a variety in perceptions when dealing with disease spread; some
may have higher awareness but some may not. This fact challenges the modeler regarding
how to estimate λ1 and λ2 that will accurately portray the society. Hence, we designed the
model to be applied to the scale of an educational or office environment. It is natural to
expect the homogeneity of socio-behaviors, even homogeneity in age, in schools or offices.
These limitations also support the involvement of airborne transmission due to the indoor
activity in schools or offices [24]. Henceforth, this section provides the applications of the
proposed model to understand the disease spread in a university environment.

5.1. Dataset and Parameters’ Estimation

We collected the data in respect of the SARS-CoV-2 spread in a college environment,
namely the Institut Teknologi Bandung (ITB), and data range from early January until late
April 2022. The data comprise record daily cases, current active cases, and the total number
of recovered individuals out of all enrolled students, lecturers, and college staff. Although
students and staff do not stay at the college 24/7, it is reasonable to assume that they spend
most of the time in the college environment. Here, we exclude the enrolled students that
were infected in other cities due to the hybrid (online-offline) learning practice. The data
are privately available at https://covidtrak.itb.ac.id/ (accessed on 1 April 2022), which is
only accessible by ITB COVID-19 task-force members.

In terms of the parameter estimation, we only used data for the daily new cases from
early January 2022 until late April 2022, which will be later denoted as Da. Given in Table 4,
System 204 and 210 involve 11 parameters, with only three of them being estimated by
the integration of data Da, namely β∗, v, and w, while other assumptions are as follows:
the population size N equals 4000 (according to the report of the initial school reopening),
the average vaccine efficacy ρ = 0.37 for SinoVac [36], γ0 = 1/14, and γ1 = 1/6, which
represent the rate of recovery under lack of and excessive healthcare, respectively. In order
to obtain the estimations of β∗, v, and w, we used a Markov Chain Monte Carlo (MCMC)
method to estimate the whole distribution. The complete Bayesian hierarchy for the MCMC
method is provided in Appendix D. Figure 6 shows the estimated posterior distribution of
β∗, v, and w that was implemented to the data that resemble the recorded daily new cases.

Table 4. List of parameters used in evaluating the numerical simulation of System (1) and (2).

Notation Description Values

γ0(γ1)

COVID-19 recovery rate in the case of a lack
of healthcare capacity (in the case of

excessive healthcare). This parameter
governs the time-dependent recovery rate

1/14 (1/6) 1/day

D∗ Natural interaction distance 1.2 m

β∗, v, and w Intrinsic transmission rate and the contact
and airborne transmission adjuster Calibrated

ρ Current vaccine efficacy, using SinoVac [29] 0.35

λ1
The rate of social resistance in the observed

community 0.07 1/day

λ2
The rate of social response in the observed

community 0.53 m/day
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Table 4. Cont.

Notation Description Values

λ3

Average concentration of airborne
pathogens emitted by one infected

individual per day
24 quanta/(day person·m3) [24]

λ4 Removal rate of airborne pathogens 2 1/day [21]

Figure 6. (a–c) Posterior distribution for β∗, w and w, estimated using MCMC method with prior of
normal distributions: N (μ, σ), with μ being the estimated single point and σ being a higher value to
acquire the possibility of achieving the global minima. We generated three independent samples to
portray the posterior density to ensure its consistency. (d) The comparison between the data (daily
new cases) and the model with its 90% prediction interval.

5.2. Projected Number of Cases

Assuming no further changes in all parameters, the estimated posterior distribution of
β∗, v, and w can be used to sample their values and generate the extrapolated trajectories
for all states of the proposed model. Figure 7a and b show the projections of the disease
prevalence in the university from early 2022 until mid-2023. Both consistently predict a
significant decrease in the number of cases from May 2022, which implies a decrease in the
average interaction distance D, approaching the social natural distancing D∗. Figure 7a–c
clearly show that the figures are estimated with a relatively narrow prediction interval,
which leads to high confidence in the results under the hold assumptions. As the average
interaction distance D is around D∗, or, in other words, people in society behave as if
there is no disease, the expected number of cases shown in Figure 7a,b increases in August
2022 and peaks in around October 2022, though the prediction interval is relatively wider
compared to the previous period. These simulations show that the number of cases is
expected to increase as D approaches D∗, without even considering reinfection due to
immunity waning.
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Figure 7. The extrapolated figures with the dashed line initiate the prediction window. The figures
were evaluated using the estimated parameters obtained in the previous section, with the assumption
of no significant change in parameters for the 365-day prediction intervals: (a,b) extrapolated number
of active cases and daily new cases that levels off in around May to July 2022, but starts to increase
on August and peaks on October 2022, (c) average interaction distance of society that will approach
its natural distancing of D∗ = 1.2 m as the number of cases decreases, but increases when the
case resurgence is identified, (d) time-dependent transmission rate that gradually increasing as
D approaches D∗, (e) dynamic for viral load over time that resembles that for active cases, and
(f) time-dependent recovery rate that its values are bounded by γ0 and γ1.

Figure 7e depicts the dynamics of the pathogen concentrations in the observed area per
m3, which resembles the dynamics of the active cases over time. As stated in the previous
section, the longer the pathogens can last in the air (or other media), the further the shift
to the right relative to the dynamics of the active cases. In other words, the presence of
Iu + Iv contributes to the presence of pathogens that govern the rate of transmissibility.
Figure 7d and f show the dynamics of β = β(D, V) and γ = γ(I, K). Although they are not
directly dependent on time, they are time-dependent due to the dependency of D, V, and I
to the unit of time. During the training time (initial time until the dashed lines), the rate of
transmission β decreases due to the significant deviation of the average interaction distance
relative to D∗. It is expected that the trajectories of β will increase during the prediction
interval due to the decreasing values of D. For the rate of transmission, its value is always
bounded within the γ0 − γ1 ribbon. The rate is expected to approach the maximum value
of γ as the burden of cases approaches zero; otherwise, it approaches the minimum γ.
For Figure 7f, we set K = 100, which represents the ability of the university hospital to
accommodate only 100 patients at one time. This assumption causes a significant decrease
in γ as the expected Iu + Iv exceeds the value of K, depicting the ineffective health service
as the burden exceeds its capacity.

5.3. Prospective Action Plans

Other than providing the extrapolated trajectories for all states, we are also interested
in supplying numerical simulations related to prospective action plans for preventing
the expected surge of COVID-19 in schools. This section provides the numerical assess-
ment of three action plans: school reopening management, disinfection, and vaccine-
related improvement.
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5.3.1. School Reopening Management

Although technologies support students in attending online classes, the practice of
in-person classes is still preferable. This fact should be the main reason for the massive
reopening of most Indonesian schools, regardless of the level of education. However, this
should challenge the previous simulations due to a significant change in the number of
individuals in a school as it is reopened. Henceforth, we provide numerical simulations of
all states, more concerned with Iu + Iv, as the number of individuals in a school varies due
to the school reopening. In practice, we assume that all individuals (students, lecturers, and
staff) can be considered vulnerable to the disease. The higher the number of susceptible
individuals, the more individuals can be infected. Hence, it is natural to analyze the effect
of the increase in N on the dynamics of Iu + Iv.

Mathematically speaking, N = Su + Iu + Ru + Sv + Iv + Rv, which implies that
N′ = S′

u + I′u + R′
u + S′

v + I′v + R′
v. Substituting the derivatives of all states as stated in

System (1), we have N′ = 0, meaning that the population size remains unchanged. How-
ever, we modified the model to accommodate the change in the population size due to the
school reopening. Since we assume that all new individuals enter compartments Su and Sv
(with the proportion governed by the vaccine coverage), we add recruitment terms f and g
for Su and Sv as given by Equation (10).

{
S′

u = f − β(Iu + Iv)Su/N
S′

v = g − β(1 − ρ)(Iu + Iv)Sv/N
(10)

This gives us N′ = f + g, for f = f (t) and g = g(t). Integrating both sides gives
us N(t) =

∫ t
0 ( f (s) + g(s))ds. If we choose f (t) = (1 − α)N′

obj(t) and f (t) = αN′
obj(t),

for a continuous and differentiable function Nobj(t), then f (t) + g(t) = N′
obj(t) and we

expect that N(t) = Nobj. The simulation is conducted numerically, which includes the
discretization of the time domain, and hence the condition of the differentiability of Nobj
is no longer relevant. The subscript objwhich stands for ‘objective’, denotes the preferred
dynamics of N(t) that represent a certain school opening scheme. Hence, we can assess the
effect of a specific school reopening scheme by choosing the appropriate function Nobj that
depicts the expected dynamics of the total individuals at any time t. Then, we choose three
different Nobj(t) values that represent three interesting school reopening schemes:

1. No school reopening (benchmark) We preserve the size of the population as it was
used to generate simulations in the previous section. We set N = 4000 for all t > 0,
which leads to the constant population size for all time. This scenario is a benchmark
for the other two scenarios.

2. Gradual school reopening A gradual school reopening is a scheme that admits stu-
dents and academical staff gradually until, at some point, the total number of students
and staff is reached. In the Institut Teknologi Bandung (ITB), there are approximately
20,000 students and academical staff at any time for a non-pandemic era, which starts
with only 4000 individuals in a pandemic era (January until April 2022). Hence, we
choose a simple-bounded linearly increasing function Nobj as given by:

Nobj(t) =

⎧⎨
⎩

4000 f or t < 58
4000 + 114(t − 59) f or t ∈ [59, 200]

20, 000 f or t > 201

t ∈ Z
+, with t ∈ [0, 58], is the training data interval, which uses N = 4000. However,

t ∈ [200, end] represents the total school reopening that starts in September 1, 2022,
with N = 20, 000. The middle period of t ∈ [59, 200] represents a linearly gradual
reopening from 4000 to 20,000. In practice, it is easy to add that f = 114(1 − α) and
g = 114α during the period of reopening t ∈ [59, 200], and f = g = 0 otherwise.

3. Prevalence-tuned school opening The last scenario accommodates the response of
the school officials to reduce the school capacity as the disease prevalence level
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increases. Hence, we assume that the number of N should be related to the number
of I. We chose a negative exponential to represent the relation between N and I
as follows:

Nobj(t) = (20, 000 − 4000)e−kI(t) + 4000.

This formulation suggests that as I is around zero, then the school officials are about
to totally open the school, and N = 20, 000. The opposite condition with a large number of
I forces the school restriction and allows only 4000 individuals. This formulation of Nobj is
not explicitly time-dependent; instead, it depends on the varying values of I(t). In practice,
we can set f = (1 − α)(20, 000 − 4000)ke−kt I′(t) and g = α(20, 000 − 4000)ke−kt I′(t).

Figure 8 shows the numerical assessment of the three school reopening schemes. The
simulations in red are the results that act as a benchmark for the other scenarios. This
benchmark scenario gives the constant population size that drives the resurgence of the
active cases around October as the average interaction distance increases. However, adding
more people into the school through the gradual reopening scheme leads to more infections
recorded, which reach a peak around July–August 2022. The surge is expected to happen
since we add more people as N increases from 4000 to 20,000 in early September 2022.
However, the infection-tuned scheme allows more people to enter the school relative to
the other two schemes, yet results in lower cases compared to the second scenario. This is
caused by the response of the school officials to reducing the school participants as the cases
start to increase. This is the reason why cases increase in the same period as the second
scheme but are significantly lower. By this simulation, all scenarios of reopening drive
more people to enter the school, leading to more infections. The next section shows how
the vaccine-related improvement can solve the problem of reopening without expecting
any surge in infections.

Figure 8. Numerical results of school reopening schemes: no reopening (benchmark) in red, gradual
reopening in blue, and case-based reopening in black; (a) population sizes for the three scenarios
during the school reopening, (b,c) simulations of the disease prevalence I = Iu + Iv and the interaction
distance D for different reopening schemes.
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5.3.2. Vaccine Coverage and Effectiveness Improvement

Other than the physical distancing campaign, vaccination is one of the control mea-
sures in the spread of COVID-19, especially in a school environment. It has been shown
that any school reopening leads to more infections recorded within the society. This section
provides a simulation of the three reopening schemes whilst also varying the vaccine
efficacy. By April 2022, the current average of vaccine efficacy is around 37%, as most
Indonesians have been inoculated twice with SinoVac, which has 37% effectiveness in
response to the Omicron variant. The improvement of the vaccine efficacy can be achieved
by campaigning for a third vaccine dose with higher efficacy, such as Moderna, Pfizer,
or Oxford AstraZeneca. Figure 9 shows the numerical simulations for different values of
vaccine efficacy: ρ = 37%, 50%, 65%, and 80%.

Figure 9. Simulations of the three school reopening schemes under different vaccine efficacies.
Improving the vaccine efficacy should reduce the expected numbers of cases. The highest vaccine
efficacy in response to the Omicron variant is about 71% [36].

The figure illustrates the effect of the improvement of the vaccine efficacy, by assuming
that 80% of school attendees have received a full-dose vaccine with such efficacy. When the
efficacy is improved from 37% to 50%, this affects the first scenario that has only 4000 and
cases that are expected to occur in October 2022 vanish. However, ρ = 50% is not enough to
reduce the other two scenarios (blue and black) significantly as the expected cases remain
high for such scenarios. For ρ = 65%, most of the expected cases are reduced significantly.
Lastly, ρ = 80% or higher is expected to reduce a whole surge of cases, at least for the
365-day prediction interval. It can be seen that as the number of cases reduces to zero, the
average interaction distance of people approaches its natural level, yet there is no trigger for
more infections due to the acquisition of vaccine-induced immunity. These results suggest
that any reopening scheme, up to a maximal school capacity of 20,000 individuals, will
not lead to any surge in COVID-19 cases as long as 80% of the population has received a
vaccine with a minimum 80% efficacy.
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6. Conclusions

In this study, we provided a modified SIR-type model that incorporates socio-viral
behavioral aspects. The first aspect (socio-behavioral) was added to the model by integrat-
ing the average interaction distance in society, while the other was added by integrating
the critical period in which airborne pathogens remain active. In a general case, a society
with a higher resistance rate λ1 but a lower response rate λ2 will record more total cases
compared to other plausible scenarios. In other words, the mentioned scenario applies to
society with people that are hardly accepting new distancing habits and that do not have
the awareness of disease prevalence. In contrast, a society with people that easily adapt
to new distancing behaviors due to disease transmission, representing a society with a
higher λ2 but a lower λ1, will result in the least total cases compared to other scenarios.
Furthermore, varying the critical period for active airborne pathogens also influence the
model behaviors. The higher the critical period, the longer the airborne pathogens actively
contribute to the increase in transmission rate.

As a case study, we implemented the proposed data on the spread of COVID-19 in a
school environment to preserve the assumption of homogeneity in the population. Using
the data on infections, we inferred the unknown parameters using the Bayesian approach.
We have shown that the rendered model is well-depicting the training data. Using the
inferred parameters, we extrapolated the model and came up with the evidence for a
resurgence of cases in around August 2022. The resurgence of the case is purely implied
by the return of society to its natural distancing behavior Dˆ* when no new COVID-19
cases are recorded. The dynamics of airborne pathogens load V seem not to influence that
significantly due to the short critical period of SARS-CoV-2 to remain active in the air.

In response to the resurgence of cases, we used the model to numerically assess some
strategic actions, applicable to the school context, to prevent the resurgence. First, we
define some reasonable school reopening schemes that influence the population size: no
reopening, gradual reopening, and infection-tuned reopening. While the first has a constant
population size N, the second is gradually increasing the population size until it reaches
the maximum capacity. Different from the other two, the infection-tuned reopening is a
scheme that increases N to its maximum capacity when no diseases are identified, but
also allows for decreasing N as the number of cases increases. Though the third scheme
seems not practical, an infection-tuned scheme is proven to be the most effective strategy
to reopen the school and minimize the risk of the rerise of COVID-19. Second, since we
have demonstrated that all school reopening schemes lead to the resurgence of COVID-19
cases, we provide a numerical simulation that justifies the importance of vaccine quality;
coverage, and efficacy. With constant vaccination coverage, increasing the vaccine efficacy
will reduce the risk of COVID-19 resurgence—a vaccine with an efficacy of more than 80%
has been proven to effectively prevent the COVID-19 resurgence, regardless of how society
behaves towards the disease spread.
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Appendix A. Model Analysis and Threshold Number

For the sake of simplicity, we drop the vaccination effect and hence merge all com-
partments having indices u and v together. To generate both the disease-free and endemic
equilibria, we added the natural disease in all state compartment (SIR), with μ repre-
sents the natural death rate. By substituting β(D, V) and γ(I, K) with those given by
Equations (3) and (4), we have our system be rewritten as follows.

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

S′ = −β∗
(

2D∗
D∗+D

)v(V+V∗
V∗

)w SI
N

I′ = β∗
(

2D∗
D∗+D

)v(V+V∗
V∗

)w SI
N −

(
γ0 + (γ1 − γ0)

K
I+K

)
I

R′ =
(

γ0 + (γ1 − γ0)
K

I+K

)
I

D′ = −λ1(D − D∗) + λ2(I/N)
V′ = λ3 I − λ4V

All plausible equilibria of System (5) are obtained by solving this nonlinear system,
that is modified by adding the recruitment and natural death rate in order to get the
Endemic Equilibrium.

0 = A − β∗
(

2D∗

D∗ + D

)v(V + V∗

V∗

)w SI
N

− μS

0 = β∗
(

2D∗

D∗ + D

)v(V + V∗

V∗

)w SI
N

−
(

γ0 + (γ1 − γ0)
K

I + K

)
I − μI

0 =

(
γ0 + (γ1 − γ0)

K
I + K

)
I

0 = −λ1(D − D∗) + λ2(I/N)

0 = λ3 I − λ4V

The disease-free equilibrium (DFE) can be obtained by plugging Î = 0 to the system,
which leads to DFE = {S∗, 0, R∗, D∗, 0}. Using the next generation matrix method, the
formula of the basic reproductive ratio is given by

R0 =
β∗

γ + μ

with the term of
(

2D∗
D∗+D

)v(V+V∗
V∗

)w
vanishes to 1 as all states approach the DFE. This quan-

tity will determine whether the state will approach the DFE (when R0 < 1) or otherwise
approach the other equilibrium point, namely the EE.

Appendix B. Numerical Sensitivity Analysis of the Socio-Behavioral Parameters

In this study, the behaviors of society that being accommodated by the model is the rate
of social resistance and social response. Socio-resistance rate, denoted with λ1, represents
the resistance of society for distancing their interaction due to the figure prevalence when
I is not significantly zero. When the figure prevalence is close to zero, the resistance rate
depicts how fast the society to live back with their natural interaction-distance D∗. In
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contrast, the rate of society response depicts the increase in interaction distancing per
increase in point prevalence, which inhibits the disease spread when this value is set
high. In this section, we provide the figure of infected individuals (per one thousand of
population) as λ1 and λ2 is set varied.

Given in Figure A1, the setting of λ1 = 0 while λ2 = 0.5 depicts the situation that
people in society tend to response to the figure prevalence by distancing interaction but
have no intention to return on their previous interaction habit. The blue line in the bottom-
left corner represents the average interaction-distance in the mentioned scenario that levels
off in D = 4.2 without approaching the natural interaction-distance. By fixing λ2 = 0.5,
the increment of λ1 will lower the average interaction-distance and fasten the dynamics
of D to approach D∗. Poor society in certain regions tend to hasten on returning back on
their previous habits (to work, study, etc) once the decrease in the point prevalence are
declared, which in this model is considered to have relatively higher λ1. In contrast, some
regions in developed countries may have lower value of λ1. Hence, the model requires the
homogeneity of society; the smaller the society, the easier to assume, such as: students and
academic staff in closed school, workers.

Figure A1. Number of infected individuals in society of population 1000 individuals under different
values of socio-resistance and social response rates. (a) five different values of socio-resistance by
setting λ2 = 0.5. Each scenario has R0 =, for ascending order of λ1. (b) Five different values of social
response by setting λ1 = 0.02.

Right-hand side figures in Figure A1 depicts how social response to point prevalence
affects the dynamics of both infected individuals and interaction-distance. The scenario
setting λ1 = 0 portrays the society with no attention to current disease spread, implying
to a steady interaction-distance to its natural habit. The higher the setting of λ2, the more
responsive the people in society to the current point prevalence.
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Appendix C. Numerical Simulations under Different Healthcare Capacity

Figure A2. Numerical simulations under different values of healthcare capacities: (a) comparison
between the dynamics of active cases and the rate of recovery using the same parameters as used
in Figure A1, (b,c) sensitivity analysis of Iu + Iv and the rate of recovery γ under different value of
healthcare capacity K.

Appendix D. Bayesian Hierarchical for Parameters’ Estimation

There are three parameters that are estimated by the integration of the provided data
Dα. We assume that those three parameters are each a realization of a complete posterior
distribution. Let us assume that Dα(i), i = 1, 2, . . . , n denotes the daily cases of COVID-19 at
day i, while f

(
i; θ̂

)
represents the dynamics of the daily cases evaluated from the proposed

model given that θ̂ = [β∗, v, w]T . We expect that observation Dα(i) (experimental data
or observed data) to be equal as the model response f

(
i, θ̂

)
plus the independent and

identically distributed error εi, with mean zero and variance σ2. Hence, we can write:

Dα(i) = f
(
i; θ̂

)
+ εi

with εi N
(
0, σ2 )

. The goal is to estimate the posteriod distribution of π
(
θ̂|Dα(i)

)
, which

quantify the probability of parameter θ̂ given the set of observational data.

π
(
θ̂|Dα(i)

)
=

L(Dα(i)
∣∣θ̂)π0

(
θ̂
)

NL
with L(Dα(i)

∣∣(θ̂
)
) represent the likelihood and π0

(
θ̂
)

is the prior knowledge of the es-
timated parameters. In terms of the data fitting, it is common to define the likelihood
function as given in the following formula:

(Dα(i)
∣∣(θ̂

)
) = exp

(
−SSq

Var

)

with SSs = ∑n
i
(

Dα(i)− f
(
i; θ̂

))2
. We will use the MCMC method (with a Metropolis-

Hastings Algorithm) to get samples from the posterior distributions given in 860. Since
we have no prior knowledge for each of the estimated parameters, we choose the prior
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of normal distribution with zero mean, but high in variance. In MATLAB, we used the
built-in function provided by Grinsted, A. available in https://www.mathworks.com/
matlabcentral/fileexchange/49820-ensemble-mcmc-sampler (accessed on 17 June 2022).
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Abstract: Hospital workers are at high risk of contact with COVID-19 patients. Currently, there is no
evidence-based, comprehensive risk assessment tool for healthcare-related exposure; so, we aimed to
identify independent factors related to COVID-19 infection in hospital workers following workplace
exposure(s) and construct a risk prediction model. We analyzed the COVID-19 contact tracing dataset
from 15 July to 31 December 2021 using multiple logistic regression analysis, considering exposure
details, demographics, and vaccination history. Of 7146 included exposures to confirmed COVID-19
patients, 229 (4.2%) had subsequently tested positive via RT-PCR. Independent risk factors for a
positive test were having symptoms (adjusted odds ratio 4.94, 95%CI 3.83–6.39), participating in an
unprotected aerosol-generating procedure (aOR 2.87, 1.66–4.96), duration of exposure >15 min (aOR
2.52, 1.82–3.49), personnel who did not wear a mask (aOR 2.49, 1.75–3.54), exposure to aerodigestive
secretion (aOR 1.5, 1.03–2.17), index patient not wearing a mask (aOR 1.44, 1.01–2.07), and exposure
distance <1 m without eye protection (aOR 1.39, 1.02–1.89). High-potency vaccines and high levels of
education protected against infection. A risk model and scoring system with good discrimination
power were built. Having symptoms, unprotected exposure, lower education level, and receiving low
potency vaccines increased the risk of laboratory-confirmed COVID-19 following healthcare-related
exposure events.

Keywords: COVID-19; SARS-CoV-2; occupational exposure; risk factors; personal protective equipment

1. Introduction

Healthcare workers are at high risk for exposure to COVID-19, both in the community
and in the workplace when caring for patients [1]. Infection prevention and control practices
are recommended for all hospital workers and include the use of personal protective
equipment, physical distancing, source control measures, immunization, and post-exposure
management [2]. The early assessment of risk and prompt management are important
to protect the health and safety of personnel to prevent in-hospital transmission [3]. On
the other hand, the isolation and quarantine associated with COVID-19 that are required
of health workers place additional strain on healthcare services during periods of high
demand. The individualized estimation of the infection risk of certain exposure of health
workers is needed to guide optimal prevention and response strategies.

The exposure risk assessment and management system is currently mainly based on
expert opinion, because only a few studies have addressed this problem, and there is the
significant heterogeneity of operational definitions for variables that influence exposure
risk, such as the measurement of contact duration, distance, the use of a face mask versus a
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respirator with eye protection, and differing vaccine regimens and efficacies [4–9]. Further,
most COVID-19 healthcare exposure studies categorized exposure risk using multiple
measures in combination (without complete details of individual exposure) and were
conducted during periods when less contagious variants were circulating and different
vaccine products and regimens were employed [9–11].

In the third quarter of 2021, Siriraj Hospital, a 2300-bed referral center in Bangkok
with more than 16,000 employees, conducted more than 200 SARS-CoV-2 genetic tests per
day for its personnel. Adapted from USCDC, WHO, European and Thailand public health
interim guidelines, the hospital risk assessment and management system classified the risk
of exposure and recommended appropriate testing times, work restrictions, and quarantine
for those who were exposed to confirmed patients with COVID-19 [12–16]. Independent
factors associated with COVID-19 infection could be identified using the large and detailed
exposure dataset, demographic data, vaccination history, and complete entry and exit
test status.

The objectives of this study are to identify independent factors associated with SARS-
CoV-2 infection detected via RT-PCR in hospital workers following exposure(s) to confirmed
positive patients and to build an evidence-based quantitative risk model and risk score for
healthcare-related exposure.

2. Materials and Methods

2.1. Study Design, Setting, and Protocol

This study is a retrospective cohort analysis. From July 2021 to January 2022, during
the increase in the number of cases of COVID-19 caused by the Delta variant, the hospital
implemented a contact tracing and risk evaluation system based on exposure characteristics
and immunization status to guide risk-specific SARS-CoV-2 tests, work restriction, and
quarantine recommendations (Supplementary Tables S1–S3). Hospital workers who had
been exposed to a confirmed case within the contagious period or had any symptoms
related to SARS-CoV-2 (Appendix A) were evaluated as per hospital guidelines.

2.2. Data Collection and Preparation

Data collection was completed by exposed hospital workers or their representatives
directly into a computer spreadsheet (infected person, worker identification, event details,
symptoms, and immunization record). Completeness and accuracy were validated using
mandatory field entry, data validation, and logic checks with feedback confirmation by
responsible infection control officers. If personnel had multiple exposures to the same index
person, the risk would be assigned to the highest risk event, and recommendations would
be arranged according to the latest significant exposure. The classification of exposure risk
(high, moderate, low or insignificant—based on the characteristics of exposure and the
use of personal protective equipment (PPE) according to the consensus of the experts of
the hospital detailed in Supplementary Table S1) and the recommendation were assigned
by infectious disease specialists with the aid of software developed by the hospital. This
exposure risk category was not introduced directly to the logistic regression model as all
individual exposure criteria had already been included.

The variables of interest that were not included in the initial dataset (age, gender,
education, and SARS-CoV-2 test results) and those subject to recall errors (immunization
record) were provided by the hospital informatics and data innovation center. Missing and
conflicting data were manually imputed based on available electronic hospital records.

2.3. Study Definition
2.3.1. Vaccine Formula and Potency Grouping

COVID-19 vaccination at least 14 days before exposure was considered to exert a full
protective effect and was defined as the completion of the last dose. Due to the wide variety
of vaccine combinations among Thai health workers [17], we classified all combination
states into three distinct potency groups according to criteria adapted from Thai COVID-19
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vaccination guidelines for a booster shot from the Ministry of Public Health in December
2021 (Supplementary Table S4) [18,19]. Low-potency combinations included any number
of doses of an inactivated vaccine product, or a single dose of any other product (viral
vector or mRNA). Moderate-potency combinations included two or more doses of an
inactivated vaccine and at least one dose of either a viral vector product or an mRNA
product. High-potency combinations included any dose of an inactivated product with
at least one dose of viral vector product plus one dose of mRNA platform, or at least two
doses of mRNA platform.

2.3.2. Laboratory Analysis and Case Definition

COVID-19 was diagnosed via SARS-CoV-2 genetic detection from respiratory samples
using a real-time RT-PCR test, Allplex™ 2019-nCoV Assay (Seegene®, Seoul, Korea). The
cycle threshold of <40 for the E and N gene and <42 for the RdRp gene was considered
positive. To resolve the discrepancies between different genes tested, infectious disease
specialists would define the status of the case based on their history and subsequent test(s).

2.4. Statistical Analysis

Continuous variables were reported as means with standard deviation and medians
with interquartile range, while categorical data were reported using frequencies and per-
centages. The variables between groups were compared using the independent sample T
test or Pearson’s chi-square test (or nonparametric equivalents where appropriate), with
statistical significance defined as a p value less than 0.05. Using multiple logistic regression,
all variables with a p value less than 0.25 from univariate pre-screening entered the model
provided they were present in at least 1% of the sample. Using the stepwise multivariate
analysis, the variables that did not contribute to the model were eliminated either by ex-
clusion or collapse to another category, whichever yielded maximal discrimination power
from the ROC curve analysis. An additive risk score of predicted probability of COVID-19
infection was developed with coefficients from the final model (Appendix B). Model fit was
accessed using the Hosmer and Lemeshow test. The logistic exposure risk calculator was
built and is available at https://bit.ly/3uEi4W2 (accessed on 15 May 2022). All analyses
were performed using SPSS™ software version 26.0 (IBM Corporation, Armonk, NY, USA)
and Microsoft Excel™ software version 2203 (Microsoft Corporation, Redmond, WA, USA).

3. Results

The study flow diagram is illustrated in Figure 1. From 15 July to 31 December 2021,
more than 19,000 hospital workers exposed to confirmed SARS-CoV-2 patients or who had
symptoms related to COVID-19 were reported to infectious disease specialists. A total of
8557 entries were arranged for the RT-PCR test(s). After the exclusion of entries outside
the scope of the study (uncertain contact history with various reasons for the RT-PCR
test), duplicate entries and those without sufficient data for analysis, 7146 exposures were
retained in the final dataset.

3.1. Baseline Characteristics

Of the 7146 exposures of 5449 hospital workers, 299 (4.2%) cases of COVID-19 infec-
tion were confirmed. The incidence of included events and COVID-19 detection gradually
decreased during the study period (Supplementary Figure S1). The baseline characteristics
of the included entries are listed in Table 1. The median age (range) of exposed hospital
workers was 32 years (18–88), with women (73.8%) and healthcare personnel (Appendix A,
85.6%) being predominant. Among the hospital workers, the most common occupations
were nurses and nurse/physician assistants (41.1%) followed by physicians/dentists and
dentist assistants (12.6%), janitorial staff (12.3%), and administrative staff (12.3%). Less
than 1% of the entries came from hospital workers with previous COVID-19 disease, and
no hospital worker experienced repeated infection during the study period. In general,
SARS-CoV-2 detections were more prevalent in exposures of workers with lower education

75



Trop. Med. Infect. Dis. 2022, 7, 248

(primary or secondary school; 7.7%), exposures without proper personal protective equip-
ment or hygiene (i.e., high-risk exposure; 8.1%), exposures accompanied by fever or other
symptoms related to COVID-19 (Appendix A, 14.3%), and exposures of hospital workers
who had received vaccine combinations of lower potency (low potency; 14%).

Figure 1. Consort type study flow diagram.

Table 1. Characteristics of occupational exposures to COVID-19 of hospital workers.

Characteristics
Subsequent COVID-19 Infection within

14 Days after Last Exposure
Total p Value

No Yes

n = 6847 n = 299 Event Rate n = 7146 % of Total

Demographic
Age at exposure, year

Mean, standard deviation 34.95, 10.49 35.72, 10.64 34.98, 10.50 0.216
Median (interquartile range) 32 (27–42) 35 (26–44) 32 (27–42) 0.186

Gender 0.067
Male 1781 92 4.9% 1873 26.2%
Female 5066 207 3.9% 5273 73.8%

The highest education attainment <0.001 §

Primary or secondary school 1599 133 7.7% 1732 24.2%
Associate’s degree 1296 69 5.1% 1365 19.1%
Bachelor’s degree 2846 80 2.7% 2926 40.9%
Master’s degree 762 12 1.6% 774 10.8%
Doctoral degree 344 5 1.4% 349 4.9%
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Table 1. Cont.

Characteristics
Subsequent COVID-19 Infection within

14 Days after Last Exposure
Total p Value

No Yes

n = 6847 n = 299 Event Rate n = 7146 % of Total

Role of hospital worker 0.620
Healthcare personnel 5864 253 4.1% 6117 86.6%
Non-healthcare personnel 983 46 4.5% 1029 14.4%

COVID-19 vaccination status
Vaccines <0.001

CoronaVac–CoronaVac 3684 190 4.9% 3874 54.2%
CoronaVac–CoronaVac–

ChAdOx-1 1203 47 3.8% 1250 17.5%

CoronaVac–CoronaVac–
BNT162b2 1070 18 1.7% 1088 15.2%

ChAdOx-1 284 10 3.4% 294 4.1%
ChAdOx-1–ChAdOx-1 219 9 3.9% 228 3.2%
None 117 19 14.0% 136 1.9%
ChAdOx-1–BNT162b2 116 1 0.9% 117 1.6%
Others 154 5 3.1% 159 2.2%

Potency of COVID-19 Vaccines * <0.001 §

None 117 19 14.0% 136 1.9%
Low-potency vaccines 4025 202 4.8% 4227 59.2%
Moderate-potency vaccines 2537 77 2.9% 2614 37.6%
High-potency vaccines 168 1 0.6% 169 2.4%

The interval between the last dose of COVID-19 vaccines and exposure, day
Mean, standard deviation 72.07, 33.36 73.78, 29.68 72.14, 33.22 0.351
Median (interquartile range) 72 (47–93) 75 (57–95) 72 (48–93) 0.302
Missing data 207 21 228 3.2%

Previous COVID-19 infection 0.755 #
Absence 6564 290 4.2% 6854 99.1%
Presence 62 3 4.6% 65 0.9%

Exposure characteristics
Infected person was wearing a mask/N95 respirator during exposure <0.001

Yes 2897 61 2.1% 2958 41.4%
No 3950 238 5.7% 4188 58.6%

Distance of contact <0.001
More than 1 m 1510 40 2.6% 1550 21.7%
Less than 1 m 5337 259 4.6% 5596 78.3%

Duration of exposure <0.001
Less than 15 min 3380 53 1.5% 3433 48.0%
More than 15 min 3467 246 6.6% 3713 52.0%

Exposed hospital worker was wearing a mask/N95 respirator during exposure <0.001
Yes 4535 91 2.0% 4626 64.7%
No 2312 208 8.3% 2520 35.3%

Exposed hospital worker was wearing a face shield during exposure <0.001
Yes 1941 38 1.9% 1979 27.7%
No 4906 261 5.1% 5167 72.3%

Infected person was undergoing aerosol-generating procedures 0.186
No 6465 277 4.1% 6742 94.3%
Yes; exposed hospital worker

was wearing N95
respirator/PAPR and face shield

77 2 2.5% 79 1.1%

Yes; exposed hospital worker
was not wearing N95
respirator/PAPR and face shield

305 20 6.2% 325 4.5%

Exposed hospital worker had direct contact with the aerodigestive secretion of the infected person <0.001
No 6549 249 3.7% 6798 95.1%
Yes 298 50 14% 348 4.9%
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Table 1. Cont.

Characteristics
Subsequent COVID-19 Infection within

14 Days after Last Exposure
Total p Value

No Yes

n = 6847 n = 299 Event Rate n = 7146 % of Total

Exposure risk category by infectious disease
physicians <0.001

Low risk 2263 17 0.7% 2280 31.9%
Moderate risk 1684 39 2.3% 1723 24.1%
High risk 2558 224 8.1% 2782 38.9%
Insignificant exposure with

symptom(s) or reason(s) for
RT-PCR

342 19 5.3% 361 5.1%

Symptom of exposed
hospital worker
Fever or other COVID-19-related symptoms <0.001

Absence 5073 103 2.0% 5176 79.1%
Presence 1174 196 14.3% 1370 20.9%

RT-PCR; reverse transcriptase–polymerase chain reaction, § linear-by-linear association, # Fisher’s Exact test,
other p value from independent samples T-test, Pearson Chi-Square test, or independent-samples Mann–Whitney
U test, * adapted from Thai COVID-19 Vaccination Guidelines for a Booster Shot, Ministry of Public Health,
December 2021.

All events were classified into four exposure risk categories: low (31.9%), moderate
(24.1%), high (38.9%), and insignificant risk (but being tested due to COVID-19-related
symptoms) (5.1%). This risk classification was highly correlated with the SARS-CoV-2
detection rate (0.7%, 2.3%, 8.1%, and 5.3%; p < 0.001). Most exposures (98.1%) came
from personnel who had received at least one dose of the vaccine. The median interval
from the last vaccination to the day of exposure was 72 days (range 14 to 236). More
than half of the hospital workers (54.2%) received two doses of CoronaVac (SINOVAC
Biotech, Beijing, China), 17.5% received an additional ChAdOx-1 (AstraZeneca, Oxford,
UK; Cambridge, UK), 15.2% received an additional BNT162b2 (Pfizer-BioNTech, New York,
USA; Mainz, Germany) vaccination as a booster, and 11.2% had other vaccine combinations.
The remaining 136 exposures came from hospital workers who were not vaccinated at the
time of exposure (1.9%).

Among the events with subsequent COVID-19 infection, the median time to detection
after the last exposure was four days (interquartile range 1 to 7), with 90% of all detections
occurring within 11 days from the last exposure (Supplementary Figure S2). No mortality
was observed during the study period.

3.2. Factors Associated with SARS-CoV-2 Infection

After prescreening with univariate logistic regression, twelve factors entered the
preliminary main effect model (Table 2), and nine remained in the final logistic model.
There were two baseline characteristics and seven exposure-related factors that contributed
to the risk of SARS-CoV-2 infection. All independent factors and weights associated with
them are shown in Table 3. To calculate the predicted probability for SARS-CoV-2 genetic
detection using an additive risk score, the points for factors present in a particular exposure
are added to give an approximate percentage, as outlined in Table 4.
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Table 2. Logistic regression analysis of variables associated with occupational SARS-CoV-2 infection
among hospital workers.

Variable Univariable Analysis Multivariable Analysis

Crude OR (95% CI) p Value Adjusted OR (95% CI) p Value

Demographic
Age (year) 1.01 (1–1.02) 0.216 1.01 (1–1.02) 0.053
Male gender 1.26 (0.98–1.63) 0.068 1.11 (0.83–1.48) 0.480
The highest education attainment <0.001 <0.001

Primary or secondary
school (reference)

Associate’s 0.64 (0.47–0.86) 0.004 0.76 (0.54–1.06) 0.106
Bachelor’s 0.34 (0.25–0.45) <0.001 0.44 (0.32–0.61) <0.001
Master’s 0.19 (0.1–0.34) <0.001 0.31 (0.17–0.58) <0.001
Doctoral 0.18 (0.07–0.43) <0.001 0.36 (0.14–0.92) 0.033

Role of worker: Healthcare personnel 0.92 (0.67–1.27) 0.620
Exposure characteristics
Infected person was not wearing a
mask/N95 respirator during exposure 2.86 (2.15–3.81) <0.001 1.45 (1–2.1) 0.048

Distance of exposure less than 1 m 1.83 (1.31–2.57) <0.001 1.4 (0.97–2) 0.069
Duration of exposure more than 15 min 4.53 (3.35–6.11) <0.001 2.51 (1.81–3.48) <0.001
Exposed hospital worker not wearing a
mask/N95 respirator during exposure 4.48 (3.49–5.77) <0.001 2.54 (1.72–3.76) <0.001

Exposed hospital worker not wearing
face shield or goggles during exposure 2.72 (1.93–3.83) <0.001 1.25 (0.78–1.98) 0.353

Infected person was undergoing
aerosol-generating procedures 0.156 0.001

No (reference)
Yes; exposed HCP was wearing N95

respirator/PAPR and face shield 0.61 (0.15–2.48) 0.486 1.28 (0.29–5.66) 0.748

Yes; exposed HCP was not wearing
N95 respirator/PAPR and face shield 1.53 (0.96–2.44) 0.075 2.86 (1.64–5) <0.001

Exposed hospital worker had direct
contact with aerodigestive secretion of
the infected person

4.41 (3.19–6.11) <0.001 1.48 (1.02–2.15) 0.038

Symptoms of exposed
hospital worker
Fever or other COVID-19-related
symptoms 5.44 (4.26–6.95) <0.001 4.9 (3.78–6.34) <0.001

COVID-19 vaccination status
Potency of COVID-19 vaccines * <0.001 <0.001

None (reference)
Low-potency vaccines 0.31 (0.19–0.51) <0.001 0.31 (0.18–0.54) <0.001
Moderate-potency vaccines 0.19 (0.11–0.32) <0.001 0.16 (0.09–0.3) <0.001
High-potency vaccines 0.04 (0.01–0.28) 0.001 0.05 (0.01–0.41) 0.005

The interval between the last dose of
COVID-19 vaccines and exposure (day) (1–1.01) 0.402

Previous COVID-19 infection: Yes 1.1 (0.34–3.51) 0.878

* Adapted from Thai COVID-19 Vaccination Guidelines for a Booster Shot, Ministry of Public Health, Decem-
ber 2021.
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Table 3. Independent risk factors associated with subsequent SARS-CoV-2 infection after occupational
exposure among hospital workers, coefficients from the final logistic model, and weight (point) for
the risk score.

Risk Factor β Odds Ratio (95% CI) p Value Point

The highest education attainment <0.001
Primary or secondary school (reference) 3
Undergraduate (associate’s or bachelor’s) −0.64 0.53 (0.4–0.68) <0.001 1
Postgraduate (master’s or doctoral) −1.13 0.32 (0.19–0.55) <0.001 0

Infected person was not wearing a mask/N95
respirator during exposure 0.37 1.44 (1.01–2.07) 0.046 1

Distance of exposure less than 1 m without a
face shield 0.33 1.39 (1.02–1.89) 0.038 1

Duration of exposure more than 15 min 0.93 2.52 (1.82–3.49) <0.001 3
Exposed hospital worker was not wearing a
mask/N95 respirator during exposure 0.91 2.49 (1.75–3.54) <0.001 3

Exposed hospital worker was not wearing an N95
respirator and face shield/goggles while the infected
person was undergoing aerosol-generating procedure

1.05 2.87 (1.66–4.96) <0.001 3

Exposed hospital worker had direct contact with the
aerodigestive secretion of the infected person 0.40 1.5 (1.03–2.17) 0.033 1

Fever or other COVID-19-related symptoms 1.60 4.94 (3.83–6.39) <0.001 5
Potency of COVID-19 vaccines * <0.001

None (reference) 9
Low-potency vaccines −1.19 0.3 (0.17–0.53) <0.001 5
Moderate-potency vaccines −1.79 0.17 (0.09–0.3) <0.001 4
High-potency vaccines −2.98 0.05 (0.01–0.4) 0.004 0

Constant −3.69 <0.001

* Adapted from Thai COVID-19 Vaccination Guidelines for a Booster Shot, Ministry of Public Health, Decem-
ber 2021.

Table 4. The predictive score for SARS-CoV-2 infection after occupational exposure among
hospital workers.

Total Point Predicted Probability of COVID-19 Infection (%)

0–9 0.05–0.93
10–14 1.28–4.60
15–16 6.28–8.51
17–19 11.44–19.94
20–23 25.70–48.09
24–29 56.27–86.92

Having a fever or other COVID-19-related symptoms was the strongest risk factor
for SARS-CoV-2 genetic detection (adjusted OR 4.94, 95% CI 3.83–6.39). Other strong risk
factors included performing an aerosol-generating procedure without full protection (aOR
2.87, 1.66–4.96), prolonged duration of contact (aOR 2.52, 1.82–3.49), and personnel not
wearing a mask (aOR 2.49, 1.75–3.54). Direct contact with aerodigestive secretion, the in-
fected person not wearing a mask, and close contact without proper eye protection carried
smaller risks. Vaccination was protective against infection: aOR 0.05 (high-potency combi-
nations), aOR 0.17 (moderate-potency combinations), and 0.3 (low-potency combination).
Hospital workers with higher levels of education level were less likely to be infected.

The model fit was confirmed using the Hosmer and Lemeshow test (Chi-square 8.960,
p 0.346). The discrimination power of the final logistic model and the risk scoring system
accessed via ROC curves are depicted in Figure 2, which confirms the model’s performance.
The exposure risk categories also demonstrated good predictive power in the parallel
analysis (adjusted OR 2.58 for moderate-risk and 8.53 for high-risk contact; Supplementary
Table S5), but with a smaller area under the ROC curve at 0.827 (95% CI 0.804–0.849).
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Figure 2. Areas under the ROC curve for the final logistic model (A) and the risk scoring system (B).

4. Discussion

Using information acquired from contact tracing during the Delta peak at 86–99%
in the community [20–22], we developed a risk prediction model to estimate the risk of
infection for hospital workers with different vaccination regimens following exposure to
confirmed COVID-19 cases. Exposure type, the presence of symptoms, the appropriate use
of PPE, education level, vaccination regimen, and time since the last dose each contributed
important information regarding the risk of infection.

Having a fever or other COVID-19-related symptoms within two weeks was strongly
predictive of a positive test. Similar to the previous report by Pienthong et al. [8], failure to
comply with protective measures increased the risk of infection. For example, commencing
an aerosol-generating procedure (Appendix A) without proper protective equipment (in-
cluding an N95 respirator and eye protection) was the highest procedural risk in this study,
followed closely by a prolonged duration of exposure and the worker not wearing a mask.
Other violations of standard precautions and the improper use of PPE recommended by the
WHO [23] also increased the risk of infection. One interesting finding to be noted is that an
exposure distance of <1 m and not using an eye protection device failed to reach statistical
significance in the preliminary effect model but showed significance when considering both
factors together (i.e., a face shield is only beneficial when in close contact). This supports the
adequacy of the universal droplet precautions despite recent evidence in favor of airborne
precautions [24,25] given that no aerosol-generating procedure is being performed.

The most common vaccine regimen in this study, two doses of inactivated vaccines (low
potency), provided the least protection against infection, while the second most common
regimen, heterologous boosted inactivated vaccines (moderate potency), provided slightly
better protection but much less when compared with the viral vector-mRNA combination
(high potency). This is consistent with the previous report from Sritipsukho et al. [17] which
underlined the importance of vaccine type over the number of doses. Our findings also
validated our COVID-19 exposure risk category approach which was used to determine the
need for RT-PCR testing and isolation during a period of manpower and resource limitation.

Although symptoms related to COVID-19 should be considered as a consequence
of infection rather than a risk factor for infection, our data support that all symptomatic
health workers with an exposure history during the epidemic should be tested, regardless
of contact risk and immunologic status, provided that this policy does not overwhelm
laboratory testing capacity. A significant portion of infected hospital workers tested positive
before the initial recommended test date(s), which implied the benefit of the early test (and
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early detection) triggered by symptoms. This contrasts with other studies on symptomatic
patients presenting at health services which demonstrated poor diagnostic accuracy of signs
and symptoms [26,27]. An explanation might be that, in addition to being symptomatic, all
of our included subjects must have certain exposure to an infected person.

Consistent with a 2020 study by Chadeau-Hyam et al., the level of education of the
hospital workers was inversely correlated with the risk of testing positive [28]. This could
be explained by better health literacy, self-awareness, and hygiene discipline. Educational
achievement is also correlated with occupations that pose different risks of COVID-19
infection [29]. Improved educational interventions are additionally needed to increase
awareness among workers with lower levels of education.

Most of the COVID-19 risk calculators available provide a very crude risk estimate
based primarily on location, the nature of the activity, and the safety measures being
taken [30]. Our risk calculator and score, on the contrary, provide an individualized risk
assessment based on detailed exposure characteristics adjusted for vaccination status and
socioeconomic background through educational attainment. To a certain extent, this tool has
the utility to triage exposed individuals to prevent further infections in healthcare settings.

This study has several limitations. We did not include the severity of cases that
got infected (i.e., CT value or hospitalization). Due to the retrospective nature of the
observational study, some demographic information may have been missed. Furthermore,
most of the data were entered by various staff with different levels of health knowledge.
Therefore, misclassification may be an issue. The external validation of the risk model was
also difficult to perform due to the rapid shift in the variants of concern and vaccine-induced
immunity over time.

5. Conclusions

Having symptoms of COVID-19, inadequate personal protection, low education level,
and not receiving a vaccine or receiving a low-potency vaccine regimen were found to
be the main risks for COVID-19 infection among all healthcare-related exposures. Our
quantitative exposure risk model and risk score have good predictive value and could
help combat further spread among hospital workers according to their actual probability
of infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
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December 2021; Figure S2: Distribution of SARS-CoV-2 PCR assay detection day after last known
exposure; Table S1: Exposure-characteristics-based risk classification; Table S2: Management of
contact hospital workers in terms of guided testing and quarantine duration based on contact risk
and vaccination history; Table S3: Definition of immunization during the study period; Table S4:
Vaccine regimen potency grouping, adapted from Thai COVID-19 vaccination guidelines for a booster
shot from the Ministry of Public Health as of December 2021; Table S5: Parallel analysis of variables
associated with SARS-CoV-2 infection using exposure risk category, the final logistic model.

Author Contributions: Conceptualization, P.R. and T.T.; methodology, P.R. and T.T.; software, T.T.;
formal analysis, P.R. and T.T.; investigation, K.S. and T.T.; data curation, K.S., P.R., W.R., N.A., P.W.,
S.A., P.P. and O.N.; writing—original draft preparation, K.S.; writing—review and editing, T.T., P.R.,
N.A. and S.A.; visualization, T.T.; supervision, P.R. project administration, K.S. and T.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the Siriraj Institutional Review
Board on 5 November 2021, which was in full compliance with international guidelines for human
research protection such as the Declaration of Helsinki (Study Code 838/2564(IRB4)).

Informed Consent Statement: The patient consent was waived as it contained minimal risk to
the subject.

82



Trop. Med. Infect. Dis. 2022, 7, 248

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Acknowledgments: We thank the members of Infection Control Nurses, infectious disease specialists,
Siriraj Informatics and Data Innovation Center, staff from the Department of Microbiology, Depart-
ment of Immunology, and chiefs or representatives of each Division from the Faculty of Medicine
Siriraj Hospital, Mahidol university who made the data reliable and available. We express our
gratitude to Mark Simmerman for his insightful comments on manuscript and language editing. We
also acknowledge the contributions of Chulaluk Komoltri from the clinical epidemiology unit for
advice in the statistical analysis of this study.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Definition

- Healthcare workers or healthcare personnel include but are not limited to emer-
gency medical service personnel, nurses, nursing assistants, physicians, technicians,
therapists, phlebotomists, pharmacists, students and trainees, contractual staff not
employed by the healthcare facility, and persons not directly involved in patient care,
but who could be exposed to infectious agents that can be transmitted in the healthcare
setting (e.g., clerical, dietary, environmental services, laundry, security, engineering
and facilities management, administrative, billing, and volunteer personnel).

- Aerosol-generating procedure: a procedure that could generate more infectious
aerosols than coughing, sneezing, talking, or breathing:

� Open suctioning of airways;
� Sputum induction;
� Cardiopulmonary resuscitation;
� Endotracheal intubation and extubation;
� Non-invasive ventilation (e.g., BiPAP or CPAP);
� Bronchoscopy;
� Manual ventilation;
� Nebulizer administration and high-flow oxygen delivery.

- Symptoms related to SARS-CoV-2 infection:

� Fever or chill;
� Fatigue;
� Muscle ache;
� Headache;
� Cough;
� Runny nose;
� Sore throat;
� Loss in the sense of smell or taste;
� Shortness of breath;
� Nausea;
� Vomiting;
� Diarrhea.

Appendix B. Mathematical Component of Risk Score

� For each independent risk factor:

Weight (point) : = � βi
βmin

+
1
2
�, where βmin = 0.328344912 (A1)

� For protective factor: education:

Weight (point) : = � βi
βmin

+
1
2
�+ 3, where βmin = 0.328344912 (A2)
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� For protective factor: vaccination:

Weight (point) : = � βi
βmin

+
1
2
�+ 9, where βmin = 0.328344912 (A3)
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Abstract: Background: The greatest challenges are imposed on the overall capacity of disease
management when the cases reach the maximum in each wave of the pandemic. Methods: The cases
and deaths for the four waves of COVID-19 in 119 countries and regions (CRs) were collected. We
compared the mortality across CRs where populations experience different economic and healthcare
disparities. Findings: Among 119 CRs, 117, 112, 111, and 55 have experienced 1, 2, 3, and 4 waves of
COVID-19 disease, respectively. The average mortality rates at the disease turning point were 0.036,
0.019. 0.017, and 0.015 for the waves 1, 2, 3, and 4, respectively. Among 49 potential factors, income
level, gross national income (GNI) per capita, and school enrollment are positively correlated with
the mortality rates in the first wave, but negatively correlated with the rates of the rest of the waves.
Their values for the first wave are 0.253, 0.346 and 0.385, respectively. The r value for waves 2, 3, and
4 are −0.310, −0.293, −0.234; −0.263, −0.284, −0.282; and −0.330, −0.394, −0.048, respectively. In
high-income CRs, the mortality rates in waves 2 and 3 were 29% and 28% of that in wave 1; while
in upper-middle-income CRs, the rates for waves 2 and 3 were 76% and 79% of that in wave 1. The
rates in waves 2 and 3 for lower-middle-income countries were 88% and 89% of that in wave 1,
and for low-income countries were 135% and 135%. Furthermore, comparison among the largest
case numbers through all waves indicated that the mortalities in upper- and lower-middle-income
countries is 65% more than that of the high-income countries. Interpretation: Conclusions from the
first wave of the COVID-19 pandemic do not apply to the following waves. The clinical outcomes in
developing countries become worse along with the expansion of the pandemic.

Keywords: COVID-19; economy; income levels; mortality; waves; policy; turning points

1. Introduction

A considerable amount of research has been conducted to better understand factors
influencing mortality caused by the pandemic of COVID-19 [1–7]. Most data are based on
the first wave, while some are based on the combination of the first and second waves of
the pandemic [1–7]. None of these studies revealed the impact of income levels, with other
factors, such as transportation and population density, regarded as the major predictive
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factors in the pandemic [6–8]. A report based on the second wave of the COVID-19
pandemic indicated that COVID-19 was more severe on the African continent than the
first wave [1]. The question remains as to whether economic levels affect the mitigation of
COVID-19 in stages such as in waves 2, 3, and 4.

Based on reports from Worldometers (https://www.worldometers.info/coronavirus/
(accessed on 14 January 2022)) [9] and the World Health Organization (WHO) Coronavirus
(COVID-19) Dashboard (https://covid19.who.int/ (accessed on 14 January 2022)) [2],
accessed in early 2022, more than 100 countries and regions (CRs) have experienced more
than three waves of the disease. These data provide a chance to compare the influential
factors in fighting COVID-19 in up to four waves of the disease among CRs at different
economic levels.

In order to measure the overall capacity of CRs in fighting COVID-19, this study
focuses on the time points of the mortality rate derived from two intrinsic turning points,
the maximum of case and death numbers, during each wave of the pandemic. For each
CR, we measure its capacity in the management of the disease by the mortality rate at the
turning point of the disease.

Income level in a country or region reflects the level of resources and medical facilities
that determine the overall capacity of fighting a pandemic. Because the COVID-19 disease
became pandemic, the income level in a country or regional level was essential for fighting
the disease. In particular, when the disease reaches a maximum level, it challenges the
biomedical capability of a country or region. The mortality rate at the time of the disease
peak days indicates whether the medical resource is good enough to deal with the hospital-
ized patients. This study examines the relationship between income level and mortality at
the peak of the disease, and determines how different countries at different income levels
fight COVID-19 pandemics.

2. Methods

2.1. Data Sources

We conducted correlation analyses between mortality rates at peak points in different
waves and a total of 49 potential influential factors: comparisons of mortality rates at
peak points among different levels of incomes, the mortality rates at the maximum case
numbers among all waves in different income levels, and time- and case-adjusted mortality
rates among different income levels. The average numbers of cases and deaths of seven
days in the peak days of different waves of COVID-19 were collected from Worldometers,
and confirmed with the WHO Coronavirus (COVID-19) Dashboard. Population statistics
were collected from Worldometers (https://www.worldometers.info/world-population/
population-by-country/ (accessed on 14 January 2022)). Data collection started on 21
January 2022 and ended on 2 February 2022.

2.2. Influential Factors

The information of potential factors from each CR was collected from the World Bank. A
total of 49 potential influential factors were collected. These factors include→Forest area (%
of land area), →Rural population (% of total population)→Surface area (sq. km), →Mortality
rate, under-5 (per 1000 live births), →Incidence of tuberculosis (per 100,000 people), →Access
to electricity (% of population), →CO2 emissions (metric tons per capita), →Urban pop-
ulation, →Energy use (kg of oil equivalent per capita), →Urban population (% of to-
tal population), →Adjusted net savings, including particulate emission damage (% of
GNI), →Expense (% of GDP), →Foreign direct investment, net inflows (BoP, current USD),
→Gross savings (% of GDP), →Exports of goods and services (% of GDP), →Imports
of goods and services (% of GDP), →Government expenditure on education, total (% of
GDP), →Literacy rate, youth total (% of people ages 15–24), →Unemployment, total (% of
total labor force), →Population living in slums (% of urban population), →Cause of death,
by communicable diseases and maternal, prenatal and nutrition conditions (% of total),
→Refugee population by country or territory of origin, →Hospital beds (per 1000 people),
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→Prevalence of overweight, weight for height (% of children under 5), →Specialist sur-
gical workforce (per 100,000 population), →Air transport, registered carrier departures
worldwide, →Annual freshwater withdrawals, total (billion cubic meters), →Fixed tele-
phone subscriptions (per 100 people), →Fixed broadband subscriptions (per 100 people),
→Secure Internet servers (per 1 million people), International tourism, receipts (% of total
exports),→Researchers in R&D (per million people), →PM2.5 air pollution, population
exposed to levels exceeding WHO guideline value (% of total), →Population in the largest
city (% of urban population), →Top countries in number of air passengers carried in 2019,
→Ownership of passenger cars (units per thousand persons). Income levels of CRs were
obtained from the World Bank’s Atlas method, which relies on the gross national income
(GDP) per capita in 2019 at nominal values as an indicator of income.

2.3. Criteria of Data Collection

Inclusion criteria: (1) For the first three waves of the pandemic, data were collected
from CRs with at least 100,000 reported total cases; (2) for wave 4, additional data were
collected from CRs with a reported total case number of more than 50,000; and (3) at least
one visible turning point was reported in at least one wave in both of the cases and deaths,
judged by two authors. Exclusion criteria: (1) no obvious turning point in the data in either
cases or deaths; (2) the number of deaths on the turning point was less than 3; and (3) the
days of turning points between cases and death were more than 2 months.

2.4. Definition of Waves and Turning Points

A disease wave is defined as the cases and deaths that had turning points (peak days)
and were flanked on both sides by days with a smaller number of cases or deaths (Figure
S1). The average number of seven days was used to define the turning point (or peak) of
a wave [2]. The cases turning point was defined as the day with the largest number of
average cases in seven days (the seven-day average). Case numbers on each side of the
peak must decrease at least 10%, in comparison with the number on a peak day. The same
criteria were also used to determine the peak of deaths.

2.5. Definition of Mortality at the Day of the Turning Point

The mortality of each wave is defined as the average number of seven days at the
death turning point divided by the average number of seven days at the case turning point
in the same wave. When the number of days between a case turning point and a death
turning point is the smallest, then these case and death points are considered to be in the
same wave. If the days between these two turning points are more than two months, they
are not regarded as the same wave, even when there is not any wave during the pandemic.

2.6. Data Uniformity and Bias Checking

Data collection was conducted by two investigators and double-checked by a third
researcher. Outliers identified by individual authors were discussed by at least two authors.
Peak days and data on peak days were double-checked by two additional authors. Sta-
tistical analyses were conducted by two authors to ensure accuracy. Wave numbers were
adjusted based on timeline and case numbers to evaluate the accuracy of the data analysis.

3. Statistical Analysis

Data analysis was conducted in the following ten steps. (1) CRs names, days of case
peak in a wave, number of cases of a wave, days of death peaks, and number of deaths
on the peak days were collected and stored in an Excel file. A total of 49 influence factors
of CRs were collected in a separate Excel file. (2) Mortality at the peak of each wave was
calculated by dividing the seven-day average number of the day of the death peak with
the seven-day average number of cases on the day of the cases peak. (3) The correlation
coefficient (r) between these mortality and influential parameters were calculated with
the formula function of Excel. Student t-tests were conducted with paired comparison
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and two tailed distributions. (4) Influential factors with positive or negative impacts were
selected for evaluation. (5) Mortalities in three waves in different income levels of CRs
were analyzed and compared with each other. (6) The numbers of waves were adjusted
according to the time of the waves and compared among different income levels. (7) Case-
number-weighted mortalities among three waves were compared among CRs in different
income levels. (8) Mortalities in the largest waves among CRs were compared to investigate
the capability of fighting COVID-19 when facing the greatest challenge in CRs at different
income levels. (9) Case-number-based normalization was done with the following formula:
W(eight) = D * Ci/Ct. Where W = the case-number-weighted death rate, D = death number
in a specific wave; Ci = the case number of the same individual CRs, and Ct = the total
number of cases in a disease wave. (10) Figures for mortality were visualized using the
Chart function in Excel, including those of the Australian Bureau of Statistics, GeoNames,
Microsoft, Navinfo, and TomTom.

4. Results

4.1. Mortality Turning Points in the First Wave of COVID-19 Compared to Other Waves

As of 21 January 2022, more than 100,000 cases were reported from each of the 119 CRs.
Among them, only two CRs did not exhibit any distinctive wave (Table S1). Among the
remaining CRs, 55 experienced four waves, 102 showed three waves, 112 had at least
two waves and 117 had at least one wave (Figure 1A–D). The average mortalities for the
waves 1, 2, 3, and 4 were 0.0359, 0.0194, 0.0168, and 0.0145, respectively. There were no
correlations between the first wave and the rest of three waves, with r values of 0.20, 0.06,
and −0.04 for waves 2, 3, and 4 (Figure 1E–G). However, there were correlations among
the remaining three waves, with r values of 0.57, 0.48, and 0.49 for wave 2 vs. 3, 2 vs. 4, and
3 vs. 4, respectively (Figure 1H–J). The distribution among CRs on mortality rates at the
peak points among four waves varies significantly (Figure 1). In the first wave, the high
mortality rates were mainly identified in European and North American CRs; conversely,
in the other waves, the high mortality rates occurred among developing countries, mainly
among African, Southeastern Asian, and South American CRs.

Table S1 shows the days, and the number of cases and deaths at the turning points
of different waves. There are great variations in cases and number of deaths among
different countries. It is astonishing to see the extremely high death rate among developed
countries. For example, the death rates in France, the UK, Italy, the Netherlands, and
Belgium were 21.5%, 18.9%, 14.5%, 13.5%, and 19.7%. These data hinted at a high death
rate in the developed countries in the first wave. However, the death rate of the same
countries in wave 2 are 1.2%, 1.9%, 2.1%, 0.8%, and 1.2%. These vast changes indicated
that better biomedical resources were effectively utilized when the developed countries
were ready for the pandemic of COVID-19. In contrast, there is no such a significant
change in mortality between wave 1 and wave 2 among developing countries (Figure 1).
Therefore, our follow-up analysis focused on the differences among countries at different
income levels.
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Figure 1. Mortality at the case turning point of the COVID-19 pandemic for 119 countries and regions
(CRs). Blue circles indicate the developed CRs, and red circles indicate developing CRs. (A–D) The
mortalities in CRs for waves 1, 2, 3, and 4. In wave 1, the mortalities in developed CRs were higher
than other CRs while the mortalities in the waves 2, 3, and 4 in the developing CRs were higher
than that in developed CRs. (E−G) The correlation of mortality between wave 1 and the other three
waves, 2, 3, and 4. (H−J) The correlation among waves 2, 3, and 4.

4.2. Influential Factors for the Mortalities among CRs

Among 49 potential influencing factors, 9 showed at least one r with an absolute value
more than 0.3 (Figure S2, Tables S2 and S3). The correlation between the mortality rate and
these nine factors showed an opposite direction between the first wave and the subsequent
three waves (Figure 2A). In the first wave, factors of categories including economic levels
(income, GNI per capita, researchers in R&D, broadband subscriptions, school enrollment),
aging population (aged 65 and older and life expectancy), and transportation (owners

91



Trop. Med. Infect. Dis. 2022, 7, 241

of passenger cars) are all positively correlated to the mortality rate. These results are
consistent with the previous literature findings that economy and transportation boosted
the transmission, which caused the high mortalities, particularly within the aged population
at the early stage of the COVID-19 pandemic [10,11]. However, in the remaining waves,
these factors are either negatively or not correlated to the mortality rate. In particular, the
income level, GNI per capita, and researchers in R&D (per million people) (Figure S2) were
all negatively correlated to the death rate for waves 2, 3, and 4 (Figure 2B–D). The r values
for income for waves 1, 2, 3, and 4 were 0.26, −0.31, −0.26, and −0.33, respectively. The r
values for GNI for the waves 1, 2, 3, and 4 were 0.35, −0.29, −0.28, and −0.39, respectively.
The values for researchers in R&D for the waves 1, 2, 3, and 4 were 0.37, −0.14, −0.31,
and −0.42, respectively. As shown above, these 49 factors are collected from the World
Bank, and the data range from 2017 to 2019. Through analysis of all 49 potential factors, we
found that only 9 factors show a possible influence on the COVID-19 disease pandemic.
Among these nine factors, income level was our focus in this study. Other factors may
have their effects and may be analyzed in future studies. For example, passenger cars are
closely related to the traveling capacity; as traveling is an important factor for COVID-19
transmission, future studies on this aspect are necessary.

Figure 2. Influential factors on the mortality of COVID-19 during four waves of pandemics. (A) Total
of nine factors showed r values of more than 3 in at least one wave. The correlations between these
nine factors and mortality in wave 1 are in an opposite direction when comparing these correlations
with that of waves 2, 3, and 4. (B–D) The correlations between the mortality in the four waves and
income levels (2B), GNI (2C), and R&D (2D). In each case, wave 1 showed positive correlations, while
the other waves showed none or negative correlations.
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4.3. Mortality of COVID-19 at Peak Point Varied across CRs with Different Income Levels

The patterns of mortality rates at the turning points among different income levels
were further assessed in the first three waves which contain an adequate number CRs for
analysis in groups at different income levels. Compared to the mortalities in wave 1, the
reduction rate of the mortalities in waves 2 and 3 were significantly different among CRs at
different income levels (Figure 3A). Among CRs at a high-income level, the mortalities in
waves 2 and 3 were equal to 29% and 28% of that in wave 1, while in the upper-middle-
income CRs, the rate was 76% and 79% for wave 2 and 3. The lower-middle-level CRs
had rates of 88% and 90%, while among low-income levels, the rates were 135% and
135% (Figure 3B–E). Thus, the lower the income level, the slower the reduction rate in the
mortalities in the later waves of the disease.

Figure 3. Turning point mortalities during the first three waves of COVID-19 disease in countries
according to income levels. (A) The average mortalities for waves 1, 2, and 3 in countries of high-,
upper-middle-, and lower-middle-incomes, respectively. (B) The mortality in three waves in CRs of
high-income levels. (C) The mortality in three waves in CRs of upper-middle-income levels. (D) The
mortality in three waves in CRs of lower-middle-income levels. (E) The mortality in three waves in
CRs of low-income levels.

4.4. Developing Countries’ Challenges when COVID-19 Reaches the Largest Scale

In order to examine the capacity for fighting COVID-19 when facing the largest chal-
lenge, we compared the mortalities among the largest waves in CRs at different income
levels. Such a comparison revealed a significant difference between developed and de-
veloping CRs (Table S4). The average mortality in high-income CRs was 0.013, while the
average mortalities among upper- and lower-middle-income CRs were 0.021. P values from
t-tests between high-income CRs and upper- and lower-middle-income CRs were 0.001
and 0.002, while the p value between upper- and lower-middle-income CRs was 0.999. The
mortality rates among these three categories were different, while the mortality rates within
each category were similar (Figure 4A). The mortality rates in the majority of high-income
CRs are below 0.02 (Figure 4A), while in the upper- and lower-middle-income CRs, the
rates in about 50% of CRs are between 0.02 and 0.04 (Figure 4C,D).
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Figure 4. Mortalities in CRs of different income levels at the largest scale of the pandemic. (A) Left
panel shows the mortality rate in CRs according to income level when COVID-19 reaches the largest
scale. Right panel shows the percentages of upper- and lower-middle-income levels in comparison
with CRs at a high-income level. (B) Distributions of mortalities of CRs at the high-income level.
(C) Distributions of mortalities of CRs at the upper-middle-income level. (D) Distributions of
mortalities of CRs at the lower-middle-income level.

4.5. Timeline-Adjusted Comparisons among Different Waves

Due to the variations in the spreading of the disease across the world, the time of
the same wave among different CRs differed. Comparison was further conducted on
the timeline base for different waves. The waves are re-divided based on the timeline of
approximately before July of 2020, between July and November 2020, between November
2020 and March/April 2021, and after, for waves 1, 2, 3, and 4, respectively. The disease
patterns among different income levels are compared among these four waves. Data for
such a comparison showed similar patterns to the non-time adjusted mortalities among
different income levels among the first three waves (Figure 5A). Patterns in different waves
indicated that in the high-income CRs, the mortality in the first wave was higher than that
in subsequent waves (Figure 5B), while in the CRs with other income levels, the mortalities
were higher in the later waves than that in the first wave (Figure 5C,D).
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Figure 5. Mortalities based on timeline and case-number-adjusted data. (A–D) Mortalities based
on timeline-adjusted data. (A) The average number of deaths in CRs at different income levels in
three waves of disease based on the timeline. (B) Distributions of mortalities in high-income level
CRs by timeline. (C) Distributions of mortalities in upper-middle-income level CRs by timeline.
(D) Distributions of mortalities in lower-middle-income level CRs by timeline. (E–H) Mortalities
based on case-number-adjusted data. (E) The average number of deaths in CRs at different income
levels in three waves of disease by cases. (F) Distributions of mortalities in high-income level CRs by
cases. (G) Distributions of mortalities in upper-middle-income level CRs by cases. (H) Distributions
of mortalities in lower-middle-income level CRs by cases. (I–L) Mortalities based on timeline- and
case-number-adjusted data. (I) The average number of deaths in CRs at a different income level in
three waves of disease by timeline and cases. (J) Distributions of mortalities in high-income level CRs
by timeline and cases. (K) Distributions of mortalities in upper-middle-income level CRs by timeline
and cases. (L) Distributions of mortalities in lower-middle-income level CRs by timeline and cases.

4.6. Comparison of Normalized Data Based on Case Number among Different Waves

In order to confirm the impact of income levels, we examined the patterns of disease
waves using normalized mortality rates based on the case numbers. The normalized data
showed that the disease patterns in three waves are similar to that of non-normalized data.
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The wave 1 mortality rate in high-income CRs was higher than the wave 1 rates in CRs
with other income levels, while in waves 2 and 3, the mortality rates in CRs with other
income levels were higher than that of the high-income CRs (Figure 5E). Comparing the
mortalities of three waves in the CRs indicated that in the high-income level, the rate of the
first wave was higher than that of the other waves. On the contrary, the mortality rates in
CRs with middle- and low-income levels increased in waves 2 and 3 (Figures 5F and 6).

Figure 6. Mortality rates at the turning points during wave 4 of COVID-19 disease in CRs with
different income levels. (A) Average mortality rates in CRs by income level. (B) Fold increase in the
upper- and lower-middle, and low income CRs compared to high-income CRs. (C) Distributions of
mortality rates of CRs at the high-income level. (D) Distributions of mortality rates of CRs at the
upper-middle-income level. (E) Distributions of mortality rate of CRs at the lower-middle-income
level. (F) Distributions of mortality rate of CRs at the low-income level.
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4.7. Comparison Based on Timeline and Case Normalized Data among Different Waves

When data were normalized based on both the timeline and case numbers, the patterns
of three waves of the pandemics were similar to the non-modified original data. The
mortality rate in the first wave in the high-income CRs was much higher than that of the
other income categories, while in the third wave, its mortality became the lowest among all
income levels (Figure 5I). The distributions of mortality rates of CRs among waves 1, 2, and
3 showed the same patterns (Figure 5J–L).

4.8. Wave 4 Preliminary Data and Increasing Lags Based on Income

In our initial evaluation among different income levels, we omitted wave 4 data
because there was a significantly smaller number of CRs in the fourth wave compared
to the other waves. Instead, we included 19 additional CRs with more than 50,000 cases
for a preliminary analysis for wave 4. The majority of these additional CRs are from the
African region (Tables S5 and S6). Among these 19 CRs, 11 had a visible wave 4 based on
our team’s judgment. By adding data from these 11 CRs, we were able to compare the
mortality rates among all CRs at four levels of income. Results suggest that the mortality
rate in high-income CRs was less than 1% (Figure 6A), while in the upper- and lower-
middle-income CRs, the mortalities were as high as 2%. The increased mortality rates in
CRs of upper- and lower-middle-incomes reached 100% (Figure 6B). In the low-income
CRs, the mortality was higher than 1% with a small number of cases (Figure 6B), which
may increase in the future. The distribution of the mortality rates among CRs of these four
income levels showed a difference between the CRs of high-income and CRs at the other
income levels (Figure 6C–F).

5. Discussion

Our data indicate that conclusions from previous considerable research on the factors
influencing COVID-19 rates and deaths were not applicable to the overall COVID-19
pandemic because these results are based on data from the first wave. The occurrence of the
first wave has its special characteristics because COVID-19 originated from a metropolis
and spread at an unprecedented fast speed through travelling and close contact. Thus,
the economic powered convenience of traveling and population density were the major
factors [8–10] for the disease spreading. It first reached the developed countries and caused
high mortality under an urgent and unprepared situation. In comparison, the first wave of
the developing CRs happened later than the high-income CRs. It would have caused many
more mortalities if the early phase of the pandemic had reached low-income CRs.

One of the most important findings from this study is that economic disparities affect
the capabilities of low-income CRs in fighting the COVID-19 pandemic [10]. The data from
waves 2 and 3 confirmed that, in the same situation, developing CRs suffer more than
developed countries. There are significant differences in the mortality among different
waves of the pandemic in CRs at different income levels. Among high-income CRs, the
mortality rates ranged from as high as 5% in wave 1 to approximately 1.4% in wave 3, a
3-fold decrease. Conversely, in the upper- and lower-middle-income CRs, the mortality
rates did not decrease during waves 2 and 3. The mortality rates of the CRs with upper-
and lower-middle-incomes were approximately 180% of that in high-income countries.
Preliminary data from wave 4 support the findings from the previous three waves on the
influence of economic disparities in fighting COVID-19.

The influence of income inequalities on the COVID-19 pandemic in waves 2 and 3 was
confirmed by multiple types of analyses due to the complexity of the COVID-19 pandemics
across different regions of the world. The data were first shown based on the data from
waves of original sequential numbers. This analysis was entirely based on the numbers of
waves of the pandemic when comparing among CRs at different income levels. The second
comparison was conducted based on the time-sequence of the waves. The third comparison
was based on the adjusted data by the number of cases of the peak in the waves. Finally,
the data were compared with both timeline- and case-number-adjusted data. All analyses

97



Trop. Med. Infect. Dis. 2022, 7, 241

showed the same pattern of negative effects on mortalities by the income levels during
waves 2 and 3. Even in wave 4, when the omicron was less severe in symptoms and the
world was better prepared with a variety of approaches, the mortalities in the high-income
CRs were below 1% and the CRs of upper- and lower-middle-incomes were still as high as
2%. Although data from low-income CRs were missing and incomplete, the mortality was
still higher than that of CRs of high-income levels.

One important comparison in our study is the mortality levels when the pandemic
reached the highest case numbers among different waves in CRs of different income levels.
Case numbers reaching the maximum number was most challenging to CRs’ capability
to fight the COVID-19 pandemic. This comparison clearly demonstrated that the high-
income CRs have advantages in the prevention of deaths among their infected population.
Different waves happened at different time points. It is important to analyze these different
waves at different time points. For example, wave 1 in most of the world occurred before
the middle of 2020, while wave 2 occurred during the period between the latter half of
2020 and early 2021, and wave 3 occurred between early 2021 to the middle-to-late of 2021.
The importance of time point is not only for the time sequential of the different waves, but
also for reflecting the stages of disease variations and virus mutations. The same wave
represents the same disease nature and pandemic pattern at a defined period of time. We
used average mortality data from each country and conducted a two samples t-test to
compare the mean of different mortalities. In this way, we could tell the variations of
mortality over time.

Two distinguishing features of this study are the analysis of data by waves and the
focus on the peaks of the waves. As our data has shown, different waves of the COVID-
19 pandemic occurred at different times, and in different regions, environments, and
situations. Examining different waves individually reveals various features of these waves.
Examining the mortality rate during the peaks of the waves allows us to obtain the data
showing the real capability of CRs in fighting the pandemic. This analysis enables us to
examine the mortality at the same point from different CRs. In this case, the collected data
are comparable.

The positive association between mortality and three other factors in wave 1, owner-
ship of passenger cars (units per thousand persons), percent of population aged 65 and
older, and life expectancy at birth, and the non- or negative correlations in other waves of
the pandemics provide support that the influential factors for wave 1 do not have the same
effect for the rest of the COVID-19 pandemic. In fact, the negative correlations between the
car owners and mortality rates in other waves suggest that access to hospitals enhances
the chance of survival of patients in the high-income CRs. The consistency of negative
correlations between the mortality rates and economic factors such as income level, GNI
per capita, and car ownership, indicate that economic levels play essential roles in CRs’
capability to fight COVID-19.

Due to the limited availability of data, our initial analyses did not include the low-
income countries as a separate category when analyzing the influence of income levels in
the first three waves. However, based on our preliminary data from seven low-income
CRs and a total of more than 12,000 cases, the mortality rate in the low-income CRs was
higher than that of the high-income CRs. In considering the data from waves 2 and 3, it
is anticipated that the situation in the low-income CRs will worsen when the pandemic
reaches the same scale as that of high-income CRs. The longer the pandemic period is, the
worse the mortality rates will be in the low-income countries.

Our study has some limitations. The days of turning point and the waves were arbi-
trarily determined by our authors, mainly based on the data provided by the Worldometers.
The data from Worldometers are not always consistent with that from WHO websites.
There were subtle differences in numbers, although these differences did not affect the
results. We decided to use the data from Worldometers because of the data convenience as
it provides daily numbers of cases and deaths with figures and seven-day averages. It is
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possible that the data from low-income CRs may not be as complete as that of CRs at other
income levels, most likely due to the problems in disease surveillance or data collection.

Many factors have been reported as influential factors on the mortality of COVID-19.
However, our analysis indicated that only a few factors affect mortality. Surprisingly,
cases per million and population density did not show an overall significant impact on the
mortality rate. The most likely reason is that influential factors in one or more places or
countries may not be included in our analysis of 119 CRs.

As the vaccination and medical treatment develop, the economic advantage of high-
income CRs will become more evident. If medical resources cannot be supplied in low-
or lower-middle-income CRs, the mortalities in these CRs will increase before they begin
decreasing. Because different waves of COVID-19 have different characterizations, the
relation between income level and the latest waves of the COVID-19 pandemic may be
different from these four waves in our analysis. In particular, omicron has become the
dominant virus variant over the world. How the income level affects the pandemic of
omicron will be an important question to ask. Furthermore, new variants with new
infection characterization and disease features may appear in the future. Therefore, it is
essential to monitor the dynamic changes of pandemic pattern with updated information
for future studies.

6. Conclusions

Our analysis indicated that there are significant differences in disease mortality rates
and influential factors between wave 1 and the subsequent waves up to January 2022.
Economic disadvantages of developing CRs contributed to more suffering from the COVID-
19 pandemic. As time goes on, the vaccination coverage and medical treatment in developed
CRs has enabled low mortality rates. The prolonged COVID-19 pandemic causes an
increase of mortalities in the developing CRs due to the lack of fighting resources, which
are economically dependent.

7. Research in Context

Evidence Before This Study. The majority reported influential factors on the pan-
demic COVID-19 are based on the data from the early stage, i.e., the first wave of the pan-
demic. The few studies on individual waves did not conduct comparison of either multiple
waves of the disease or on the disease turning points of the different waves worldwide.

Added Value of this Study. In this study, analysis based on the data from turning
points and different waves of the COVID-19 enabled a detailed examination of the relation-
ship between the influential factors and mortalities across CRs around the world. The use
of data from the largest wave and the use of time- and case-adjusted data strengthened
the finding that economic inequality affects the capacity of lower income CRs to fight the
COVID-19 pandemic.

Implications of the Available Evidence. This comprehensive analysis of the mor-
talities in multiple waves of the COVID-19 pandemic in CRs at different income levels
provides a deeper understanding about the influential factors among different waves and
the significant role of economic levels in fighting the pandemic. The results suggest that
developing CRs may continue to suffer more, while the developed CRs have greatly re-
duced the death rate from COVID-19 with economic driven research and development
on vaccination and treatment. Our data also serves as a warning that serious outcomes in
low-income countries may occur in the absence of intervention from the developed CRs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/tropicalmed7090241/s1. Figure S1: Example of visible and non-
visible turning points; Figure S2: Correlations of potential influential factors and death rates in four
waves; Table S1: Days, number of cases and deaths at turning point of different waves; Table S2:
Correlations between influential factors and death rate at turning pints of four waves; Table S3:
Relationship of income, GNI and R and D to death rates at four waves; Table S4: The death rates at
turning points in the largest wave of CRs of different income levels; Table S5: Time and case number
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adjusted mortality rate in CRs of different income levels; Table S6: Additional data for wave 4 from
CRs with 50,000 case or more.
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Abstract: Coronavirus disease (COVID-19) is an infectious disease caused by SARS-CoV-2. In Colom-
bia, many commercial methods are now available to perform the RT-qPCR assays, and laboratories
must evaluate their diagnostic accuracy to ensure reliable results for patients suspected of being posi-
tive for COVID-19. The purpose of this study was to compare four commercial RT-qPCR assays with
respect to their ability to detect the SARS-CoV2 virus from nasopharyngeal swab samples referred to
Laboratorio Carvajal IPS, SAS in Tunja, Boyacá, Colombia. We utilized 152 respiratory tract samples
(Nasopharyngeal Swabs) from patients suspected of having SARS-CoV-2. The diagnostic accuracy of
GeneFinderTM COVID-19 Plus RealAmp (In Vitro Diagnostics) (GF-TM), One-Step Real-Time RT-PCR
(Vitro Master Diagnostica) (O-S RT-qPCR), and the Berlin modified protocol (BM) were assessed using
the gold-standard Berlin protocol (Berlin Charité Probe One-Step RT-qPCR Kit, New England Biolabs)
(BR) as a reference. Operational characteristics were estimated in terms of sensitivity, specificity, agree-
ment, and predictive values. Using the gold-standard BR as a reference, the sensitivity/specificity
of the diagnostic tests was found to be 100%/92.7% for GF-TM, 92.75%/67.47% for O-S RT-qPCR,
and 100%/96.39% for the BM protocol. Using BR as a reference, the sensitivity/specificity for the
diagnostic tests were found to be 100%/92.7% for the GF-TM assay, 92.72%/67.47% for the O-S RT-
qPCR, and 100%/96.39% for BM. Relative to the BR reference protocol, the GF-TM and BM RT-PCR
assays obtained similar results (k = 0.92 and k = 0.96, respectively), whereas the results obtained by
O-S-RT-qPCR were only moderately similar. We conclude that the GF-TM and BM protocols offer the
best sensitivity and specificity, with similar results in comparison to the gold-standard BR protocol.
We recommend evaluating the diagnostic accuracy of the OS-RT-qPCR protocol in future studies with
a larger number of samples.

Keywords: severe acute respiratory syndrome coronavirus 2 (SARS-CoV2); COVID-19; molecular
diagnostics; real-time polymerase chain reaction (RT-qPCR)

1. Introduction

The outbreak of the coronavirus disease in 2019, also known as COVID-19, the
causative agent of which is novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was first detected in China on 31 December 2019 [1]. It was quickly (30
January 2020) declared a pandemic by the World Health Organization (WHO), becoming
the first global public health emergency of the 21st century [2]. COVID-19 is becoming
increasingly common in the population. Likewise, fear is generated due to the appearance
of new variants, which is why vaccine-mediated immunity is needed to avoid the possible
appearance of new variants capable of escaping the immune system [3]. Given the high
speed of spread and the high cost of health services associated with this viral disease, as
well as the lack of effective treatment, diagnosis is essential with continuous evaluation of
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the kits offered on the market, as well as strategies to generate safe and effective vaccines
for vulnerable and susceptible populations and improve response and coverage strategies
in health systems [4].

Since the pandemic was declared, the National Institute of Health reports that at least
525,609,637 people have been infected, with 6,277,241 deaths reported globally as of June
2022. In Colombia, 6,099,111 million cases have been reported, with 4214 active cases and
139,833 deaths. In the Department of Boyacá, Colombia, where the study population is
located, 125,328 cases were reported during the same period, with a total of 2785 patient
deaths (National Institute of Health, 2021, https://www.ins.gov.co/Noticias/Paginas/
Coronavirus.aspx accessed on 18 August 2022). The viral genome of SARS-CoV-2 was
sequenced on 3 February 2020 by the Shanghai Public Health Clinical Center, Fudan Uni-
versity, Shanghai, China. Thanks to the complete genomic sequencing of this new virus,
the development of several vaccines and treatments against this viral disease have been
developed. Similarly, the complete sequence allowed for the advancement of various diag-
nostic protocols for the identification of specific sequences of the viral genome. Specificity
was improved using molecular techniques, such as PCR and the implementation of duplex
PCR. The latter helped to decrease the time necessary to obtain test results and increase the
processing capacity of laboratories worldwide [5].

Given that new variants of SARS-CoV-2 present with specific mutations, PCR assays
could fail to detect some viral genes. In general, molecular kits should target conserved
sites (e.g., genomic sequences that are the least likely to accumulate mutations over time).
In this stage of the SARS-CoV-2 pandemic, an unprecedented number of genomes are
available that can readily identify suitable candidates within conserved sites for diagnosis.
These molecular assays involve protocols and procedures that allow SARS-CoV-2 to be
identified using specific genes, such as E, RdRp, S, and N, among others. Although the
virus has undergone multiple mutations, several studies have shown that most of the
mutations occur in the region that encodes the spike protein in specific sites of its genome.
As a result, the development of tests against other viral proteins has been recommended
because the use of S might decrease specificity and cause false-negative test results [6].

To address the diagnosis of this viral disease in Colombia, the head of the National
Institute of Health had to face the challenge of implementing diagnostic techniques based
on World Health Organization (WHO) recommendations and the national guidelines for
the laboratory surveillance of respiratory viruses. Therefore the diagnosis of SARS-CoV-2
is based on the regulations stipulated by the WHO, which recommended the Charité Berlin
protocol as the gold standard in diagnostic laboratories, which was implemented in Colom-
bia under the supervision of the Colombian National Institute of Health in collaborating
laboratories (https://www.ins.gov.co/Pruebas_Rapidas/2.%20Protocolo%20Est%C3%A
1ndar%20para%20validaci%C3%B3n%20de%20PR%20en%20Colombia.pdf accessed on
18 August 2022). Currently, several commercial kits are offered for the molecular di-
agnosis and identification of SARS-CoV-2 in Colombia, and laboratories must evaluate
the diagnostic accuracy of these kits to ensure reliable results with respect to suspected
COVID-19 patients.

The objective of this study was to compare four commercial RT-qPCR assays for
the detection of the SARS-CoV2 virus using nasopharyngeal swab samples referred to
Laboratorio Carvajal IPS, SAS in Tunja, Boyacá, Colombia. This research was approved by
the research ethics committee of the Universidad Pedagógica y Tecnológica de Colombia,
which was provided in the city of Tunja on 18 November 2021.

2. Materials and Methods

2.1. Study Design

A single-center prospective study was performed on 152 samples from female (70)
and male (82) patients suspected of SARS-CoV2 infection in the department of Boyacá,
Colombia. Samples with evidence of inadequate storage; presence of microbial, fungal, or
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chemical contamination in solvents or reagents; or a volume less than 250 μL, as well as
alterations or modifications in labeling, were excluded.

2.2. Sample Collection and Preservation

A total of 152 samples from suspected COVID-19 patients were collected from the
upper respiratory tract using nasopharyngeal swabs [7]. Samples were immediately placed
into sterile tubes containing 3 mL of viral transport medium (VTM) [8]. The samples were
stored at a temperature between 2 ◦C and 8 ◦C and sent to the molecular biology laboratory
of Carvajal Laboratorio IPS SAS to confirm the presence or absence of viral RNA.

We followed the guidelines established by the National Institute of Health of Colombia
(INS) (https://www.ins.gov.co/buscador-eventos/Informacindelaboratorio/Lineamient
osparalavigilanciaporLaboratoriodevirusrespiratorios.pdf accessed on 18 August 2022), the
Ministry of Health and Social Protection of Colombia (Minsalud) (https://www.minsalud.g
ov.co/sites/rid/Lists/BibliotecaDigital/RIDE/VS/ED/VSP/psps03-lineamiento-biosegur
idad-red-nal-lab.pdf accessed on 18 August 2022), and the provisional biosecurity guide-
lines of “Laboratory for the handling and transport of samples associated with the new coro-
navirus 2019 (2019-nCoV)” (https://www.minsalud.gov.co/sites/rid/Lists/BibliotecaDigi
tal/RIDE/VS/ED/VSP/psps02-lineamientos-gmuestras-pandemia-sars-cov-2-col.pdf ac-
cessed on 18 August 2022) for the reception of samples suspected of SARS-CoV-2 positivity.

The samples were received along with a referral form, “INS Basic Data Report Sheet
346”, which included names and surnames of each patient, date of first symptoms of
the disease, date of sampling, type of sample (nasopharyngeal aspirate, bronchoalveolar
lavage, necropsy, etc.), and any additional epidemiological or clinical data (https://www.
ins.gov.co/buscador-eventos/Lineamientos/345_ESI_Irag_2022.pdf accessed on 18 August
2022). All samples met the criteria listed in the Guidelines for Laboratory Surveillance
of Respiratory Viruses and the Manual of Sampling for Microbiological Analysis of the
Ministry of Health of Bogotá [9].

2.3. RNA Extraction

Samples were processed at the same as the kits, so it was not necessary to thaw and
freeze them again, thus avoiding RNA damage. RNA was extracted from the virus was with
a Nextractor® NX-48S automated nucleic acid extraction system (Genolutium, Gangseo-gu,
Seoul, Korea) using an AN NX-48s viral RNA extraction kit (Genolutium, Gangseo-gu,
Seoul, Korea) as a reagent, which is compatible with the automation system, following
the protocol established by the manufacturer. This system is automated, which favors
a reduction in handling errors, prevents cross contamination, and significantly reduces
processing times. Viral RNAs were stored at −80 ◦C for further analysis by RT-qPCR.

2.4. Real-Time Polymerase Chain Reaction (RT-qPCR)

In this study, the diagnostic accuracy of GeneFinderTM COVID-19 Plus RealAmp
(In Vitro Diagnostics) (GF-TM), One-Step Real-Time RT-PCR (Vitro Master Diagnostica,
Granada, España) (O-S RT-qPCR), and the Berlin modified protocol (BM) was assessed.
The gold-standard Berlin protocol (Berlin Charité Probe One-Step RT-qPCR Kit, New
England Biolabs, Ipswich, Massachusetts) (BR) was used as a reference. Table 1 shows the
characteristics of each commercial kit evaluated during the study.

SARS-CoV-2 positivity was confirmed by RT-qPCR using the E, N, and RdRp genes
in the GF-TM, O-S RT-qPCR, and BM protocols, respectively. In contrast, the BR reference
protocol diagnoses SARS-CoV-2 by the amplification and detection of a region of the E
gene, which is shared by various betacoronaviruses of the Sarbecovirus subgenus. In
these samples, a positive PCR test was performed in order to detect a specific region of
SARS-CoV-2 located in the RdRp gene. For the purpose of reducing these limitations, a
duplex PCR test for the detection of the E and RNase P genes, designated the gold standard,
was validated. A performance panel was performed with positive and negative samples
for SARS-CoV-2 viral RNA. Additionally, the RNase P gene was included as a control to
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identify the viability of the samples, and to rule out the presence of PCR inhibitors or poor
extraction of viral RNA, PCR-grade water was used as negative control for RT-PCR.

Table 1. Characteristics of the commercial kits assessed for the detection of SARS-CoV-2.

Feature GF-TM O-S RT-qPCR BM BR

Manufacturer In Vitro Diagnostics Vitro Master
Diagnostica Forest University New England Biolabs

Sample types

Bronchoalveolar lavage
fluid, nasopharyngeal
swabs, oropharyngeal

swabs, nasal swabs,
mid-turbinate nasal

swabs, or
sputum specimens

Bronchoalveolar lavage
fluid and

nasopharyngeal swabs

Nasopharyngeal swabs
and

oropharyngeal swabs

Bronchoalveolar lavage
fluid, nasopharyngeal

swabs, and
oropharyngeal swabs

Sample volume
required 5 μL 8 μL 5 μL 5 μL

Extraction required Yes Yes Yes Yes

Target gene of
SARS-CoV-2 E, N, and RdRp E and N E and N And

Internal quality control RNAse P RNAse P RNAse P RNAse P

Analytical sensitivity RdRp: 10 copies/test Gen N: 10 copies/test Gen N: 10 copies/test Gen N: 10 copies/test

N: 10 copies/test Gen E: 10 copies/test Gen E: 10 copies/test Gen E: 10 copies/test

E: 10 copies/test

Analytical specificity 1 1 1 1

Maximum performance
per kit 100 samples 100 samples Not specified 100 samples

Test run time 1 h 35′ 1 h 2′ 1 h 5′ 43′

Recommended
platform

Biosystems® 7500
Real-Time PCR

Instrument (ABI 7500).
StepOneTM Real-Time
PCR System (Applied

Biosystems).
CFX96TM Real-Time

PCR Detection System
(Bio-Rad).

QuantStudioTM 3
Real-Time PCR System
(Applied Biosystems).

QuantStudioTM 5
Real-Time PCR System
(Applied Biosystems).

Biosystems® 7500
Real-Time PCR

Instrument (ABI 7500).
StepOne PlusTM

Real-Time PCR System
(Applied Biosystems).
StepOneTM Real-Time
PCR System (Applied

Biosystems).
CFX96TM Real-Time

PCR Detection System
(Bio-Rad).

Rotor—Gene—Q
(Qiagen).

CFX96TM Real-Time
PCR Detection System

(Bio-Rad).

CFX96TM Real-Time
PCR Detection System

(Bio-Rad).
QuantStudioTM 5

Real-Time PCR System
(Applied Biosystems).

Abbreviations: GeneFinderTM COVID-19 Plus RealAmp (In Vitro Diagnostics): GF-TM; One-Step Real-Time
RT-PCR (Vitro Master Diagnostica): O-S RT-qPCR; Berlin modified protocol: BM; and gold-standard Berlin
protocol (Berlin Charité Probe One-Step RT-qPCR Kit, New England Biolabs): BR.

For each amplification event, a reaction was performed using a total volume of 25 μL
containing 5 μL of RNA extracted in the previous step, 12.5 μL of 2× reaction buffer
provided with the Superscript III one-step RT-PCR amplification system with Taq Platinum
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Polymerase (Invitrogen; containing 0.4 mM of each dNTP and 3.2 mM of magnesium
sulfate), 1 μL of reverse transcriptase, 0.4 μL of 50 mM of magnesium sulfate solution (not
provided with the kit), 1 μg of non-acetylated bovine serum albumin, and 1.5 μL of each
primer from a stock solution of 10 μM. RT-qPCR was performed using a CFX-96 for 10 min
at 55 ◦C, 3 min at 95 ◦C, 45 cycles of 15 s at 95 ◦C, and 30 s at 58 ◦C [10]. The data were
analyzed using Bio-Rad CFX Manager software (version 3.1.3090.1022; Applied Biosystems,
Waltham, MA, USA). The primers and probe sequences of primers were established by
each of the commercial firms based on “Diagnostic detection of 201-nCoV by real-time
RT-PCR protocol—Berlin 2020” (https://www.who.int/docs/default-source/coronaviruse
/protocol-v2-1.pdf accessed on 18 August 2022).

GF-TM and O-S RT-qPCR were performed according to the manufacturers’ recommen-
dations. The BM protocol was supplied by the Laboratory of Virology at the Universidad
del Bosque and modified from the Charité Berlin protocol (https://www.who.int/docs/d
efault-source/coronaviruse/protocol-v2-1.pdf accessed on 18 August 2022) by including a
single multiplex PCR reaction for the identification of the E and N genes. All assays used
RNA genomic SARS-CoV2, which was provided by the INS or reference laboratories as a
positive control (Table 1).

2.5. Statistical Analysis

The distribution of the variables was assessed with Kolmogorov–Smirnov test. Cate-
gorical data were summarized as absolute frequencies and percentages, whereas categorical
variables were summarized as relative and absolute frequencies.

Sensitivity and specificity were calculated in 2 × 2 tables at each level. The sensitivity
(95% CI), specificity (95% CI), and positive and negative predictive values were calculated
using BR as the gold standard. Matched pairs of recorded cycle threshold values (Ct values)
were compared using the Spearman correlation coefficient. Indeterminate results were
excluded from the data analysis.

Diagnostic similarities among GF-TM, O-S RT-qPCR, BM, and the gold-standard BR
were calculated using accordance analysis with the Fleiss’ Cohen’s kappa (κ) test, in which
κ > 0.80 signifies a high similarity between methods. A value of p < 0.05 was considered
statistically significant. Obtained data were systematized in Microsoft Excel v15.0, and all
statistical analyses were performed with IBM® SPSS® 22.0 software (IBM, Armonk, NY, USA).

To evaluate the amplification of genes E and RNase P, the fold change (FC) was
calculated using R version 4.2.1 software; the obtained values indicate the number of times
that the fluorescence emitted increases or decreases in relation to the reference gene.

3. Results

Comparison of the Results between the Four RT-qPCR Assays

A total of 152 samples from patients suspected of having COVID-19 ranging in age
from 1 to 81 years were included in our analysis. A total of 82 samples from men, and
70 samples were from women. Most of the samples belonged were collected from adults
between the ages of 25 and 64 years, corresponding to the working age population (57.9%),
followed by adolescents between the ages of 15 and 24 years (21.1%), elderly aged 65 years
old and older (14.5%), children between the ages of 5 and 14 years (5.3%), and children
under 5 years of age (1.3%). Supplementary Table S1 details the primary data obtained
from this study; data were analyzed using OpenEpi ® software.

Table 2 shows the comparative results between the four investigated RT-qPCR assays.
Using BR as reference, a total of 152 samples were tested (62 positive and 83 negative), and
the sensitivity/specificity of the diagnostic tests was found to be 100%/92.7% for the GF-
TM assay, 92.72%/67.47% for the O-S RT-qPCR assay, and 100%/96.39% for the BM assay.
Relative the BR reference protocol, the GF-TM and BM RT-PCR assays achieved similar
results (k = 0.92 and k = 0.96 respectively), whereas the results obtained with O-S-RT-qPCR
were less similar (Table 2). Supplementary Table S2 details the concordant and discordant
results in the 152 analyzed samples.
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Table 2. Comparison of results between the four molecular assays for the detection of SARS-CoV-2
using the Berlin protocol (BR) as a reference (n = 152, of which 62 were positive and 83 were negative).

Assay BR Positive BR Negative Kappa (k) (±95% cL) Sensitivity Specificity PPV PNV GIVES

GF-TM Positive 69 6 0.92 100% 92.70% 92% 100% 96.05%Negative 0 77

O-S
RT-qPCR

Positive 64 27 0.58 92.75% 67.47% 70.33% 91.48% 78.95%Negative 5 56

BM Positive 69 3 0.96 100% 96.39% 100% 95.87% 98.30%Negative 0 80

Abbreviations: GeneFinderTM COVID-19 Plus RealAmp (In Vitro Diagnostics): GF-TM; One-Step Real-Time
RT-PCR (Vitro Master Diagnostica): O-S RT-qPCR; Berlin modified protocol: BM; gold-standard Berlin protocol
(Berlin Charité Probe One-Step RT-qPCR Kit, New England Biolabs): BR; predictive positive value: PPV; predictive
negative value: PNV; diagnostic accuracy: DA.

Figure 1 shows the correlation of Ct cycle threshold values between the RT-qPCR as-
says for the detection of the SARS-CoV2 virus. We observed a statistically significant strong
positive correlation between BM versus BR protocols (r = 0.746, p < 0.0001) and between the
GF-TM and BR (r = 0.622, p < 0.001) protocols. Likewise, there was a significant moderately
positive correlation between the O-S RT-qPCR and BR (r = 0.482, p < 0.001) protocols.

Figure 1. Correlation of Ct values between the RT-qPCR assays for the detection of the SARS-CoV2
virus. (a) Correlation of Ct values of E gene between the BM and BR protocols (b) Correlation of Ct
values of E gene between the GF-TM and BR protocols (c) Correlation of Ct values of E gene between
the O-S RT-qPCR and BR protocols. Abbreviations: GeneFinderTM COVID-19 Plus RealAmp (In Vitro
Diagnostics): GF-TM; One-Step Real-Time RT-PCR (Vitro Master Diagnostica): O-S RT-qPCR; Berlin
modified protocol: BM; gold-standard Berlin protocol (Berlin Charité Probe One-Step RT-qPCR Kit,
New England Biolabs): BR. (p-value < 0.001 ** is highly significant).

106



Trop. Med. Infect. Dis. 2022, 7, 240

ROC curve analysis indicated that the best diagnostic kit was the BM, with a predictive
capacity of 93%; followed by the GF-TM kit, with a predictive capacity of 87%; and the O-S
RT-qPCR kit, with a predictive capacity of 79.7% (Table 3).

Table 3. Comparative ROC curve analysis between the RT-qPCR assays for the detection of the
SARS-CoV2 virus.

Test Result Variable Area Desv. Error a Asymptotic Significance b
95% Asymptotic Confidence Interval

Lower Limit Upper Limit

BM 93.0% 0.025 <0.001 88% 98%
GF-TM 87.0% 0.033 <0.002 81% 93%

O-S RT-qPCR 79.7% 0.037 <0.003 72% 87%

Abbreviations: GeneFinderTM COVID-19 Plus RealAmp (In Vitro Diagnostics): GF-TM; One-Step Real-Time
RT-PCR (Vitro Master Diagnostica): O-S RT-qPCR; Berlin modified protocol: BM; gold-standard Berlin protocol
(Berlin Charité Probe One-Step RT-qPCR Kit, New England Biolabs): BR. (Desv. Error a: quantifies the oscillations
of the sample mean around the population mean, Asymptotic significance b: degree of compatibility between the
proposed population value and the available sample information).

In terms of the optimal cycle threshold point evaluated using the Youden index, the
BM and GF-TM kits had an excellent specificity and good sensitivity, whereas the O-S
RT-qPCR Kit had a good sensitivity but a poor specificity. For the BM Kit, a value greater
than 7.2 is considered positive for COVID-19, with a sensitivity of 89.9% and a specificity of
97.6%. Similarly, GF-TM kit values higher than 7.7 are considered positive for COVID-19,
with a sensitivity of 79.7% and a specificity of 94%. The O-S RT-qPCR assay is relatively
unreliable for the detection of COVID-19, given its optimal cutoff point of 8.4, although
it achieves 92.8% sensitivity, whereas its specificity is only 68.7%, meaning that it has a
false-positive rate of more than 30%.

To assess the efficiency of the diagnostic kits according to the levels of fluorescence
emitted during the amplification process of the E and RNase P genes compared to the
gold-standard BR, comparative groups were formed. For group 1, the E gene of BR was
taken as a reference; compared to the E gene of GF-TM and the E gene of BM, the efficiency
of BR was better than that of BM and GF-TM, as the level of BR fluorescence was 1.4-fold
higher than that emitted by the E gene of BM and GF-TM. Similarly, a comparison of the
RNase P established that the BR kit fluorescence was 1.3-fold higher than that of GF-TM
and BM kits. In group 2, the E gene of the BR was taken as a reference again; however, this
time, it was compared with the E gene of GF-TM and the E gene of O-S RT-qPCR, revealing
that the efficiency of the E gene of BR was better than that of GF-TM and O-S RT-qPCR, as
the BR fluorescence level was 1.3-fold greater than that emitted by the E genes of GF-TM
and O-S RT-qPCR. However, for RNase P, the BR kit emitted 0.5-fold more fluorescence
than both GF-TM and O-S RT-qPCR. Finally, regarding group 3, the E gene of the BR was
evaluated as a reference and compared with the E gene of BM and O-S RT-qPCR; in this
case, the behavior of the three kits was similar, as the level of fluorescence of the two
compared kits was 0.1-fold higher in relation to that of the BR. In contrast, for RNase P, the
BM and O-S RT-qPCR kits presented a 0.7-fold higher level of fluorescence than that of the
BR (Table 4).
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Table 4. Fold change of fluorescence levels for genes E and N in three kits assessed in comparison
to BR.

Gen/Reference Kit Gen Group/Kit Normalized Fold Change Relative Expression Error

E-BR

E
GF-TM 2.75 0.00 1.00 8.26

BM 1.30 −1.45 2.73 8.36

E
GF-TM 2.75 0.00 1.00 8.26

O-S RT-qPCR 1.43 −1.32 2.49 8.33

E
BM 1.30 0.00 1.00 8.36

O-S RT-qPCR 1.43 0.13 0.91 8.33

RNAse P-BR

RNAse P
GF-TM 1.93 0.00 1.00 3.75

BM 0.61 −1.32 2.50 2.75

RNAse P
GF-TM 1.93 0.00 1.00 3.75

O-S RT-qPCR 1.40 −0.53 1.44 6.54

RNAse P
BM 0.61 0.00 1.00 2.75

O-S RT-qPCR 1.40 0.79 0.58 6.54

Abbreviations: GeneFinderTM COVID-19 Plus RealAmp (In Vitro Diagnostics): GF-TM; One-Step Real-Time
RT-PCR (Vitro Master Diagnostica): O-S RT-qPCR; Berlin modified protocol: BM; gold-standard Berlin protocol
(Berlin Charité Probe One-Step RT-qPCR Kit, New England Biolabs): BR.

Table 5 describes the basic advantages and disadvantages of the RT-qPCR assays
used to screen for of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with
respect to the number of genes detected by the kit, processing time, sample volume, and
reagent volume.

Table 5. Summary of the basic advantages and disadvantages of the real-time polymerase chain
reaction assays used to screen for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

RT-qPCR Assay Advantages Disadvantages

GF-TM

Identification of three target genes: genes E, N, and
RdRp and their reagents Dependency on commercial company

Kit for 100 tests
Easy-to-handle preparation of the reagents High cost of market availability

O-S RT-qPCR
Short amplification time compared to the other kits: 1 h

2’ Dependence on commercial company

Identification of two gene targets: E and N Kit for 100 tests

BM
Identification of two target genes: E and N Kit for 100 tests

Easy preparation of reagents for large volumes High cost of market availability

BR

Reference protocol for molecular detection developed by
the Charité Virology Institute Personnel required to prepare reagents

Recommended by PAHO for the universal monitoring
of SARS-CoV-2

Kit for more than 1000 reactions
Manufacturer outside the country

Abbreviations: GeneFinderTM COVID-19 Plus RealAmp (In Vitro Diagnostics): GF-TM; One-Step Real-Time
RT-PCR (Vitro Master Diagnostica): O-S RT-qPCR; Berlin modified protocol: BM; gold-standard Berlin protocol
(Berlin Charité Probe One-Step RT-qPCR Kit, New England Biolabs): BR.

4. Discussion

Molecular tests based on the identification of specific genes of SARS-CoV-2 that are
currently offered on the market and that are used in both symptomatic and asymptomatic
patients are characterized by high specificity and low sensitivity, sometimes generating
false-negative results [11]. Although the qRT-PCR technique is highly efficient, some studies
have shown that it can generate false negatives [11], which could cause a risk to the patient,
their family, the community, and the health system, as an infected person could, as a result
of an erroneous result, spread the infection. On the other hand, in the clinical setting, it
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should be clear that the accuracy of diagnostic tests can be influenced by the stage of the
patient’s disease and the quality of the samples [12]. In addition, several authors have
shown that false negatives can be determined by multiple factors, including poorly trained
personnel, incorrectly collected samples, possible errors in the batches of primers and other
reagents used for analysis, lack of information from manufacturers, and traceability of the
reference materials. Furthermore, it should be emphasized that the RT-PCR technique is
not 100% sensitive and specific for other pathogens of importance in the clinical setting, as
indicated by data obtained for the diagnosis of SARS-CoV-2 [13,14].

In clinical samples, a positive sample is defined as a Ct value of any specific gene
for SARS-CoV-2 of less than or equal to 43; on the contrary, an amplification value
greater than 43 is considered a negative result. As an internal control, RNAse P must
be present in each sample, and its Ct value must be less than 35 to validate the test. If
this gene does not amplify, the test must be invalidated, and the extraction must be re-
peated (https://www.aidian.eu/uploads/NO-Dokumenter-og-materiell/ES-Products/E
LITech/GeneFinder-COVID-19-RealAmp-Plus-Kit_Full-manual_V1_IVD.PDF accessed on
18 August 2022). According to our results, discordant samples were observed in 37 of the
152 samples analyzed. This discrepancy could be associated with the design of the primers
by the manufacturers and the fact that the target genes to be identified vary between the
diagnostic kits, which might cause changes om the Ct values owing to the amount of RNA
assessed; likewise, the viral load of the patient can affect the results. Furthermore, to date,
there is no standard methodology, such as calibrators or reference material, among others,
that allows for standardization of values between kits offered on the market.

The design of real-time multiplex PCR kits, which identify several target genes in a
single reaction, offers lower efficiency in terms of fluorescence levels, in addition to longer
amplification times compared to a monoplex PCR, which recognizes a target gene in a
single reaction. The most common cause of this effect is the competition for components of
the master mix, such as dNTPs and MgCl2, among others, i.e., the more genes of interest
identified, as in the case of kits for the diagnosis of SARS-CoV-2 investigated in the present
study (BM, GF-TM, and O-S RT-q-PCR, which identify the RdRp, N, E, and RNAse P genes
in a single reaction) the lower the levels of fluorescence and the longer the amplification
time compared to the kit BR, which identifies only the E and RNAse P genes, which can
explain, at least in part, the calculated FC data [15,16].

We evaluated the diagnostic accuracy of four commercially available RT-qPCR meth-
ods for the detection of SARS-CoV2 from respiratory samples referred to the Laboratorio
Carvajal IPS, SAS in Tunja, Boyacá, Colombia. Our results can help to ensure that tests
offered for the screening of SARS-CoV-2 in Colombian patients who are suspected of having
COVID-19 meet the criteria for optimal performance.

The current study provides a comprehensive and independent comparison of the
analytical performance of primer–probe sets for SARS-CoV-2 testing in several parts of the
world. Our findings show a high similarity with respect to the analytical sensitivities for
SARS-CoV-2 detection, indicating that the outcomes of different assays are comparable.
The primary exception to this is the One-Step Real-Time RT-PCR (Vitro Master Diagnostica,
Spain) (O-S RT-qPCR), which had the lowest sensitivity of the investigated kits, consistent
with the results of a previous study [17].

This study demonstrates that RT-qPCR significantly improves accuracy and reduces
the false-negative rate in the diagnosis of SARS-CoV-2 in pharyngeal swab specimens,
which represent a convenient and simple sampling method. Furthermore, qPCR is sensitive
and suitable for low-viral-load specimens from patients under isolation and observation
who may not be exhibiting clinical symptoms. Finally, RT-qPCR can be used to quantita-
tively monitor patients to evaluate disease progression [18].

We conclude that the GF-TM and BM protocols offer optimal sensitivity and specificity,
as well as results to those of the gold-standard BR protocol, possibly due to the design of the
primers. We recommend evaluating the diagnostic accuracy of the OS-RT-qPCR protocol in
future studies with a larger number of samples. We recommend that laboratories evaluate
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the diagnostic accuracy of RT-qPCR assays used for the detection of the SARS-CoV2 virus
to ensure reliable results for patients who are suspected of being COVID-19-positive.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.
3390/tropicalmed7090240/s1, Table S1: Primary data obtained from four real-time polymerase chain
reaction assays for the detection of SARS-CoV-2 in respiratory samples from Tunja, Boyacá, Colombia,
Table S2. Description of the concordant and discordant results found in 152 analyzed samples. A.
Concordant results of positive samples between the investigated kits and their amplification Ct, B.
Concordant results of negative samples between the investigated different kits, C. Discordant results
between the investigated kits.
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Abstract: With the progression of the global SARS-CoV-2 pandemic, the new variants have become
more infectious and continue spreading at a higher rate than pre-existing ones. Thus, we conducted a
study to explore the epidemiology of emerging variants of SARS-CoV-2 that circulated in Bangladesh
from December 2020 to September 2021, representing the 2nd and 3rd waves. We collected new cases
and deaths per million daily data with the reproduction rate. We retrieved 928 SARS-CoV-2 sequences
from GISAID and performed phylogenetic tree construction and mutation analysis. Case counts were
lower initially at the end of 2020, during January–February and April–May 2021, whereas the death
toll reached the highest value of 1.587 per million on the first week of August and then started to
decline. All the variants (α, β, δ, η) were prevalent in the capital city, Dhaka, with dispersion to large
cities, such as Sylhet and Chattogram. The B.1.1.25 lineage was prevalent during December 2020, but
the B.1.617.2/δ variant was later followed by the B.1.351/β variant. The phylogeny revealed that
the various strains found in Bangladesh could be from numerous countries. The intra-cluster and
inter-cluster communication began in Bangladesh soon after the virus arrived. The prominent amino
acid substitution was D614G from December 2020 to July 2021 (93.5 to 100%). From February–April,
one of the VOC’s important mutations, N501Y substitution, was also estimated at 51.8%, 76.1%, and
65.1% for the α, β and γ variants, respectively. The γ variant’s unique mutation K417T was detected
only at 1.8% in February. Another frequent mutation was P681R, a salient feature of the δ variant,
detected in June (88.2%) and July (100%). Furthermore, only one γ variant was detected during the
entire second and third wave, whereas no η variant was observed in this period. This rapid growth
in the number of variants identified across Bangladesh shows virus adaptation and a lack of strict
quarantine, prompting periodic genomic surveillance to foresee the spread of new variants, if any,
and to take preventive measures as soon as possible.

Keywords: reproduction rate; phylogenetic analysis; clade GK; D614G; P681R

1. Introduction

The novel viral pneumonia cases, characterized by high fever, dry cough, and occa-
sionally catastrophic hypoxia, reported for the first time in Wuhan, China, in December
2019 had an epidemiological link with the live animal market [1]. The etiological agent was
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the International
Committee on Taxonomy of Viruses (ICTV) [2]. The first sequence of SARS-CoV-2 grouped
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the virus under the Sarbecovirus subgenus of the Coronaviridae family, typically catego-
rized as Beta coronavirus [3,4]. By May 2021, the virus spanned over 203 countries of the
world, with around 170 million cases and 0.35 million deaths [5], with a case fatality rate
of 10% [6], which is higher than the seasonal flu outbreak (0.1–0.2%) [7]. SARS-CoV-2 is
a highly recombinogenic virus, with 29903 nucleotides. The single-strand RNA virus has
six functional open reading frames (ORFs), including replicas (ORF1a/ORF1b), spike (S),
envelope, membrane, and nucleocapsids organized from 5′ to 3′ directions [8].

Mutations of the virus arise in almost every cycle. Frequent mutations, which are
estimated roughly at 1.17–1.36 × 10−3 base substitutions per site per year [9] of the genomic
composition, make the virus prone to continuous evolution, ultimately leading to the
formation of new variants (variant of concern (VOC): Alpha/α (lineage B.1.1.7), Beta/β
(lineage B.1.351), Gamma/γ (lineage P.1), Delta/δ (lineage B.1.617.2); variant of interest
(VOI): Lambda (lineage C.37), Mu (lineage B.1.621), Epsilon (lineages B.1.429, B.1.427,
CAL.20C), Zeta (lineage P.2), Theta (lineage P.3), Eta (lineage B.1.525), Iota (lineage B.1.526),
Kappa (lineage B.1.617.1)). Several variants of SARS-CoV-2 have raised public health
awareness due to their infectious nature. Among them, the α variant under the Pango
lineage B.1.1.7 and GISAID clade GRY was first documented in the United Kingdom in
September 2020 (a.k.a. 20B/501Y.V1 variant of concern (VOC) 202012/01). The β variant
under the Pango lineage B.1.351 and GISAID clade GH/501Y.V2 was first detected in South
Africa in May 2020. On the other hand, the VOC under P.1 lineage and GR clade/501Y.V3
was designated as Gamma γ VOC, and was isolated in Brazil. Another important VOC
is δ, which originated in India in October 2020 and belongs to the B.1.617.2 lineage and
G/478K.V1 clade (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/,
accessed on 25 January 2022) [10]. The current circulating virus differs from the Wuhan
variant at around 20 points in their genomes [11]. The different variants, such as the
Brazilian variant P.1 lineage, emerged from the B.1.1.28 lineage due to 10 unique mutations
in the virus genome, including spike protein (D614G), receptor-binding domain (RBD)
(K417T, E484K, and N501Y), N-terminal domain (NTD) (L18F, T20N, P26S, D138Y, and
R190S) and furin cleavage site (H655Y) [12]. The lineage B.1.1.7 emerged due to the major
change in the amino acid asparagine by tyrosine at the 501 position of the spike protein,
along with other mutations, increasing the transmissibility of the virus. Many more variants
of the mother SARS-CoV-2 virus strain have also been reported in different countries and
regions such as California, Nigeria, and India [13,14].

Phylogenetic analysis of the GISAID sequences identified different clusters named
clades, where O was the ancestral type detected from Wuhan [15,16]. In early January and
February 2020, the viruses were classified into clades 19A and 19B (L and S) [17]. Around
70% prevalent clade was L-type detected in the early stages from Wuhan, where S-type
was also the ancestral type whose frequency decreased over the next few months. Again,
A2a or Clade G, the ancestor of clades 20A-C, were identified in February, characterized
by a specific non-synonymous mutation (D614G) in the spike protein [11]. Bangladesh
experienced the start of the pandemic in March 2020 [18]. Since then, the devastating
spread at the community level has continued. In the earlier period, the virus spread
following a typical exponential growth curve with a higher reproduction rate [19]. Initially,
to curb the transmission, the Government of Bangladesh implemented a countrywide
lockdown procedure, but some unusual activities maintained the upward trend of the
curve. However, by the end of July 2020, the curve sloped down, and the reproduction rate
started to decline [20]. Meanwhile, the world started facing the challenges of different new
variants of SARS-CoV-2. By December 2020, the new UK and South African variants were
detected in Bangladesh [21]. In addition, the neighboring country, India, faced the havoc
of COVID-19. After the end of May 2021, around 28 million people were affected, with
the death of around 0.32 million [22]. The sequencing of the virus isolated from affected
patients in India revealed a shared set of four genetic variant mutations in the genome of the
core virus, which enhanced the effectiveness and transmissibility at an unbound rate [23].
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In Bangladesh, the first α variant B.1.1.7 was detected at the end of January 2021
(GISAID). Since then, the case count has started to increase dramatically. Finally, the
Government imposed the countrywide second lockdown procedure. Meanwhile, the
sequencing of the virus identified 84 α-VOCs, which were first detected in the UK, 28
β-VOCs, which were first detected in South Africa, 44 δ-VOCs, which were first detected in
India, 1 γ-VOC, which was first detected in Brazil/Japan, and 14 variant under investigation
(VUI) Epsilon variants, first detected in Nigeria (www.GISAID.org, accessed on 15 January
2022). However, after two months of the lockdown, the Government decided against
resuming normal activities. Therefore, in this study, we presented the case and death rates
per million and showed the epidemiological and genomic diversity of SARS-CoV-2 variant
strains in the Bangladesh population.

2. Materials and Methods

2.1. Temporal and Spatial Epidemiology of COVID-19

The Government of Bangladesh has been reporting daily COVID-19 cases through
media briefings since 8 March 2020. The database is open for everyone to learn about
the existing situation. We collected daily new cases and new deaths per million from
1 December 2020 to 15 September 2021. The number of cases and deaths per day was
extracted from an online web portal (https://ourworldindata.org/coronavirus, accessed
on 25 March 2022) because the data are open-sourced and the author declared that all
visualizations, data and code produced by the web are completely open under the Creative
Commons BY license and anyone has the permission to use, distribute and reproduce
the data in any medium [24]. As the WHO and Worldometer coronavirus databases are
also being updated on a real-time basis for every parameter, we included data from these
two websites also [22,25]. The number of new cases and new death per day per million
were presented graphically. From these data, we calculated the reproduction rate (Rt) of
COVID-19 for each day and presented them graphically [19]. We produced a geospatial
map in ArcGIS 10.3, visualizing the spatial distribution of different VOCs according to the
districts of Bangladesh [20].

2.2. Genomic Epidemiology
2.2.1. Retrieval of Genomic Sequences and Metadata

From the Global Initiative on Sharing All Influenza Data (GISAID), we retrieved SARS-
CoV-2 genomic metadata of Bangladeshi strains from 1 December 2020 to 15 September
2021. A total of 928 variant sequences were deposited during this time frame and were
used in this study. We considered the genome length of 29,000 nucleotides for substitution
mutation and phylogenetic analysis. This study did not include partial genomes with
exceptionally high variation counts, gaps, or genomes that lacked a complete history of
the patients/sampling location/collection date. Furthermore, genomic sequences that
contained legionary characters (N, R, X, and Y) other than A, T, G, and C were omitted
from the study [26]. We carried out the selection process by using manual sorting in
MEGA 7. After that, we used pyfasta (https://github.com/brentp/pyfasta, accessed on
25 March 2022) to segment the whole genome into 2 different files, each with approx-
imately 450 sequences. We aligned each file using the MAFFT web server, employing
access modifiers, as described by Katoh et al. [27]. We used the complete genome se-
quence of the SARS-CoV-2 Wuhan-Hu-1 strain (accession NC 045512, version NC 045512.2).
To filter all the ambiguous and low-quality sequences, we used the Sequence Cleaner
(https://github.com/metageni/Sequence-Cleaner, accessed on 25 March 2022), applying
specified parameters of minimum length (m = 3822), percentage N (mn = 0), maintaining
all duplicates, and remove any ambiguous sequences. To find the gap-containing strains
for deletion analysis, we used the SeqKit toolbox [28]. To delete the internal stop codon-
containing sequences, we used the SEquence DAtaset builder [29]. Reference genomes
from various nations were chosen based on the BLAST hit of the selected genomes (Supple-
mentary File S1). The genomic sequences of the SARS-CoV-2 strains were aligned using the
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online Virus Pathogen Resource (https://www.viprbrc.org/, accessed on 25 March 2022)
database and the MEGA 7 tool. The MSA file was then loaded with Jalview visualization
software to remove redundancies from the sequences under study [30].

2.2.2. Genome-Wide Analysis of Bangladeshi SARS-CoV-2 Variants

We initially analyzed the SARS-CoV-2 sequence by using “One Click Workflows”
(https://ngphylogeny.fr/workflows/oneclick/, accessed on 4 October 2021), as described
by Lemoine et al. [31]. We followed the standard process of phylogenetic tree building
steps, including multiple alignments, alignment curation, tree formation, and visualiza-
tion described by earlier researchers [32–35]. We used a web-based program, “Nextstrain”
(https://clades.nextstrain.org, accessed on 25 March 2022), to generate the clade-designated
tree. We used a subset of all the emerging virus sequences for making variant-specific phylo-
genetic trees using the neighbor-joining methods described by Islam et al. [19]. Furthermore,
to identify the possible transmission routes of every reported variant in Bangladesh, all
interactive phylogenetic reconstructions were carefully evaluated to discover the likely
ancestral sources of the Bangladeshi SARS-CoV-2 variant genomes. Each branch tip bearing
a Bangladeshi genome found in accessible Nextstrain clades was recognized in the original
phylogeny. That branch was then examined backwards in the tree, until all the closely
related exogenous strains and their countries of origin were discovered. We used the
automated global map-based analysis in auspice version 0.5.0 (https://auspice.us, accessed
on 25 March 2022) by Nextstrain [36] to visualize the transmission paths.

Finally, the aligned sequences were viewed for mutation analysis with MEGA 7 and
the Virus Pathogen Resource (https://www.viprbrc.org/, accessed on 25 March 2022) to
identify the deletions and insertions compared to the reference genome. Furthermore,
mutations that result in amino acid substitutions were investigated using the Wuhan
reference sequence and the GISAID platform, which included the CoVserver enabled by
GISAID in the GIDAID EpiCoV database, as well as a blast (https://blast.ncbi.nlm.nih.
gov/, accessed on 25 March 2022) of the entire genome and individual proteins [37].

3. Results

3.1. Epidemiology of COVID-19 in Bangladesh
3.1.1. Temporal Distribution of COVID-19 Cases and Deaths during 2nd and 3rd Wave

At the end of 2020, COVID-19 cases were 6.157 per million, and the death rate was
0.17 per million in Bangladesh. During March–April and June–July 2021, we witnessed the
2nd and 3rd waves of COVID-19, respectively. The cases started increasing on 2 March, and
reached the highest on 7 April 2021. Then, the case counts declined gradually and reached
the lowest count in the middle of May. After that, the case count suddenly increased from
the middle of June and reached 53.5 cases per million at the end of the month. From 1 July,
the cases per million increased and peaked at 97.5 on 28 July. From August onwards,
the new cases reduced slowly and reached 11.7 cases per million on 15 September 2021
(Figure 1).

Similarly, the number of deaths increased from the end of March to the end of April.
The death count reached the optimum level of around 0.680 death per million cases on
19 April. Then, there was a gradual declining trend with a zigzag pattern. However, after
13 June, the number of deaths increased again and reached 0.698 per million on 30 June.
From the start of July, the deaths per million followed an upward trend to reach its highest
at 1.551 on 27 July. Again, the death toll decreased to 1.275 per million on 30 July, then
started floating and reached its highest at 1.587 per million on 10 August, then finally
declined and reduced to 0.247 on 15 September 2021 (Figure 1).
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Figure 1. Temporal trend of COVID-19 cases and deaths in Bangladesh (per million).

3.1.2. Daily Reproduction Rate of COVID-19 Cases during 2nd and 3rd Wave

The overall Rt was just over one (1.02) on 1 December 2020. The Rt decreased to less
than one and maintained a plateau until 22 February 2021. After that, the reproduction
rate increased by over one and reached its highest at 1.67 on 23 March 2021. Then, the
reproduction rate started declining and dropped below one again and reached its lowest
value of 0.57 on 14 May 2021. However, from May 20, the reproduction rate started to
increase and reached 1.45 on 28 June 2021. In the first half of July, the Rt was over one
and decreased below one on 19 July. The Rt was less than one until 23 July and then again
increased above one during the last few days of July, which persisted until 4 August. After
that, the Rt decreased to less than one, and this trend persisted until 15 September 2021
(Figure 2).

Figure 2. Temporal dynamics of reproduction rate of SARS-CoV-2 cases in Bangladesh (https:
//ourworldindata.org/coronavirus, accessed on 15 September 2021).

3.1.3. Spatial Distribution of Emerging Variants of COVID-19 in Bangladesh

The highest percentage of all the variants, α, β, γ, and δ, was found in the Dhaka
district. In addition, the α variant was also prevalent in the Sylhet and Chattogram districts.
The Chattogram district also had a higher frequency of the β variant. Another peripheral
district, Nawabganj, had a higher number of cases due to the δ variant (Figure 3). The
frequency of the area-specific VOCs is given in Supplementary File S2.

117



Trop. Med. Infect. Dis. 2022, 7, 197

Figure 3. Spatial distribution of (A) Alpha variants (%); (B) Beta (%); (C) Delta (%); (D) Eta (%)
variants of SARS-CoV-2; and (E) other Wuhan-like strains (%) in Bangladesh from December 2020 to
15 September 2021. We have omitted the Gamma variant as only one sequence has been reported in
GISAID and visualization of a single virus might mislead the geographic distribution of the variant.

3.1.4. Clade and Lineage Diversity of SARS-CoV-2 in Bangladesh

We have studied 928 genome sequences of SARS-CoV-2 reported from Bangladesh
from December 2020 to 15 September 2021. From December 2020 to February 2021, the GR
clade was the most prevalent (87.04, 77.7, 65%, respectively) among all the clades. However,
in March and April, GH was Bangladesh’s most highly distributed clade. The scenario
changed in May and June, when most cases were affected by strains under the clade GK.
The GK clade prevailed in Bangladesh until July 2021 (Figure 4).

A variety of lineages have reigned in Bangladesh since December 2020. In December
2020, January, and February 2021, the most prevalent lineage was B.1.1.25 (83.3, 74.1, and
38.3%, respectively). However, along with B.1.1.25, another lineage, the α variant B.1.1.7,
also increased in Bangladesh during February 2021. However, in March and April, the β

variant B.1.351.3 was the most dominant (67.8% and 76.7%, respectively), whereas lineage
B.1.617.2 (δ variant) was predominant in May, June and July 2021 (43.2, 87.6 and 100%,
respectively) (Figure 5).
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Figure 4. Clade diversity of SARS-CoV-2 in Bangladesh from December 2020 to Septem-
ber 15, 2021. Here, the clades are based on the marker variants G: C241T,C3037T,A23403G
includes S-D614G; GH: C241T,C3037T,A23403G,G25563T includes S-D614G + NS3-Q57H; GK:
C241T,C3037T,A23403G,C22995A S-D614G + S-T478K; GR: C241T,C3037T,A23403G,G28882A includes
S-D614G + N-G204R; GRY: C241T,C3037T,21765-21770del,21991-21993del,A23063T,A23403G,G28882A
includes S-H69del, S-V70del, S-Y144del, S-N501Y + S-D614G + N-G204R; GV:
C241T,C3037T,A23403G,C22227T includes S-D614G + S-A222V; O: Includes S: C8782T,T28144C
includes NS8-L84S + L: C241,C3037,A23403,C8782,G11083,G26144,T28144 + V: G11083T,G26144T
NSP6-L37F + NS3-G251V [38].

Figure 5. Lineage diversity of SARS-CoV-2 in Bangladesh from December 2020 to 15 September 2021.

3.2. Transmission Route of Emerging Variants in Bangladesh

Figure 6 shows the transmission pathways of the emerging variants from different
countries to Bangladesh. The VOC B.1.1.7 was mainly introduced into Bangladesh from
European countries, such as Germany, UAE, African countries, and the Philippines. The
B.1.525 entered mainly from African countries to Bangladesh. In addition, the Delta
(B.1.617.2) variant entered from India (Figure 6).
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Figure 6. Emerging variant’s geographic transmission lines to Bangladesh (live display at
nextstrain.org/ncov, accessed on 15 September 2021).

3.3. Genomic Epidemiology of SARS-CoV-2 Variant of Concern (VOC) in Bangladesh
3.3.1. 20I/501Y.V1, Alpha Variants/B.1.1.7 in Bangladesh

The Alpha variants/B.1.1.7 of SARS-CoV-2 in Bangladesh showed fourteen different
instances of clustering with sequences from around the world. Most of the Bangladeshi
strains clustered with virus sequences from Singapore, France, Ireland, England, Norway,
Bulgaria, Switzerland, South Korea, Netherlands, Austria, Hong Kong, India, and Romania.
Some of the reported sequences clustered with sequences from the USA, Canada, Germany,
and Sweden (Figure 7).

Figure 7 also suggests multiple viral introductions into Bangladesh from several
countries. The sample EPI-ISL-1750957 from Bangladesh is closely related to the sample
EPI-ISL-878860 isolated in England. Another Bangladeshi sample EPI-ISL-1750958 is highly
similar to the sample EPI-ISL-1754743 from France. The two samples EPI-ISL-1750960 and
EPI-ISL-1550506 are close to the EPI-ISL-1511507 sample from the USA, EPI-ISL-1742872
from Canada, and EPI-ISL-1743960 from the USA. The distinct Bangladeshi sample EPI-
ISL-1669904 has also shown similarities with samples from France (EPI-ISL-1035928).

3.3.2. 20H/501Y.V2, Beta Variants in Bangladesh

All the three-pangolin lineages of Beta variants (B.1.351, B.1.351.2 and B.1.351.3) were
observed in Bangladesh (Figures 8 and 9). The B.1.351 circulated in Dhaka, Chattogram,
and Sirajgonj from March to May 2021. Later in June, it was found in the Brahmanbaria
and Sylhet districts. The source of introduction of B.1.351 was likely South Africa, Canada,
Spain, USA.
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Figure 7. Phylogenetic analysis of emerging Alpha variants of SARS-CoV-2 in Bangladesh. Here, red
diamond dots denote Bangladeshi Alpha variants SARS-CoV-2 viruses, and pink dots denote the
Wuhan-Hu-1 viruses.
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Figure 8. Phylogenetic analysis of emerging Beta variants of SARS-CoV-2 in Bangladesh. Here, red
diamond dots denote Beta variant SARS-CoV-2 viruses, and pink dots denote Wuhan-Hu-1 viruses.
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Figure 9. Phylogenetic analysis of sub-lineage Beta variant B.1.351.3 in Bangladesh. Here, blue dots
denote Beta (B.1.351.1) SARS-CoV-2 viruses, and maroon, green and pink dotes denote B.1.351.2,
B.1.351, and Wuhan-Hu-1 viruses, respectively.
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The Bangladeshi strains clustered with virus sequences were reported from mainly
European countries and the Middle east. The Bangladeshi Beta variants have a likeness to
virus sequences reported from England, Germany, Switzerland, Scotland, Italy, Turkey, and
Jordan (Figure 8).

B.1.351.2 was found in Munshigonj in March but in Dhaka, Chandpur, Sathira and
Comilla in April 2021. Later in May, it was distributed to other districts, such as Rajshahi,
Chattogram and Sylhet. On the other hand, the sub-lineage B.1.351.3 of Beta variants formed
twelve different clusters. This lineage was circulating in Manikgonj and Khagrachhari
during February 2021. The strain from Manikgonj stands alone in the phylogenetic tree
without resembling other strains. However, the strain from Khagrachari later spread to
Sherpur and Kishoregonj districts in March. The strain spread from Dhaka to other districts
during March, April, and May (Figure 9).

3.3.3. VOC G/452R.V3 Delta Variant (B.1.617.2) in Bangladesh

Among the three three pangolin lineages of the Delta variant, only one (B.1.617.2) was
detected in Bangladesh. This variant was thought to be introduced in April in Dinajpur,
Jhenaida, Dhaka, or Khulna. The strains from Dhaka showed nucleotide similarity with
a strain (EEPI ISL 2189738) from India. The phylogeny illustrates the direct relationship
between strains from India and Dinajpur, Chapai-nawabgonj, Khulna, Dhaka, and Chat-
togram. After arriving in Bangladesh, the virus began to spread at a neighborhood level
and expanded throughout the county quickly (Figure 10). In the phylogenetic tree (Delta
V), it was discovered that when one virus was detected in Jashore, it was also reported
in other parts of the country, including Noakhali, Laxmipur, Gopalganj, and Narshingdi,
demonstrating community-level transmission of Indian-originated viruses. Another cluster
supports community transmission of the Delta variant strain of SARS-CoV-2 virus from
Jashore to other districts (Dhaka, Chattogram, Sylhet, Habigonj, Tangail, and Rangpur)
(Figure 10).

3.3.4. VUI G/484K.V3 and VOC GR/501Y.V3 Variants in Bangladesh

The Eta variants of SARS-CoV-2 Bangladeshi strains clustered with virus sequences
were reported from the USA, England, Togo, Ghana, Singapore, Nigeria, Germany, and
France, whereas only one Gamma variant was reported from Bangladesh, which clustered
with strains from Brazil, Canada, Japan, and Singapore (Figure 11).

3.3.5. Point Mutation Analysis of SARS-CoV-2 in Different Time Period in Bangladesh

The highest amino acid substitution was D614G from December 2020 to July 2021.
This mutation was present in almost all the sequences from Bangladesh (ranging from 93.5
to 100%). The overall P681H mutation was detected at a low percentage (ranging from
4.8 to 35.7%) from Dec to July. E484K was found at the highest proportion during March
(64.7%) and April (65.1%), 2021. At the same time, K417N was more prevalent in March
(65.2%). N501Y is one of the critical mutations for the α, β and γ variants. During February,
March, and April, the N501Y substitution was found at 51.8, 76.1, and 65.1%, respectively.

The K417T mutation was detected only at 1.8% in February. On the other hand, another
frequent mutation was P681R in June (88.2%) and July (100%). Some other significant
mutations, D950N and L452R. D950N, L452R, T478K, were frequently increased from May
and detected in 82.4, 94.1, and 88.2% of sequences, respectively, in July (Figure 12).
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Figure 10. Phylogenetic analysis of sub-lineage of Delta variant (B.1.617.2) in Bangladesh. Here,
maroon dots denote community transmission of Delta variant SARS-CoV-2 viruses; blue and pink
dotes denote imported SARS-CoV-2 Delta variant and Wuhan-Hu-1 viruses, respectively. B.1.617.3
and B.1.617.1 were used as out group here.
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Figure 11. Phylogenetic analysis of emerging Eta and Gamma variants of SARS-CoV-2 Bangladeshi
isolates. Here, blue dots denote Eta variant SARS-CoV-2 viruses; red and pink dotes denote Gamma
variant and Wuhan-Hu-1 viruses, respectively.
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Figure 12. Proportion of amino acid mutations in the spike protein of SARS-CoV-2 sequences
in Bangladesh.

3.3.6. Variant Specific Mutation Analysis of SARS-CoV-2 in Bangladesh

Again, we present the variant-specific substitution mutations in the spike protein in
Figure 13. In the case of the Alpha variant (N = 94), the most frequent substitution mutation
was observed at D1118H (n = 94), followed by S982A (n = 93) and P681H (n = 91). In the
case of the Beta variant, the substitution mutation D614G (n = 408) was more commonly
observed, followed by A701V (402) and K417N (371). In the Delta variant (N = 702),
the highest substitution was D614G (n = 701), followed by some other unique mutation,
including T19R (n = 688), R158del (n = 641) and D950N (n = 627). In the Eta variant (N = 19),
the most frequent substitution was A67V (n = 19) (Figure 13). We detected only one Gamma
variant, which has been omitted from this analysis.

Figure 13. Frequency of substitution mutations in the spike protein of VOCs’ sequences in
Bangladesh.

4. Discussion

4.1. Spatial and Temporal Epidemiology of COVID-19 in Bangladesh

In 2020, Bangladesh was able to combat the initial SARS-CoV-2 outbreak wave suc-
cessfully [39]. We observed that the second wave of COVID-19 cases gradually started
to spreadin early March, with a notable spike in cases occurring around the middle of
April. From February to March 2021, Bangladesh began to experience the severity of the
second wave of COVID-19 cases and deaths related to the β variant (also known as the
South African variant) [40]. A nationwide lockdown successfully reduced SARS-CoV-
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2 transmission during this time (12 to 15 April 2021), from daily 3.15 to 2.35 cases per
100,000 population [41]. Although the Government started mass vaccination on 7 February
2021, ninety percent of all variants during April and May 2021 were Beta variants [42].
However, the double mutant Delta variant (B.1.617.2) was discovered for the first time in
Bangladesh on May 8th, 2021; since then, the third wave of COVID-19 appeared with a
sharp increase at the end of June 2021, with 68% prevalence [43]. Additionally, 20–55%
of those who had previously recovered from COVID-19 caused by the other variant were
infected by this strain [44]. The variant also exerted roughly eight-fold less sensitivity
to Oxford-AstraZeneca and Pfizer-BioNTech vaccine-generated immunity compared to
the Alpha variant, according to a number of epidemiological and in vitro findings [45].
Therefore, the protective effects of vaccination were not observed at that time; however,
the mass vaccination program has proven to be successful, with the reduction in daily
new cases and deaths in recent times. In our analysis, we found a peak at the third wave
by the end of July when only 0.94% people of this country received their first shot of the
vaccine, which was much lower that other countries across the world [24]. Moreover, the
reproduction rate increased simultaneously, along with the progression of the 2nd and 3rd
waves. The timeline of the 2nd and 3rd waves of COVID-19 in Bangladesh corresponds
with the introduction of several variants of concern into the country [40].

Several studies reported that participants have more knowledge about the disease’s
risk; thus, they wear masks in public places [46,47]. However, Bangladesh still faced the
second and third waves of COVID-19. Considering the vast population of Bangladesh, only
a small number of test centers are available. Furthermore, a longer time is needed for the
COVID-19 test results to return [48]. Almost 19% of patients were asymptomatic when they
tested positive for COVID-19 during the second wave. In addition, a similar percentage
of patients did not know how they became infected, and both urban and rural areas were
affected equally [49]. So, people roam freely before testing positive for COVID-19 and
spread the infection to other exposed humans. Additionally, if the residents practiced strict
preventive measures, there would not be a surge of COVID-19 cases in Bangladesh. The
2nd and 3rd waves resulted from people not maintaining social distance, unwillingness
to wear masks, and scarcity of vaccines for susceptible populations. All these factors
collectively favor the rapid spread of the virus and the emergence of a higher number of
cases in Bangladesh.

With the progression of the global SARS-CoV-2 pandemic, the new variants are be-
coming more infectious and continue spreading at a higher rate in contrast to pre-existing
variants, due to changes in the virus genomic composition [50,51]. All the variants, α, β, γ,
δ, and η, were most prevalent in the central districts, such as Dhaka. All the VOCs were
more prevalent in Dhaka because it is the port of entry for millions of people every day.
Dhaka is the capital city of Bangladesh. It connects other districts via rail, air, and water-
ways. Dhaka has an international airport, a few ferry ghats, and several rail stations. These
ports of entry make Dhaka vulnerable to all the emerging variants. So, it is not surprising
to observe the presence of all the variants in the capital district. The only exception was the
δ variant, which was distributed to the peripheral districts along with Dhaka. This variant
was responsible for Bangladesh’s 3rd wave of COVID-19 [52]. The δ variant originated in
the neighboring country India [53]. The peripheral districts, such as Comilla, Dinajpur, and
Sylhet, have borders with India. People come and go through the border daily for various
purposes. As a result, the Delta variant was dominant in those peripheral districts. In
addition, dustbins are unavailable in rural areas, so people dump their wastes on roadside
pits or drain water bodies, and vacant plots near houses [54]. These factors also contribute
to viral spreading in peripheral districts.

There was a changing pattern in the clade prevalence in Bangladesh from December
2020 to September 2021. Although initially, the clade GR was predominant, later it reduced,
and there was a rise in clade GK in Bangladesh. A similar changing pattern of lineages
from B.1.1.25 to B.1.617.2 has been observed over the same period. The changing pattern in
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the lineage’s distribution corresponds to the gradual spread of β and δ variants during the
2nd and 3rd waves of COVID-19 in Bangladesh [55].

4.2. Transmission Dynamics and Phylogeny of Emerging Variants in Bangladesh

The investigative genomic analysis of the emerging variants confers the high preva-
lence of α, β, and δ, the significant determining variants for Bangladesh’s second and third
wave [21]. We revealed the possible origin and transmission route of the emerging vari-
ants in Bangladesh through Nexstrain and phylogenetic analyses. The emerging variants’
introduction to Bangladesh was through European and African countries. This fact was
again re-confirmed based on the evidence presented in the phylogenetic trees. The vari-
ants circulating in Bangladesh are of European origin, mainly England, France, Germany,
Ireland, Italy, and the USA. However, some viral sequences demonstrate similarities with
other Asian countries, including Singapore, Japan, and South Korea, which has already
been established by earlier studies [56,57]. All the clustering of the Bangladeshi sequences
indicates the virus’s transmission from expatriates to the community, which might be
due to an improperly structured quarantine facility for travelers in Bangladesh. Multiple
introductions have been recorded from Italy, India, and the UK [58]. The clustering of α and
β variants of SARS-CoV-2 in Bangladesh illustrated that the virus reached the community
transmission level, and only one Eta variant indicates the lack of community transmission
of the emerging Eta variants.

We also conducted mutation analyses for all the Bangladeshi sequenced strains of
SARS-CoV-2 deposited in the GISAID. D614G is the most dominant mutation in the
Bangladeshi strains [19]. Similarly, the mutations that are important for several VOCs were
recorded from the sequences of infected patients and environments in Bangladesh [19,59,60].
The Alpha, Beta and Gamma variants were common during March and April, but later
in June–July, the Delta variant replaced other VOCs. Therefore, Delta variant-related
mutations were increasing gradually [55,60].

The global SARS-CoV-2 vaccines are currently available for human immunization.
Moreover, variant-proof COVID-19 vaccines and pan-Beta coronavirus vaccines are in the
development stage that could, in the future, protect against multiple COVID-19 variants
and other Beta coronaviruses, such as MERS and SARS [61,62]. Although there are around
115 vaccines that have been reported, among which some are available for immunization,
about 53.1% of people have received at least one dose of any COVID-19 WHO-approved
vaccine across the globe, whereas in Bangladesh, around 87 million people only received
their vaccine in November 2021 [63]. However, the overall immunization rate depends
on the people’s acceptance of vaccines, which is still questionable [64]. In addition, a
considerable level of people need to be vaccinated to attain herd immunity [65]. There-
fore, the government, policy planners, and stakeholders should take action with regard
to people’s apprehensiveness towards immunization against SARS-CoV-2 to break the
transmission dynamics.

5. Conclusions

COVID-19 started to impact human lives in Bangladesh in the first quarter of 2020.
From the end of 2020, the case counts were lower. Nevertheless, during March–April and
June–July 2021, we witnessed the 2nd and 3rd waves of COVID-19. Although initially,
Bangladesh dealt with only COVID-19, from December 2020, several variants of concerns
started to arise. The variants were prevalent in Dhaka, the capital city, with frequent
dispersion to other large cities, such as Sylhet and Chattogram. Simultaneously, the Delta
variants were prevalent in border districts, as they originated in India. Initially, the GR
clade was higher, and then gradually, clade GK replaced it. Similarly, lineage B.1.1.25 was
prevalent during December 2020; however, later, the Delta variant prevailed in Bangladesh.
Detection of specific mutations related to specific variants further confirms the results.
There are also phylogenetic relations between Bangladeshi strains and strains from other
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countries. Thus, we recommend frequent genomic surveillance to forecast the spreading of
new variants, if any, and to take preventive steps as soon as possible.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Background: following the importation of the first Coronavirus disease 2019 (COVID-19)
case into Africa on 14 February 2020 in Egypt, the World Health Organisation (WHO) regional office
for Africa (AFRO) activated a three-level incident management support team (IMST), with technical
pillars, to coordinate planning, implementing, supervision, and monitoring of the situation and
progress of implementation as well as response to the pandemic in the region. At WHO AFRO,
one of the pillars was the health operations and technical expertise (HOTE) pillar with five sub-
pillars: case management, infection prevention and control, risk communication and community
engagement, laboratory, and emergency medical team (EMT). This paper documents the learnings
(both positive and negative for consideration of change) from the activities of the HOTE pillar and
recommends future actions for improving its coordination for future emergencies, especially for
multi-country outbreaks or pandemic emergency responses. Method: we conducted a document
review of the HOTE pillar coordination meetings’ minutes, reports, policy and strategy documents of
the activities, and outcomes and feedback on updates on the HOTE pillar given at regular intervals
to the Regional IMST. In addition, key informant interviews were conducted with 14 members of
the HOTE sub pillar. Key Learnings: the pandemic response revealed that shared decision making,
collaborative coordination, and planning have been significant in the COVID-19 response in Africa.
The HOTE pillar’s response structure contributed to attaining the IMST objectives in the African
region and translated to timely support for the WHO AFRO and the member states. However, while
the coordination mechanism appeared robust, some challenges included duplication of coordination
efforts, communication, documentation, and information management. Recommendations: we
recommend streamlining the flow of information to better understand the challenges that countries
face. There is a need to define the role and responsibilities of sub-pillar team members and provide
new team members with information briefs to guide them on where and how to access internal
information and work under the pillar. A unified documentation system is important and could help
to strengthen intra-pillar collaboration and communication. Various indicators should be developed
to constantly monitor the HOTE team’s deliverables, performance and its members.

Keywords: coronavirus; coordination; health operations and technical expertise; AFRO

1. Introduction

The first human case of Coronavirus disease 2019 (COVID-19), caused by the SARS-
CoV-2 virus, was identified in Wuhan in the People’s Republic of China on 30 December
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2019 [1]. Soon after, the World Health Organisation (WHO) declared the outbreak as a
public health emergency of international concern (PHEIC) and as a pandemic on 30 January
and 11 March 2020, respectively [2]. Following the first COVID-19 case importation into
Egypt on 14 February 2020, the disease has spread to the whole continent. As of 25 February
2021, a total of 111,762,965 COVID-19 confirmed cases (distributed as per Figure 1) and
2,479,678 deaths had been recorded, with 2.5% (2,789,965) of the cumulative global cases
and 2.9% (71,204) of cumulative global deaths coming from the WHO African Region.

Figure 1. Geographic Distribution of Cumulative COVID-19 in the WHO African Region (Source:
IMST presentations).

The number of cases and deaths recorded in Africa when writing this paper (March
2021) was much lower than predicted [3]. Several reasons have been advanced for these
low numbers, including the role of aridity and temperature in transmission, demographic
characteristics (distribution of age), the difference in identification of cases, and death
detection capacity [4–9], and the possible contribution of pre-existing immunity from other
viral infections [10]. Others have indicated that the numbers are due to the underestimation
of the true magnitude of the pandemic resulting from weak surveillance systems [11,12] as
postulated by the low rate of testing per population in the continent with ratios of as low as
1072 or 1441 tests per one million population in South Sudan and Niger, respectively [13].

However, the extent to which each (or a combination or interaction) of these factors
has impacted the relatively low number of cases and deaths is yet to be fully explored. Nev-
ertheless, what is clear is that the vast experience of responding to frequent outbreaks and
emergencies has put the African Region in a comparatively better prepared position, and
hence could mobilise the response capacity better than other regions. Besides the existing
challenges of poverty and fragile health systems, the COVID-19 pandemic contributed to
the disruption in its socio-economic activities in Africa, such as the breakdown in the deliv-
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ery of health services [14]. The disruptions were largely from the measures put forward to
curb the spread of the COVID-19 and included lockdowns, closure of borders and schools,
restriction of travel, trade, and mass gatherings. These actions (such as border closures
and lockdowns) taken by the countries in Africa helped slow the spread of COVID-19 on
the continent.

In addition, most countries in the region rapidly instituted the incident management
support team (IMST), a WHO system for coordinating and managing public health events in
line with the WHO Emergency Response Framework [15]. The IMST is based on recognised
best practices of emergency management included within the health sector. The critical
functions for emergency response under the IMST are leadership, partner coordination,
information and planning, health operations and technical expertise (HOTE), operations
support and logistics, and finance and administration [16]. Prior to the first reported
COVID-19 case in the WHO Africa region, a preparedness IMST was activated to assess,
prepare, monitor, detect, and rapidly respond to the first case. Due to the nature of the
emergency (involving all 47 countries in the region), an inter-cluster IMST structure that
included repurposed staff from across the different clusters in the AFRO regional office was
activated. The IMST is headed by the regional director with a designated incident manager
(IM) that deals with the daily operations of the response. The IMST meets daily to share
information and discuss strategic and operational issues to guide each country’s pandemic
support and follow up action points for the technical staff to act. Figure 2 shows the first
IMST structures for the AFRO pandemic response, which was then revised in April 2020 to
Figure 3 after a regional interaction review (IAR) was conducted, which was necessary due
to the protracted nature of the pandemic (the revised structure is discussed in detail below).

This paper documents the learnings (both positive and negative for consideration
of change) from the activities of the HOTE pillar and recommends future actions for
improving its coordination for future emergencies, especially for multi-country outbreaks
or pandemic emergency responses. The HOTE pillar comprises of five sub-pillars, namely
case management (CM), infection prevention and control (IPC), laboratory support, risk
communication and community engagements (RCCE), and emergency medical teams
(EMTs), all of which involve specific technical expertise that focuses on building a country’s
capacity and providing technical and operational support in the response [17,18]. We focus
on the HOTE because it is the core operational and interventional pillar, forming the driving
force of response under the IMST and because its operation exceeded the usual country-
level cooperation that the WHO country office (WCO) has with the member states [16].
While other IMST pillars are important, the HOTE pillar plays a significant role in linking
the WHO with the Ministry of Health (MOH) and its partners to ensure optimal coverage
and quality of health services in response to emergencies by promoting the implementation
of the most effective, context-specific public health interventions and clinical services by
operational partners. For instance, the pillar links directly with the member states’ MOHs
by providing SOPs, technical guidelines, the best practices and protocols that promote
adequate responses and quality of health services in response to emergencies. Through
the guidelines, HOTE fosters the implementation of the most effective and context-specific
public health interventions. Adequately, the pillar assesses different interventions to
provide a regional profile that guides the MOHs need to deploy experts on the subject
matter and organise virtual and onsite training needs. HOTE also ensure optimal coverage
and clinical services by linking with operational partners and providing essential supplies
such as personal protective equipment, medical oxygen, etc. Further, unlike other pillars
in the IMST, the focus on the HOTE pillar is to provide up-to-date, evidence-based field
operations, policies, and guidance.
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Figure 2. AFRO COVID-19 AFRO Incident Management Support Team (IMST) for preparedness and
response (Note: four sub pillar teams have been highlighted by a red blank because their functions
were often cross-cutting across the other pillars but also supported countries work).

Figure 3. Revised AFRO IMST structure.
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2. Methods

A mixed methods, case study methodology as defined by Yin [19] was utilized in this
study. It focuses on the coordination and response to the COVID-19 pandemic from the
HOTE pillar’s perspective. The parameters studied included all activities implemented
by the HOTE pillar one-year post activation of the IMST for the pandemic in the AFRO
region as defined in the comprehensive Strategic Preparedness and Response Plan (SPRP)
February-December 2020 updated (May 2020) [20]. The analysis was done using mixed
methods to converge the findings to increase validity and to have individual components
complementing each other, thus providing better explanations for the phenomenon under
investigation [21].

Firstly, we retrieved the retrospective information on the activities and operations of
the HOTE pillar, background information, historical insight into the pillar work, and a
picture of how WHO AFRO or its emergency program fared over time [22]. The information
was retrieved through a document review of available reports and surveys, periodicals,
and monthly bulletins accessed through the WHO website. Those that were not publicly
available such as HOTE minutes, confidential reports, and manuals, were gathered from
the key informants who were part of the HOTE team from the onset of the pandemic.
Additionally, the pandemic response staff from the two regional hubs of WHO (Dakar and
Nairobi) and the planning, monitoring, and evaluation cell were requested to provide any
other relevant documents and information on local policies, strategies and work plans that
were deemed useful for the study.

Secondly, key informant interviews (n = 14) were conducted with purposively selected
staff heading different sub-pillars in HOTE and the focal persons supporting individual
countries who had been involved since the pandemic began and since the pillar was
instituted. One researcher (BO) conducted the interviews using a semi-structured interview
guide that was developed based on the content and gaps identified from the document
review. The interviews were used to verify findings or corroborate evidence from the
document reviews [22]. All the participants who agreed to undertake the interviews were
invited to participate after being explained for the study purpose, and they gave verbal
informed consent. The interviews were conducted in English and audio-recorded, and each
lasted between 30–45 min. All the IDIs were transcribed verbatim in English and compared
against their respective audio files by one researcher BO. All the validated transcripts were
extracted in MS Excel for ease of management and transparency of the analysis process.
All information/data provided from the document review and key informant interviews
were synthesised using thematic analysis into thematic areas around learnings.

3. Findings

The pandemic response revealed that shared decision making, collaborative coordina-
tion, and planning have been significant in the COVID-19 response in Africa. The HOTE
pillar’s response structure contributed to attaining the IMST objectives in the African region
and translated to timely support for the WHO AFRO and the member states.

The Changes in the Organisational Structure of Health Operations and Technical Expertise Pillar
during the Pandemic and the Roles of the Sub Pillars

The HOTE is a critical pillar in the COVID-19 response and ensures that optimal
and quality guidance of emergency response services are effectively communicated to
African region countries. This pillar also provides updated evidence-based field operations,
policies, guidance, and technical expertise during the response. In January 2020, during
the preparedness phase and the initial stage of the outbreak, the HOTE pillar had ten
sub pillars: influenza, CM, IPC, laboratory support, RCCE, vaccines and immunisation,
POE/support to the operation, research, service delivery/health services continuity, and
capacity building. Following the global pandemic declaration in March 2020, the AFRO
region IMST structure was revised with the HOTE pillar reduced to six sub pillars: influenza,
vaccines and immunisation, POE/support to the operation, research, and capacity building.
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As the pandemic evolved, the HOTE pillar was further revised in August 2020 to five
sub-pillars: CM, IPC, laboratory support, RCCE and emergency medical teams (EMT).
Additionally, through the WHO AFRO emergency hubs in Dakar, Senegal and Nairobi,
Kenya, the HOTE pillar working with the country focal persons provided/s daily strategic
support to countries on the various operational and response activities. The country focal
points (CFP) team was created when the size of the pandemic grew, requiring that the
HOTE responds to a multiplicity of country requests. The CFPs were constituted to provide
frequent engagement with the countries to monitor the evolution of the pandemic and flag
issues of support. The criteria used for modification of the HOTE pillar was based on the
findings of the Intra Action Review (IAR) carried out on the IMST, which provided lessons
to situate better the pillars as part of the Incident Management System (IMS) as guided by
the Emergency Response Framework (ERF) [16].

Currently, the HOTE pillar activities coordination is led by a pillar lead who coordi-
nates the five sub pillars’ operations (Figure 3). The pillar lead participates in the cross-pillar
meetings at the IMST strategic meeting and is the pillar’s voice to the management. Having
a HOTE pillar team lead working with the sub pillar leads has been an effective way of
outlining the pillar needs, making strategic guidance on the management of COVID-19
across the region, and identifying the gaps that need the attention of the administration.
The pillar lead has also been able to link the team to other pillars and units (such as the
CFPs) to update the regional management on the countries’ ongoing preparedness and
response activities (Table 1). Overall, the operations of the HOTE pillar have focused
on the dissemination of strategic and technical guidance adapted to regional contexts;
reinforcement of capacities, including the deployment of experts; further expansion of
laboratory diagnostic capacities for COVID-19 in all countries; resource mobilisation at
regional and country levels; and supporting the distribution of essential supplies such
as personal protective equipment (PPE), laboratory equipment and reagents, and other
medical devices to member states. HOTE pillar support to countries at regional, national,
and sub-national levels was clearly defined in a comprehensive SPRP February-December
2020 updated (May 2020) [20].

Table 1. Interventions and activities of HOTE pillar lead, sub-pillars, and cross pillar coordination
(from 25 February to 25 February 2021).

Pillar/Sub-Pillar Interventions Activities

Pillar Lead (1) - Provide guidance and leadership of
the pillar.

- Coordinate the operations of the five sub-pillars
- Represents the pillar in the cross-pillar meetings at the IMST
strategic meeting
- The lead represents the voice of the pillar and communicates
all their needs to the management.

IPC (7)

- Strengthen patients’ treatment and
prevent transmission to staff, all
patients/visitors, and the community
against COVID-19 infection by reviewing,
updating, and disseminating existing and
interim IPC protocols, including triage.

- Build capacity of health care workers on IPC for COVID-19
and SARIs (staff, training, supplies-PPEs, and equipment) for
member states.
- Provide strategic guidance to countries on all aspects of the
pandemic response relating to the IPC component
- Provide countries with the technical recommendations and
tools necessary for their application
- Strengthen the capacities of countries in the implementation of
interventions, as well as in monitoring and evaluation
- Strengthen the activities carried out by the other sub-pillars
because of their transversal nature

RCCE (6)

- Strengthen public awareness through
an integrated risk communication and
community engagement approach on the
COVID-19, including a psycho-social
component in 47 Member States.

- Strengthen the identification of RCCE actions towards specific
population groups and settings to address knowledge, rumours,
and misinformation in 47 Member states.
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Table 1. Cont.

Pillar/Sub-Pillar Interventions Activities

CM (5)

- Improve clinical care for COVID-19
patients through slowing and stopping
transmission, finding, isolating, and
testing every suspected case, and provide
timely, appropriate care to
affected patients.

- Support clinical CM for COVID-19 patients in Member States’
treatment facilities through training, developing guidance and
SOPs, assessments for screening/isolation capacity, ICU units,
and related medical supplies access.

Laboratory (5)

- Strengthen and maintain regional and
country surveillance systems to gather
data on alerts, suspected cases and
confirmed COVID-19 cases in
collaboration with partners.

- Provide laboratory support at National and Sub-national
levels, including reagents and other supplies to the Member
States.

EMT (2) - Strengthen and establish the regional
training centre; and the national EMTs

- Enhance collaboration/coordination with Member states,
Africa CDC, Regional Economic Communities, National and
International NGOs and UN resident coordinators (RCs) to
mobilise experts and safe deployment to support the response.

Note: () shows the number of staff.

4. Key Learnings

4.1. HOTE Intra and Extra Team Coordination

The HOTE pillar holds a weekly strategic meeting where the sub-pillars present
updates on key activities undertaken and plans for the upcoming week. In addition, chal-
lenges and issues experienced by individual countries are also presented and discussed
to provide solutions. In collaboration with the cross-pillar lead and using available data,
deep-dive discussions are held to address cross-cutting issues in countries and outcomes of
these discussions are presented at the main IMST meetings. At the pandemic’s peak, cross
pillar discussions were held every week, and were further relaxed to a biweekly basis as
the country’s epidemiological situation improved. Concerning the regional IMST meet-
ings, daily meetings were held with all pillar leads and team members (including senior
management representations) at the start of the pandemic. As the regional epidemiological
situation improved, the frequency reduced to three times a week and two times a week as
from March 2021.

Given that daily IMST meetings were a useful platform for information sharing and
learning, the HOTE pillar lead or a designated pillar team member regularly presented to
the IMST on the pillars ongoing activities with other team members providing additional
information comments.

The cross-pillar discussion helped provide solutions to the ongoing challenges that
countries faced, e.g., the surge response to South Africa. It allowed the staff better to
understand the impact of the new disease- COVID-19. As shown in Figure 3, the CFPs
are part of the AFRO IMST for COVID-19 and provide the overall country coordination,
guidance, technical and operation support to WHO country offices (WCO) regarding
emergency response management under the IMST. They link the WCO and IMST at the
regional office and headquarters. Functionally, they report to the HOTE team lead as per
the IMST. They perform information management roles (such as ensuring WCO sitrep
and the dashboard of major events in countries are updated and shared regularly) and
monitor and follow up on the countries’ operational support. Otherwise they are involved
in resource mobilisation in-country and externally, and follow up with the implementation
of the response plan and utilisation of mobilised funds. Other roles include surge support
for HR and supplies; planning, managing, and monitoring performance standards and key
performance indicators during operations response; conducting the countries’ needs, gaps,
and capacity assessments/analyses; and leading capacity building roles.
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Therefore, the collaboration between the CFPs and the HOTE was important as they
brought the various challenges that countries were facing, the role or support that the AFRO
IMST provided to the member states, and the country’s best practices key upcoming events.

While the HOTE team members would also attend the country meeting to respond
to questions and requests for the WHO AFRO management, the CFPs returned the key
responsibility of leading discussions with countries. Equally significant was the lateral
coordination and collaboration between HOTE and other pillars (such as epi-analytics
(see Figure 3 for more sub pillars)). The pillars within the IMST are interlinked, and each
contributed to the other’s work, with the overall outcome being the achievement of the
strategic objectives under the COVID-19 Strategic Preparedness and Response Plan (SPRP)
2020 [17,18].

For instance, the collaboration between epi-analytics and HOTE teams would generate
cross pillar presentations that summarise a country’s concerns or challenges, such as
evidence of increasing healthcare workers infection or poor case management. This strategic
information and solutions are subsequently shared with the AFR senior management for
endorsement of proposed actions. As a result of the strategic role that the HOTE pillar
played, it was noted that countries would get in touch directly with the HOTE team
members to follow up on the envisaged/expected supports; thus demonstrating that
countries appreciated the support they were getting from HOTE.

4.2. Internal and External Coordination Meetings

The internal and external coordination meeting of the HOTE pillar went through
several changes as the pandemic evolved. At the start, sub-pillars under the HOTE pillar
would meet during a weekly meeting at which the challenges and planned activities for
the week would be discussed. From this sub-pillar collaboration, it was easy to learn what
the other teams were doing, and it allowed pillars to request support help from others.
Additionally, alternative discussions through communication by email normally brought
about a significant response from different sub pillars whenever it was needed, as a result
of the comradeship created through the weekly meetings. Furthermore, to enhance the
coordination of various sub pillar components, the team worked closely with the emergency
Hubs, whose roles were linked to the team. This coordination process effectively enabled
policymakers to set forth actions that ensured best practices with the desired goal [23].

During the early phase of the pandemic, the general HOTE coordination meetings
were poorly attended and unnecessarily long. The poor attendance may be attributed
to the timing and conflicting meetings that the different pillar members attended, which
subsequently led to the slow implementation and follow up of planned actions. Also,
given that the various sub-pillar members were working virtually from different coun-
tries, a difference in the time zones may have been a factor in the poor attendance at the
HOTE meetings. Thus, coordinating HOTE meetings was a major challenge and required
cooperation from all involved to achieve the desired objective of the pillar.

4.3. HOTE Collaboration with Countries

Early in the pandemic, there was non-synchronised coordination between the HOTE
pillar with the countries. The sub pillar team members would join in the different country’s
meetings and teleconferences (TCs) to understand the countries’ challenges and, where
possible, offer on-the-spot technical guidance. In some countries it yielded positive results,
as some countries that reached out to HOTE pillar members received help with operational
and technical needs requested.

With time, the HOTE meetings with member states focused on helping the countries
meet their objectives/goals. Through this collaboration, countries developed trust in
the support provided by the HOTE pillar team and would engage in unrelated areas
surrounding their respective ministries of health. Requests whose solutions were not
readily available were referred to the AFRO management support. A provision of the
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solution to the countries strengthened the WHO’s credibility in the countries and provided
an opportunity for countries to improve their health workforce and health systems.

However, the attendance of countries TCs by HOTE sub pillar members and the
designated country focal points based at the hubs were met with resistance and were
perceived negatively in some countries. Moreover, the WHO AFRO through HOTE or other
region pillars would be demurred by some countries as making demands for information
rather than supporting and offering solutions to the response. Working through the
CFPs and the two hubs as the entry point to the countries was a more acceptable way of
coordinating the support of member states. However, the CFPs assigned to respective
countries would be overwhelmed with the meetings and follow-ups, given that they were
concerned with coordinating other activities other than just the pandemic.

On several occasions, countries preferred to directly interact with the HOTE team
members who were thought to have additional capacity to address their requests. Occa-
sionally, this was also due to the fact that urgent information requested by countries sent
through the CFPs by the HOTE team was not transmitted to the respective countries on
time, thus causing delays.

In other cases, when the countries dealt directly with the CFPs—especially when
following up on financial support—the CFPs would reach out to the HOTE team members
directly and follow up the same work. On some occasions, when the CFPs would be on
leave or have conflicting activities from other assignments, there would be gaps in the
countries’ meeting attendance and communication. There were also delays in sourcing
information from teams in member states, which hampered much-needed interventions to
curb the pandemic. The other pillars were equally affected, resulting in a resurgence of the
cases in most countries and increased mortality. However, when the CFPs communication
teams were more established and straightened, a collaborative approach was taken, which
led to reduced delays.

4.4. Intra-Communication among HOTE Members

Clear, well-defined communication creates an effective team, although this is usually
an insidious process [24]. At the onset of the pandemic, there was a lack of clarity about the
different sub-pillar members’ responsibilities and roles and the communication channels
between the different sub-pillars to management. This was particularly evident with some
sub-pillars not creating time for orientation/briefing of new team members who joined
at different times during the pandemic, making it difficult for the team to be on the same
page. There appeared to be some team members who did not understand their roles
and responsibilities from the onset, and this made it difficult for them to fit in the HOTE
pillar structure.

To address the above, sub-pillar team leaders defined the roles and responsibilities for
each member. The new team members had difficulty finding their way around the organi-
sation. For instance, it took a long time to have the members set up with email systems to
ease coordination within the response structure, and when it was done, it was not very clear
whom/where to access information. Consequently, failing to get the new members timely
access to the organisation’s email account hampered their coordination work with the
countries, since some countries did not respond to HOTE members communicating with
them through personal email accounts. Nonetheless, with some countries’ ways of working
(not responding to emails from personal mail addresses without the WHO domains and
feeling bombarded), it remains a challenge to get a timely response from them.

It was not always easy to get information about internal coordination mechanisms and
meetings within WHO. When some members participated in the discussions, it appeared
as though they didn’t understand what the meeting was all about and thus would not effec-
tively implement session follow up actions. Because of the lack of introduction/induction
of new HOTE and IMST members, not all team members within the sub pillars were
receptive, as some could not respond to emails from the unknown (new) team members.
The lack of adequate orientation of the members was most significant, especially for those
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who came mid-pandemic and did not know where to go or understand the organisation’s
processes. In some instances where orientation was provided, there would be a lack of
guidance on accessing the technical reports, which may have resulted in duplication of
efforts in producing some reports and briefs. It was, however, easier to get information
from the management and incident management leadership than at the technical level.

4.5. Documentation and Information Management

We find that multiple information sharing channels under the HOTE pillar were con-
veying different information about the pillar. Potentially this may have fuelled different
results among the sub pillars, causing poor utilisation of the available information to guide
the ongoing pandemic support. There was a significantly large amount of information
produced and collected by the different sub pillars that was not being utilised for strategic
decision making, or that would require a unified way of constellating. The team members’
strength was more geared towards providing technical guidance to the member states rather
than synthesising the information. At the later pandemic stage, the emergency information
management was set within the HOTE pillar to support information synthesis and consol-
idation between the different sub pillars to aid in strategic decision making and unified
documentation. This helped strengthen the intra pillar information management. However,
gathering information between some of the sub pillars was still not straightforward.

4.6. Monitoring Objectives

Based on the results, it was difficult to ascertain whether the HOTE pillar had achieved
its intended objective. This was because the pillar did not have objectively verified indica-
tors that they would use to track the pillar’s performance during the year; however, the
sub-pillars had indicators. At the HOTE pillar’s operations level, it felt like the pillar was
working without a strategy. When it came to writing the different reports for the pillar,
each team was writing in an unfocused and uncoordinated way without really focusing on
the indicators that the HOTE pillar wanted to achieve. Overall, this made it hard for HOTE
to report achievement against indicators.

5. Discussion and Conclusions

The coordination and management of the COVID-19 pandemic is a complex undertak-
ing that requires consolidated effort in synchronising actions and multilateral decisions. A
well-coordinated response is the fastest way to transition out of a pandemic [25], and this
entails skilled professionals being fully capacitated to respond to public health emergen-
cies [26]. As previously shown by WHO [27], the early stages of an outbreak require various
synergic components such as coordinating response, communication, ensuring health inter-
vention, and managing information. Similarly, these components should have amenable
objectives that will characterise the scope of activities [28]. The results under the HOTE
pillar have shown that shared decision-making, collaborative coordination, and planning
have been significant in the COVID-19 pandemic response from an African context.

The AFRO region IMST objectives are spelt out in the COVID-19 SPRP 2020 [17,18].
While the objectives of each of the sub pillars under the HOTE pillar’s response structure
are included in the SPRP, the findings on monitoring and evaluation have shown that
it is difficult to ascertain whether the HOTE pillar had achieved its intended objective.
Interestingly, the amalgamation of some sub pillars to HOTE came mid-response, and the
SPRP 2020 outlined the sub pillar objectives while the SPRP 2021 was created to improve
the objectives. However, through the response structure, the sub-pillar teams have been
able to timely support the member states (particularly allowing countries to operationalise
the in-country response’s management structure as defined based on the country plans).
Additionally, the structure has been useful in notifying the senior management at WHO
AFRO on the needs (for the countries) and strategic directions.

However, the results have also shown that while coordination is critical in standard-
ised situations, uncertainties and complex scenarios present challenges for coordination
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research practices [29]. For instance, the limitations on the coordination meetings’ atten-
dance, intrapillar interaction challenges, and even the countries’ challenges all may have
hampered the progress of the response from the onset. However, given the changes made
progressively as the pandemic progressed, it was easy to support the countries. As observed
in the management of the Ebola outbreak in West Africa, the separation of the technical
and operational components of the response coordination under the IMST streamlined the
coordination and enabled the experts to support their technical work [30]. The experience
with the coordination of the HOTE pillar builds into the framework proposed by Hernantes
et al. [31] and addresses the four specific challenges characterising crisis management, in-
cluding the heterogeneity of the actors and stakeholders involved, multi-dimension effects,
the diversity of activities to build resiliency, and the centrality of knowledge transfer and
sharing mechanisms.

Nonetheless, we believe that sustaining the coordination approach could enhance
IMST management of pandemic objectives of a similar magnitude in AFRO. We propose
the following recommendations to strengthen the approach.

The main strength of this study was the triangulation of data/information from the
document review and interviews, which provided a platform for gaining a deeper and
broader understanding of the different coordination aspects of the HOTE pillar. The
main limitation was capturing the learnings as both positive and negative aspects rather
than using a framework. However, the analysis was adequately driven by data through
thematic analysis.

6. Recommendations

As WHO AFRO continues to support the member states, we propose changes to the
work approaches that could tackle the challenges that our review has revealed. For instance,
we suggest that both internal and external meetings have agendas shared in advance and
that the calendar invites are shared with all the members in advance. This would allow
participants to prepare in advance and even adequately engage with the content of the
meetings. Through this, it will also be possible to sufficiently capture the notes for the
records of the meetings and share them with participants to track the meeting action points
or requests from member states. Moreover, requested information could be streamlined
to key questions from the countries, CFPs, and the two regional hubs. Once streamlined,
there is a need to agree on how the information could flow through the country hubs or
focal points and then to HOTE or even IMST. This could help define a unified flow of
information and a better understanding of the countries’ challenges and reduce the relayed
responses from them. Also, we propose that we have a streamlined way of requesting
information and come together as a pillar to submit our work.

Besides, the roles and responsibilities of each pillar member should be streamlined
and identified. This would enhance better knowledge and performance of each member
and even ease the justification of the roles to the senior management. It would also be
imperative to have a HOTE introductory note indicating where and how to access new
members’ information, besides having an orientation to understand the organisations’ way
of working. The notes and the orientation would help set up the new members joining
the team and share the visions and objectives of the different sub pillars. It would help
the team remain strategic in achieving its key goals and expectations without delays and
making the members who join mid emergency feel welcome. Also, at the onset of the teams,
it is imperative to have key performance indicators (KPIs) for each member to achieve a
common goal. This is essential to help to improve our strength in our systems and improve
the quality of care. Besides, continued collaboration between different pillars—given that
we are intricately woven together—would produce better performance outputs.

There is a need to continue working towards achieving a unified documentation
component so that the pillar can speak from a unified position. This helps to strengthen
what we do as a pillar, and it also allows the pillar to communicate to IMST on the activities
that we do, and they can contribute directly to IMST objectives. Besides, it provides a
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unified way to guide the member states and gives us an opportunity and the sub pillars to
focus our energies on providing technical guidance to countries.

The sub pillar indicators should be defined to the team to know whether the intended
performance is being achieved or not. Additionally, it would be imperative to add coor-
dination level indicators to examine the role of coordination in achieving the sub pillars’
objectives. Constantly monitoring the deliverable indicators’ performance would ensure
that we are—as a team—discussing the problems (technical and financial) and identifying
the solutions.
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Abstract: Background: During the COVID-19 pandemic, distinguishing dengue from COVID-19 in
endemic areas can be difficult, as both may present as undifferentiated febrile illness. COVID-19
cases may also present with false-positive dengue serology. Hospitalisation protocols for managing
undifferentiated febrile illness are essential in mitigating the risk from both COVID-19 and dengue.
Methods: At a tertiary hospital contending with COVID-19 during a dengue epidemic, a triage
strategy of routine COVID-19 testing for febrile patients with viral prodromes was used. All febrile
patients with viral prodromes and no epidemiologic risk for COVID-19 were first admitted to a
designated ward for COVID-19 testing, from January 2020 to December 2021. Results: A total of
6103 cases of COVID-19 and 1251 cases of dengue were managed at our institution, comprising
a total of 3.9% (6103/155,452) and 0.8% (1251/155,452) of admissions, respectively. A surge in
dengue hospitalisations in mid-2020 corresponded closely with the imposition of a community-wide
lockdown. A total of 23 cases of PCR-proven COVID-19 infection with positive dengue serology
were identified, of whom only two were true co-infections; both had been appropriately isolated
upon admission. Average length-of-stay for dengue cases initially admitted to isolation during the
pandemic was 8.35 days (S.D. = 6.53), compared with 6.91 days (S.D. = 8.61) for cases admitted outside
isolation (1.44 days, 95%CI = 0.58–2.30, p = 0.001). Pre-pandemic, only 1.6% (9/580) of dengue cases
were admitted initially to isolation-areas; in contrast, during the pandemic period, 66.6% (833/1251)
of dengue cases were initially admitted to isolation-areas while awaiting the results of SARS-CoV-2
testing. Conclusions: During successive COVID-19 pandemic waves in a dengue-endemic country,
coinfection with dengue and COVID-19 was uncommon. Routine COVID-19 testing for febrile
patients with viral prodromes mitigated the potential infection-prevention risk from COVID-19 cases,
albeit with an increased length-of-stay for dengue hospitalizations admitted initially to isolation.

Keywords: dengue; COVID-19; SARS-CoV-2; undifferentiated febrile illness; antigen testing

1. Introduction

During the COVID-19 pandemic, several dengue-endemic countries in Asia and
South America have experienced concurrent outbreaks of dengue and COVID-19 [1–4]. In
the early stages of illness, dengue and COVID-19 can be difficult to distinguish because
clinical and laboratory features may potentially overlap, presenting as undifferentiated
fever associated with nonspecific signs and symptoms [2]. Co-occurrence and potential
co-infection of these two viral diseases introduces a significant burden on healthcare
systems, particularly in tropical countries where arboviral diseases are endemic [3]. During
overlapping “twin-demics” of dengue and COVID-19, all cases of undifferentiated febrile
illness may need to be managed as COVID-19 until proved otherwise via diagnostic testing,
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with significant implications on healthcare resources. Misdiagnosis or delay in diagnosis
of dengue is also conceivable because of the similarities in clinical manifestations of these
two diseases [4,5]. Reliance on diagnostic testing to distinguish these two diseases further
strains laboratory capacity, especially in resource-limited settings where molecular testing
for SARS-CoV-2 and dengue may be unavailable [2]. Rapid serological tests can play
a crucial role in dengue diagnostics, especially in low-resource settings where resource-
intensive laboratory tests such as polymerase-chain-reaction (PCR) may not be routinely
available [6]. Similarly, rapid-antigen-detection (RAD) testing for SARS-CoV-2 has been
introduced as a useful component of hospital triage protocols to guide isolation measures
and aid targeted admission [7]. However, RAD tests for SARS-CoV-2 may still yield false-
negatives and need to be interpreted cautiously, especially in the context of significant
contact history or clinical syndromes compatible with COVID-19 [8]. Similarly, there have
been reports of false-positive dengue serology with rapid diagnostic tests (RDTs) in cases of
COVID-19 [9], resulting in inadvertent exposure of other healthcare workers (HCWs) and
patients [10,11]. The triage of patients presenting with undifferentiated febrile illness poses
a potential challenge in tropical countries with co-circulating and nonspecific presentations
of dengue infection and COVID-19.

In Singapore, a Southeast Asian tropical city-state, successive pandemic waves of
COVID-19 were encountered during an ongoing dengue epidemic. In mid-2020, a surge
in COVID-19 infections was reported, corresponding to ongoing outbreaks amongst mi-
grant workers living in communal dormitories [12]. This coincided with the imposition
of lockdown measures to reduce community transmission of SARS-CoV-2, shifting work-
ing patterns into residences, resulting in increased dengue transmission [13]. Dengue is
endemic in tropical Singapore [14]. Early on in the COVID-19 pandemic, recognizing that
COVID-19 could potentially manifest as undifferentiated viral fever with minimal respira-
tory symptoms [15], all patients hospitalized for undifferentiated fever were admitted to
designated isolation areas where COVID-19 was first ruled out [16]. However, adopting
such a broad approach for isolation triage posed its own difficulties in terms of practical-
ity and costs, with 10% of hospital bed capacity set aside for isolation areas [17]. There
were sustainability issues, especially due to strain from successive waves of COVID-19
caused by more infectious SARS-CoV-2 variants, including the SARS-CoV-2 delta variant
(B.1.617.2) [18]. At our institution, the largest public hospital in Singapore, a triage strategy
of routine SARS-CoV-2 testing at admission triage for all febrile patients was utilized,
initially with PCR and subsequently supplemented by RAD testing. We evaluated the
success of this strategy over a two-year period.

2. Materials and Methods

2.1. Institutional Setting and Study Period

The Singapore General Hospital is the largest public tertiary hospital in Singapore,
with 1785 beds. The first case of COVID-19 in Singapore, in a traveller from Wuhan, was
reported from our institution on 23 January 2020 [17]. Over a two-year study period
(January 2020 to December 2021), our hospital’s epidemiology team tracked the number of
lab-confirmed cases of dengue and COVID-19 managed in our institution. Cases of dengue
were diagnosed using a combination of serology, antigen or PCR for additional confirma-
tory testing; in our institution, dengue diagnostic tests were ordered at the discretion of
the primary physician when a clinical syndrome suggestive of dengue was encountered.
Cases of COVID-19 were diagnosed using PCR on various molecular platforms. Aggre-
gated descriptive statistics, including length-of-stay (LoS), admission to isolation areas,
and in-hospital mortality, were collected for all dengue inpatients during the COVID-19
pandemic and compared against a 2-year pre-pandemic period (January 2018–December
2019). Potential cases of co-infection with both SARS-CoV-2 and dengue were defined as
testing positive for SARS-CoV-2 on PCR, as well as having a positive dengue serology result
within 48 h of hospitalization; all potential cases were reviewed to exclude false-positive
dengue serology.
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2.2. Workflow for Patients Presenting with Undifferentiated Fever during the COVID-19 Pandemic

From the onset of the COVID-19 pandemic in January 2020, all patients with fever
(defined as a single tympanic temperature of ≥37.8 ◦C) presenting to our institution were
triaged in designated “fever areas” of the emergency department (ED), where HCWs
used full personal protective equipment (PPE), comprising N95 respirators, gowns, gloves
and eye protection, and infrastructural enhancements were introduced, such as partitions
between patient cubicles and more frequent cleaning, to mitigate potential exposure to
an unsuspected case of COVID-19 [19]. Basic investigations, including bloods and chest
radiographs, were performed routinely for all patients presenting with fever in the ED,
to aid in risk stratification. Dengue RDTs were also available in the ED. SARS-CoV-2
testing via PCR was available from the onset of the pandemic. While testing was initially
ordered at the discretion of the primary physician based on case-definitions issued by the
World Health Organisation (WHO) and our local Ministry of Health (MOH), from April
2020 onward, all admissions with fever were routinely screened for SARS-CoV-2 [16], and
from June 2021, all admissions were universally screened for SARS-CoV-2 given large
community outbreaks attributed to the SARS-CoV-2 delta variant (B.1.617.2 [18]. This
degree of enhanced surveillance for SARS-CoV-2 allowed us to determine with certainty
the extent of co-infection with both SARS-CoV-2 and dengue amongst all inpatients in the
pandemic period, and detect cases of COVID-19 with false-positive dengue serology on
RDTs. Given the significant turnaround time required for SARS-CoV-2 testing via PCR,
initially patients with undifferentiated fever and no epidemiological risk for COVID-19
were preferentially admitted to designated isolation areas where patients were nursed
either in single rooms or cohort rooms with 2–3 patients to a room (modified from usual
norm of 5–6 bedded open-plan cohorted cubicles) [17]. HCWs in these wards used full
PPE, comprising N95 respirators, gowns, gloves and eye protection when caring for these
patients, until the results of SARS-CoV-2 testing returned [17]. From June 2021 onward,
in addition to PCR, RAD testing for SARS-CoV-2 was also carried out in the ED for all
admissions, with a turnaround time of 15 min [8]. Patients with a positive RAD result were
admitted to negative-pressure single rooms in the isolation ward (IW) for confirmatory
PCR testing. Patients with negative antigen tests were still risk-stratified for admission to
isolation areas based on epidemiological risk and clinical syndromes.

2.3. Dengue Diagnostics

Our institution utilized the SD Bioline Dengue Duo (Abbott Diagnostics, Santa Clara,
CA) for dengue diagnostic testing in the ED on blood specimens. This is a commercially
available rapid immunochromatographic test that comes in a combo of two joint cassettes,
one for nonstructural protein 1 (NS1) antigen (Ag) and another for IgM/IgG. Previous
studies have indicated a combined sensitivity of 82.4% (95% CI: 76.8–87.1), with a specificity
of 87.4% (95% CI: 82.8–91.2) [6]. Dengue NS1 Ag and IgM test using enzyme-linked
immunosorbent assay (EIA) is also available inpatient, which has better sensitivity and
specificity but a longer turnaround time due to batch testing. Reverse transcription-PCR
for dengue virus from blood and urine specimens is also available at our institution as part
of an in-house triplex PCR assay (testing for dengue, chikungunya and zikavirus).

2.4. COVID-19 Testing

SARS-CoV-2 testing was initially performed on respiratory specimens (nasopharyn-
geal, oropharyngeal, sputum or bronchoalveolar lavage specimens) using in-house quali-
tative real-time RT-PCR assays targeting E gene and ORF1b-nsp14 for SARS-CoV-2 [20].
Subsequently, with the availability of commercial assays, PCR testing was performed using
the Cepheid Xpert Xpress SARS-CoV-2 assay or the Roche cobas SARS-CoV-2 test [21]. All
samples were chemically inactivated for 30 min prior to transfer to the GeneXpert Infinity
(Cepheid) in biosafety level 2 containment, or cobas 6800 System (Roche) in biosafety level
2 plus containment, for the SARS-CoV-2 tests. RAD testing for SARS-CoV-2 was performed
using the Veritor SARS-CoV-2 antigen rapid test kit (Becton Dickinson, Franklin Lakes, NJ,
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USA), with a positive percentage agreement of ≥80% and a negative percentage agreement
of 99.5% compared to PCR testing [8,22]. Confirmatory SARS-CoV-2 PCR-testing was
performed for all positive RAD tests at our institution.

2.5. Statistical Methods

Differences in the proportion of dengue hospitalisations requiring high-dependency/
intensive-care-unit admission, as well as the proportions of ED admissions presenting with
fever during the pre-pandemic and pandemic periods were compared using chi-square test.
Length-of-stay for dengue hospitalisations during the pre-pandemic and pandemic periods,
and amongst dengue cases initially admitted to isolation areas (versus cases admitted
outside of isolation areas) were compared using t-test. SPSS (Version 20.0. Armonk, NY,
USA: IBM Corp) was used for statistical analysis and a cutoff of p < 0.05 was set for
statistical significance.

3. Results

Over the COVID-19 pandemic period, a total of 6103 cases of COVID-19 and 1251 cases
of dengue were admitted at our institution, comprising a total of 3.9% (6103/155,452) and
0.8% (1251/155,452) of admissions, respectively. A surge in the number of dengue hospi-
talisations in mid-2020 corresponded closely with the imposition of a community-wide
lockdown period in 2020 as part of public health measures for COVID-19 containment.
Conversely, despite a surge in COVID-19 cases in end-2021 driven by the SARS-CoV-2 delta
variant, there was no surge in dengue hospitalisations in 2021 (Figure 1). Mortality amongst
dengue hospitalisations remained low. Pre-pandemic, 0.51% (3/580) of dengue hospi-
talisations resulted in mortality; during the pandemic period, 0.40% (5/1251) of dengue
hospitalisations resulted in mortality. There was no significant difference in mortality
amongst dengue hospitalisations during the pandemic period when compared with the
pre-pandemic period (incidence-rate-ratio, IRR = 0.77, 95%CI = 0.15–4.98, p = 0.716). There
was also no significant difference in the odds of high-dependency/intensive-care-unit
admission amongst dengue hospitalisations during the pandemic period, when compared
with the pre-pandemic period (2.2% (28/1251) vs. 2.9% (17/580), odds-ratio, OR = 0.76,
95%CI = 0.42–1.40). However, average length-of-stay for dengue inpatients during the
pandemic period was 7.53 days (standard-deviation, S.D = 7.30), compared with 6.27 days
(S.D = 9.59) during the pre-pandemic period; the difference was statistically significant
(difference in means = 1.27 days, 95%CI = 0.47–2.07, p = 0.002). Average length-of-stay for
dengue cases initially admitted to isolation areas during the pandemic period was 8.35 days
(S.D = 6.53), compared with 6.91 days (S.D = 8.61) for dengue cases admitted outside of
isolation areas; the difference was statistically significant (difference in means = 1.44 days,
95%CI = 0.58–2.30, p = 0.001). Pre-pandemic, only 1.6% (9/580) of dengue cases were admit-
ted initially to isolation areas; in contrast, during the pandemic period, 66.6% (833/1251)
of dengue cases were initially admitted to isolation areas while awaiting the results of
SARS-CoV-2 PCR-testing, due to epidemiological risk (e.g., contact with COVID-19 cases)
or overlapping clinical syndromes.

While undifferentiated fever (≥37.8 ◦C) accounted for a significant proportion of
ED admissions, the proportion of ED admissions presenting with fever decreased sig-
nificantly in the pandemic period, compared to the pre-pandemic period. During the
COVID-19 pandemic, 9.0% (8976/99,784) of ED admissions had concomitant fever, com-
pared with 14.3% (15,097/105,435) of ED admissions in the pre-pandemic period (OR = 0.59,
95%CI = 0.57–0.61, p < 0.001). In the pre-pandemic period, dengue accounted for only 3.8%
(573/15,097) of fever cases admitted via the ED, compared with 11.3% (1018/8976) during
the pandemic period (OR = 3.24, 95%CI = 2.92–3.60, p < 0.001. In contrast, COVID-19
accounted for 6.1% (6103/99,784) of ED admissions and 17.2% (1548/8976) of fever cases
admitted via the ED during the pandemic period. Amongst patients diagnosed with
COVID-19, 25.3% (1548/6103) presented with fever (≥37.8 ◦C) at ED triage. In contrast,
fever was present amongst 81.3% (1018/1251) of patients diagnosed with dengue at ED
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triage during the COVID-19 pandemic. The odds of concomitant fever amongst ED admis-
sions diagnosed with COVID-19 were lower compared to ED admissions diagnosed with
dengue (OR = 0.08, 95%CI = 0.07–0.09, p < 0.001).
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Figure 1. Rates of dengue hospitalisations in a Singaporean tertiary hospital over a 2-year study
period during successive waves of community transmission in the COVID-19 pandemic. (A) Number
of dengue admissions in a Singaporean tertiary hospital from January 2020 to December 2021;
(B) Epidemic curve of COVID-19 cases in Singapore from January 2020 to December 2021.

A small proportion (15.9%, 974/6103) of PCR-confirmed COVID-19 cases were con-
currently tested for dengue due to a compatible overlapping clinical syndrome. A total of
23 cases of PCR-proven COVID-19 infection with positive dengue serology were identified
over the 2-year pandemic period; the large majority of these cases were deemed to have
false-positive dengue serology on subsequent review (Table 1).

Table 1. Cases of PCR-proven COVID-19 infection with positive dengue serology at a Singaporean
tertiary hospital during the COVID-19 pandemic, 2020–2021.

Case Number Biodata
Presenting
Symptoms

Pulmonary
Infiltrates on

Chest Radiograph

Thrombocytopenia
at Presentation

(109/L)

Dengue Tests
(Serology and/

or PCR)
Diagnosis Outcome

Infection
Prevention Consequences

1 31 yo male
Fever, sore

throat, headache,
myalgia, ageusia

No Yes (nadir 109) NS1 +ve, IgM −ve
COVID-19 URTI with

probable dengue
coinfection (NS1 +ve)

Full recovery
None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

2 31 yo male Fever, headache,
myalgia, cough No Yes (nadir 122) NS1 –ve, IgM +ve

COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

3 38 yo male Fever, sore throat,
headache, myalgia No No NS1 –ve, IgM +ve

COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

4 34 yo male Vomiting, diarrhea No No NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19
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Table 1. Cont.

Case Number Biodata
Presenting
Symptoms

Pulmonary
Infiltrates on

Chest Radiograph

Thrombocytopenia
at Presentation

(109/L)

Dengue Tests
(Serology and/

or PCR)
Diagnosis Outcome

Infection
Prevention Consequences

5 29 yo male
Fever, headache,

myalgia,
cough, diarrhea

No No NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

6 69 yo female Fever Yes Yes (nadir 120) NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM

Full recovery
but needed

ICU admission

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

7 38 yo male
Fever, headache,

sore throat, myalgia,
vomiting, diarrhea

No No
NS1 –ve, IgM +ve;

blood PCR at day 4
of illness –ve

COVID-19 URTI with
false-positive dengue
IgM (PCR negative)

Full recovery
None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

8 34 yo male Fever, headache,
vomiting, dysgeusia No Yes (nadir 125)

NS1 –ve, IgM +ve;
blood PCR at day 4

of illness –ve

COVID-19 URTI with
false-positive dengue
IgM (PCR negative)

Full recovery

Initially spent 14 hrs outside of
isolation. 11 HCW and 2

inpatient close-contacts, none
tested positive for SARS-CoV-2

on 14d surveillance

9 48 yo male Fever, myalgia No Yes (nadir 82)
NS1 –ve, IgM +ve;
blood PCR at day 7

of illness –ve

COVID-19 URTI with
false-positive dengue
IgM (PCR negative)

Full recovery

Initially spent 14.5 hrs outside of
isolation. 10 HCW and 1

inpatient close-contacts, none
tested positive for SARS-CoV-2

on 14d surveillance

10 43 yo male Asymptomatic No Yes (nadir 100) NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

11 26 yo male Cough, rhinorrhea No Yes (nadir 110) NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

12 30 yo male Fever, myalgia No Yes (nadir 75) NS1 +ve, IgM –ve
COVID-19 URTI with

probable dengue
coinfection (NS1 +ve)

Full recovery
None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

13 49 yo male Fever, cough, sore
throat, rhinorrhea Yes No NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Full recovery
None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

14 89 yo male Myalgia No No NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to positive

rapid-antigen-detection test
for COVID-19

15 73 yo male Myalgia No Yes (nadir 100) NS1 –ve, IgM +ve
COVID-19 URTI with
likely false-positive

dengue IgM
Full recovery

None. Managed in isolation from
admission due to positive

rapid-antigen-detection test
for COVID-19

16 57 yo male Fever,
cough, dyspnea Yes Yes (nadir 105) NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Full recovery

None. Managed in isolation from
admission due to positive

rapid-antigen-detection test
for COVID-19

17 68 yo male Fever, cough Yes Yes (nadir 96) NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Full recovery

None. Managed in isolation from
admission due to positive

rapid-antigen-detection test
for COVID-19

18 67 yo male Fever, cough No Yes (nadir 110) NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Full recovery

None. Managed in isolation from
admission due to positive

rapid-antigen-detection test
for COVID-19

19 76 yo male Fever, dyspnea Yes Yes (nadir 105) NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Demised at D32
of illness,
required

ICU admission

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

20 57 yo male
Fever, cough,
rhinorrhea,
sore throat

Yes No NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Full recovery

None. Managed in isolation from
admission as though

rapid-antigen-detection test for
COVID-19 was negative, patient
had epidemiological risk factors

for COVID-19

21 65 yo female Fever, cough No Yes (nadir 105)
NS1 –ve, IgM +ve;

blood PCR at day 4
of illness –ve

COVID-19 URTI with
false-positive dengue
IgM (PCR negative)

Full recovery

None. Managed in isolation from
admission due to positive

rapid-antigen-detection test
for COVID-19

22 69 yo male Fever, cough,
dyspnea, diarrhea Yes Yes (nadir 106) NS1 –ve, IgM +ve

COVID-19 pneumonia
with likely

false-positive
dengue IgM

Full recovery
None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

23 56 yo male Fever, rhinorrhea,
maculopapular rash No Yes (nadir 52)

NS1 –ve, IgM +ve;
blood PCR at day 4

of illness –ve

COVID-19 URTI with
false-positive dengue
IgM (PCR negative)

Full recovery.
Case of

acute HIV
seroconversion

None. Managed in isolation from
admission due to epidemiological

risk factors for COVID-19

Only 2 cases were deemed to have COVID-19 URTI with probable dengue coinfection
(NS1-positive; compatible clinical syndrome with fever, myalgia and thrombocytopenia);
both cases were managed in isolation from admission due to epidemiological risk factors
for COVID-19. Amongst the remaining 21 cases of PCR-proven COVID-19 infection with
likely false-positive dengue IgM, only 2 cases were managed outside of isolation areas
initially; there was no evidence of onward healthcare-associated transmission to exposed
HCWs or patients (Table 1). The remaining cases were isolated from onset due to either
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epidemiological risk factors or a positive RAD test for SARS-CoV-2, which prompted pre-
emptive isolation despite a positive dengue IgM and a potential alternative diagnosis for
undifferentiated fever.

4. Discussion

During the COVID-19 pandemic, successive waves of both COVID-19 and dengue
in a dengue-endemic country placed significant burden on healthcare services; almost
5% of admissions at our institution were concomitantly diagnosed with either COVID-19
or dengue over a 2-year pandemic period. Other studies attributed an increase of over
37.2% in dengue cases from baseline to the introduction of social distancing measures
aimed at curbing the spread of SARS-CoV-2 in Singapore; [13] indeed, lockdown measures
during the COVID-19 pandemic coincided with a spike in dengue hospitalisations at our
institution. This further exacerbated the diagnostic challenge posed by undifferentiated
febrile illness during a “twindemic” of both COVID-19 and dengue, as both illnesses could
potentially present with febrile syndromes. Over the 2-year pandemic period, COVID-19
and dengue together accounted for almost 30% of patients admitted from our hospital’s ED
with fever. Due to infection prevention challenges posed by SARS-CoV-2 and turnaround
time required for diagnostic PCR-testing, a large proportion of dengue cases diagnosed
via point-of-care testing in our hospital’s ED still required admission to isolation areas
while awaiting the return of SARS-CoV-2 PCR-testing. Pre-pandemic, ≤2% of dengue
cases required initial admission to isolation areas while awaiting the return of diagnostic
testing for other infections; in contrast, during the pandemic period, two-thirds of dengue
cases were admitted initially to isolation areas. While there was no significant difference in
mortality or odds of requiring high-dependency/intensive-care amongst dengue inpatients
at our institution during the pandemic, there was a significant increase in length-of-stay,
compared with the pre-pandemic period. This was potentially attributed to the requirement
for isolation while awaiting the result of SARS-CoV-2 PCR-testing.

The requirement for isolation of febrile cases with positive dengue serology was
driven by concern regarding COVID-19 cases masquerading as dengue with false-positive
IgM as well as shared clinical and laboratory features between COVID-19 infection and
dengue [1]. This is a clinical conundrum unique to dengue-endemic countries grappling
with the COVID-19 pandemic; indeed, the first reports of patients incorrectly diagnosed
with dengue due to a false-positive dengue rapid serological test who were subsequently
diagnosed with COVID-19 originated from Singapore [9]. Misdiagnosis of COVID-19 as
dengue with failure to isolate such patients could potentially trigger outbreaks in healthcare
settings. Cases of potential nosocomial transmission have been reported amongst HCWs
attending to such patients without appropriate PPE, due to the misplaced reassurance
of a false-positive dengue serology test [10,11]. In addition, dengue and SARS-CoV-2
co-infection has been reported, providing an additional diagnostic challenge [23]. However,
there is little information on the prevalence of dengue and SARS-CoV-2 co-infection; our
experience suggests that both false-positive dengue IgM and co-infection with dengue are
uncommon scenarios for COVID-19 infection, even in a dengue-endemic county. Over
a two-year period, despite widespread availability of diagnostic testing for both dengue
and COVID-19, only 21 cases of COVID-19 infection with false-positive dengue IgM and
2 cases of dengue and SARS-CoV-2 co-infection were identified at our centre, forming
<0.5% of all COVID-19 cases admitted over the same time period. The infection prevention
consequences of COVID-19 cases masquerading as dengue with false-positive IgM need to
be balanced against the low likelihood, in practice, of encountering such cases, as well as the
resources required to pre-emptively isolate all patients with undifferentiated febrile illness
while awaiting the return of PCR-testing for COVID-19. Point-of-care tests, such as RAD
testing for SARS-CoV-2, may potentially offer the clinician some additional reassurance
with a faster clinical turnaround, though issues of sensitivity and specificity remain [22].

The limitations of our study are as follows. As this was a single-centre study, di-
rect extrapolation of our observations to other contexts is difficult; nevertheless, the long
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study period allowed us to observe the prevalence of both dengue and COVID-19 at
our institution through successive pandemic waves, given the seasonal nature of both
dengue and COVID-19 infection. Prolonged length-of-stay during the pandemic period
might have been due to other contributory factors associated with the challenges of care
delivery during a pandemic, not just isolation requirements; nevertheless, throughout
the pandemic our hospital continued to function as normal and did not require tempo-
rary closures due to nosocomial COVID-19 outbreaks, in part due to stringent inpatient
and HCW surveillance [18]. Despite the stress placed on clinical laboratories during the
COVID-19 pandemic [2], diagnostic testing for both COVID-19 and dengue continued
to be made available at our institution throughout the pandemic period, with no delay
in turnaround times. While false-positive dengue serology could be ruled out via PCR
testing, the possibility of cross-reactivity with a different flavivirus could not be completely
excluded. However, there were no outbreaks of zikavirus reported in Singapore during
the study period, and Japanese encephalitis is not endemic in Singapore. Additionally,
the prevalence of dengue may be underestimated since the sensitivity of NS1 detection
with rapid diagnostic tests is lower during secondary infections, and dengue PCR was only
performed in selected samples to confirm infection.

5. Conclusions

During successive COVID-19 pandemic waves in a dengue-endemic country, dengue
was established as an alternative diagnosis in a minority of COVID-19 suspects. Coinfection
with dengue and COVID-19 was uncommon. A triage strategy of routine COVID-19 testing
for febrile patients with viral prodromes was successful in containing the potential infection-
prevention risk from COVID-19 cases masquerading as dengue with false-positive IgM.
While there was no significant difference in mortality amongst dengue hospitalisations
during the pandemic, there was a significant increase in length-of-stay, especially amongst
dengue cases initially admitted to isolation while awaiting results of SARS-CoV-2 testing.
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Abstract: Community transmission of SARS-CoV-2 in densely populated countries has been a topic
of concern from the beginning of the pandemic. Evidence of community transmission of SARS-
CoV-2 according to population density gradient and socio-economic status (SES) is limited. In
June–September 2020, we conducted a descriptive longitudinal study to determine the community
transmission of SARS-CoV-2 in high- and low-density areas in Dhaka city. The Secondary Attack Rate
(SAR) was 10% in high-density areas compared to 20% in low-density areas. People with high SES
had a significantly higher level of SARS-CoV-2-specific Immunoglobulin G (IgG) antibodies on study
days 1 (p = 0.01) and 28 (p = 0.03) compared to those with low SES in high-density areas. In contrast,
the levels of seropositivity of SARS-CoV-2-specific Immunoglobulin M (IgM) were comparable
(p > 0.05) in people with high and low SES on both study days 1 and 28 in both high- and low-density
areas. Due to the similar household size, no differences in the seropositivity rates depending on the
population gradient were observed. However, people with high SES showed higher seroconversion
rates compared to people with low SES. As no difference was observed based on population density,
the SES might play a role in SARS-CoV-2 transmission, an issue that calls for further in-depth studies
to better understand the community transmission of SARS-CoV-2.

Keywords: COVID-19; SARS-CoV-2; community transmission; population density gradient; Dhaka;
Bangladesh

1. Introduction

The COVID-19 pandemic, caused by the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has affected 450 million people, with 6.01 million deaths,
worldwide up to 8 March 2022. The transmission of SARS-CoV-2 from an index case has
been documented to occur following close contact through infected secretions such as
saliva and respiratory secretions or respiratory droplets, as well as other body fluids [1,2].
Secondary attack rates, which indicate how interactions relate to the transmission risk,
have been estimated at 3.3% for SARS-CoV-2, 16.1% of which following household contacts,
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and 1.1% following social contacts [3]. The basic reproduction number (R0) of SARS-CoV-
2, an indication of the virus’s initial transmissibility, was estimated to be 4.71 (range of
4.50–4.92) when the pandemic started in December 2019 [4]. In recent publications, the basic
reproduction numbers of SARS-CoV-2 were observed to vary in the range of 1.0011–2.7936
for different countries [5]. Worldwide, the parameters of transmission dynamics of SARS-
CoV-2 have been estimated mostly among household or social contacts. However, evidence
on transmission dynamics of SARS-CoV-2 according to population density gradients in
low- and middle-income countries was scarce when this study was started. Bangladesh is a
densely populated country, with 1116 people living per square kilometer, and in Dhaka, the
capital, it is estimated that 220,246 persons live per square kilometer (km) in high-density
areas like slums [3], and 29,857 persons live per square kilometer (km) in low-density areas
such as non-slums [6]. On 8 March 2020, the Government of Bangladesh reported the first
case of SARS-CoV-2, and as of May 2021, close to a million people have tested positive for
SARS-CoV-2 in Bangladesh, with over 12,549 confirmed deaths [7]. From the data of the
Bangladesh Bureau of Statistics, it has been observed that there are significant differences
in population density in different areas of Dhaka city. Therefore, we assumed that the
transmission dynamics of SARS-CoV-2 might be diverse according to population density
gradients. Moreover, people in Bangladesh mostly maintain a robust social network, and
community members interact with each other often. This practice might also contribute to
the community transmission of SARS-CoV-2 but may differ according to the population
density. From mid-April 2020 up to December 2020, a nationwide community-based
transmission study on “Transmission Dynamics of COVID-19 in Bangladesh” was carried
out both in rural and urban areas to estimate the secondary attack rate (SAR) and the basic
reproduction number (R0) among household contacts. At that time, we were not aware
that the parameters of transmission dynamics of SARS-CoV-2 may differ among contacts
of SARS-CoV-2 index cases according to the population density gradient of Dhaka city.
Therefore, we initiated this study intending to estimate the secondary attack rate (SAR) and
basic reproduction number (R0) among contacts in high- and low-density areas of Dhaka
city. Our hypothesis was that SAR would be higher in high-density areas because of the
local social structure and behavior patterns. For a long time, the Government of Bangladesh
implemented area-wise lock-down or mobility restrictions depending upon the level of
risk of infection in different communities. The findings of this study aim to supplement
governmental policies for future outbreaks of SARS-CoV-2. To gain a comprehensive
understanding of the susceptible population, we also tested for sero-positivity people who
reported household or neighborhood contacts with a laboratory-confirmed case. We also
collected qualitative data on risk perception and prevention practices such as masking
and social distancing in high- and low-density populations in Bangladesh, which will be
reported in a subsequent article. Here, we report key epidemiological and laboratory-
based data from a longitudinal study of SARS-CoV-2 transmission among household and
neighborhood contacts.

2. Materials and Methods

2.1. Study Design and Settings

The study design was longitudinal, and its duration was 6 months, commencing
on 27 June 2020. In the beginning, we located laboratory-confirmed index cases in high-
density communities of six slums and low-density communities of seven wards of Dhaka
city through the “Transmission Dynamics of COVID-19 in Bangladesh” study. The detailed
methodology of symptomatic and asymptomatic index case enrollment was described else-
where [8]. Then, the cases were interviewed to trace their home and neighborhood contacts.
We followed World Health Organization (WHO) contact definition considering our study
and country context. We considered an individual as a contact who experienced any of the
following exposures during the 2 days before and the 14 days after the onset of symptoms
of a laboratory-confirmed COVID-19 case: (1) face-to-face contact with a confirmed case
within 1 m and for more than 15 min (including travel, gossips, tea stall) or (2) direct
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physical contact with a confirmed COVID-19 case. The contacts were communicated by the
team for verification of the exposure to the case and possible enrollment. After enrollment,
collection of epidemiological data and specimens was done. Nasopharyngeal samples were
collected on day 1, day 7, day 14, and day 28 for RT-PCR. Blood samples were collected on
day 1 and day 28 for ELISA antibody test for seropositivity. The contacts were followed up
for 14 days for signs and symptoms. The distance from the index case household to their
neighbor was determined using a Global Positioning System (GPS) tracker.

2.2. Participants and Procedures

We used operational definitions to describe high- and low-density neighborhoods
(see Appendix A). In high-density neighborhoods, considering an overall SAR at a neigh-
borhood of 20% with a 95% confidence interval, a 5% desired precision, and a 1.5 design
(household cluster) effect, it was estimated that 365 exposed contacts were required [9].
After considering a 10% loss to follow-up and a 15% non-response rate (refusal/non-
availability), an estimated 460 neighborhood contacts had to be enrolled. In low-density
neighborhoods, a similar methodology was followed, with an overall SAR per neighbor-
hood of 5%; we estimated that 143 contacts needed to be enrolled. We assumed that one
case would yield 15–20 contacts [10]. We estimated to approach 31 cases in high-density
neighborhoods and 10 cases in low-density neighborhoods to enroll the estimated number
of contacts. However, during the fieldwork, we stopped after the enrollment of the 14th
index case, as we reached the target number of contacts (n = 460). On the other hand, we
had to enroll more cases (n = 23) to reach the estimated target number of controls (n = 143).

2.3. Laboratory Testing
2.3.1. SARS-CoV-2 RT-PCR

Viral RNA was extracted and purified from nasopharyngeal swab samples using the
Invimag Pathogen kit and an automatic extractor (KingFisher Flex96 system). SARS-CoV-2
detection was performed using a semi-quantitative, matrix gene-specific, probe-based
real-time reverse-transcription polymerase chain reaction (RT-qPCR) assay.

2.3.2. SARS-CoV-2-Specific Enzyme-Linked Immunosorbent Assay (ELISA)

The Receptor Binding Domain (RBD) of the spike protein of SARS-CoV-2 was used
as an antigen to detect antibody responses as discussed previously (Akter et al., 2021,
manuscript in review). RBD-specific IgG and IgM antibody responses were measured
using a monoclonal antibody (CR3022) of known concentration, specific to SARS-CoV-2
RBD. This ELISA procedure was validated and described previously [11] (Akter et al., 2021,
manuscript in review). Using serum from pre-pandemic healthy controls, we determined
the concentration of 500 ng/mL (0.5 μg/mL) as a cut-off value for seropositivity for both
RBD-specific IgG and IgM antibodies.

2.4. Statistical Analysis

We summarized all categorical variables using frequency and percentage, and all
symmetric continuous variables using mean and standard deviation. All variables not
having a normal distribution are presented using a median and inter-quartile range. The
results from the seroprevalence data were used for the calculation of the fraction of the
population that was susceptible.

The secondary attack rate was calculated by dividing the number of positive SARS-
CoV-2 contacts on any day of sample collection by the number of contacts enrolled and
is presented as a proportion. The basic reproduction number was calculated by dividing
the positive SARS-CoV-2 contacts during 14 days of follow-up by the number of index
cases. χ2 tests were used to compare proportions, and Wilcoxon rank-sum test was used
for continuous variables.

We analyzed seroprevalence data based on socioeconomic status in high- and low-
density areas as we did not observe any difference in the seroprevalence level depending
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on the density gradient. Statistical differences in the antibody levels between high- and
low-SES groups were analyzed using the Mann–Whitney U test. p-values < 0.05 were
considered statistically significant.

Written informed consent was obtained from the enrolled cases and contacts. The
study protocol was reviewed and approved by icddr,b’s Research Review and Ethical
Review Committees.

3. Results

3.1. Epidemiological Findings

From 27 June 2020 to 26 September 2020, 14 and 23 index cases were enrolled from
high- and low-density areas, respectively. During this period, 497 contacts were enrolled
from high-density areas, and 187 contacts from low-density areas. The average number of
contacts per case was 36 in high-density areas and 8 in low-density areas (Figure 1).

 
Figure 1. Map showing the location of the selected high- and low-density areas of Dhaka city.

The total number of refusals was 107 in high-density areas and 40 in low-density areas.
The primary reasons for not being able to collect the samples were absence from home (47%),
refusal (38%), and migration (15%). Most of the enrolled contacts were in the 11–30 age
groups in high- and low-density areas (Table 1). Enrollment of female contacts was higher in
both high- (54%) and low-density (53%) areas (Table 1). The contacts had mostly a primary
education level in both high- (40%) and low-density (52%) areas (Table 1). Ten percent
of the contacts (10%, 50/497) were SARS-CoV-2-positive in high-density areas, and 20%
(37/187) were SARS-CoV-2-positive in low-density areas. SARS-CoV-2 was identified at
least in one of four nasopharyngeal specimens, collected on days 1, 7, 14, and 28.
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Table 1. Distribution of the demographic characteristics of contacts in high-density and low-density areas.

Characteristic
High-Density

N = 497
Low-Density

N = 187

n (%) n (%)

Median Age (range) in
years 25 (0 *–95) ψ 27 (3–75) ψ

Age Distribution
<5 years 7 (1) 1 (1)

6–10 years 33 (7) 9 (5)
11–20 years 141 (28) 42 (22)
21–30 years 120 (24) 67 (36)
31–40 years 92 (19) 24 (13)
41–50 years 60 (12) 22 (12)
51–60 years 32 (6) 13 (7)
>60 years 12 (2) 9 (5)

Sex
Male 228 (46) 88 (47)

Female 269 (54) 99 (53)
Education

No education 141 (28) 20 (11)
Primary 201 (40) 98 (52)

Secondary 131 (26) 49 (26)
Higher Secondary 18 (4) 10 (5)

Tertiary 6 (1) 10 (5)
Household ⴕ 

Household size
(Median, range) 4 (1–14) 4 (1–9)

No. of bedrooms
(Median, range) 1 (1–4) 2 (1–6)

Size of bedroom, sft
(Median, range) 110 (12–289) 140 (13–400)

Sharing bedroom 462 (97) 136 (94)
No. of family members
sharing one bedroom

(Median, Range)
3 (0–7) 3 (0–12)

Income and
Expenditure ⴕ 

Monthly income, BDT
(mean, SD±) 16,942 (±12,691) 20,881 (±13,549)

Monthly expenditure,
BDT(mean, SD±) 14,098 (±8284) 18,852 (±16,267)

ψ Range, * 8 months, ⴕ Neighborhood contacts (N = 623).

In high-density areas, 91% (452/497) of the contacts were asymptomatic during en-
rollment, compared to 75% (141/187) in low-density areas. Among them, 7% (31/452)
developed symptoms within 14 days of follow-up, and 13% (4/31) were diagnosed as
SARS-CoV-2-positive in high-density areas. Eleven percent (16/141) of the contacts later
developed symptoms in low-density areas, and 31% (5/16) became SARS-CoV-2-positive.
The detection of new positive contacts was highest on day 1 in both high-density (48%) and
low-density (54%) areas compared to the follow-up days at 7, 14, and 28.

The highest proportions of SARS-CoV-2-positive subjects were detected among con-
tacts aged between 21 and 30 years in both high- (30%) and low-density (46%) areas. In
high-density areas, 40% of males were infected with SARS-CoV-2, whereas in low-density
areas, 32% of males were infected with SARS-CoV-2.

Overall, the secondary attack rate (SAR) was 13% (87/684), and the SAR among
contacts was 10% in high-density areas compared to 20% in low-density areas (Table 2).
The basic reproduction number (R0) was 2.7 in high-density areas and 1 in low-density
areas (Table 3).
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Table 2. Secondary attack rate (SAR) in high-density and low-density areas in Dhaka city.

Secondary Case Uninfected Contacts
Secondary

Attack Rate p-Value

High Low High Low High Low

n % n % n % n % % %

Contact type
Household 1 (2) 12 (32) 19 (4) 29 (19) 5 29 <0.05

Neighborhood 49 (98) 25 (68) 428 (96) 121 (81) 10 17 <0.05
Overall 50 (100) 37 (100) 447 (100) 150 (100) 10 20 <0.05

Seropositivity at
day 1

Positive 27 (54) 23 (62) 277 (62) 85 (57) 9 21 <0.05
Negative 23 (46) 14 (38) 170 (38) 65 (43) 12 18 >0.05

Age, years
<18 11 (22) 6 (16) 122 (27) 25 (17) 8 19 >0.05

18–49 31 (62) 25 (68) 279 (62) 103 (69) 10 20 <0.05
≥50 8 (16) 6 (16) 46 (10) 22 (15) 15 21 >0.05
Sex
Male 20 (40) 12 (32) 208 (47) 76 (51) 9 14 <0.05

Female 30 (60) 25 (68) 239 (53) 74 (49) 11 25 <0.05
Education

No education 9 (18) 2 (5) 132 (30) 18 (12) 6 10 >0.05
Primary 26 (52) 24 (65) 175 (39) 74 (49) 13 24 <0.05

Secondary 14 (28) 9 (24) 117 (26) 40 (27) 11 18 >0.05
Higher

Secondary 1 (2) 1 (3) 17 (4) 9 (6) 6 10 >0.05

Tertiary 0 (0) 1 (3) 6 (1) 9 (6) 0 10 >0.05
Household size

ⴕ 

<6 members 43 (88) 19 (76) 332 (79) 96 (79) 11 17 >0.05
≥6 members 6 (12) 6 (24) 96 (23) 25 (21) 6 19 <0.05

Sharing
bedroom ⴕ 

Yes 46 (94) 25 (100) 417 (97) 112 (93) 10 18 <0.05
No 2 (4) 0 (0) 11 (3) 9 (7) 15 0 >0.05

Monthly
income, BDT **

ⴕ 

≤10,000 14 (29) 7 (28) 115 (27) 19 (16) 11 27 <0.05
>10,000 35 (71) 18 (72) 313 (73) 102 (86) 10 15 >0.05

Monthly
expenditure,

BDT ** ⴕ 

≤10,000 22 (45) 11 (44) 169 (39) 25 (21) 12 31 <0.05
>10,000 27 (55) 14 (56) 259 (61) 96 (79) 9 13 >0.05

** BDT, Bangladeshi Taka. ⴕ Neighborhood contacts (N = 623).

The effective reproduction number was higher than 1 in high-density areas (1.4),
whereas it was lower than 1 in low-density areas (0.71). By using a GPS tracker, a to-
tal of 497 contacts from 268 households in high-density areas and of 187 contacts from
92 households in low-density areas were identified. We observed that the average distance
between an index case household and a contact household was 35 m in high-density areas,
whereas it was 44 m in low-density areas. We found positive contacts up to a distance of
250 m from an index case household in high-density areas and of up to 440 m away from
an index case household in low-density areas (Figures A1 and A2).
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Table 3. Estimation of the basic reproduction number (Ro) in high-density and low-density areas in
Dhaka city.

Secondary Case within 14 Days Index Case

High (n = 39) Low (n = 34) High (n = 14) Low (n = 23)

n n Basic Reproduction Number (Ro)

Contact type
Household 1 11 0.1 0.5

Neighborhood 38 23 2.7 1
Age, years

<18 9 6 0.6 0.3
18–49 24 24 1.7 1.0
≥50 6 4 0.4 0.2

Overall 39 34 2.8 1.5
Sex

Male 16 10 1.1 0.4
Female 23 24 1.6 1

Education
No education 8 1 0.6 0

Primary 20 23 1.4 1
Secondary 10 8 0.7 0.3

Higher
Secondary 1 1 0.1 0

Tertiary 0 1 0 0
Household size

ⴕ 

<6 members 33 18 2.4 0.8
≥6 members 5 5 0.4 0.2

Sharing
bedroom ⴕ 

Yes 35 23 2.5 0.3
No 3 0 0.2 0.7

Monthly
income, ** ⴕ 

≤10,000 13 6 0.9 0.3
>10,000 25 17 1.8 0.7

Monthly
expenditure, **

ⴕ 

≤10,000 19 10 1.4 0.4
>10,000 19 13 1.4 0.6

** BDT, Bangladeshi Taka. ⴕ Neighborhood contacts (N = 623).

3.2. SARS-CoV-2-Specific Antibody Responses in Relation to High and Low SES

Primarily, we analyzed the seroprevalence of SARS-CoV-2 antibodies in high- and low-
density areas of Dhaka city. However, there was no difference in the magnitude and frequencies
(p > 0.05; data not shown) in the level of SARS-CoV-2 antibodies between people in high- and
low-density areas of Dhaka. Thereafter, we performed additional seroprevalence analyses for
SARS-CoV-2 antibodies comparing people with high and low socioeconomic status living within
high- and low-density areas. We determined SARS-CoV-2-specific IgG and IgM seropositivity in
all individuals on study day 1 and day 28. People living in high-density areas with high SES had
significantly higher levels of SARS-CoV-2-specific IgG antibodies on both study day 1 (p = 0.011)
and study day 28 (p = 0.005) compared to the people with low SES. In contrast, this effect was
not observed in the low-density areas (Table 4). IgG seropositivity was also significantly higher
in high-SES people living in high-density areas than in low-SES participants on both study day
1 (73% vs. 59%, p = 0.011) and study day 28 (74% vs. 59%, p = 0.005). In contrast, the level of
seropositivity for SARS-CoV-2-specific IgM was comparable (p > 0.05) in people with high and
low socioeconomic status on both study day 1 and study day 28 (Table 4).
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Next, we analyzed seropositivity among RT-PCR-positive contacts found on days 1, 7,
14, and 28. Overall, individuals with both low and high SES who were RT-PCR-positive
on day 1 had increased levels of IgG antibodies on day 28 (Table A1). IgG seropositivity
also rose from 62–69% (day 1) to 100% (day 28), but no statistically significant differences
were observed between high- and low-SES participants. In contrast, when considering
the RT-PCR-positive individuals on day 7, high-SES participants had significantly higher
(p < 0.005) seropositivity on day 1 compared to low-SES individuals (70% vs. 45%). A
similar trend was observed among high-SES individuals who were RT-PCR-positive on
study days 14 and 28 (Table A1).

No apparent increase in IgM seropositivity was observed between study day 1 and
day 28 among RT-PCR-positive individuals. Higher, but not significant, IgM antibody
levels were found on day 28 in RT-PCR-positive participants compared to day 1. Among
RT-PCR-positive individuals on day 14, high-SES participants had significantly higher
(p = 0.006) seropositivity on day 1 compared to low-SES subjects (67% vs. 47%) (Table A1).

4. Discussion

To our knowledge, this is the first population-based study on secondary attack rate
(SAR) and prevalence of antibodies in people affected by COVID-19 in Bangladesh as well
as in South East Asia. In Bangladesh, particularly, a second wave of the pandemic started
just a year after the first case was detected in In March 2020. Interestingly, in our study,
we did not observe any difference in the frequencies of SARS-CoV-2-specific antibodies in
people living in areas with different density gradients in Dhaka city. Since we followed up
active cases from randomly chosen areas with similar population densities, the number of
household members, age distribution, and collection of biological specimens from the high
and low-density areas were also important factors when analyzing the data. This study
was carried out to observe differences in the SAR and seroprevalence level in people living
in high- and low-density areas.

We found that 10% (50/497) of contacts were SARS-CoV-2-positive as determined by
RT-PCR in high-density areas, compared to 20% (37/187) in low-density areas. Studies
conducted on SARS-CoV-2 transmission reported an attack rate ranging from 17 to 18.9%,
which is comparable with the findings of our study conducted in low-density neighbor-
hoods [12–15]. At the beginning of the study, it was assumed that SAR would be higher
in high-density areas because of the local social structure and behavior patterns. Studies
conducted on the correlation of population density and SARS-CoV-2 transmission also
suggested an influence of population density. One study conducted in the United States
reported that a lower population density was associated with decreased community trans-
mission [16]. In our study, we observed that most of the high-density population lost their
job or income source due to the lockdown and therefore had to migrate back to villages.
Therefore, this might be one reason why the low-density population SAR was higher
than that measured for the high-density population. When considering age groups, the
highest levels of SARS-CoV-2 positivity were detected among contacts aged between 18
and 49 years in both high- and low-density areas (30%). This result is consistent with
other reports since, in most countries, the age group between 20 and 59 years is the most
numerous [9,17,18]. Males were more frequently infected, which is in contrast to what
was observed in China [9]. Overall, the SAR among contacts was 13% (87/684), similar to
what was observed in China and Denmark, [9,12]. We observed that the SAR was higher
among people who received primary education, shared a bedroom, and earned less than
10,000 BDT (~USD 119), similar to what was found in a study conducted in Singapore,
where sharing a bedroom was associated with SARS-CoV-2 transmission [17]. Basic repro-
duction rates were higher in high-density areas than in low-density ones. Asymptomatic
contacts, who were followed up for 14 days and developed symptoms, had a similar
SARS-CoV-2 positivity rate compared to other studies [12]. We found higher frequencies of
seropositive participants for SARS-CoV-2 IgG antibodies in areas with a high socioeconomic
level on day 1 and day 28 in comparison to areas with a low socioeconomic level. A similar
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study conducted in Cape Town, South Africa [18], reported a higher seroprevalence of
SARS-CoV-2 antibodies in participants with a low standardized income, which is opposite
to our study findings.

Moreover, participants who were working in low-income occupations and living in
informal accommodations more likely tested positive for antibody responses [18]. Nearly
half of Khayelitsha participants, who belonged to a partially informal township in Cape
Town, were affected by overcrowding and poverty and tested positive for SARS-CoV-2 anti-
bodies [18]. This discrepancy may be due to differences in the definition of these countries’
low and high socioeconomic status. Another limitation of the study may be linked to the
small number of participants in the high socioeconomic status, which skewed the analyses.
Similar disparities were observed in high-income countries like the USA. In New York
City, the number of laboratory-confirmed COVID-19 cases was significantly associated
with multiple socioeconomic factors, e.g., population density, dependent children, and
median household income [19]. In another study, the number of laboratory-confirmed
COVID-19 cases and deaths was compared to the poverty index of each USA county. It was
observed that, at the beginning of the pandemic, the counties with a higher poverty index
yielded a higher number of cases and deaths, and this trend was confirmed throughout
the pandemic [20]. In Leicester, UK, the likelihood of testing SARS-CoV-2-positive by
RT-PCR was higher in the population with a larger household and belonging to an ethnic
minority [21]. Smartphone tracking data in the USA demonstrated that the ‘stay at home’
orders were less followed in low-income areas compared to high-income areas [22]. In that
study, participants from low-income districts reported facing multiple physical barriers to
social distancing and stay-at-home orders, which may explain the higher seroprevalence in
these areas [22].

Not only antibodies levels but also the levels of SARS-CoV-2-specific memory T cells
may reflect a previous infection and can be important for the establishment of a long-term
immunity to COVID-19. Recently, SARS-CoV-2-specific T-cells have been identified in a
subset of seronegative individuals, and, importantly, SARS-CoV-2-specific T-cells were
more commonly detected in close contacts of confirmed SARS-CoV-2 patients than in
blood donors [23]. Using the identification of SARS-CoV-2 RNA by PCR as a marker of
infection, we may have underestimated the true prevalence of COVID-19 in our cohort in
comparison to seroconversion analysis. Participants may have been infected by SARS-CoV-
2, as evident by seropositivity, though remaining asymptomatic. In addition, dampened
immune responses in the low-SES people may be related to the lack of T cell immune
responses. Therefore, prospective seroprevalence studies in different settings (high- and
low-density areas) of Dhaka city are needed to establish infection control guidelines, along
with in-depth studies for measuring SARS-CoV-2-specific T-cell responses.

This study has several limitations. First, we conducted it at the beginning of the
pandemic (June–September 2020). Second, we cannot claim that COVID-19-positive neigh-
borhood contacts had not been infected by other index cases rather than by the enrolled
index cases. Third, the transmission of infection could also have been possible from our
defined contacts to cases. Fourth, we observed no differences related to the socio-economic
conditions between high- and low-density areas among the study population for any of
the variables tested. To mitigate this limitation, we further analyzed our data using the
Modified Kuppuswamy Socioeconomic Scale.

5. Conclusions

We observed that the secondary attack rate for COVID-19 infection was higher in low-
density areas. On the other hand, the basic reproduction number (R0) was higher in high-
density areas in the same period. Our study shows that people with a higher socioeconomic
status seroconvert significantly compared to those with a lower socioeconomic status.
More in-depth studies are needed, following this cohort longitudinally and observing their
nutrition patterns, behavioral practices, and household size, so to better understand the
mechanism of COVID-19 infection, its nature, and its transmission process.
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Appendix A

Appendix A.1. Definition of Secondary Attack Rate (SAR)

In this study, secondary attack rate (SAR) was defined as a measure of the frequency
of new infections of COVID-19 among neighboring contacts of confirmed cases in a defined
period and their household members (as per WHO, exposure begins 2 days prior to
symptoms), determined by a positive COVID-19 result [24].

Appendix A.2. Definition of Basic Reproduction Number (R0)

R-naught (R0) was defined as the basic reproduction number of COVID-19, the con-
firmed number of cases among the contacts directly generated by one case in a population
where all individuals are susceptible to infection [25].

Appendix A.3. Definition of Effective Reproduction Number (Rt)

The effective reproduction number (Rt or R) was estimated by the product of the basic
reproductive number of COVID-19 and the fraction of the host population susceptible to
COVID-19 infection [26].

Appendix A.4. Definition of Serologic Response or Seroconversion

Sero-conversion can be defined as ≥two-fold increase in antibody titer in sera between
enrolment and later time points (e.g., at day 1 and day 28) of neighborhood contacts [27–32].

Appendix A.5. Operational Definition of High-Density and Low-Density Areas

High-density areas are slums which are horizontally shared spaces with more than
5 people living in a 9–12 feet by 6–8 feet room.

Low-density areas are non-slum wards, which have high-rise buildings and apartments.

167



Trop. Med. Infect. Dis. 2022, 7, 53

Table A1. Response rate and levels of SARS-CoV-2 antibodies in RT-PCR-positive contacts with
high-SES and low-SES in Dhaka city.

RT-PCR Positive
on

SARS-CoV-2 IgG SARS-CoV-2 IgM

Day 1 Day 28 Day 1 Day 28

High SES Low SES High SES Low SES High SES Low SES High SES Low SES

Day 1
Seropositivity, n 11/16 13/21 14/14 16/16 8/16 10/21 7/14 6/16

(%) (69) (62) (100) (100) (50) (48) (50) (38)
# GM (ng/mL) 501 695 1509 2141 528 501 485 440

Day 7
Seropositivity, n 7/10 9/20 10/10 10/16 6/10 7/20 5/10 7/16

(%) (70) *** (45) (100) *** (63) (60) (35) (50) (44)
GM (ng/mL) 517 736 1556 2432 563 604 539 630

Day 14
Seropositivity, n 1/3 6/15 3/3 10/11 2/3 7/15 2/3 7/11

(%) (33) (40) (100) ** (91) (67) ** (47) (67) (64)
GM (ng/mL) 602 313 1918 2078 476 528 509 619

Day 28
Seropositivity, n 1/3 1/12 2/3 4/12 1/3 5/12 1/3 6/12

(%) (33) *** (8) (67) *** (33) (33) (42) (33) (50) *
GM (ng/mL) 183 61 842 150 230 396 509 490

Statistically significant differences were observed between RT-PCR-positive participants with high and low SES.
Statistical analysis was performed using Fisher’s exact test. * p < 0.05, ** p < 0.01, *** p < 0.001. # No statistical
differences were observed for Geometric mean (GM) concs. of IgG and IgM antibodies between people with high
and low SES.

 

Figure A1. Diagram showing the setting of exposure and the direction of transmission from index
case to household and neighborhood contacts in high-density areas in Dhaka city.
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Figure A2. Diagram showing the setting of exposure and the direction of transmission from index
case to household and neighborhood contacts in low-density areas in Dhaka city.
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Abstract: Introduction: Coronavirus disease 2019 (COVID-19) still has a high mortality rate when
it is severe. Regdanvimab (CT-P59), a neutralizing monoclonal antibody that has been proven
effective against mild to moderate COVID-19, may be effective against severe COVID-19. This
study was conducted to determine the effectiveness of the combined use of remdesivir and reg-
danvimab in patients with severe COVID-19. Methods: From March to early May 2021, 124 pa-
tients with severe COVID-19 were admitted to Ulsan University Hospital (Ulsan, Korea) and re-
ceived oxygen therapy and remdesivir. Among them, 25 were also administered regdanvimab
before remdesivir. We retrospectively compared the clinical outcomes between the remdesivir alone
group [n = 99 (79.8%)] and the regdanvimab/remdesivir group [n = 25 (20.2%)]. Results: The oxygen-
free days on day 28 (primary outcome) were significantly higher in the regdanvimab/remdesivir
group [mean ± SD: 19.36 ± 7.87 vs. 22.72 ± 3.66, p = 0.003]. The oxygen-free days was also indepen-
dently associated with use of regdanvimab in the multivariate analysis, after adjusting for initial
pulse oximetric saturation (SpO2)/fraction of inspired oxygen (FiO2) ratio (severity index). Further,
in the regdanvimab/remdesivir group, the lowest SpO2/FiO2 ratio during treatment was signif-
icantly higher (mean ± SD: 237.05 ± 89.68 vs. 295.63 ± 72.74, p = 0.003), and the Kaplan-Meier
estimates of oxygen supplementation days in surviving patients (on day 28) were significantly shorter
[mean ± SD: 8.24 ± 7.43 vs. 5.28 ± 3.66, p = 0.024]. Conclusions: In patients with severe COVID-19,
clinical outcomes can be improved by administering regdanvimab, in addition to remdesivir.

Keywords: regdanvimab; remdesivir; COVID-19; severe

1. Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus infection [1]. Following the first
epidemic that occurred in Wuhan, China in December 2019, there have been 180,654,652
globally confirmed cases until June 2021, of which 3,920,463 have resulted in fatality (case-
fatality rate: 2.17%) [2]. In Korea, the first case occurred in January 2020, and by June 2021,
155,572 people were infected, with there being 2015 deaths (case-fatality rate: 1.29%) [2].
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Regarding the clinical course of COVID-19 (based on data before remdesivir and
systemic corticosteroids were administered) [3], 80% of patients are asymptomatic or have
a mild clinical course, 20% develop severe COVID-19 requiring oxygen therapy, and 5% of
patients (a quarter of severe COVID-19 cases) progress to critical COVID-19, which requires
tracheal intubation or high-flow oxygen therapy, eventually leading to death in 2.3% of all
COVID-19 patients [3].

Through large-scale prospective studies conducted in early 2020, it was recognized that
the use of remdesivir and systemic corticosteroids was somewhat effective in reducing this
mortality rate [4,5]. Accordingly, since September 2020, remdesivir and systemic corticosteroids
have been actively used to treat patients with severe COVID-19 in Korea. Korea’s COVID-19
case fatality rate was 1.58% from January 2020 to August 2020 (deaths/cases = 334/21,177)
and 1.25% from September 2020 to June 2021 (deaths/cases = 1681/134,395) [2]. As such,
it seems that there is a slight reduction in mortality after the use of both drugs. A recent
meta-analysis also revealed a decrease in mortality in patients with severe COVID-19 requiring
oxygen therapy, after the use of both drugs; however, the degree of mortality reduction was
not sufficient [6].

According to the recent Korea Disease Control and Prevention Agency (KDCA) data,
which reviewed 8949 COVID-19 patients in Korea, severe COVID-19 with oxygen treatment
requirement was observed in 9.1% (816/8949) of cases, of which 29.2% (238/816) resulted
in death [7]. Depending on the study, the mortality rate of severe COVID-19 has been
reported to be as low as 10% and as high as 36% [3–5,7–9]. Deaths occur mainly in the
elderly (over 60 years of age) and patients with underlying diseases (diabetes mellitus,
hypertension, obesity, and chronic heart/kidney/lung disease). In this high-risk group,
new drugs other than remdesivir and systemic corticosteroids are urgently needed.

Recently, a monoclonal antibody (mAb) called regdanvimab (CT-P59) was developed
by a domestic pharmaceutical company (Celltrion Inc., Incheon, Korea) [10]. Safety and
potential antiviral efficacy were confirmed in the phase 1 study [11], and a notable clinical
effectivity was confirmed in a phase 2/3 clinical trial, for treatment of mild or moderate
COVID-19 patients (reducing hospitalization and oxygen therapy requirement by half, from
8.7% to 4.0%) [12]. It also showed an effect on recently emerged variants [13]. In Korea,
regdanvimab has been actively used to treat high-risk patients with mild-to-moderate
COVID-19 since March 2021.

Currently, regdanvimab has no clinical usage for treating patients with severe COVID-
19, but it has the potential to be effective such cases, when used early in the course of
infection. In this study, we evaluated the clinical outcomes of severe COVID-19, when
regdanvimab is used in addition to remdesivir and systemic corticosteroids (the current
standard of care for severe COVID-19).

2. Material and Methods

2.1. Study Patients

We retrospectively recruited all severe COVID-19 patients who were admitted and
treated with remdesivir and oxygen supplementation at Ulsan University Hospital (UUH)
(Ulsan, Korea) from 1 March to 11 May 2021. The recruitment start time was set to
1 March 2021 because regdanvimab has been supplied since the end of February. Since then,
regdanvimab has been administered to patients with non-severe COVID-19. Severe COVID-
19 patients received remdesivir, and some remdesivir-treated patients had previously been
administered regdanvimab because their condition had been non-severe immediately after
hospitalization (but progressed to severe COVID-19 during hospitalization). Inclusion cri-
teria and exclusion criteria of the present study were as follows: inclusion criteria (i) those
who were diagnosed with COVID-19 and received inpatient treatment at Ulsan University
Hospital (UUH) (Ulsan, Korea) from 1 March to 11 May 2021, and (ii) those classified
as severe COVID-19 and received remdesivir during the study period; exclusion criteria
(i) those who did not received oxygen therapy.
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The diagnosis of COVID-19 was made using the real-time polymerase chain reaction
(RT-PCR) test for SARS-CoV-2 using the swab sample obtained from the oropharynx and
nasopharynx. Severe COVID-19 was defined as the presence of pneumonia and hypoxia
[room air pulse oximetric saturation (SpO2) ≤ 94%], with laboratory-confirmed SARS-CoV-
2 infection. Pneumonia was identified radiologically [via chest X-ray (CXR) or computed
tomography] by the presence of an infiltrate. Remdesivir (200 mg IV on the first day, and
100 mg IV from the next day, for a total of 5 days) was administered to patients with symp-
toms for less than 10 days, among patients with severe COVID-19, according to the KDCA
guidelines [14]. Regdanvimab (a single IV dose of 40 mg/kg) was administered to patients
with non-severe COVID-19 (room air SpO2 > 94%) with laboratory-confirmed SARS-CoV-2
infection, according to the following KDCA guidelines: within 7 days of symptom onset
and over 60 years of age, underlying diseases (cardiovascular disease, chronic lung disease,
diabetes mellitus, or hypertension), or radiologically identified pneumonia (via CXR or
computed tomography) [15].

2.2. Study Design

Data were obtained via medical record review from the time of remdesivir initiation
to 8 weeks after. After gathering baseline demographic and clinical data at the time of
initiation of remdesivir, the following indicators related to clinical outcomes were collected:
oxygen use (including the on/off date), type of respiratory support: oxygen with nasal
prong or simple mask, or advanced respiratory support [mask with reservoir bag, high flow
nasal cannula (HFNC), non-invasive ventilation, invasive ventilation, or extracorporeal
membrane oxygenation (ECMO)], SpO2/fraction of inspired oxygen (FiO2) ratio [16] at the
time of initiation of remdesivir, the highest FiO2 during treatment, the lowest SpO2/FiO2
ratio during treatment, CXR scores [17], and survival and hospital discharge.

When a patient was oxygenated via nasal prong, the FiO2 values were calculated as 0.24
at 1 L/min, 0.28 at 2 L/min, 0.32 at 3 L/min, 0.36 at 4 L/min, and 0.4 at 5 L/min. When the
patient wore a simple oxygen mask, the FiO2 value was calculated to be 0.4 for 5–6 L/min.
A FiO2 value of 0.8 was calculated if the patient was receiving oxygen > 10 L/min with a
mask with a reservoir bag [18]. CXR scoring was performed by two thoracic radiologists
(W. J. Kwon and S. Lim), with two CXRs at the time around remdesivir start and hospital
discharge using the method described in a recent paper [17]. If not discharged until 28 days
after starting remdesivir, a CXR around 28 days after remdesivir start was selected as the
second point.

After the above investigation, patients were divided into a remdesivir alone group
and a regdanvimab/remdesivir group. The outcomes were then analyzed. The present
study was approved by the Institutional Review Board of Ulsan University Hospital (IRB
number: UUH 2021-06-028).

2.3. Primary and Secondary Outcomes

The primary outcome was oxygen-free days on day 28, which was defined as the
number of days that a patient was alive and free from oxygen, calculated from the time of
initiation of remdesivir. The concept of oxygen-free days is an application of ventilator-free
days [19] and has been used in many recent studies [20,21].

As the secondary outcomes, we analyzed the oxygen-free days (on days 14 and 56),
days of oxygen supplementation in surviving patients (on days 14, 28, and 56), the highest
FiO2 and lowest SpO2/FiO2 ratio during treatment, CXR improvement, duration of hospital
stay, and mortality (on days 14, 28, and 56).

2.4. Statistical Analysis

Chi-square test and Fisher’s exact test were used to compare the categorical variables.
An independent Student’s t-test was used to compare the continuous variables. To identify
independent factors associated with oxygen-free days on day 28, multiple linear regression
analysis was performed using basic demographic variables [age, sex, and body mass index
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(BMI)], baseline severity index (SpO2/FiO2 ratio at the time of initiation of remdesivir), and
regdanvimab use. The oxygen supplementation days in surviving patients were estimated
using the Kaplan-Meier method and log-rank test. All statistical analyses were performed
using SPSS version 24 (IBM Corporation, Armonk, NY, USA). Statistical significance was
set at p < 0.05.

3. Results

3.1. Enrolled Patients and Baseline Characteristics

From 1 March to 11 May 2021, 390 symptomatic or high-risk COVID-19 patients were
admitted to the UUH. Of these, 74 patients received regdanvimab. Of the 390 patients,
127 were diagnosed with severe COVID-19 and received remdesivir, but three of them did
not receive oxygen supplementation at the start of remdesivir administration and were
excluded from the analysis. Accordingly, 124 severe COVID-19 patients who received
remdesivir and oxygen therapy were included in the present study. Of these, 25 received
both regdanvimab and remdesivir (regdanvimab/remdesivir group) and 99 received only
remdesivir (remdesivir alone group) (Figure 1).

Figure 1. Flowchart of the present study. 390 symptomatic or high-risk COVID-19 patients were
hospitalized to UUH from 1 March 1 to 11 May 2021. Of these, 74 patients received regdanvimab.
Among 390 hospitalized patients, those receiving remdesivir were selected (n = 127). Remdesivir was
administered to severe COVID-19 patients with pneumonia (determined via chest imaging) and room
air SpO2 ≤ 94%. Three patients were excluded from the study because they did not receive oxygen
therapy at the start of remdesivir administration, and finally, 124 severe COVID-19 patients were
selected for the current study. Of these, 99 patients were administered only remdesivir, and 25 patients
were treated using regdanvimab before remdesivir administration. Regdanvimab was used when
room air SpO2 > 94% and chest imaging showed pneumonia, over the age of 60 years, or those with
underlying diseases (cardiovascular disease, chronic lung disease, diabetes mellitus, or hypertension).
Among the patients who were treated with regdanvimab, remdesivir was administered owing to the
change in status to severe COVID-19 during hospitalization. Abbreviations: COVID-19, coronavirus
disease 2019; UUH, Ulsan University Hospital; SpO2, pulse oximetric saturation.

Table 1 shows the baseline characteristics of the two groups. The mean age was
57.59 years, and 43.5% were male. There was no significant difference in demographic char-
acteristics between the two groups, except for BMI, with that of the regdanvimab/remdesivir
group being higher than that of the remdesivir alone group [kg/m2, mean ± standard
deviation (SD): 24.94 ± 3.19 vs. 26.79 ± 3.83, p = 0.014]. Hypertension was the most
common underlying disease (25.8%), followed by dyslipidemia (16.1%), diabetes mellitus
(12.9%), neurological disease (4.8%), chronic kidney disease (4.0%), and chronic liver disease
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(4.0%). There was no statistically significant difference in the distribution of underlying
diseases between the two groups. The period from symptom onset to hospitalization was
slightly shorter in the regdanvimab/remdesivir group (days, mean ± SD: 3.19 ± 3.14 vs.
1.76 ± 3.21, p = 0.045), but there was no difference in the period from symptom onset to
remdesivir administration (days, mean ± SD: 5.21 ± 3.29 vs. 5.00 ± 3.12, p = 0.772). In
the regdanvimab/remdesivir group, regdanvimab was administered at 3.68 and 1.92 days,
on average, from symptom onset and admission, respectively, and the administration of
remdesivir was performed at 1.32 days, on average, after regdanvimab administration.
Respiratory support at the start of remdesivir administration showed a tendency to receive
less advanced support in the regdanvimab/remdesivir group (10.1% vs. 4.0%, p = 0.460),
and the SpO2/FiO2 ratio was significantly higher in the regdanvimab/remdesivir group
(290.09 ± 69.76 vs. 326.63 ± 62.39, p = 0.018). There was no difference in the baseline CXR
severity, and systemic corticosteroids were used in nearly all patients.

Table 1. Baseline characteristics at initiation of remdesivir administration.

Variables
Total

(n = 124)
Remdesivir Alone

(n = 99)

Regdanvimab/
Remdesivir

(n = 25)
p-Value

Age (years) 57.59 ± 12.24 56.64 ± 12.13 61.36 ± 12.20 0.085
Age (years), distribution 0.413

20–29 2 (1.6) 2 (2.0) 0 (0.0)
30–39 8 (6.5) 8 (8.1) 0 (0.0)
40–49 18 (14.5) 14 (14.1) 4 (16.0)
50–59 36 (29.0) 29 (29.3) 7 (28.0)
60–69 47 (37.9) 37 (37.4) 10 (40.0)
70–79 7 (5.6) 6 (6.1) 1 (4.0)
80–89 6 (4.8) 3 (3.0) 3 (12.0)

Sex 1.000
Male 54 (43.5) 43 (43.4) 11 (44.0)
Female 70 (56.5) 56 (56.6) 14 (56.0)

Body weight (kg) 68.56 ± 12.68 67.66 ± 11.78 72.12 ± 15.52 0.116
Height (cm) 164.17 ± 8.52 164.35 ± 8.04 163.47 ± 10.34 0.645
BMI (kg/m2) 25.31 ± 3.40 24.94 ± 3.19 26.79 ± 3.83 0.014
Race 1.000

Asian 123 (99.2) 98 (99.0) 25 (100.0)
White 1 (0.8) 1 (1.0) 0 (0.0)

Underlying diseases
Hypertension 32 (25.8) 25 (25.3) 7 (28.0) 0.779
Diabetes 16 (12.9) 12 (12.1) 4 (16.0) 0.738
Dyslipidemia 20 (16.1) 15 (15.2) 5 (20.0) 0.551
Chronic heart disease 3 (2.4) 2 (2.0) 1 (4.0) 0.494
Chronic lung disease 3 (2.4) 2 (2.0) 1 (4.0) 0.494
Chronic kidney disease 5 (4.0) 4 (4.0) 1 (4.0) 1.000
Chronic liver disease 5 (4.0) 3 (3.0) 2 (8.0) 0.264
Rheumatologic disease 2 (1.6) 2 (2.0) 0 (0.0) 1.000
Neurologic disease 6 (4.8) 5 (5.1) 1 (4.0) 1.000
Psychiatiric disease 2 (1.6) 2 (2.0) 0 (0.0) 1.000
Active malignancy 3 (2.4) 2 (2.0) 1 (4.0) 0.494

Days from symptom onset
To admission 2.90 ± 3.19 3.19 ± 3.14 1.76 ± 3.21 0.045
To regdanvimab NA NA 3.68 ± 3.00 NA
To remdesivir 5.17 ± 3.25 5.21 ± 3.29 5.00 ± 3.12 0.772

Days from admission
To regdanvimab NA NA 1.92 ± 2.08 NA
To remdesivir 2.27 ± 2.84 2.02 ± 2.89 3.24 ± 2.47 0.055

Days from regdanvimab
To remdesivir NA NA 1.32 ± 1.77 NA

Respiratory support at the time of initiation of remdesivir 0.460
Oxygen with nasal prong or
simple mask 113 (91.1) 89 (89.9) 24 (96.0)

Advanced respiratory
support 11 (8.9) 10 (10.1) 1 (4.0)

Mask with reservoir bag 2 (1.6) 2 (2.0) 0 (0.0)
HFNC 9 (7.3) 8 (8.1) 1 (4.0)
NIV 0 (0.0) 0 (0.0) 0 (0.0)
Invasive ventilation 0 (0.0) 0 (0.0) 0 (0.0)
ECMO 0 (0.0) 0 (0.0) 0 (0.0)
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Table 1. Cont.

Variables
Total

(n = 124)
Remdesivir Alone

(n = 99)

Regdanvimab/
Remdesivir

(n = 25)
p-Value

FiO2 at the time of initiation of remdesivir 0.34 ± 013 0.35 ± 0.14 0.30 ± 0.08 0.078
SpO2/FiO2 ratio at the time of initiation of remdesivir 297.46 ± 69.67 290.09 ± 69.76 326.63 ± 62.39 0.018
SpO2/FiO2 ratio distribution at the time of initiation of
remdesivir 0.213

0–99 3 (2.4) 3 (3.0) 0 (0.0)
100–199 8 (6.5) 7 (7.1) 1 (4.0)
200–299 39 (31.5) 33 (33.3) 6 (24.0)
300–399 69 (55.6) 54 (54.5) 15 (60.0)
400–499 5 (4.0) 2 (2.0) 3 (12.0)

CXR score at the time of initiation of remdesivir 5.16 ± 4.31 5.42 ± 4.42 4.16 ± 3.75 0.194
Systemic corticosteroids use 122 (98.4) 97 (98.0) 25 (100.0) 1.000

Dexamethasone 121 (97.6) 97 (98) 24 (96.0)
Prednisolone 1 (0.8) 0 (0.0) 1 (4.0)

Data are presented as mean ± standard deviation or number (%). BMI: body mass index; CXR: chest X-ray; NA:
not applicable; HFNC: high flow nasal cannula; NIV: non-invasive ventilation; ECMO: extracorporeal membrane
oxygenation; FiO2: fraction of inspired oxygen; SpO2: pulse oximetric saturation.

3.2. Primary Outcome

28 days after the initiation of remdesivir administration, the regdanvimab/remdesivir
group showed significantly longer oxygen-free days than the remdesivir alone group (days,
mean ± SD: 19.36 ± 7.87 vs. 22.72 ± 3.66, p = 0.003) (Table 2).

Table 2. Clinical outcomes of the remdesivir alone group and the regdanvimab/remdesivir group.

Variables
Total

(n = 124)
Remdesivir Alone

(n = 99)

Regdanvimab/
Remdesivir

(n = 25)
p-Value

Primary outcome
Oxygen-free days on day 28 0.003
Mean ± SD 20.04 ± 7.33 19.36 ± 7.87 22.72 ± 3.66
Median (IQR) 22.0 (20.0–24.5) 22.0 (19.0–24.0) 23.0 (22.0–25.0)
Secondary outcomes
Oxygen-free days on day 14 0.074
Mean ± SD 7.48 ± 4.15 7.14 ± 4.26 8.80 ± 3.43
Median (IQR) 8.0 (6.0–10.5) 8.0 (5.0–10.0) 9.0 (8.0–11.0)
Oxygen-free days on day 56 0.001
Mean ± SD 46.85 ± 11.52 45.87 ± 12.59 50.72 ± 3.66
Median (IQR) 50.0 (48.0–52.5) 50.0 (47.0–52.0) 51.0 (50.0–53.0)
Oxygen off and live on day 14 104 (83.9) 80 (80.8) 24 (96.0) 0.074
Oxygen off and live on day 28 116 (93.5) 91 (91.9) 25 (100.0) 0.357
Oxygen off and live on day 56 119 (96.0) 94 (94.9) 25 (100.0) 0.582
The highest FiO2 during treatment 0.45 ± 0.24 0.48 ± 0.26 0.34 ± 0.15 0.001
The lowest SpO2/FiO2 ratio
during treatment 248.86 ± 89.43 237.05 ± 89.68 295.63 ± 72.74 0.003

The lowest SpO2/FiO2 ratio
distribution during treatment 0.087

0–99 15 (12.1) 15 (15.2) 0 (0.0)
100–199 17 (13.7) 14 (14.1) 3 (12.0)
200–299 41 (33.1) 34 (34.3) 7 (28.0)
300–399 50 (40.3) 35 (35.4) 15 (60.0)
400–499 1 (0.8) 1 (1.0) 0 (0.0)
The highest degree of respiratory
support during treatment 0.077

Oxygen with nasal prong or
simple mask 92 (74.2) 70 (70.7) 22 (88.0)

Advanced respiratory support 32 (25.8) 29 (29.3) 3 (12.0)
Mask with Reservoir bag 0 (0.0) 0 (0.0) 0 (0.0)
HFNC 20 (16.1) 18 (18.2) 2 (8.0)
NIV 0 (0.0) 0 (0.0) 0 (0.0)
Invasive ventilation 12 (9.7) 11 (11.1) 1 (4.0)
ECMO 0 (0.0) 0 (0.0) 0 (0.0)
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Table 2. Cont.

Variables
Total

(n = 124)
Remdesivir Alone

(n = 99)

Regdanvimab/
Remdesivir

(n = 25)
p-Value

Changes in CXR
Days from the first scored CXR 10.93 ± 6.69 11.45 ± 7.03 8.96 ± 4.80 0.098
Difference between the two CXR
scores (initial minus post) 1.36 ± 4.66 1.58 ± 4.59 0.48 ± 4.95 0.294

Duration of hospital stay (days) 15.40 ± 10.38 15.67 ± 11.12 14.32 ± 6.78 0.563
Mortality *
Death at day 14 1 (0.8) 1 (1.0) 0 (0.0) 1.000
Death at day 28 2 (1.6) 2 (2.0) 0 (0.0) 1.000
Death at day 56 2 (1.6) 2 (2.0) 0 (0.0) 1.000
All-cause mortality 2 (1.6) 2 (2.0) 0 (0.0) 1.000

Data are presented as mean ± standard deviation or number (%). SD: standard deviation; IQR: interquartile
range; FiO2: fraction of inspired oxygen; SpO2: pulse oximetric saturation; HFNC: high flow nasal cannula; NIV:
non-invasive ventilation; ECMO: extracorporeal membrane oxygenation; CXR: chest X-ray. * Two deaths occurred:
a 78-year-old male and an 83-year-old female died on days 15 and 12, respectively. Their cause of death was
COVID-19.

3.3. Secondary Outcomes

In line with the primary outcome, oxygen-free days on days 14 (days, mean ± SD:
7.14 ± 4.26 vs. 8.80 ± 3.43, p = 0.074) and 56 (days, mean ± SD: 45.87 ± 12.59 vs. 50.72 ± 3.66,
p = 0.001) were longer in the regdanvimab/remdesivir group. Survivors for whom oxygen
supplementation was stopped also showed a higher tendency in the regdanvimab/remdesivir
group on days 14 (80.8% vs. 96.0%, p = 0.074), 28 (91.9% vs. 100.0%, p = 0.357), and 56 (94.9%
vs. 100.0%, p = 0.582). The regdanvimab/remdesivir group had a lower FiO2 and higher
SpO2/FiO2 ratio during treatment (highest FiO2 during treatment, mean ± SD: 0.48 ± 0.26 vs.
0.34 ± 0.15, p = 0.001; lowest SpO2/FiO2 ratio during treatment, mean ± SD: 237.05 ± 89.68
vs. 295.63 ± 72,74, p = 0.003). Respiratory support during treatment tended to receive less
advanced support in the regdanvimab/remdesivir group (29.3% vs. 12.0%, p = 0.077). There
were no statistical differences in the degree of CXR change, length of hospitalization, and
mortality (Table 2).

According to Kaplan-Meier estimates, the durations of oxygen supplementation in sur-
vivors were significantly shorter in the regdanvimab/remdesivir group on days 14 (days,
mean ± SD: 6.71 ± 4.18 vs. 5.20 ± 3.43, p = 0.046), 28 (days, mean ± SD: 6.71 ± 4.18 vs.
5.20 ± 3.43, p = 0.046), and 56 (days, mean ± SD: 9.31 ± 11.41 vs. 5.28 ± 3.66, p = 0.024), as
compared to the remdesivir alone group (Figure 2).

3.4. Independent Factors Associated with Oxygen-Free Days on Day 28

Independent factors associated with oxygen-free days on day 28, identified through
multiple linear regression analysis, included regdanvimab use [B: 3.568; 95% confidence
interval (CI): 0.596–6.539, p = 0.019], age (per year, B: −0.254; 95% CI: −0.352–−0.156,
p < 0.001), and baseline SpO2/FiO2 ratio (B: 0.029; 95% CI: 0.013–0.046, p = 0.001) (Table 3).

3.5. Adverse Events Associated with Regdanvimab Use

Of the 25 regdanvimab users, 14 (56%) had no adverse events. However, some users
had the following events: fever in 5 patients (20%), dyspnea in 7 patients (28%), nausea
in 1 patient (4%), and delirium in 1 patient (4%). However, these adverse events may be a
presentation of COVID-19 itself.
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Figure 2. Kaplan-Meier estimates of the remdesivir alone and regdanvimab/remdesivir groups.
(A) Days of oxygen supplementation, in surviving patients on day 14, were shorter in the regdan-
vimab/remdesivir group (days, mean ± SD: 6.71 ± 4.18 vs. 5.20 ± 3.43, p = 0.046). (B) Days of oxygen
supplementation, in surviving patients on day 28, were shorter in the regdanvimab/remdesivir group
(days, mean ± SD: 8.24 ± 7.43 vs. 5.28 ± 3.66, p = 0.024). (C) Days of oxygen supplementation, in
surviving patients on day 56, were shorter in the regdanvimab/remdesivir group (days, mean ± SD:
9.31 ± 11.41 vs. 5.28 ± 3.66, p = 0.024). Abbreviations: SD, standard deviation.

Table 3. Factors associated with oxygen-free days on day 28.

Variables

Simple Linear Regression Multiple Linear Regression

B SE β t p-Value
95% CI for B

B SE β t p-Value
95% CI for B

Lower Upper Lower Upper

Regdanvimab use 3.356 1.619 0.184 2.073 0.040 0.151 6.562 3.568 1.501 0.196 2.377 0.019 0.596 6.539
Age (per year) −0.246 0.049 −0.411 −4.981 <0.001 −0.344 −0.148 −0.254 0.049 −0.424 −5.126 <0.001 −0.352 −0.156
Female sex 2.761 1.309 0.188 2.109 0.037 0.169 5.353 1.742 1.140 0.118 1.528 0.129 −0.516 4.000
BMI (per kg/m2) 0.306 0.193 0.142 1.585 0.116 −0.076 0.689 −0.043 0.181 −0.020 −0.238 0.812 −0.402 0.316
Baseline SpO2/FiO2 ratio 0.040 0.009 0.383 4.582 <0.001 0.023 0.058 0.029 0.009 0.280 3.461 0.001 0.013 0.046

CI: Confidence Interval; SE: standard error; BMI: body mass index; SpO2: pulse oximetric saturation; FiO2:
fraction of inspired oxygen, SpO2: pulse oximetric saturation.

4. Discussion

In severe COVID-19 patients, the use of regdanvimab, in addition to remdesivir, in-
creased the number of oxygen-free days. The oxygen-free days was also independently
associated with use of regdanvimab, as determined via multiple linear regression anal-
ysis with adjustment of baseline severity and demographic variables including age. In
addition, the FiO2 requirement was lower, the SpO2/FiO2 ratio was higher, and oxygen
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dependence was shorter, in patients using regdanvimab. These findings suggest that the
use of regdanvimab, in addition to remdesivir, has a significantly favorable impact on the
clinical outcomes of severe COVID-19. Our small-scale retrospective study needs to be
validated via a prospective, large-scale study. However, given the current high mortality
rate of severe COVID-19, the simultaneous use of regdanvimab and remdesivir could be
considered in severe COVID-19.

Hospital admissions or deaths due to COVID-19 have been decreasing with the use of
vaccines, and vaccines are effective against recently emerged variants [22]. However, once
a person develops COVID-19 severe enough to be hospitalized, the mortality rate is very
high, ranging from 10–36% [3–5,7–9]. Although remdesivir and systemic corticosteroids
are somewhat effective against severe COVID-19, the associated decrease in mortality rate
is insufficient [6]. Deaths from severe COVID-19 occur primarily in people over the age
of 60 years and those with underlying medical conditions, and additional new drugs are
needed for treating these individuals [3–5,7–9].

Among several candidate drugs, anti-SARS-CoV-2 mAbs against the receptor-binding
domain (RBD) of the spike glycoprotein can be effective in severe COVID-19. This is
because they have been proven effective in mild and moderate conditions of the same
disease [23,24]. When used early in the course of the disease, such drugs inhibit the progres-
sion of mild or moderate COVID-19 to severe COVID-19, which requires hospitalization or
oxygen supplementation. As of June 2021, anti-SARS-CoV-2 mAbs that have proven their
effectiveness through early phase clinical trials and have secured emergency or conditional
use authorization include bamlanivimab (Eli Lily and Company, Indianapolis, IN, USA), a
combination of bamlanivimab and etesevimab (Eli Lily and Company, Indianapolis, IN,
USA), and a combination of casirivimab and imdevimab (Regeneron Pharmaceuticals,
Eastview/Tarrytown, NY, USA) in the United States, as well as regdanvimab (Celltrion
Inc., Incheon, Korea) in Korea [23,24].

Regdanvimab is a potent neutralizing antibody against various SARS-CoV-2 isolates,
which blocks the interaction regions of the RBD [meant for binding angiotensin-converting
enzyme 2 (ACE2)] of SARS-CoV-2 spike protein [10]. Regdanvimab was found to be effec-
tive at reducing viral load and ameliorating clinical symptoms in animal experiments [10],
and safety and virologic efficacy were confirmed through two randomized phase 1 clinical
trials in healthy adults and patients with mild SARS-CoV-2 infection [11]. A recent phase
2/3 clinical trial demonstrated that the progression rates to severe COVID-19 were reduced
by 54% (from 8.7% to 4.0%) for patients with mild to moderate COVID-19 and 68% (from
23.7% to 7.5%) for moderate COVID-19 patients aged 50 years and over. Furthermore,
the clinical recovery time was 3.4 to 6.4 days faster in patients treated with regdanvimab,
compared to those treated with placebo [12]. Recently published retrospective studies also
demonstrated that regdanvimab treatment prevented progression to severe disease [25,26].
Accordingly, in February 2021, the Korean Ministry of Food and Drug Safety approved
the conditional marketing authorization for the emergency use of regdanvimab for adult
(≥18 years) patients with mild to moderate COVID-19, when the following conditions were
met: within 7 days of symptom onset and over 60 years of age, underlying disease (cardio-
vascular disease, chronic lung disease, diabetes mellitus, or hypertension), or radiologically
identified pneumonia (either by CXR or computed tomography) [15].

Regdanvimab has been supplied to our hospital (UUH) since the end of February
2021. Since then, regdanvimab has been administered to indicated patients with non-
severe COVID-19. Severe COVID-19 patients received remdesivir according to indications,
and some remdesivir-treated patients had been treated with regdanvimab because their
condition had been non-severe immediately after hospitalization (but progressed to severe
COVID-19 during hospitalization). We extracted severe COVID-19 patients who received
remdesivir and oxygen therapy after regdanvimab had been supplied and divided them
into a group using only remdesevir and a group using both regdanvimab and remdesivir
to investigate clinical outcomes.
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In our study, the use of regdanvimab in patients with severe COVID-19 significantly
increased the number of oxygen-free days, compared to the remdesivir alone group. The
use of regdanvimab and increase in oxygen-free days (on day 28) were also significantly
associated, as per multiple linear regression analysis that included important clinical
indicators such as age, sex, BMI, and baseline SpO2/FiO2 ratio at the time of initiation of
remdesivir administration, which represent the initial severity. Furthermore, the use of
regdanvimab was associated with lower FiO2 requirement, higher SpO2/FiO2 ratio during
treatment, and a shorter duration of oxygen supplementation. These results suggest that
the use of regdanvimab in combination with remdesivir has a significant beneficial effect
on the clinical outcomes of severe COVID-19.

Some clinical trials involving targeting of severe COVID-19 by mAbs have already
been conducted. In the ACTIV-3 trial (n = 326, 1:1 randomization), administration of
bamlanivimab, in combination with the standard of care (typically being remdesivir ad-
ministration), did not demonstrate additional clinical benefits in hospitalized patients with
severe COVID-19 [27]. However, in the REGN-COV2 trial (n = 9785, 1:1 randomization),
a combination of two mAbs (casirivimab and imdevimab), in addition to usual care (not
fully disclosed yet), reduced the risk of death by 20%, in patients hospitalized with COVID-
19 [28]. The full report of the REGN-COV2 trial has not yet been published, so it is difficult
to interpret its results, but the difference between the two conflicting results is presumed
to be the timing of mAb injection. In the REGN-COV2 trial, mAbs were administered to
early phase patients who were seronegative (before developing an immune response to
SARS-COV-2). In the ACTIV-3 trial, which showed negative results, mAb administration
took a median of 7 (interquartile range: 5–9) days after symptom onset [27]. In our study,
it took an average of 3.68 days for regdanvimab to be administered after symptom onset.
For mAbs to be effective in viral infectious diseases, they must be administered in the
early stages of infectious diseases, when the viral load is high, but before seroconversion
occurs [23]. It is difficult to expect the effect of mAbs in the post-viral phase, wherein a
secondary immune response is induced after the initial virally driven phase [23].

There were no serious adverse drug reactions related to the administration of reg-
danvimab. Fewer than 50% of patients had fever and dyspnea while using regdanvimab,
which could be symptoms of COVID-19 itself. None of the users stopped taking the drug
due to side effects, and all 25 patients were administered the full dose of regdanvimab
without any major events. Also in a previous phase 2/3 trial, there were no reports of
serious adverse events associated with the use of regdanvimab [12].

Our study has some important limitations. First, patients with relatively mild COVID-
19 might have been included in the regdanvimab/remdesivir group, and patients with
relatively severe COVID-19 might have been included in the remdesivir alone group; as
the baseline SpO2/FiO2 ratio was higher in the regdanvimab/remdesivir group, this is a
reasonable deduction. However, we found a significant correlation between regdanvimab
administration and oxygen-free days, as per the multivariate analysis, adjusted for the
SpO2/FiO2 ratio. And it is also possible that the use of regdanvimab resulted in a relatively
mild degree of severe COVID-19. Second, the number of patients was small. Although
the results of this study had statistical significance, it is a retrospective, small sample-
sized, single-center study; thus, there might be selection bias. Despite these limitations,
our study has a novelty in attempting to elucidate the effectiveness of regdanvimab in
severe COVID-19.

5. Conclusions

Administration of regdanvimab, in addition to remdesivir, significantly improved
clinical outcomes in severe COVID-19. Although results of the present study require
confirmation via a large-scale, prospective, randomized study, active consideration of
regdanvimab administration in severe COVID-19 is needed to facilitate the reduction of
high mortality rate associated with severe COVID-19 and the mild adverse drug reaction
associated with regdanvimab administration.
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Abstract: During the COVID-19 pandemic, an excess of all-cause mortality has been recorded in
several countries, including Peru. Most excess deaths were likely attributable to COVID-19. In this
study, we compared the excess all-cause mortality and COVID-19 mortality in 25 Peruvian regions to
determine whether most of the excess deaths in 2020 were attributable to COVID-19. Excess deaths
were calculated as the difference between the number of observed deaths from all causes during
the COVID-19 pandemic (in 2020) and the number of expected deaths in 2020 based on a historical
from recent years (2017–2019). Death data were retrieved from the Sistema Informatico Nacional
de Defunciones (SINADEF) at the Ministry of Health of Peru from January 2017 to December 2020.
Population counts were obtained from projections from Peru’s Instituto Nacional de Estadística e
Informática (INEI). All-cause excess mortality and COVID-19 mortality were calculated by region per
100,000 population. Spearman’s test and linear and multiple regression models were used to estimate
the correlation between excess all-cause mortality and COVID-19 mortality per 100,000 population.
Excess all-cause death rates varied widely among regions (range: 115.1 to 519.8 per 100,000 popula-
tion), and COVID-19 mortality ranged between 83.8 and 464.6 per 100,000 population. There was
a correlation between the all-cause excess mortality and COVID-19 mortality (r = 0.90; p = 0.00001;
y = 0.8729x + 90.808; R2 = 0.84). Adjusted for confounding factors (mean age in the region, gender
balance, and number of intensive care unit (ICU) beds), the all-cause excess mortality rate was
correlated with COVID-19 mortality rate (β = 0.921; p = 0.0001). These findings suggest that most of
the excess deaths in Peru are related to COVID-19. Therefore, these findings can help decision-makers
to understand the high COVID-19 mortality rates in Peru.

Keywords: excess mortality; COVID-19; mortality; Peru

1. Introduction

During the COVID-19 pandemic, an all-cause mortality excess has been recorded in
several countries, including Peru [1–4]. This all-cause mortality excess varied substantially
across countries [1–3] because of measures taken to handle the COVID-19 pandemic,
demographic and socio-economic characteristics, and capacity of health care systems [5–8].
Excess deaths are the difference between the number of observed deaths from all causes
during a given time period, and the number of expected deaths from the same time period,
based on a historical from recent years (often estimated using the average over several
preceding years) [8]. Excess all-cause mortality can also be standardized for age, sex,
region, or population size in a geographical region to aid comparisons. Mortality below the
expected levels is called “avoided mortality”, whereas the mortality above the expected
levels is known as “excess deaths” [3]. Assessing the direct and indirect effects of the
COVID-19 pandemic on overall mortality requires the measurement of excess deaths since
most excess deaths are likely attributable to COVID-19 [3,8].

Worldwide, Peru is the country with the highest number of COVID-19 deaths per
100,000 population [9]. In 2020, 93,851 COVID-19 deaths were registered in the country, and
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by 26 December 2021, the total had reached 202,524 deaths [10]. Because of the Peruvian
national healthcare system’s limited capacity, the collapse of health services in the first
wave, limited number of intensive care unit (ICU) beds, lack of oxygen [11,12], and the
high COVID-19 death rate, excess all-cause mortality is likely attributable to COVID-19.
Therefore, our objective was to compare the all-cause excess mortality with the COVID-19
mortality in 25 Peruvian regions to determine whether most of the excess deaths in 2020
were attributable to COVID-19. These findings could be used to determine the indirect
impact of the COVID-19 pandemic on the overall mortality rate in Peru.

2. Materials and Methods

This cross-sectional, geographical time-series study was performed according to the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guidelines [13]. We retrieved disaggregated region-level data on confirmed COVID-19
deaths and all-cause mortality, as of 31 December 2020, from the Sistema Informatico
Nacional de Defunciones (SINADEF) at the Ministry of Health of Peru [14,15]. We used
death registers from 1 January through to 31 December 2020 (1–52 epidemiological weeks)
and from the preceding 3 years (2017–2019) [14,15]. Data regarding the populations of
Peruvian regions were obtained from the projections of the Instituto Nacional de Estadística
e Informática (INEI) [16]. Confounding factors included the mean age, gender balance,
and number of ICU beds for each region (from 2020). The mean age and gender balance
in the regions were obtained from INEI (from 2016 to 2020) [16]. The number of ICU beds
was obtained from the Superintendencia Nacional de Salud, Peru (SUSALUD) via App.
F500.2 [17].

Statistical Analysis

The average numbers of all-cause deaths for the years 2017–2019 were used to estimate
expected deaths in 2020 [8,18]. Observed deaths were the deaths reported from 1 January
through to 31 December 2020. Excess all-cause deaths during the pandemic period were
estimated as the difference between observed deaths and expected deaths in 2020 [8,18].
We calculated the excess all-cause mortality rate and COVID-19 mortality rate by region per
100,000 population. Excess deaths attributable to COVID-19 were calculated (%) by dividing
COVID-19 deaths per 100,000 by excess deaths per 100,000 population. Spearman’s test and
a linear regression model were used to estimate the correlation between excess all-cause
mortality rate and COVID-19 mortality rate per 100,000 population. Multiple regression
analysis was also used for confounding factors (mean age in the region, gender balance,
and number of ICU beds). Values of p < 0.05 were considered significant. Results were
displayed using a scatterplot. All analyses were performed using StataSE 16.0 for Windows.

This descriptive study was based on public-use datasets. Therefore, it was exempt from
Institutional Review Board review and approval, and no informed consent was required.

3. Results

All Peruvian regions experienced an all-cause mortality excess in 2020, compared with
expected deaths (determined from the mean between 2017 and 2019). Excess all-cause
death rates varied widely among regions (range: 115.1 to 519.8 per 100,000 population).
The ratio of observed to expected all-cause deaths ranged between 1.5 and 2.8. COVID-19
death rates ranged between 83.8 and 464.6 per 100,000 population, and excess deaths (%)
ranged between 48.8 and 108.3% (Table 1). In the general population of Peru, the excess
all-cause mortality exceeded COVID-19 mortality (371.9 vs. 287.7 population, respectively).
There were variations in excess all-cause mortality and COVID-19 mortality by region.
The highest excess all-cause mortality per 100,000 habitants was reported in the Callao
region, followed by Lima, Moquegua, and Piura regions. The highest COVID-19 mortality
rates per 100,000 habitants were reported in Moquegua, Lima, Ica, and Lambayeque. In
19 Peruvian regions, the ratio of excess all-cause deaths to COVID-19 deaths was almost 1
(Table 1). In six Peruvian regions, there was a gap between the all-cause excess mortality
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and COVID-19 mortality, e.g., in the Apurimac, Huancavelica, and Pasco regions, the ratio
of excess all-cause deaths to COVID-19 deaths was 2.0, while in the Ayacucho, Cajamarca,
and Puno regions it was almost 2.0 (Table 1).

There was a correlation between the all-cause excess mortality rate and the COVID-19
mortality rate (r = 0.90; p = 0.00001; y = 0.8729x + 90.808; R2 = 0.84) (Figure 1). Adjusted for
confounding factors (mean age in the region, gender balance, and number of ICU beds), the
all-cause excess mortality rate was correlated with the COVID-19 mortality rate (β = 0.921;
p = 0.0001) (Table 2). The model was statistically significant (F (4,20) = 37.46, p = 0.00001,
Adj. R2 = 0.882).

185



Trop. Med. Infect. Dis. 2022, 7, 44

T
a

b
le

1
.

Ex
ce

ss
al

l-
ca

us
e

de
at

hs
an

d
C

O
V

ID
-1

9
m

or
ta

lit
y,

1
Ja

nu
ar

y
to

31
D

ec
em

be
r

20
20

,2
5

Pe
ru

vi
an

re
gi

on
s.

R
e

g
io

n
O

b
se

rv
e

d
D

e
a

th
s

in
2

0
2

0
[1

5
]

E
x

p
e

ct
e

d
D

e
a

th
s

in
2

0
2

0
[1

5
]

R
a

ti
o

o
f

O
b

se
rv

e
d

to
E

x
p

e
ct

e
d

P
o

p
u

la
ti

o
n

in
2

0
2

0
[1

6
]

E
x

ce
ss

D
e

a
th

s

E
x

ce
ss

D
e

a
th

s
p

e
r

1
0

0
,0

0
0

T
o

ta
l

D
e

a
th

s
C

O
V

ID
-1

9
[1

4
]

C
O

V
ID

-1
9

D
e

a
th

s
p

e
r

1
0

0
,0

0
0

E
x

ce
ss

D
e

a
th

s
A

t-
tr

ib
u

ta
b

le
to C

O
V

ID
-1

9
,

%
a

R
a

ti
o

o
f

E
x

ce
ss

D
e

a
th

s
to

C
O

V
ID

-1
9

D
e

a
th

s

M
e

a
n

A
g

e
(Y

e
a

rs
)

in
th

e
R

e
g

io
n

s
in

2
0

2
0

[1
6

]

G
e

n
d

e
r

B
a

la
n

ce
(M

e
n

/W
o

m
e

n
)

in
2

0
2

0
[1

6
]

N
o

.
o

f
IC

U
B

e
d

s
b

A
m

az
on

as
13

09
81

8
1.

6
42

6,
80

6
49

1
11

5.
1

58
5

13
7.

1
11

9.
1

0.
8

30
.9

5
1.

1
10

A
nc

as
h

88
00

51
43

1.
7

1,
18

0,
63

8
36

57
30

9.
7

28
89

24
4.

7
79

.0
1.

3
32

.3
6

1.
0

18
A

pu
ri

m
ac

22
42

15
02

1.
5

43
0,

73
6

74
0

17
1.

7
36

1
83

.8
48

.8
2.

0
29

.9
9

1.
1

10
A

re
qu

ip
a

11
,6

34
56

55
2.

1
1,

49
7,

43
8

59
79

39
9.

3
42

60
28

4.
5

71
.2

1.
4

32
.4

5
1.

0
22

A
ya

cu
ch

o
30

97
17

13
1.

8
66

8,
21

3
13

84
20

7.
1

83
6

12
5.

1
60

.4
1.

7
30

.0
4

1.
0

15
C

aj
am

ar
ca

60
41

31
16

1.
9

1,
45

3,
71

1
29

25
20

1.
2

16
15

11
1.

1
55

.2
1.

8
30

.7
1

1.
0

18
C

al
la

o
10

,1
24

43
27

2.
3

1,
12

9,
85

4
57

97
51

3.
1

52
49

46
4.

6
90

.5
1.

1
32

.3
6

0.
9

16
C

us
co

78
57

57
75

1.
4

1,
35

7,
07

5
20

82
15

3.
4

15
94

11
7.

5
76

.5
1.

3
30

.3
4

1.
0

14
H

ua
nc

av
el

ic
a

24
57

16
80

1.
5

36
5,

31
7

77
7

21
2.

6
39

3
10

7.
6

50
.6

2.
0

30
.2

8
1.

0
12

H
ua

nu
co

42
68

27
68

1.
5

76
0,

26
7

15
00

19
7.

3
10

70
14

0.
7

71
.3

1.
4

30
.0

1
1.

0
25

Ic
a

77
85

41
05

1.
9

97
5,

18
2

36
80

37
7.

4
37

96
38

9.
3

10
3.

2
1.

0
30

.9
3

1.
0

26
Ju

ni
n

85
73

53
47

1.
6

1,
36

1,
46

7
32

26
23

6.
9

24
23

17
8.

0
75

.1
1.

3
31

.1
8

1.
0

42
La

Li
be

rt
ad

13
,8

00
75

94
1.

8
2,

01
6,

77
1

62
06

30
7.

7
48

91
24

2.
5

78
.8

1.
3

31
.5

5
1.

0
26

La
m

ba
ye

qu
e

84
21

34
47

2.
4

1,
31

0,
78

5
49

74
37

9.
5

46
31

35
3.

3
93

.1
1.

1
32

.2
4

0.
9

22
Li

m
a

87
,1

39
31

,8
89

2.
7

10
,6

28
,4

70
55

,2
50

51
9.

8
42

,1
82

39
6.

9
76

.3
1.

3
33

.0
5

0.
9

36
7

Lo
re

to
51

02
20

50
2.

5
1,

02
7,

55
9

30
52

29
7.

0
28

32
27

5.
6

92
.8

1.
1

28
.5

0
1.

1
2

M
ad

re
de

D
io

s
10

89
51

2
2.

1
17

3,
81

1
57

7
33

2.
2

44
6

25
6.

6
77

.3
1.

3
27

.4
8

1.
4

7

M
oq

ue
gu

a
15

74
75

7
2.

1
19

2,
74

0
81

7
42

3.
9

88
5

45
9.

2
10

8.
3

0.
9

32
.8

5
1.

2
6

Pa
sc

o
12

34
56

4
2.

2
27

1,
90

4
67

0
24

6.
3

33
1

12
1.

7
49

.4
2.

0
30

.1
2

1.
1

6
Pi

ur
a

13
,9

74
49

92
2.

8
2,

04
7,

95
4

89
82

43
8.

6
63

45
30

9.
8

70
.6

1.
4

30
.4

2
1.

0
26

Pu
no

81
73

51
92

1.
6

1,
23

7,
99

7
29

81
24

0.
8

15
35

12
4.

0
51

.5
1.

9
29

.7
2

1.
0

14
Sa

n
M

ar
ti

n
43

61
24

09
1.

8
89

9,
64

8
19

52
21

7.
0

15
79

17
5.

5
80

.9
1.

2
29

.8
9

1.
1

14
Ta

cn
a

21
67

12
74

1.
7

37
0,

97
4

89
3

24
0.

8
79

1
21

3.
2

88
.5

1.
1

31
.9

1
1.

0
20

Tu
m

be
s

17
96

89
5

2.
0

25
1,

52
1

90
1

35
8.

4
77

4
30

7.
7

85
.9

1.
2

29
.9

1
1.

2
8

U
ca

ya
li

35
33

17
06

2.
1

58
9,

11
0

18
27

31
0.

1
15

58
26

4.
5

85
.3

1.
2

28
.0

0
1.

1
12

Pe
ru

22
6,

55
0

10
5,

22
9

2.
2

32
,6

25
,9

48
12

1,
32

1
37

1.
9

93
,8

51
28

7.
7

77
.4

1.
3

N
A

1.
0

75
8

a
E

xc
es

s
d

ea
th

s
at

tr
ib

ut
ab

le
to

C
O

V
ID

-1
9

ca
lc

ul
at

ed
(%

)b
y

d
iv

id
in

g
C

O
V

ID
-1

9
d

ea
th

s
pe

r
10

0,
00

0
by

ex
ce

ss
d

ea
th

s
pe

r
10

0,
00

0
po

pu
la

ti
on

.b
SI

C
O

V
ID

A
pp

.
F5

00
.2

,S
U

SA
LU

D
(a

cc
es

se
d

on
30

Se
pt

em
be

r
20

20
).

C
O

V
ID

-1
9,

co
ro

na
vi

ru
s

di
se

as
e

20
19

;N
A

,n
ot

ap
lic

ab
le

;I
C

U
,i

nt
en

si
ve

ca
re

un
it

.

186



Trop. Med. Infect. Dis. 2022, 7, 44

Figure 1. Correlation between the all-cause excess mortality and COVID-19 mortality in Peru.

Table 2. Multiple regression analysis of mortality all-cause excess rate and COVID-19 mortality
rate adjusted.

Variable Coef. SE Beta t p-Value

Mortality all-cause excess and COVID-19
mortality

COVID-19 mortality rate 0.875 0.088 0.921 9.89 0.0001
Mean age (years) in the region −9.500 8.673 −0.126 −1.10 0.286
Gender balance −138.9 114.4 −0.128 −1.21 0.239
Number of ICU beds 0.257 0.132 0.167 1.95 0.065

COVID-19, coronavirus disease 2019; SE, standard error; ICU, intensive care unit.

4. Discussion

Worldwide, Peru is the country with the highest number of COVID-19 deaths per
100,000 population [9]. This has caused an excess of all-cause mortality [4] and compared
with other countries, in 2020 Peru experienced the largest excess mortality among 103 coun-
tries studied [1]. This excess all-cause mortality recorded in 2020 is clearly related to the
health crisis caused by the COVID-19 pandemic. This was shown by the ratio of excess
all-cause deaths to COVID-19 deaths and the adjusted analysis of death rates reported in
the same period in most Peruvian regions. In addition, we found that COVID-19 mortality
as excess all-causes mortality varied widely between Peruvian regions. Similar to Peru,
some Brazilian states, Iran, and Belgium reported an excess all-cause mortality during
the first wave proportional to the number of people who died of COVID-19 in the same
period [19–21].

Excess mortality during the COVID-19 pandemic can be the sum of distinct factors.
These factors include: (1) deaths directly caused by COVID-19 infection, (2) medical system
collapse due to COVID-19 pandemic, (3) excess deaths from other natural causes, (4) unnat-
ural causes, or (5) extreme events [1]. Compared with other factors, most excess deaths are

187



Trop. Med. Infect. Dis. 2022, 7, 44

likely attributable to COVID-19 infection [1,8]. In that setting, the literature has described
some factors that directly or indirectly impact COVID-19 mortality in Peru [1,11,12], and
therefore on excess all-cause mortality (Figure 2).

 

Figure 2. Factors that directly or indirectly impact excess all-cause mortality and COVID-19 mortal-
ity [1,8,11,12].

The factors that may have contributed to the causal relationship between all-cause ex-
cess mortality and COVID-19 mortality in Peru and the large differences in excess mortality
from one region of Peru to another could have several explanations. First, mortality rates
depend on social factors such as demographic and socio-economic characteristics, including
age, population structure, population size, lifestyles, obesity prevalence, ethnicity, and
the mobility of populations across between regions, as was observed in several countries,
including Peru [2,12,22,23]. Second, mortality rates also depend on the probability of being
infected, prevalence and incidence rates, and mortality among the infected population,
since worldwide, Peru was the country with the highest number of COVID-19 deaths per
100,000 population [9]. Third, because of the Peruvian national healthcare system’s limited
capacity, excess all-cause mortality may be a more comprehensive and robust indicator than
COVID-19 mortality. Thus, the collapse of the health services in Peru, the fragmented health
system, the limited number of ICU beds, and lack of oxygen during the first wave may
have also contributed directly or indirectly to the increased relationship between the death
rate due to COVID-19 and the excess all-cause mortality [11,12]. A recent study found a gap
between excess mortality and COVID-19 deaths in 67 countries, including Peru [24]. Their
findings revealed that the countries where COVID-19 mortality exceeded excess all-cause
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mortality had an extremely high testing capacity and effective response measures against
the COVID-19 pandemic. In contrast, the excess all-cause mortality exceeded COVID-19
mortality in the general population of Peru, because there was a low rate of RT-PCR testing
for COVID-19 in Peru in 2020; therefore, most of the cases were diagnosed using rapid
tests, the sensitivity limits of which are low compared with molecular tests. Because of
this, it is possible that some of the deaths recorded as other causes might have been due to
COVID-19; consequently, the excess all-cause death rate increased and was greater than
the COVID-19 mortality. Fourth, individual factors such as comorbidities and genetic and
immunological factors also directly or indirectly impact COVID-19 mortality [25], and
therefore the excess all-cause mortality can be seen as an indirect consequence of COVID-19
mortality. In addition, the COVID-19 mortality in Peru was highest in men 60 years of age
or older [26], and with co-morbidities [27]. This could have caused difficulty in identify-
ing the basic cause of death, and therefore an underreporting of COVID-19 deaths that
increased the excess all-cause mortality. Finally, COVID-19 is a new disease and physicians
have limited experience in certifying these deaths, which may have resulted in deaths being
underreported in the first months of 2020.

During the COVID-19 pandemic, it is likely that deaths from non-COVID-19 causes
may also have increased due to the medical system being overloaded. However, to date, in
Peru, there are no studies on excess mortality from non-COVID-19 causes. The restrictive
measures adopted in Peru to control the COVID-19 pandemic in the first months of 2020
(COVID-19 lockdown) also could have caused changes in mortality rates due to external
causes such as injuries or accidents, as was reported previously in England [28]; however,
this did not happen in Peru, since in 2020 there was a decrease in the mortality rates by
homicides, suicides, and traffic accidents during the COVID-19 lockdown [29].

The main limitation of our study was the method used to estimate excess mortality. In
the literature, the methods for estimating excess mortality vary from simple estimates to
modeled studies, making it difficult to compare results across studies. Another limitation in
this observational study is the retrospective design; we used several different information
sources (SINADEF, INEI, and SUSALUD) which may have resulted in a possible bias.
Despite these limitations, the strengths of this study include: (1) the used method allows
for transparency and reproducibility of the findings; (2) the simplicity in the analysis of
excess mortality (all-cause and COVID-19 mortality) allows for the opportunity to use the
findings in epidemiological surveillance and their interpretation by the health authorities;
(3) the large number of deaths included for estimating the excess all-cause mortality and
COVID-19 mortality and the multiple regression analyses for confounding factors; and
(4) the findings add further evidence for policymakers in Peru.

5. Conclusions

This study provides the first causal relationship analysis between excess all-cause
mortality and COVID-19 mortality for 2020 across 25 Peruvian regions, adjusted for con-
founding factors. Our findings suggest that most of the excess deaths in Peru in 2020 were
related to COVID-19. Therefore, our findings could be used to explain the indirect impact
of the COVID-19 pandemic on the overall mortality rate up to the point where vaccination
against SARS-CoV-2 started to become available in Peru.
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Abstract: (1) Background: This study aims to assess the magnitude of, and factors associated with,
depression and anxiety among Vietnamese frontline hospital healthcare workers in the fourth wave
of COVID-19; (2) Methods: A hospital based cross-sectional study was carried out within two weeks,
October 2020, at a central COVID-19 treatment hospital. Depression and anxiety were measured with
PHQ-9 and GAD-7, respectively. Bivariate and multivariate logistic regression analysis were applied
to recognize variables related to depression and anxiety, respectively; (3) Results: Among 208 frontline
hospital healthcare workers, overall prevalence of depressive symptoms, anxiety symptoms, and
both symptoms of depression and anxiety was 38.94%, 25.48% and 24.04%, respectively, in healthcare
workers. In a reduced model after using multivariate stepwise logistic regression, age (OR = 0.9,
p = 0.001), marital status (OR = 7.84, p = 0.027), profession (OR = 0.39, p = 0.028), having experienced
traumatic stress following a work event (OR = 46.24, p < 0.001), feeling at very high risk for COVID-19
(OR = 0.02, p < 0.04), and affected by workplace conditions (OR = 5.36, p < 0.001) were associated
with the symptoms of depression. With regard to symptoms of anxiety, single status (OR: 12.18,
p = 0.002), being medical technician (OR: 68.89, p < 0.001), alcohol use (OR: 6.83, p = 0.014), using
pain relief medications (OR: 25.50, p = 0.047), having experienced traumatic stress following a family
event (OR: 130.32, p = 0.001), having experienced traumatic stress following a work event (OR:
181.55, p = 0.002), reporting at very high risk for COVID-19 (OR: 29.64, p = 0.011), treating moderate
(OR: 6.46, p = 0.038) and severe (OR: 18.96, p = 0.004) COVID-19 patients, and being significantly
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affected by the community (OR: 6.33, p = 0.003) were increased risk factors for the symptoms of
anxiety. Meanwhile, those living with 4–5 people (OR: 0.15, p = 0.011), specializing in infectious
disease (OR: 0.13, p = 0.044)/resuscitation and emergency medicine (OR: 0.04, p = 0.046), and having
knowledge preparation before participating in COVID-19 (OR: 0.008, p = 0.014) were less associated
with the symptoms of anxiety; (4) Conclusions: There was a relatively high prevalence among
Vietnamese hospital healthcare workers exhibiting symptoms of depression and anxiety during the
ongoing pandemic. Greater attention to training in psychological skills should be suggested for those
belonging to a younger age group, being single/widowed/divorced, treating moderate and severe
COVID-19 patients, feeling at very high risk for COVID-19, being significantly affected a lot the
community or workplace conditions, or experiencing traumatic stress following a family/work event
in the past week.

Keywords: COVID-19; psychological impacts; public health; preparedness

1. Introduction

With the rapid spread of SARS-CoV-2, health care resource responsiveness challenges
are posed to health systems globally [1]. Especially when high rates of COVID-19 infection
are reported among healthcare workers [2–4], with the increase in SARS-CoV-2-related
mortalities in the general population, anxiety and depression tended to be common psycho-
logical problems in healthcare workers [5]. Medical staff not only have to work overtime
compared to their working time as before the COVID-19 epidemic, but also have a high risk
of virus infection during the care and treatment of COVID-19 patients [6,7]. Besides, pro-
longed stress also contributes to an increased likelihood of depression or other mental
disorder, leading to an increased risk of infection and disease severity [8,9]. In a recent sys-
tematic review of updated prevalence estimates for depression and anxiety from 65 studies,
Yufei Li showed a high prevalence of moderate depression and anxiety among health care
workers across 21 countries during the COVID-19 pandemic [10], which can negatively im-
pact on the quality of COVID-19 patient care [11]. In Southeast Asia alone, recent evidence
has revealed that there seems to be an increasing trend for anxiety and depression over
time among healthcare workers compared to the first wave of COVID-19 [12–16].

Frontline healthcare workers are at high-risk of acquiring SARS-CoV-2 infection during
medical procedures due to their close contact with highly infectious patients, particularly
those who are in COVID-19 patient-treatment isolation zones [17–19]. There is currently
no clarity regarding the estimates of the prevalence of depression and anxiety among
medical staff working in isolation treatment facilities for COVID-19 patients, who known as
frontline hospital healthcare workers, limiting the possibility of informing action in policy
and practice to perform targeted psychological interventions for health care workers during
this time of crisis. The impact of the fourth wave of COVID-19 in Vietnam was extremely
severe with the emergence of the dangerous Delta variant of the SARS-CoV-2 virus, which
reversed Vietnam’s epidemic prevention and control achievements in previous COVID-19
waves. The recent wave of the COVID-19 pandemic in Vietnam significantly exceeded the
aforementioned previous three pandemic phases in many aspects. There are few studies
from different settings of the psychological burden of the Vietnamese healthcare workforce
during early national waves of the COVID-19 pandemic, indicating moderately severe
depression symptoms, anxiety symptoms, stress and insomnia in healthcare profession-
als [20–22], suggesting initial negative psychological responses among the healthcare work-
force; nevertheless, there was no understanding of the psychological issues surrounding
the medical staff involved in direct treatment of COVID-19 patients. Moreover, continuous
monitoring of the psychological consequences for this high-risk population should become
routine as part of targeted interventions during times of crisis because unforeseen changes
and the impact of psychological problems are different in each particular context. In the
face of long work shifts (that reach 16 h per day on average), the risk of getting infected by
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a highly infectious disease and the lack of sufficient biological protection measures, mental
suffering among health professionals suddenly became evident. Due to this situation in
the fourth national COVID-19 wave, we conducted a cross-sectional study at a central
COVID-19 treatment hospital in the Northern region of Vietnam to evaluate the prevalence
of the symptoms of anxiety and depression of frontline hospital healthcare workers who
are working in COVID-19 treatment isolation zones. We further explore the risk factors
and protective factors for symptoms of anxiety and depression.

2. Methods

2.1. Study Design and Participants

We carried out a hospital-based cross-sectional study of the healthcare workforce who
worked at the National Hospital of Tropical Diseases (base 2, Hanoi, Vietnam) between
1 October 2021 and 20 October 2021. To foster the engagement of the healthcare workforce,
a convenience sampling method was employed for this study, appropriate due to its
rapid nature and low-cost given our resource-scarce research setting. Eligibility criteria
specified that participants in the study should be: (1) aged from 18 and over; (2) hospital
healthcare workers who had obtained a contract to work full-time or part-time at the
hospitals, including medical doctors, nurses, midwives, and technicians; (3) involved in
the direct treatment of COVID-19 patients and (4) agreed to participate in the survey by
providing an informed consent.

2.2. Outcome Measurements

The study questionnaire was developed by a group of psychiatrists from the National
Institute of Mental Health (Hanoi, Vietnam) and public health experts from the Hanoi
Medical University (Hanoi, Vietnam) to collect potential data on profession-related and
socio-demographic characteristics, psychological trauma in the past week, COVID-19
control and prevention-related characteristics and psychological status of these hospital
healthcare workers. Participants’s psychological problems were assessed with the use
of the Vietnamese versions of the 9-item Patient Health Questionnaire (PHQ-9), and the
7-item Generalized Anxiety Disorder-7 (GAD-7) scale. PHQ-9 and GAD-7 are common
instruments and easily used to measure and screen the overall presence and level of
depression and anxiety.

Then, the developed questionnaire was piloted on a sample of 20 respondents to
test its validity. The primary data was collected via sending the invitation directly to the
participants, utilizing structured self-completed questionnaires in the Vietnamese version.
No material incentives were suggested to the respondents for their engagement in the
survey to avoid them from answering more than once. Final analysis did not include the
data from the pilot survey.

• PHQ-9

Depression and degree of depression severity were measured using the PHQ-9, a
shorter version of the complete PHQ, where individuals were asked how often they were
bothered by various problems within the past two weeks. The nine items of PHQ-9 were
‘Little interest or pleasure in doing things’, ‘Feeling down, depressed, or hopeless’, ‘Trouble
falling or staying asleep, or sleeping too much’, ‘Feeling tired or having little energy’,
‘Poor appetite or overeating’, ‘Feeling bad about yourself—or that you are a failure or
have let yourself or your family down’, ‘Trouble concentrating on things, such as reading
the newspaper or watching television’, ‘Moving or speaking so slowly that other people
could have noticed, or so fidgety or restless that you have been moving a lot more than
usual’, ‘Thoughts that you would be better off dead, or thoughts of hurting yourself in
some way’. Each item was selected, with four-point-scale based answers ranging from
0 (not at all) to 3 (nearly every day). The total score of the PHQ-9 scale after self-reported
response ranges from 0 to 27, and more severe depression symptoms are shown by a higher
score. Symptom severity was based on the total score and was categorized as follows:
absence of depression (0–4), mild depression (5–9), moderate depression (10–14), and severe
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depression (15–27). In various medical settings, the validated depression scale was reported
with good reliability (Cronbach’s α = 0.86–0.89).

• GAD-7

Anxiety was measured using the GAD-7. The GAD-7 scale is a self-reported anxiety
questionnaire including seven items ‘Feeling nervous, anxious or on edge’, ‘Not being able
to stop or control worrying’, ‘Worrying too much about different things’, ‘Trouble relaxing’,
‘Being so restless that it is hard to sit still’, ‘Becoming easily annoyed or irritable’, ‘Feeling
afraid as if something awful might happen’. All the items were rated on a four-point scale
scoring from 0 (not at all) to 3 (nearly every day). The total score ranges from 0 to 21,
and symptom severity was interpreted as follows: absence of anxiety (0–4), mild anxiety
(5–9), moderate anxiety (10–14), and severe anxiety (15–21). Though initially designed to
identify generalized anxiety disorder (GAD), the GAD-7 has also been considered as a
good screening tool for other common anxiety disorders. The GAD-7 was proved valid
with high reliability (Cronbach’s α = 0.89).

2.3. Dependent and Independent Variables

We considered clinically significant depression and clinically significant anxiety as
binary dependent variables. Clinically significant depression was defined as that in which
an individual had a PHQ-9 score of ≥5. Clinically significant anxiety was defined as that in
which an individual had a GAD-7 score of ≥5.

Description of independent variables is presented in Table 1. The list of independent
variables was based on psychiatric judgment and a literature review.

Profession-related and socio-demographic variables included age, gender, marital
status, number of people lived with, family household with own children under 18 years,
family household with older person above 60 years, education, profession, medical specialty,
alcohol, smoking, comorbidities, and using pain relief medications.

Psychological trauma-related characteristics: hospital health workers were asked
whether they had experienced traumatic stress in the past week, including due to family,
work, academic, social, disease and economic events.

COVID-19 control and prevention-related characteristics included the severity of the
COVID-19 patients who treated, duration of participation in COVID-19 control, knowledge
preparation before participation, full equipment in current workplace, being affected by
workplace conditions, being affected by the community, feelings regarding COVID-19
infection risk, and having a relative/friend/colleague positive for COVID-19.

2.4. Data Analysis

The data obtained was entered in EpiData 3.1, and responses were coded appropriately
before being exported to Stata® 15 (StataCorp LLC, College Station, TX, USA) for analy-
sis. Descriptive statistical analysis was first used to characterize the samples of hospital
healthcare workers by profession-related and socio-demographic variables, psycholog-
ical trauma-related characteristics and COVID-19 control and prevention work-related
characteristics. Frequencies and proportions for each categorical variable were calculated
and described, while quantitative variables were expressed as mean, standard deviation
(SD) and interquartile range (IQR). Bivariate logistic regression analyses were used to
examine the associations between all variables of interest and the two outcomes. Both
univariate and multivariate logistic regression models were used to identify the associations
between profession-related and socio-demographic variables, psychological trauma-related
characteristics and COVID-19 control and prevention-related characteristics and the two
outcome variables of clinically significant depression and anxiety, respectively. Finally, a
total of valid variables that were considered as independent variables (work-related and
socio-demographic variables, psychological trauma-related characteristics and COVID-19
control and prevention-related characteristics) were put into a full model for multivariate
logistic regression analysis. A stepwise backward selection strategy with p values < 0.2
was applied, and then two reduced models with multivariable logistic regression were
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established for clinically significant depression and anxiety, respectively. A p-value < 0.05
was considered to be statistically significant.

Table 1. Description of independent variables.

Variable Name Variable Label Value Label Types of Variable

Profession-Related and Socio-Demographic Variables

A1 Age Years Quantitative variable (Discrete)

A2 Gender 1 = male; 2 = female Qualitative variable (Binary)

A3 Marital status 1 = married; 2 = single;
3 = widowed/divorced Qualitative variable (Nominal)

A4 Number of people living with People Quantitative variable (Discrete)

A5 Family household with own
children under 18 years 1 = no; 2 = yes Qualitative variable (Binary)

A6 Family household with own older
person above 60 years 1 = no; 2 = yes Qualitative variable (Binary)

A7 Education
1 = lower secondary/upper

secondary; 2 = college;
3 = university; 4 = postgraduation

Qualitative variable (Nominal)

A8 Profession 1 = medical doctor; 2 = nurse and
midwife; 3 = others Qualitative variable (Nominal)

A9 Medical specialty

1 = internal medicine; 2 = surgery;
3 = infectious disease;

4 = resuscitation and emergency
medicine; 5 = anesthesiology;

6 = others

Qualitative variable (Nominal)

A10 Alcohol 1 = no; 2 = yes Qualitative variable (Binary)

A11 Smoking 1 = no; 2 = yes Qualitative variable (Binary)

A12 Comorbidities 1 = no; 2 = yes Qualitative variable (Binary)

A13 Using pain relief medications 1 = no; 2 = yes Qualitative variable (Binary)

Psychological trauma-related characteristics

B1 Having experienced traumatic
stress following a family event 1 = no; 2 = yes Qualitative variable (Binary)

B2 Having experienced traumatic
stress following a work event 1 = no; 2 = yes Qualitative variable (Binary)

B3
Having experienced traumatic

stress following an
academic event

1 = no; 2 = yes Qualitative variable (Binary)

B4 Having experienced traumatic
stress following a social event 1 = no; 2 = yes Qualitative variable (Binary)

B5 Having experienced traumatic
stress following a disease event 1 = no; 2 = yes Qualitative variable (Binary)

B6
Having experienced traumatic

stress following an
economic event

1 = no; 2 = yes Qualitative variable (Binary)
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Table 1. Cont.

Variable Name Variable Label Value Label Types of Variable

COVID-19 control and prevention-related characteristics

C1 Severity of COVID-19 patients
who were treated

1 = normal level; 2 = mild level;
3 = moderate level;

4 = severe level
Qualitative variable (Ordinal)

C2 Duration participating in
COVID-19 control Months Quantitative variable (Discrete)

C3 Knowledge preparation before
participating in COVID-19 1 = no; 2 = yes Qualitative variable (Binary)

C4 Full equipment in current
workplace conditions 1 = no; 2 = yes Qualitative variable (Binary)

C5 Affected by workplace conditions 1 = no; 2 = yes Qualitative variable (Binary)

C6 Affected a lot by the community 1 = no; 2 = yes Qualitative variable (Binary)

C7 Feeling with COVID-19
infection risk

1 = no risk; 2 = low risk;
3 = average risk; 4 = high risk;
5 = very high risk; 6 = infected

Qualitative variable (Ordinal)

C8
Having a

relative/friend/colleague with
positive COVID-19

1 = no; 2 = yes Qualitative variable (Binary)

3. Results

In total, the responses of 208 hospital healthcare workers were included in the final
analysis between 1 October 2021 and 20 October 2021.

Table 2 summarizes the profession-related and socio-demographic characteristics of
the hospital healthcare workers. There were 79 (37.98%) male and 129 (62.02%) female
respondents. The majority of the participants were married (75.00%), were a medical
doctor or nurse/midwife (85.09%), and had an educational level of university and post-
graduate (49.52%). Respectively, 67.31% and 27.40% reported a family household with own
children under 18 years, and with older relative above 60 years. The distribution of medical
speciality groups included 28.37% infectious disease, 9.13% resuscitation and emergency
medicine, 11.54% surgery, 7.69% internal medicine, and 5.29% anesthesiology. Most were
living with 1–5 people (75.48%). Self-reported alcohol and smoking were documented in
50.00% and 13.94%, respectively. The prevalence of non-psychiatric comorbidities was
48.08% in participants, and 2.88% had been using pain relief medications.

Regarding COVID-19 control and prevention work-related characteristics, a total of
61 of 208 healthcare workers (29.33%) participated in the treatment of severe COVID-19
patients, and 74 (35.58%) were involved in the treatment of moderate patients. Most had
participated in controlling COVID-19 for over 1 month (85.10%). The majority of health-
care workers had obtained relevant knowledge before participating in COVID-19 care
(94.23%), and reported with full equipment in the current workplace conditions (93.75%).
Of healthcare workers, 38.46% were affected by workplace conditions, and 37.98% were
influenced significantly by the community. A feeling of high and very high risk from
COVID-19 was common in participants (62.98%) and 52.88% of healthcare workers had a
relative/friend/colleague with positive COVID-19 (Table 2). As was shown in Table 2, the
most common traumatic stress among medical staff followed an economic event (17.79%)
or a family event (10.58%).
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Table 2. Profession-related and socio-demographic characteristics of hospital health workers.

Profession-Related and Socio-Demographic Characteristics N = 208 Percentage (%)

Age—Mean; SD (IQR) 33.20; 6.77 (22–60)

Gender Male 79 37.98
Female 129 62.02

Marital status
Married 156 75.00
Single 42 20.19
Widowed/Divorced 10 4.81

Number of people living with (people)
1–3 people 43 20.67
4–5 people 114 54.81
>5 people 51 24.52

Family household with own children
under 18 years

No 68 32.69
Yes 140 67.31

Family household with own older
person above 60 years

No 151 72.60
Yes 57 27.40

Education

Lower secondary/upper
secondary 10 4.81

College 95 45.67
University 64 30.77
Postgraduation 39 18.75

Profession
Medical doctor 57 27.40
Nurse and midwife 120 57.69
Medical technician 31 14.90

Medical specialty

Internal medicine 16 7.69
Surgery 24 11.54
Infectious disease 59 28.37
Resuscitation and emergency
medicine 19 9.13

Anesthesiology 11 5.29
Others 79 37.98

Alcohol No 104 50.00
Yes 104 50.00

Smoking No 179 86.06
Yes 29 13.94

Comorbidities No 108 51.92
Yes 100 48.08

Using pain relief medications No 202 97.12
Yes 6 2.88

COVID-19 control and prevention-related characteristics

Severity of COVID-19 patient Normal level 32 15.38
Mild level 41 19.71
Moderate level 74 35.58
Severe level 61 29.33

Duration participating in COVID-19
control (months)

<1 month 31 14.90
1–3 month(s) 62 29.81
>3 months 115 55.29

Knowledge preparation before
participating in COVID-19

No 12 5.77
Yes 196 94.23

Full equipment in current
workplace conditions

No 13 6.25
Yes 195 93.75

Affected by workplace conditions No 128 61.54
Yes 80 38.46
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Table 2. Cont.

Profession-Related and Socio-Demographic Characteristics N = 208 Percentage (%)

Affected a lot by the community No 129 62.02
Yes 79 37.98

Feeling with COVID-19 infection risk

No risk 22 10.58
Low risk 55 26.44
Average risk 54 25.96
High risk 49 23.56
Very high risk 26 12.50
Infected 2 0.96

Having a relative/friend/colleague
with positive COVID-19

No 98 47.12
Yes 110 52.88

Psychological trauma-related characteristics in the past one week

Having experienced traumatic stress
following a family event

No 186 89.42
Yes 22 10.58

Having experienced traumatic stress
following a work event

No 177 85.10
Yes 31 14.90

Having experienced traumatic stress
following an academic event

No 198 95.19
Yes 10 4.81

Having experienced traumatic stress
following a social event

No 193 92.79
Yes 15 7.21

Having experienced traumatic stress
following a disease event

No 201 96.63
Yes 7 3.37

Having experienced traumatic stress
following an economic event

No 171 82.21
Yes 37 17.79

SD: standard deviation; IQR: interquartile range.

Table 3. Prevalence of depression and anxiety among hospital health workers.

N = 208

Depression by PHQ-9—Frequency (%)

Absence of
depression 127 (61.06)

Mild depression 57 (27.40)
Moderate
depression 16 (7.69)

Severe
depression 8 (3.85)

Total score by PHQ-9—Mean, SD (IQR) 4.31, 4.83 (0–27)

Anxiety by GAD-7

Absence of
anxiety 155 (74.52)

Mild anxiety 44 (21.15)
Moderate anxiety 7 (3.37)
Severe anxiety 2 (0.96)

Total score by GAD-7—Mean, SD (IQR) 2.67, 3.76 (0–21)

Both depression and anxiety—Frequency (%) 50 (24.04)
SD: standard deviation; IQR: interquartile range.

3.1. Mental Health Status

Table 3 depicts the percentage of respondents by level of depression and anxiety during
the fourth wave of COVID-19 in Vietnam. Of the 208 participants, 38.94% of them reported
symptoms of depression, 25.48% reported symptoms of anxiety, and 24.04% reported both
symptoms of depression and anxiety. Results found that 3.85% of the hospital healthcare
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workers reported severe depression, 7.69% reported moderately severe depression and
more than one-fourth (27.40%) reported mildly severe depression. Of the participants,
24.52% had mild and severe anxiety symptoms, and only 2 (0.96%) respondents had severe
depression symptoms. 24.04% had undergone both depression and anxiety.

Especially, statistically significant difference in total score by PHQ-9 (p = 0.0202) and
total score by GAD-7 (p = 0.0011) were observed amongst the severity levels of COVID-19
patients. Both depression score by PHQ-9 and anxiety score by GAD-7 were highest in the
severe group (Figure 1).

Figure 1. Measurement of total score by PHQ-9 and total score by GAD-7 according to the severity of
COVID-19 patient who were treated by hospital health workers.

3.2. Association with Symptoms of Depression

Table 4 indicates analysis result of factors associated with depression using univari-
able and multivariable logistic regression. Statistically significant variables which were
associated with depression in both logistic regressions included medical staff’s age (OR
univariable: 0.93, 95%CI 0.88–0.97; OR multivariable: 0.88, 95%CI 0.81–0.97), having expe-
rienced traumatic stress following a work event in the past week (OR univariable: 11.53,
95%CI 4.20–31.62; OR multivariable: 298.08, 95%CI 14.99–5926.01), having experienced
traumatic stress following a disease event in the past week (OR univariable: 10.08, 95%CI
1.19–85.35; OR multivariable: 136.42, 95%CI 1.57–11,792.85), duration of participation in
COVID-19 control within 1–3 months (OR univariable: 0.29, 95%CI 0.12–0.72; OR multivari-
able: 0.21, 95%CI 0.05–0.86), and being affected by workplace conditions (OR univariable:
3.93, 95%CI 2.17–7.12; OR multivariable: 4.50, 95%CI 1.63–12.39).

3.3. Association of the Symptoms of Anxiety

In the reduced model after using multivariate stepwise logistic regression (Table 5),
we found age, marial status, profession, having experienced traumatic stress following
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a work event, feeling at very high risk for COVID-19, and being affected by workplace
conditions were associated with clinically significant depression in hospital healthcare
workers. Older age was associated with a lower risk of depression (OR = 0.9, 95%CI:
0.85–0.96, p = 0.001). The prevalence of depression symptoms in the widowed/divorced
group was higher than in the married group (OR = 7.84, 95%CI: 1.26–48.60, p = 0.027).
Compared to respondents who were medical doctors, those being a medical technician
was associated with lower risks of depression (OR = 0.39, 95%CI: 0.17–0.90, p = 0.028).
Those with traumatic stress following a work event in the past week had higher risk of
depression than those without traumatic stress following a work event (OR = 46.24, 95%CI:
9.12–234.28, p < 0.001). Those who felt at very high risk for COVID-19 had lower risk of
depression compared to those reporting no infected risk (OR = 0.02, 95%CI: 0.0005–0.83,
p < 0.04). Individuals affected by workplace conditions had an elevated risk for depression
(OR = 5.36, 95%CI: 2.41–11.92, p < 0.001).

In both univariate and multivariable analysis (Table 6), single status (OR univariable:
2.44, 95%CI 1.18–5.03; OR multivariable: 7.28, 95%CI 1.03–51.24), having experienced
traumatic stress following a family event (OR univariable: 10.73, 95%CI 3.93–29.33; OR
multivariable: 153.97, 95%CI 5.43–4362.13), having experienced traumatic stress following
a work event (OR univariable: 17.49, 95%CI 6.89–44.40; OR multivariable: 265.42, 95%CI
8.39–8389.72), and being significantly affected by the community (OR univariable: 4.90,
95%CI 2.51–9.55; OR multivariable: 6.13, 95%CI 1.40–26.84) were found to be associated
with the symptoms of anxiety.

The results from the multivariate stepwise logistic regression are presented in Table 6.
Single status (OR: 12.18, 95%CI 2.48–59.85, p = 0.002), being a medical technician (OR:
68.89, 95%CI 7.33–646.98, p < 0.001), alcohol intake (OR: 6.83, 95%CI 1.48–31.58, p = 0.014),
using pain relief medication (OR: 25.50, 95%CI 1.04–620.52, p = 0.047), having experienced
traumatic stress following a family event (OR: 130.32, 95%CI 7.06–2404.04, p = 0.001), hav-
ing experienced traumatic stress following a work event (OR: 181.55, 95%CI 8.80–3745.22,
p = 0.002), reporting at very high risk for COVID-19 (OR: 29.64, 95%CI 2.20–398.16, p = 0.011),
treating moderate (OR: 6.46, p = 0.038) and severe (OR: 18.96, p = 0.004) COVID-19 patients,
and being significantly affected by the community (OR: 6.33, 95%CI 1.89–21.19, p = 0.003)
were increasing risk factors for the symptoms of anxiety in hospital healthcare workers.
Meanwhile, those living with 4–5 people (OR: 0.15, 95%CI 0.03–0.65, p = 0.011), specializing
in infectious diseases (OR: 0.13, 95%CI 0.01–0.94, p = 0.044)/resuscitation and emergency
medicine (OR: 0.04, 95%CI 0.002–0.94, p = 0.046), and obtaining relevant knowledge before
participating in COVID-19 treatment (OR: 0.008, 95%CI 0.0002–0.37, p = 0.014) were less
associated with the symptoms of anxiety.
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4. Discussion

Despite the research regarding the various impact of COVID-19 on healthcare worker
wellness, little is currently known about psychological impacts of the COVID-19 pandemic
on the medical staff involved in direct treatment of COVID-19 patients in isolation treatment
zones which can be aggregated to assess prevalence accurately and to provide a complete
understanding of the effectiveness of psychological interventional strategies. The present
study, promptly carried out during the ongoing COVID-19 pandemic in Vietnam, investi-
gated the prevalence of and risk/protective factors associated with depression and anxiety
symptoms among hospital healthcare workers who are working in COVID-19 treatment
facilities based on a health facility convenient-sample survey. Approximately two-fifth
(38.94%) and one-fourth (25.48%) of healthcare workers exhibited symptoms of depres-
sion and anxiety, respectively, while nearly one-fourth (24.04%) of them documented
both symptoms of depression and anxiety. In fact, the rates of depression and anxiety
in this study were not higher than those reported previously. This can be understood
due to the long-term adaptive response to the fight against the COVID-19 epidemic of
the Vietnamese health system in general, as well as frontline medical staff in particular.
Especially, the healthcare workforce who have been working at the National Hospital of
Tropical Diseases were involved in the treatment of COVID-19 from the first cases in the
first wave of COVID-19 pandemic, and so by the current fourth COVID-19 wave in Viet-
nam had extensive experience in managing COVID-19 patients in isolation treatment areas.
Several psychologically vulnerable populations were also identified, such as individuals
with single/widowed/divorced status, those who had experienced traumatic stress follow-
ing a work event in the past week, those who were treating moderate and severe COVID-19
patients, and those who were significantly affected by the community. These findings con-
tributed to the building of clear strategies to support and appropriately manage hospital
healthcare workers involved in the treatment of COVID-19 patients, essential to ensure
effective staff management and to engender trust in isolation treatment zones.

The result suggests that feeling at very high risk for COVID-19 is a critical factor in
understanding the increased prevalence of depression and anxiety among participants
who were working in isolation COVID-19 treatment zones. This finding is in accord with
previous evidence reporting that doctors and nurses working in high-risk departments had
higher risk of at least one mental health problem [23]. With the rapid increase in the number
of hospitalized COVID-19 patients, medical staffs have to face enormous workload and
high-risk of infection [24], which easily leads to work trauma for the COVID-19 treatment
staff team. One of our findings was consistent with this statement, as higher levels of
anxiety/depression were also documented among those who reported with traumatic
stress following a work event in the past week.

Our findings indicate thatadvanced age was a protective factor for depression symp-
toms, but this age variable is not statistically significant for anxiety related models in all
present analyses. In the Egyptian population, age was reported to show a significantly
negative correlation with depression during the COVID 19 outbreak [25]. A systematic
review of Jiaqi Xiong also showed that those from the younger age group (≤40 years)
presented with more depressive symptoms [26]. Compared healthcare workers only, our
finding was consistent with previous reports [27]. In addition, with respect to marital
status, this was identified as associated with the prevalence of depression and anxiety in
hospital healthcare workers. Herein, the prevalence of depression/anxiety symptoms in
those being widowed/divorced was higher than in those who were married. There was an
association of marital status with depressive symptoms in healthcare workers in Di Tella’s
study [28], while one other study reported that married people had higher levels of anxiety
when compared to those unmarried [29].

Usually, most medical staff working in hospitals had not receivedd mental health
training, and consequently daily working hours were positively associated with all psycho-
logical disorders in frontline healthcare workers, such as depression and anxiety, [27,30],
especially worrisome in hospital health professionals who were involved in treating moder-
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ate and severe COVID-19 patients. We found that treating moderate and severe COVID-19
patients was a predictor for clinically significant anxiety. The reason may be that hospital
medical staffs facing severely infected patients must regularly monitor, as well as worry
about the worsening of, these severe cases, which is clearly different to healthcare workers
who managed mild cases with no symptoms.

Several implications can be inferred from these results. It seems that the symptoms of
depression and anxiety during the COVID-19 pandemic for frontline healthcare workers
are mainly caused as a response to the life-threatening situation and being placed under
significant pressure. At the family and social level, a psychological counseling hotline
should be widely opened with the support of family members, psychological doctors, social
workers, and volunteers.

The strengths of the current study are determined by several issues. To date, no
updated report of the prevalence of anxiety and depression during the fourth wave of
COVID-19 has been published in Vietnam. Despite caveats, the present study provides
insights into the work-related and socio-demographic factors, psychological trauma-related
factors and COVID-19 control and prevention work-related factors and the symptoms of
depression, and is the first study in Vietnam indicating relative prevalence of clinically
significant depression and anxiety in a particular healthcare population.

The study limitations should, however, also be noted before interpretation. First, the
PHQ-9 and GAD-7 have been, in fact, less commonly applied to ascertain population or com-
munity prevalence of depression symptoms or generalised anxiety symptoms. The present
study did not establish the sensitivity, specificity and positive and negative predictive
values of cut-off scores using the PHQ-9 and GAD-7 with health workers. Second, self-
reported alcohol and tobacco consumption, in addition, comes with an inherent limitation
due to no measurement with specific instruments for the two variables. Third, owing to
the COVID-19 urgency and the time limit, the frontline medical staff involved in direct
treatment of COVID-19 patients in isolation treatment zones might have expressed less de-
pression and anxiety than the actual condition, due to social desirability factors. Fourth, the
survey’s timing may limit generalization to all hospital healthcare workers who were
working during fourth COVID-19 epidemic period and in other parts of Vietnam where
the pandemic situation was more severe such as Ho Chi Minh City and western provinces
of Vietnam. Finally, our sample size is not large enough to represent COVID-19 treatment
facilities with the cross-sectional design used, which may also have limited statistical power
to detect differential associations with the severity of depressive and anxiety symptoms.
Given the time-sensitivity of the COVID-19 outbreak and limited resources available, the
study was not distributed to wider, similar populations in other COVID-19 hotspots.

5. Conclusions

This study provides the first empirical evidence of the relative prevalence among
Vietnamese hospital healthcare workers of symptoms of depression and anxiety during the
ongoing pandemic. Training in psychological skills for individuals belonging to younger
age groups, being single/widowed/divorced, treating moderate and severe COVID-19
patients, feeling very high COVID-19 infection risk, being significantly affected a lot by com-
munity/workplace conditions, and experiencing traumatic stress following a family/work
event in the past week should be studied further to ensure the continuous involvement
of the hospital healthcare workforce in COVID-19 patient management and treatment in
isolation health facilities.
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Abstract: There is a gap in the epidemiological data on obesity and COVID-19 mortality in low
and middle-income countries worst affected by the COVID-19 pandemic, including Peru. In this
ecological study, we explored the association between body mass index (BMI), the prevalence of
overweight and obesity, and the COVID-19 mortality rates in 25 Peruvian regions, adjusted for
confounding factors (mean age in the region, mean income, gender balance and number of Intensive
Care Unit (ICU) beds) using multiple linear regression. We retrieved secondary region-level data
on the BMI average and prevalence rates of overweight and obesity in individuals aged ≥ 15 years
old, from the Peruvian National Demographics and Health Survey (ENDES 2020). COVID-19 death
statistics were obtained from the National System of Deaths (SINADEF) from the Peruvian Ministry
of Health and were accurate as of 3 June 2021. COVID-19 mortality rates (per 100,000 habitants) were
calculated among those aged ≥ 15 years old. During the study period, a total of 190,046 COVID-19
deaths were registered in individuals aged ≥ 15 years in 25 Peruvian regions. There was association
between the BMI (r = 0.74; p = 0.00001) and obesity (r = 0.76; p = 0.00001), and the COVID-19 mortality
rate. Adjusted for confounding factors, only the prevalence rate of obesity was associated with
COVID-19 mortality rate (β = 0.585; p = 0.033). These findings suggest that as obesity prevalence
increases, the COVID-19 mortality rates increase in the Peruvian population ≥ 15 years. These
findings can help to elucidate the high COVID-19 mortality rates in Peru.

Keywords: COVID-19; pandemic; overweight; obesity; Peru

1. Introduction

Overweight and obesity are global public health problems [1]. Their prevalence has
increased rapidly during recent decades [2,3], and studies have shown an association
between obesity and infectious diseases [4]. During the COVID-19 pandemic, studies in
high-income countries have shown that obesity increases the risk for hospitalization and
death among patients with COVID-19 [5,6]. Most studies included patients with COVID-19
symptoms admitted to hospital, where obesity itself and the severity of the disease increase
the risk of death [7,8]. Avoiding this bias, one recent study showed that excess weight
linearly increased the risk of severe COVID-19, leading to admission to hospital and death
(body mass index > 28 kg/m2) [9]. In other observational studies, obesity prevalence was
significantly correlated with both infection and/or COVID-19 mortality [10–13]. Despite
these findings, to date, there is a gap of epidemiological data on obesity and COVID-19
mortality in low- and middle-income countries.

In Latin American, Peru has been one of the worst-affected countries by the COVID-19
pandemic [14,15]. Despite the rapid implementation of control measures, by the end of
June 2021, more than two million cases and over 190,000 deaths were confirmed, with a
case fatality rate of 9.31% [16]. In addition, a study in the first months of the COVID-19
pandemic found a correlation between the prevalence of obesity and COVID-19 mortality,
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although its findings are limited [13]. Despite this, it has not been documented how
COVID-19 mortality rates vary according to body mass index (BMI) and the prevalence
of overweight and obesity. Here, we explored the association between body mass index
(BMI), the prevalence of overweight and obesity, and COVID-19 mortality in 25 Peruvian
regions, adjusted by for possible confounding factors.

2. Materials and Methods

2.1. Study Design and Setting

We performed an ecological study following the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guidelines [17]. For this study,
we retrieved secondary region-level data on the BMI average and prevalence rates of
overweight and obesity in individuals aged ≥ 15 years old from the Peruvian National
Demographics and Health Survey (ENDES 2020) [18]. ENDES 2020 includes a sample of
32,197 men and women aged 15 years or more, from 25 Peruvian regions (Figure 1), from
January to December 2020. COVID-19 deaths were obtained from the National System of
Deaths (SINADEF) from the Peruvian Ministry of Health (MINSA), accurate as of 3 June
2021 [19]. The SINADEF database records all deaths that occur in Peru and generates the
death certificates and statistical reports. Death records with COVID-19 as the underlying
cause of death were included in the study. Data on the mean age in the region, mean
income and gender balance were retrieved obtained from the National Institute of Statistics
and Informatics (INEI). The number of Intensive Care Unit (ICU) beds was obtained of
App. F500.2 from at the Superintendencia Nacional de Salud, Perú (SUSALUD).

Figure 1. Location of Peru within South American.

2.2. Statistical Analysis

COVID-19 mortality rates (per 100,000 habitants) among those aged ≥ 15 years old
were calculated by dividing the number of COVID-19 deaths per department by the
estimated population of each department. Population counts for calculating mortality rates
were obtained from the INEI, Peru [20]. Spearman’s test and linear regression models were
used to estimate correlations between the BMI, the prevalence of overweight and obesity,
and COVID-19 mortality rates. Multiple regression analysis was also used for possible
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confounding factors. p-values < 0.05 were considered significant. Confounding factors
included the mean age in the region (years), mean monthly income (PEN), gender balance
and number of ICU beds. Statistical analyses were conducted using StataSE 16.0 Software.

This study was based on public use data that do not include personal information;
therefore, it was exempt from institutional review board approval.

3. Results

During the study period, a total of 190,046 COVID-19 deaths were registered in
individuals aged ≥ 15 years in 25 Peruvian regions. Among the individuals aged ≥ 15 years
old, the highest prevalence rates of overweight and obesity were registered in Tacna,
Moquegua, and Ica regions. The five regions with the highest COVID-19 mortality rates
were Ica (1083.6 per 100,000 habitants), Callao (1071.3 per 100,000 habitants), Lima (979.9
per 100,000 habitants), Moquegua (883.3 per 100,000 habitants), and Lambayeque (811.4
per 100,000 habitants) (Table 1).

Table 1. BMI average, prevalence of overweight and obesity, and COVID-19 mortality rate in ≥15-year-olds in 25 Peruvian
regions, March 2020 to June 2021.

Region
BMI

(kg/m2)
[18]

Prevalence
of

Overweight
(%) [18]

Prevalence
of

Obesity
(%) [18]

COVID-
19 Deaths

[19]

Population
[20]

COVID-19
Mortality
Rate (per
100,000

Habitants)

Mean
Age

(Years)

Mean
Monthly
Income
(PEN)

Gender
Balance

(Men/Women)
[20]

No.
of

ICU
Beds

Amazonas 26.2 36.1 15.8 1135.0 289,802.0 391.6 30.95 1014.0 1.07 19

Ancash 26.9 35.6 21.8 6373.0 876,703.0 726.9 32.36 1230.9 1.01 62

Apurimac 25.8 33.2 14.7 1401.0 300,395.0 466.4 29.99 1123.8 1.05 38

Arequipa 28.0 36.8 28.8 8519.0 1,187,931.0 717.1 32.45 1703.1 0.95 92

Ayacucho 25.9 33.9 15.5 1949.0 464,136.0 419.9 30.04 970.6 1.04 20

Cajamarca 25.9 38.6 13.9 3839.0 1,016,792.0 377.6 30.71 954.4 0.98 61

Callao 28.4 35.3 31.8 9670.0 902,609.0 1071.3 32.36 1579.6 0.94 113

Cusco 26.2 36.6 16.8 4390.0 988,897.0 443.9 30.34 1234.1 1.02 50

Huancavelica 24.9 30.8 9.6 1079.0 236,955.0 455.4 30.28 742.1 1.01 21

Huanuco 26.2 36.9 15.9 2558.0 524,371.0 487.8 30.01 1007.1 1.01 44

Ica 28.4 36.5 33.5 7863.0 725,610.0 1083.6 30.93 1507.5 0.99 84

Junin 26.4 39.3 17.0 6570.0 982,199.0 668.9 31.18 1206.3 0.98 77

La
Libertad 27.9 38.5 27.8 9778.0 1,531,668.0 638.4 31.55 1307.5 0.97 96

Lambayeque 27.5 39.5 25.0 8042.0 991,121.0 811.4 32.24 1203.6 0.93 86

Lima 28.1 37.0 28.9 85,748.0 8,750,417.0 979.9 33.05 1885.9 0.91 845

Loreto 26.4 29.6 22.1 3977.0 680,927.0 584.1 28.50 1231.5 1.08 52

Madre de
Dios 28.5 43.9 32.4 727.0 135,428.0 536.8 27.48 1665.0 1.37 25

Moquegua 28.7 37.7 35.8 1374.0 155,545.0 883.3 32.85 1801.5 1.17 28

Pasco 26.3 37.7 17.2 961.0 195,114.0 492.5 30.12 1172.0 1.07 31

Piura 27.2 34.2 25.0 11,414.0 1,535,433.0 743.4 30.42 1146.0 1.01 109

Puno 26.8 37.9 20.4 3603.0 904,267.0 398.4 29.72 876.1 0.96 42

San
Martin 26.4 36.5 19.9 2833.0 639,533.0 443.0 29.89 1159.2 1.14 49

Tacna 28.7 38.7 34.4 1821.0 303,701.0 599.6 31.91 1392.3 1.04 32

Tumbes 27.8 40.0 27.6 1489.0 191,850.0 776.1 29.91 1264.3 1.20 17

Ucayali 26.9 37.7 22.0 2933.0 416,932.0 703.5 28.00 1174.4 1.13 37

BMI: body mass index (kg/m2). ICU: Intensive Care Unit.
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There was an association between BMI (r = 0.74; p = 0.00001) and obesity (r = 0.76;
p = 0.00001) and the COVID-19 mortality rate (per 100,000 habitants) (Figure 2A–C). Ad-
justed by possible confounding factors (mean age in the region, mean monthly income,
gender balance and number of ICU beds), only the prevalence rate of obesity was associated
with COVID-19 mortality rate (β = 0.585; p = 0.033) (Table 2). The model was statistically
significant (F (5,19) = 8.89, p < 0.0002, Adj. R2 = 0.60).

Figure 2. Correlation between body mass index (BMI) average (A), prevalence of overweight (B) and obesity (C) and
mortality rates due to COVID-19 in Peru, March 2020 to June 2021.
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Table 2. Multiple regression analysis of prevalence of obesity and COVID-19 mortality adjusted.

Variable Coef. SE Beta t p-Value

BMI and COVID-19 mortality

BMI (kg/m2) 94.49 51.60 0.479 1.83 0.083

Mean age in the region (years) −5.58 32.62 −0.038 −0.17 0.866

Mean monthly income (PEN) 0.262 0.23 0.359 1.10 0.285

Gender balance (men/women) −707.0 482.3 −0.336 −1.47 0.159

No. of ICU beds 0.028 0.251 0.021 0.11 0.911

Obesity and COVID-19
mortality

Prevalence of obesity (%) 16.76 7.28 0.585 2.3 0.033

Mean age in the region (years) −2.52 31.2 −0.017 −0.08 0.937

Mean monthly income (PEN) 0.17 0.23 0.240 0.75 0.464

Gender balance (men/women) −693.81 462.6 −0.330 −1.5 0.15

No. of ICU beds 0.08 0.24 0.068 0.36 0.72

BMI: body mass index (kg/m2). ICU: Intensive Care Unit.

4. Discussion

During the COVID-19 pandemic, older adults and people with co-morbidities, includ-
ing patients with obesity, have experienced the highest risk of COVID-19 death [6–8,21]. A
previous cohort study reported that, compared with patients with a BMI of 18.5–24 kg/m2,
patients with BMI ≥ 40 kg/m2 had a higher risk of COVID-19 death [7]. Recently, another
study reported that the risk of COVID-19 death was more strongly associated with people
with a BMI of more than 28 kg/m2 [9]. Our findings, despite being correlational, support
this observation, because in the Peruvian regions where the BMI was higher (i.e., Tacna,
Moquegua and Ica), we found higher COVID-19 mortality rates. However, adjusted by
possible confounding factors, there was not association between the BMI and COVID-19
mortality rates. To date, there is little evidence on the mechanisms attributable to BMI
effects on COVID-19 mortality. A possible explanation is that excess weight can cause
the metabolic impairment of organ functioning [22]. Other possible explanations for BMI
increasing COVID-19 mortality could be associated with the severity of COVID-19, male
sex, increasing age, and other factors that were not investigated in this study.

In our study, there was correlation between the prevalence of obesity and COVID-
19 mortality, i.e., as the obesity prevalence increased, the COVID-19 mortality rates in-
creased in the population aged ≥ 15 years. These findings are consistent with correlational
studies which found that, as the obesity prevalence increased, the COVID-19 deaths
increased [10–13]. Cohort studies and meta-analyses on the effect of excess weight on
COVID-19 clinical outcomes also reported that obesity was independently associated with
the severity of COVID-19 and the risk of death increased [7,8]. The increase in COVID-19
mortality in patients with obesity could be explained by associations with hypertension, di-
abetes, or respiratory distress syndrome [7,9]; however, to date, the mechanisms explaining
the association between obesity and COVID-19 mortality remain limited. In Peru, obesity
and high COVID-19 mortality also could be explained by other external factors, such as
infrastructure, overload of the health system, medicines, and available intensive care unit
beds [14,15].

As with any observational study, the limitations of our study include its ecological
design, because we used several different information sources (ENDES 2020, SINADEF,
INEI, and SUSALUD); therefore, our findings could have resulted in a possible bias. In our
findings, there could also have been an overestimation due to unmeasured covariates, such

221



Trop. Med. Infect. Dis. 2021, 6, 182

as the population density, and delayed COVID-19 death registration. On the other hand, the
ecological design (group level variables) made it difficult to determine causality between
the obesity and the COVID-19 mortality, i.e., we cannot make causal inference with the
average characteristics of the group about individual risk. Therefore, our findings should be
interpreted at the population level, not the individual-level. Finally, the ecological design is
not able to account for changes that impact transmission dynamics, such as the appearance
of new variants of concern or the introduction of vaccination. Despite these limitations,
the main strengths of our study were the large number of deaths included (n = 190,046, as
of June 2021) for estimating the COVID-19 mortality and the multiple regression analyses
for possible confounding factors (mean age in the region, mean monthly income, gender
balance and number of ICU beds), compared with a previous study that included a total of
51,789 deaths (as of July 2020) [13].

5. Conclusions

Our findings suggest that, as the obesity prevalence increases, the COVID-19 mortality
rates increase in Peruvian populations aged ≥ 15 years. Interventions for obesity improve
weight loss; however, we cannot assure that these interventions might reduce COVID-19
mortality. In the long term, there is a need to strive towards achieving healthy weights in
the Peruvian population and to decrease the risk of death from other infections in future.
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Abstract: The SARS-CoV-2 P.1 variant of concern (VOC) was first identified in Brazil and is now
spreading in European countries. It is characterized by the E484K mutation in the receptor-binding
domain, which could contribute to the evasion from neutralizing antibodies. In Italy, this variant
was first identified in January 2021. Here, we report an autochthonous outbreak of SARS-CoV-2 P.1
variant infections in southern Italy in subjects who had not travelled to endemic areas or outside
the Apulia region. The outbreak involved seven subjects, three of whom had received a COVID-19
vaccine (one had received two doses and two had received one dose). Four patients had a mild
clinical presentation. Laboratory investigations of nasopharyngeal swabs revealed that all strains
were S-gene target failure-negative and molecular tests revealed they were the P.1 variant. Whole-
genome sequencing confirmed that five subjects were infected with closely related strains classified
as the P.1 lineage. The circulation of VOCs highlights the importance of strictly monitoring the
spread of SARS-CoV-2 variants through genomic surveillance and of investigating local outbreaks.
Furthermore, public health measures including social distancing, screening, and quarantine for
travelers are key tools to slow down the viral transmission and to contain and mitigate the impact of
VOC diffusion, and rapid scaling-up of vaccination is crucial to avoid a possible new epidemic wave.

Keywords: outbreak; P.1 variant; Gamma variant; SARS-CoV-2 infection; COVID-19; whole-genome
sequencing

1. Introduction

In December 2020, the European Center for Disease Control and Prevention (ECDC)
first reported the spread of a new SARS-CoV-2 variant of concern (VOC) characterized
by multiple spike protein mutations and mutations in other genomic regions, called VOC
202012/01—lineage B.1.1.7, in the UK, and labeled Alpha variant by the World Health
Organization [1,2]. A few weeks later, a new ECDC risk assessment described the emer-
gence of two new VOCs, namely, the 501Y.V2 variant (Beta variant), which was isolated in
South Africa, and the P.1 variant (Gamma variant), which was identified in Brazil, mostly
in the Amazonas state [3]. The overall risk associated with the introduction and commu-
nity spread of these VOCs was assessed as being high/very high [3]. In May 2021, the
SARS-CoV-2 B.1.617.2 Delta variant emerged in India and has spread all over the world [4].
At the time of writing, all these lineages seem to have almost replaced the previous circu-
lating viruses in the geographic regions and the Delta VOC, in particular, shows very high
probability of becoming the dominant circulating strain in the EU/EAA [4–7]. The spread
of VOCs with a high transmission potential poses a serious risk in terms of virulence,
potential reinfections, and antibody responses to and efficacies of vaccines [4,8].
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The P.1 variant is characterized by 11 amino acid changes in the spike protein, three of
which are located in the receptor-binding domain (RBD) [3]. These amino acid changes are
L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, H655Y, T1027I, and V1176F [3]. The
501Y.V2 and P.1 variants are both characterized by the E484K mutation in the RBD, which
could contribute to the evasion from neutralizing antibodies [9,10]. Cases of reinfection
caused by SARS-CoV-2 strains carrying the E484K mutation have been described [11]. The
P.1 variant was first identified in Japan in four travelers from Brazil, but there was no
indication it was associated with more severe disease [8]. However, recent studies reported
evidence that disease severity is increased with this variant [12]. Moreover, an impact
on transmissibility has also been demonstrated [13]. Retrospective analyses of samples
collected in Manaus (Brazil) demonstrated the presence of the P.1 variant from November
2020, when case numbers of COVID-19 were high, and a rise of this variant from 0% to
87% in 7 weeks [13]. Moreover, a statistically significant association between P.1 infection
and a lower Cycle threshold (Ct) value in real-time PCR, which is an indirect index of viral
load in different specimens [14], was reported [13].

In Europe, infections of the P.1 variant, as well as the B.1.1.7, B.1.351, and B.1.617.2
VOCs, have been associated with a higher risk of hospitalization and intensive care unit
admission [4,12]. In Italy, the P.1 variant was first reported in January 2021 in three patients
returning from Brazil [15]. Monthly national flash surveys conducted in Italy to estimate
the prevalence of VOCs from February 2021, reported that the estimated prevalence of the
P.1 variant increased from 0% in February 2021 to 11.8% in June 2021 [16]. In the Apulia
region, the estimated prevalence of the P.1 variant remained below 1% [16].

Here, we report an autochthonous outbreak of SARS-CoV-2 P.1 variant infections in
southern Italy occurred in April 2021, when strict non-pharmaceutical interventions (NPI)
were mandatory and travels outside the regions were forbidden.

2. Results

Of the seven patients involved in the outbreak, six were members of the same family
and one was a friend of the index case. The demographic and clinical characteristics of the
patients are shown in Table 1.

Table 1. Demographic and clinical characteristics of seven cases of SARS-CoV-2 P.1 variant infections.

Patient
Number

Relationship
with the

Index Case

Age
(Years)

Sex Comorbidities
Date of

Onset of
Symptoms

Date of
Diagnosis

Clinical
Presentation

Vaccinated

1 Index case 45 Male No 20 April 2021 21 April 2021 Mild No

2 Wife 31 Female No - 29 April 2021 Asymptomatic No

3 Father-in-
law 73 Male Diabetes,

Hypertension 28 April 2021 28 April 2021 Mild
Yes, BNT162b2

(second dose on
30 March 2021)

4 Mother-in-
law 69 Female No - 28 April 2021 Asymptomatic

Yes, BNT162b2
(first dose on 19

April 2021)

5 Brother-in-
law 53 Male No 21 April 2021 22 April 2021 Mild No

6 Nephew 16 Male No - 12 May 2021 Asymptomatic No

7 Friend 37 Male No 26 April 2021 27 April 2021 Mild
Yes, ChAdOx1-S
(first dose on 29

March 2021)

The index case (patient 1) was a healthy 45-year-old man who resided in a small town
with about 13,000 inhabitants in the province of Bari, Italy, and presented with high-grade
fever (>39 ◦C), sore throat, diarrhea, anosmia, and ageusia on 20 April 2021. He reported
no history of travel in any area endemic for the SARS-CoV-2 P.1 variant or travel out of the
Apulia region because travel was forbidden by national health authorities, nor contacts
with any SARS-CoV-2 positive case. The patient tested positive for SARS-CoV-2 on 21
April 2021. His wife and other household members also tested positive for SARS-CoV-2
and were promptly quarantined. Contact tracing revealed that 30 subjects were contacts
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of the index case and his household members. All of them were tested for SARS-CoV-2
infection. Among these contacts, only a friend of the index case who showed symptoms on
26 April 2021, tested positive (patient 7). Epidemiological investigation revealed that the
contact with the index case occurred on 20 April 2021 during football training. Patients 3, 5,
and 7 had mild clinical presentation, with symptoms developing between 21 and 26 April
2021. Patient 3 was fully vaccinated with two doses of the BNT162b2 COVID-19 vaccine.
The first dose was administered on 8 March 2021, and the second dose was administered
on 30 March 2021, in accordance with the recommended schedule. Patients 4 had received
one dose of the BNT162b2 COVID-19 vaccine on 19 April 2021, and patient 7 had received
one dose of the ChAdOx1-S COVID-19 vaccine on 29 March 2021 (Table 1).

The seven patients involved in the outbreak tested positive for SARS-CoV-2 by real-
time PCR and all were S-gene target failure (SGTF)-negative. Therefore, samples were
subjected to molecular screening for variants and designated the P.1 variant because of the
presence of the K417T, E484K, and N501Y spike mutations. Whole-genome sequencing was
performed of all seven strains, but high-quality SARS-CoV-2 genome sequences were only
obtained for patients 1, 3, 4, 5, and 7. These were imputed into the PANGOLIN tool for
lineage classification [17] and classified as the P.1 lineage. The sequences were deposited
in the GISAID database (www.gisaid.com, accessed on 11 August 2021). The accession
numbers are reported in Figure 1. The phylogenetic tree showed closely related strains,
thus suggesting a common source of exposure (Figure 1).

 

Figure 1. Phylogenetic tree of 18 SARS-CoV-2 full genome sequences, including the five genomes
examined in this study (red dots). The reference SARS-CoV-2 genome (GISAID accession num-
ber: EPI_ISL_660190) was included to root the tree. P.1 reference strain has been used to construct
the tree (GISAID accession numbers: EPI_ISL_833137). Other Italian P.1 SARS-CoV-2 sequences
have been used for comparison (GISAID accession numbers: EPI_ISL_2408064, EPI_ISL_1759564,
EPI_ISL_2396880, EPI_ISL_2483580, EPI_ISL_1580506, EPI_ISL_1647084, EPI_ISL_2270843,
EPI_ISL_1036239, EPI_ISL_1251005, EPI_ISL_2958678, EPI_ISL_3127425). Evolutionary analyses
were conducted in MEGAX by using the maximum likelihood method and Tamura-Nei model. The
robustness of branching pattern was tested by 1000 bootstrap replications. Bootstrap values are
reported. The scale bar indicates nucleotides substitutions per site.
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3. Discussion

Virus importation associated with travel has been the key driver of viral spread since
the first wave of the COVID-19 pandemic in Italy [18]. Cases of imported SARS-CoV-2
variant P.1 infection were first reported on 7 January 2021 in Central Italy in travelers
returning from Brazil, and this variant was also subsequently identified in northern and
southern Italy [15]. All direct flights from Brazil to Italy were cancelled on 16 January
2021. Another case of P.1 infection was identified in a traveler returning from Brazil on 17
January 2021, thus confirming the risk of introducing variants via indirect flights [19]. An
in-depth molecular epidemiological analysis performed by Di Giallonardo et al. showed
intensive local transmission of the P.1 variant in Italy after its travel-linked introduction [20].
In the Apulia region, the P.1 variant was first identified through a flash national survey
on 20 April 2021 [21]. It was identified in a patient without risk factors for P.1 variant
infection (i.e., travel or contact with a P.1 variant-positive case). Thereafter, we documented
the circulation of the P.1 variant in two more provinces of the Apulia region (data not
published). The present study reports an outbreak of the SARS-CoV-2 P.1 VOC in southern
Italy. Among cases, no subjects with known travel history, nor contacts with other SARS-
CoV-2 positive subjects were identified. Therefore, despite lockdown restrictions being
imposed in Italy from December 2020, the cluster described here is concerning and suggests
a local ongoing transmission, although at a low level, of this variant in the Apulia region.

The symptomatic cases of the outbreak here described showed a mild clinical presen-
tation. Recently, de Siqueira et al. also reported a familial cluster of five cases, with three
having severe disease, one of whom died [22]. We could speculate that the difference in
clinical presentation between this previous study and the cases described here could be
related to the fact that three of our seven cases had received at least one dose of a COVID-19
vaccine, which may have protected them against severe disease. Of note, patient 4 received
the first vaccine dose only a few days before being diagnosed and was asymptomatic,
while patient 3 was fully vaccinated and received the second dose 1 month before the
clinical onset of symptoms. As previously reported for the B.1.1.7 lineage VOC in the
Apulia region [23], the P.1 variant raises concerns about such strains causing possible
symptomatic post-vaccination infections. Some studies demonstrated that samples of vac-
cinated and convalescent people exhibit lower neutralization activity against SARS-CoV-2
strains harboring the E484K spike mutation [24], showing the need to induce the highest
neutralization titers through vaccination. According to the European approach, the Italian
national guidelines indicate that the booster vaccination should be postponed to provide
more subjects with a first vaccination [25]. However, this approach will result in a lower
level of neutralizing antibodies and could leave some vaccinees unprotected in the context
of the rising spread of SARS-CoV-2 variants [24,26].

This study has some limitations. First, only five in seven samples were successfully
subjected to WGS. However, the molecular screening for variants and the epidemiological
linkage suggested the presence of SARS-CoV-2 P.1 lineage in all cases. Second, serum
samples after vaccination and before symptom onset for anti-spike IgG detection were not
available. Nevertheless, due to the incomplete vaccination schedule for two subjects, we
could hypothesize a low humoral response to vaccination.

In Italy, where the vaccination campaign is accelerating but has not yet reached suffi-
cient coverage, the spread of variants with higher transmissibility may have a significant
impact, also in the light of the reduction of NPI. The current scenario characterized by
the circulation of multiple VOCs and, in particular, of the Delta VOC [4], highlights the
importance of closely monitoring the spread of SARS-CoV-2 variants through genomic
surveillance and of investigating local outbreaks. Furthermore, maintaining public health
measures including social distancing, screening, and quarantine for travelers are key tools
to slow down the viral transmission and to contain and mitigate the impact of VOCs
diffusion on the National Health Service. Finally, rapid up scaling of vaccination in Italy is
crucial to avoid a possible new epidemic wave, particularly in younger people who have
not yet been vaccinated.
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4. Materials and Methods

Seven patients were involved in the outbreak. Their clinical presentations were
classified according to the National Institute of Health (NIH) clinical staging of COVID-19
disease [27]. Nasopharyngeal swabs were collected from all patients at the Local Health
Unit of Bari (Italy) and were processed at the Laboratory of Molecular Epidemiology and
Public Health of the Hygiene Unit (A.O.U.C. Policlinico Bari), which is the coordinator
of the Regional Laboratory Network for SARS-CoV-2 diagnosis in the Apulia region.
RNA was extracted using a MagMAX Viral/Pathogen Nucleic Acid Isolation Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The molecular test was performed using a three-
target commercial multiplex real-time PCR assay targeting the N, ORF1ab, and S genes
(TaqPath RT-PCR COVID-19 Assay; Thermo Fisher Scientific). SGTF was assessed to
rule out the B.1.1.7 lineage VOC because SGTF can be considered a robust proxy of VOC
202012/01 [26,28]. SGTF-negative samples were screened for the presence of notable types
of spike protein mutations (HV 69-70 deletion, N501Y, K417N, E484K, and K417T) using a
commercial multiplex real-time PCR kit (Seegene Allplex SARS-CoV-2 Variants I Assay,
Arrows Diagnostics, Genova, Italy). Whole-genome sequencing was performed using the
Ion Torrent platform (Thermo Fisher Scientific, Monza, Italy). The library was prepared
using an Ion AmpliSeq Library Kit Plus according to the manufacturer’s instructions
and the Ion AmpliSeq SARS-CoV-2 RNA custom primer panel (Thermo Fisher Scientific,
Monza, Italy). Quality control of AmpliSeq reads and their alignment to the complete
genome of the SARS-CoV-2 Wuhan-Hu-1 isolate were performed using the Torrent Server
of the Ion Torrent S5 sequencer with default settings. The aligned reads were utilized for
both reference-guided assembly and variant calling. The quality metrics for the reference-
based assemblies are as follows: 784,477 sequence reads (average length 149 bp), 674,160
mapped reads, GC% 40, and an average base coverage depth of 3222. The total genome size
was 29,780 bp. Assembly was performed using the Iterative Refinement Meta-Assembler
(IRMA) v.1.3.0.2, which produced a consensus sequence for the sample using a cut-off of
>50% for calling single nucleotide polymorphisms. The whole-genome sequences have
been deposited in the GISAID database (https://www.gisaid.com, accessed on 11 August
2021). Phylogenetic analysis was performed using MEGAX software.
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Abstract: A great global concern is currently focused on the coronavirus disease 2019 (COVID-19)
pandemic and its associated morbidities. The goal of this study was to determine the frequency of
newly diagnosed diabetes mellitus (DM) and its different types among COVID-19 patients, and to
check the glycemic control in diabetic cases for three months. After excluding known cases of DM,
570 patients with confirmed COVID-19 were studied. All participants were classified as non-diabetic
or newly discovered diabetic. According to hemoglobin A1c (HbA1c) and fasting insulin, newly
discovered diabetic patients were further classified into pre-existing DM, new-onset type 1 DM, and
new-onset type 2 DM. Glycemic control was monitored for three months in newly diagnosed diabetic
patients. DM was diagnosed in 77 patients (13.5%); 12 (2.1%) with pre-existing DM, 7 (1.2%) with
new-onset type 1 DM, and 58 (10.2%) with new-onset type 2 DM. Significantly higher rates of severe
infection and mortality (p < 0.001 and p = 0.046) were evident among diabetic patients. Among
survived diabetic patients (n = 63), hyperglycemia and the need for anti-diabetic treatment persisted
in 73% of them for three months. COVID-19 was associated with a new-onset of DM in 11.4% of
all participants and expression of pre-existing DM in 2.1% of all participants, both being associated
with severe infection. COVID-19 patients with newly diagnosed diabetes had high risk of mortality.
New-onset DM persisted for at least three months in more than two-thirds of cases.

Keywords: COVID-19; new-onset DM; severe infection; mortality

1. Introduction

In December 2019, in Wuhan (China), the first cases of severe pneumonia of unknown
origin were reported [1]. The causative organism has been identified as a new enveloped
RNA beta-coronavirus, and it was later named severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) [2]. Early in 2020, the World Health Organization (WHO) declared
coronavirus disease 2019 (COVID-19) as a global pandemic. Globally, as of 7 July 2021,
there have been 184,324,026 confirmed cases of COVID-19, including 3,992,680 deaths,
reported to WHO [3].

Diabetes is a common chronic metabolic disease, and one of the major causes of
morbidity and mortality, which leads to huge health and financial burden worldwide.
Patients with diabetes have an increased risk of severe complications, including severe
acute respiratory syndrome (SARS) and multi-organ failure [4].

There is a two-way relationship between COVID-19 and DM [5]. In the first way,
diabetes is associated with a poor COVID-19 prognosis [6]. In the other way, new-onset
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DM and severe complications of pre-existing DM, including diabetic ketoacidosis (DKA)
and hyperosmolarity, have been reported in patients with COVID-19 [7].

Severe acute respiratory syndrome coronavirus 2 may enter the pancreatic beta cells
through the expression of angiotensin-converting enzyme 2 (ACE2) receptors, impairing in-
sulin production, and consequently, either worsening DM or developing new-onset DM [8].
Insulin resistance due to higher levels of interleukin-6 and tumor necrosis factor-alpha
in patients with severe COVID-19 could be another probable explanation for developing
DM [9].

Despite this, many recently published data entailed the effect of previously diagnosed
DM on the clinical course and outcome of COVID-19 [5,8]. Only a few data are available
regarding the new-onset of DM among COVID-19 patients, its different types, its clinical
course, and its outcome after the recovery from COVID-19. The purpose of this work was to
determine the frequency of newly diagnosed DM and its different types among COVID-19
patients, and to assess the infection outcome and glycemic control during the study.

2. Methods

2.1. Study Population and Recruitment

In this biphasic cross-sectional/prospective study, after excluding known cases of DM,
we included 570 confirmed COVID-19 patients who were admitted to Zagazig University
Hospital and Zagazig General Hospital, from 1 April 2020 to 31 May 2020. Exclusion criteria
included age <18 years old, pregnancy, unconfirmed cases of COVID-19, and previously
diagnosed cases of DM.

2.2. Patient Assessment

All patients underwent thorough clinical and laboratory assessment and chest com-
puterized tomography (CT). The following laboratory measures were recorded in all
participants on admission: complete blood count measured using Sysmex XN-2000 auto-
analyzer (Siemens Diagnostic, Erlangen, Germany) and erythrocyte sedimentation rate
(ESR) measured using Vision B analyzer (YHLO Biotech diagnostic, Shenzhen, China).
Biochemical blood tests included FPG, HbA1c, C-reactive protein (CRP), serum total biliru-
bin, albumin, Transaminases (ALT, AST), LDH, creatinine, and urea nitrogen measured
using dedicated reagent on Cobas c702/8000 (Roche diagnostic, Mannheim, Germany),
and D-dimer measured on Cobas c501/6000 (Roche diagnostic, Germany). Serum fer-
ritin, serum fasting insulin, and C-peptide were measured on Cobas c602/8000 (Roche
diagnostic, Germany) in newly diagnosed diabetic subjects. COVID-19 diagnosis was
confirmed by reverse transcription-polymerase chain reaction (RT-PCR) using nasal and
pharyngeal swabs.

2.3. Study Design and Setting

According to Chinese National Health Committee diagnostic guidelines for COVID-19,
disease severity was graded as either mild/moderate (minimal symptoms and negative
chest CT findings) or severe (extensive clinical manifestations and positive CT findings) [10].
According to the American Diabetes Association, newly diagnosed DM was defined as
either new-onset DM (no preceding history of DM with fasting plasma glucose [FPG] ≥
126 mg/dL or random blood glucose [RBG] ≥ 200 mg/dL and HbA1c < 6.5%) or previously
undiagnosed DM (FPG ≥ 126 mg/dL or RBG ≥ 200 mg/dL and HbA1c ≥ 6.5% or HbA1c
≥ 6.5% only [11]. In the first (cross-sectional) phase of the study, based on mean readings
of FPG on the first day of hospital admission, all participants were classified into two main
groups: group I (non-diabetic, FPG < 126 mg/dL) or group II (newly discovered diabetic,
FPG ≥ 126 mg/dL). According to measurements of HbA1c and serum fasting insulin and
C-peptide on admission, group II patients were further classified into group IIA (newly
discovered pre-existing DM; HbA1c ≥ 6.5), group IIB (new-onset type 1 DM; HbA1c < 6.5,
low fasting insulin and low C-peptide), or group IIC (new-onset type 2 DM; HbA1c < 6.5,
normal fasting insulin and normal C-peptide). The outcome of COVID-19 infection was
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recorded either as recovery or mortality in different groups. In the second (prospective)
phase of the study, patients with new-onset DM (groups II B,C) were followed for three
months (from diagnosis of DM), even after discharge from the hospital, with weekly based
outpatient visits, repeated testing of FPG, and recording of anti-diabetic treatment.

2.4. Statistical Analysis

Statistical calculations were conducted using SPSS version 21.0 for Windows (SPSS
Inc., Chicago, IL, USA). If the continuous variables were parametric, they were expressed
as mean ± SD, meanwhile if they were nonparametric, the median was the method of
expression. In addition, categorical variables were expressed as numbers and percentages.
Student’s t-test, Mann–Whitney U test, Fisher’s exact test, Pearson’s Chi-squared test, and
logistic regression model were among the appropriate tests utilized. Statistical significance
was considered at p < 0.05.

3. Results

3.1. Cross-Sectional Phase

This study comprised 570 confirmed COVID-19 patients. The mean age of the study
population was 47.9 ± 10.9 years, and 317 patients (55.5%) were males. Diabetes was newly
defined in 77 (13.5%) patients. Our results showed that there were significant differences
between newly diagnosed diabetic patients and non-diabetic patients regarding body
mass index (BMI) and family history of DM (p < 0.001, for both). Fasting blood glucose
(208.3 ± 109.9) and glycated hemoglobin (5.7 ± 0.8) were found to be significantly higher
in the newly diagnosed diabetic patients (p < 0.001). In terms of onset symptoms in the
newly diagnosed diabetic patients, 70 (90.9%) patients exhibited symptoms of fever; the
other common symptoms were cough in 70 (90.9%), dyspnea in 66 (85.7%), and diarrhea
in 11 (14.3%) patients. There were several differences in laboratory findings between
newly diagnosed diabetic patients and non-diabetic patients, including higher levels of
C-reactive protein (CRP), lactate dehydrogenase (LDH), ferritin, and D-dimer in newly
diagnosed DM (p < 0.001, for all). The study enrolled 297 severe COVID-19 cases (52.1%)
and 273 mild/moderate cases (47.9%). Out of all cases of newly diagnosed DM, 89.6% had
a severe infection (69/77), which was significantly higher than that among non-diabetic
patients (p < 0.001). A total number of 62 patients died during the study (10.9%) from
COVID-19 sequelae. Mortality was significantly higher among diabetic subjects (18.2%)
than non-diabetic subjects (9.7%) (p < 0.001) (Table 1).

Out of 77 diabetic patients, newly discovered pre-existing DM was defined in 12 (2.1%)
patients, new-onset type 1 DM developed in seven (1.2%) patients, and 58 (10.2%) patients
had new-onset type 2 DM (Figure 1).

As displayed in Table 2, HbA1C level was significantly elevated in group IIA
(7.2 ± 0.4), compared with group IIB (5.3 ± 0.5) and group IIC (5.4 ± 0.5) (p < 0.001).
However, fasting insulin and C-peptide levels were much lower in group IIB (3.6 ± 1.3,
0.3 ± 0.1) compared with group IIA (33.4 ± 9.2, 3.5 ± 1) and group IIC (38.1 ± 9.1, 3.6 ± 0.8)
(p < 0.001). There were significant differences among groups IIA, IIB, and IIC regarding age,
BMI, FPG, HbA1c, fasting insulin, and C-peptide (p < 0.001, for all). Four cases (57.1%) in
group IIB showed positive urinary acetone with DKA on presentation. There were several
differences in laboratory findings between groups IIA, IIB, and IIC, including higher levels
of CRP, serum ferritin, and D-dimer in group IIB.

Serum CRP, ferritin, LDH, and D-dimer had significant positive correlations with
newly diagnosed DM. In addition, age, BMI, severe COVID-19, and positive chest CT
findings had significant positive correlations with newly diagnosed DM (p < 0.001, for all)
(Table 3).

Table 4 shows the independent significant predictors of the presence of newly di-
agnosed DM among COVID-19 patients as determined by logistic regression analyses.
Older age, higher BMI, elevated CRP, and elevated ferritin were the significant predictors
(p < 0.001, for each).
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Table 1. Comparison between diabetic and non-diabetic groups regarding clinical, laboratory, and radiological differences.

Variables

No. (%), Mean ± SD or Median.
p

All Participants (n = 570)
Non-Diabetic Patients

(Group I, n = 493)
Newly Diagnosed Diabetic
Patients (Group II, n = 77)

Age (years) 47.9 ± 10.9 46.4 ± 10 57.7 ± 11.4 <0.001
Male gender 317 (55.5%) 276 (56%) 41(53.2) 0.712 *

BMI 26 ± 5.9 25 ± 4.5 32 ± 9 <0.001 **
Hypertensive 45 (7.9%) 36 (7.3%) 9 (11.7%) 0.178 *

IHD 19 (3.3%) 12 (2.4%) 7 (9.1%) 0.008 *
Family history of DM 56 (9.8%) 22 (4.5%) 34 (44.2%) <0.001 *

Severe COVID-19 297 (52.1%) 228 (46.2%) 69 (89.6%) <0.001 *
Fever 327 (57.4%) 257 (52.1%) 70 (90.9%) <0.001 *

Cough 312 (54.7%) 242 (49.1%) 70 (90.9%) <0.001 *
Dyspnea 301 (52.8%) 235 (47.7%) 66 (85.7%) <0.001 *
Diarrhea 78 (13.7%) 67 (13.6%) 11 (14.3%) 0.859 *

FPG (mg/dL) 105.9 ± 57.9 89.9 ± 10.3 208.3 ± 109.9 <0.001 **
HbA1C 5.4 ± 0.6 5.4 ± 0.6 5.7 ± 0.8 <0.001

Positive urinary acetone 4 (0.7%) 0 4 (5.2%) <0.001 *
DKA on presentation 4 (0.7%) 0 4 (5.2%) <0.001 *
Hemoglobin (g/dL) 11.8 ± 1.4 11.7 ± 1.4 11.9 ± 1.4 0.234

Platelets count (×103/mm3) 191.3 ± 50.6 192.3 ± 50.1 184.9 ± 53.1 0.230
WBCs (×103/mm3) 6.4 ± 2.5 6.4 ± 2.6 6.2 ± 2.3 0.511

Lymphocytes (×103/mm3) 2.1 ± 1.1 2.2 ± 1.1 1.5 ± 0.8 <0.001 **
Absolute lymphopenia (<1 ×

103/mm3) 169 (29.6%) 123 (24.9%) 46 (59.7%) <0.001 **

CRP (mg/dL) 38.8 ± 23.8 36.3 ± 19.9 55.4 ± 37.2 0.009 **
ESR (mm/h) 41.3 ± 14 41.1 ± 13.9 42.6 ± 14.5 0.389

Serum ferritin (ng/mL) 236 ± 170.3 217.9 ± 150.4 351.7 ± 234.6 <0.001 **
LDH (IU/L) 246.2 ± 80.5 239.9 ± 77.4 287 ± 88.7 <0.001 **

D-dimer (μg/mL) 1 ± 1.4 0.9 ± 1.2 1.5 ± 2 <0.001 **
Serum creatinine (mg/dL) 1 ± 0.3 1 ± 0.3 1 ± 0.2 0.727

Blood urea (mg/dL) 36.6 ± 25.5 36.5 ± 25.3 37 ± 26.3 0.893
INR 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 0.098

Serum albumin (g/dL) 3.6 ± 0.5 3.6 ± 0.5 3.7 ± 0.4 0.352
Serum total bilirubin (g/dL) 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 0.058 **

ALT (IU/L) 33.9 ± 23.7 33.4 ± 23.2 36.6 ± 26.7 0.278
AST (IU/L) 56.2 ± 37.7 55.4 ± 36.8 60.8 ± 43 0.249

Positive chest CT findings 297 (52.1%) 228 (46.2%) 69 (89.6%) <0.001 *
Deceased 62 (10.9%) 48 (9.7%) 14 (18.2%) 0.046 *

Unless otherwise indicated, data represent the mean ± SD with the range in parenthesis. No: number; SD: standard deviation; BMI:
body mass index; IHD: ischemic heart disease; WBCs: white blood cells; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate;
LDH: lactate dehydrogenase; IU: international unit; INR: international normalized ratio; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; CT: computerized tomography. *: Fisher’s Exact Test; **: Mann–Whitney Test.

Table 2. Clinical, laboratory, and radiological differences among different diabetic subgroups (n = 77).

Variables

No. (%), Mean ± SD or Median.
p

Pre-Existing DM
(Group IIA, n = 12)

New-Onset Type 1 DM
(Group IIB, n = 7)

New-Onset Type 2 DM
(Group IIC, n = 58)

Age (years) 58.3 ± 8.7 36 ± 8.6 60.1 ± 9.3 <0.001
Male patients 7 (58.3%) 4 (57.1%) 30 (51.7%) 0.895

BMI 29.1 ± 6.7 21.4 ± 2.4 33.9 ± 9 <0.001 **
Hypertensive 1 (8.3%) 0 8 (13.8%) 0.520

IHD 0 0 7 (12.1%) 0.283
Family history of DM 5 (41.7%) 2 (28.6%) 27 (46.6%) 0.652

Severe COVID-19 8 (66.7%) 7 (100%) 54 (93.1%) 0.015
FPG (mg/dL) 194.3 ± 64.3 473.4 ± 124.4 179.2 ± 64.5 <0.001 **

HbA1C 7.2 ± 0.4 5.3 ± 0.5 5.4 ± 0.5 <0.001
Fasting insulin (mIU/L) 33.4 ± 9.2 3.6 ± 1.3 38.1 ± 9.1 <0.001

C-peptide (ng/mL) 3.5 ± 1 0.3 ± 0.1 3.6 ± 0.8 <0.001 **
Positive urinary acetone 0 4 (57.1%) 0 <0.001

DKA on presentation 0 4 (57.1%) 0 <0.001
Hemoglobin (g/dL) 12.2 ± 1.9 10.9 ± 1.4 12 ± 1.3 0.119
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Table 2. Cont.

Variables

No. (%), Mean ± SD or Median.
p

Pre-Existing DM
(Group IIA, n = 12)

New-Onset Type 1 DM
(Group IIB, n = 7)

New-Onset Type 2 DM
(Group IIC, n = 58)

Platelets count (×103/mm3) 154.9 ± 32.4 190.1 ± 88.2 190.4 ± 50.1 0.103
WBCs (×103/mm3) 6.3 ± 2.5 6.9 ± 2.9 6.2 ± 2.3 0.747

Lymphocytes (mean ± SD, ×103/mm3) 1.7 ± 0.9 1 ± 0.3 1.5 ± 0.8 0.282
Absolute lymphopenia (<1 ×103/mm3) 6 (50%) 6 (85.7%) 34 (58.6%) 0.291

CRP (mg/L) 55.7 ± 31 113.1 ± 56.9 48.4 ± 29.2 0.004 **
ESR ((mm/h) 39.5 ± 15.3 52.7 ± 14.4 42 ± 14.1 0.130

Serum ferritin (ng/mL) 318.9 ± 177.9 832 ± 252.7 300.6 ± 171.2 0.002 **
LDH (IU/L) 256.1 ± 82.5 360 ± 100.8 284.6 ± 85.1 0.100 **

D-dimer (μg/mL) 0.9 ± 0.5 5 ± 5.3 1.2 ± 0.9 0.007 s**
Serum creatinine (mg/dL) 1 ± 1.3 1.1 ± 0.3 1 ± 0.2 0.336

Blood urea (mg/dL) 29 ± 19 49.3 ± 37.6 37.1 ± 26 0.272
Positive chest CT findings 8 (66.7%) 7 (100%) 54 (93.1%) 0.015

Deceased 3 (25%) 3 (42.9%) 8 (13.8%) 0.136

Unless otherwise indicated, data represent the mean ± SD with the range in parenthesis. No: number; SD: standard deviation;
BMI: body mass index; IHD: ischemic heart disease; WBCs: white blood cells; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate;
LDH: lactate dehydrogenase; IU: international unit; CT: computerized tomography. **: Kruskal–Wallis Test.

Table 3. Correlation between presence of newly diagnosed DM and different clinical and laboratory
parameters (n = 570).

Variables R p

Age (years) 0.354 <0.001 *
BMI 0.312 <0.001 **

Severe COVID-19 0.297 <0.001 **
Lymphocytes (×103/mm3) −0.236 <0.001 *

Absolute lymphopenia (<1 × 103/mm3) 0.260 <0.001 *
CRP (mg/L) 0.186 <0.001 **

Serum ferritin (ng/mL) 0.222 <0.001 **
LDH 0.191 <0.001**

D-dimer (μg/mL) 0.202 <0.001 **
Positive chest CT findings 0.297 <0.001 **

r: correlation coefficient; BMI: body mass index; CRP: C-reactive protein; LDH: lactate dehydrogenase;
IU: international unit; CT: computerized tomography. *: Pearson’s correlation; **: Spearman’s correlation.

Table 4. Logistic regression analysis for predictors of presence of newly diagnosed DM among
COVID-19 patients (n = 570).

Variables B Exp (B)
95% C.I. for Exp (B)

p
Lower Upper

COVID-19 severity −1.300 0.272 0.096 0.776 0.015
Age 0.081 1.084 1.047 1.123 <0.001
BMI 0.175 1.192 1.123 1.265 <0.001

Lymphocytes −0.562 0.570 0.329 0.988 0.045
Lymphopenia 0.975 2.650 0.859 8.176 0.090

CRP 0.023 1.024 1.010 1.037 <0.001
Ferritin 0.003 1.003 1.001 1.004 <0.001

LDH −0.002 0.998 0.994 1.003 0.456
D. dimer 0.020 1.020 0.824 1.264 0.854

CI: confidence interval; BMI: body mass index; CRP: C-reactive protein; LDH: lactate dehydrogenase.

Predictors of mortality among COVID-19 patients (62/570, 10.9%) comprised older
age, hypertension, ischemic heart disease (IHD), development of DM, DKA on presentation,
severe COVID-19 infection, positive Chest CT findings, elevated CRP, elevated ferritin,
lymphopenia, and elevated D-dimer (p < 0.001, for each) (Table 5).
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Figure 1. Flow diagram of study participants.

Table 5. Predictors of mortality among all participants (62/570, 10.9%).

Variables

No. (%), Mean ± SD or Median.
p

Survived Patients
(n = 508)

Died Patients
(n = 62)

Age (years) 47.4 ± 10.9 52.2 ± 9.6 <0.001
Male gender 279 (54.9%) 38 (61.3) 0.341

BMI 25.9 ± 5.6 26.7 ± 7.8 0.284
Hypertensive 33 (6.5%) 12 (19.4%) <0.001 *

IHD 14 (2.8%) 5 (8.1%) 0.028 *
Newly discovered DM 63 (12.4%) 14 (22.6%) 0.027

Type of DM
Pre-existing DM 9 (1.8%) 3 (4.8%)

0.012 *DM type 1 4 (0.8%) 3 (4.8%)
DM type 2 50 (9.8%) 8 (12.9%)

Severe COVID-19 247 (48.6%) 50 (80.6%) <0.001
FPG (mg/dL) 103.5 ± 49.9 125.5 ± 100.5 0.179 **

HbA1C 5.4 ± 0.6 5.4 ± 0.6 0.966
DKA on presentation 2 (0.4%) 2 (3.2%) <0.012 *
Hemoglobin (g/dL) 11.8 ± 1.4 11.7 ± 1.1 0.455
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Table 5. Cont.

Variables

No. (%), Mean ± SD or Median.
p

Survived Patients
(n = 508)

Died Patients
(n = 62)

Platelets count (×103/mm3) 192.1 ± 50.5 185.1 ± 51.2 0.305
WBCs (×103/mm3) 6.5 ± 2.6 5.9 ± 2.4 0.113

Lymphocytes (×103/mm3) 2.3 ± 1.1 1.2 ± 0.9 <0.001 **
Absolute lymphopenia (<1 × 103/mm3) 116 (22.8%) 53 (85.5%) <0.001 *

CRP (mg/dL) 36.2 ± 20.2 60.9 ± 36.9 <0.001 **
ESR (mm/h) 41.4 ± 14.1 40.0 ± 13.4 0.458

Serum ferritin (ng/mL) 223.4 ± 157.2 338.7 ± 230.5 <0.001 **
LDH (IU/L) 237.7 ± 75.5 316.2 ± 86.6 <0.001 **

D-dimer (μg/mL) 0.9 ± 0.9 1.9 ± 3.1 <0.001 **
Serum creatinine (mg/dL) 1 ± 0.3 1 ± 0.3 0.610

Blood urea (mg/dL) 36.1 ± 24.8 40.3 ± 30.5 0.367 **
INR 1.1 ± 0.2 1.2 ± 0.2 0.321

Serum albumin (g/dL) 3.6 ± 0.5 3.6 ± 0.5 0.328
Serum total bilirubin (g/dL) 1.1 ± 0.2 1.1 ± 0.2 0.764 **

ALT (IU/L) 34.4 ± 24.1 29.6 ± 19.5 0.269 **
AST (IU/L) 56.9 ± 38.7 50.2 ± 27.7 0.435 **

Positive chest CT findings 247 (48.6%) 50 (80.6%) <0.001
Unless otherwise indicated, data represent the mean ± SD with the range in parenthesis. No: number; SD:
standard deviation; BMI: body mass index; IHD: ischemic heart disease; WBCs: white blood cells; CRP: C-
reactive protein; ESR: erythrocyte sedimentation rate; LDH: lactate dehydrogenase; IU: international unit; INR:
international normalized ratio; ALT: alanine aminotransferase; AST: aspartate aminotransferase; CT: computerized
tomography. *: Fisher’s Exact Test; **: Mann–Whitney Test.

3.2. Follow-Up Phase (for DM)

All patients with newly diagnosed DM (n = 77) were given the appropriate anti-
diabetic treatment (starting with insulin therapy). Four cases of DKA were diagnosed (all
among type I DM patients) and were managed successfully in ICU. Out of 77 cases of
newly diagnosed DM, 14 patients died shortly (1–19 days after diagnosis) from COVID-19
sequelae. Survived diabetic patients (n = 63) were followed for three months with repeated
testing of FBS.

3.3. Study Endpoint (Glycemic Control after 3 Months)

Hyperglycemia and the need for anti-diabetic treatment (insulin therapy or oral drugs)
persisted in 73% of surviving diabetic patients (46/63), whereas anti-diabetic treatment
could be stopped in 17 patients (27%). Hyperglycemia persisted in all survived patients
with pre-existing DM (n = 9). In survived subjects with new-onset DM types I and II
(n = 54), hyperglycemia persisted in 37 patients (68.5%), including all four patients with
DM type I and 66% of patients with DM type II (33/50).

4. Discussion

The COVID-19 outbreak is increasing rapidly throughout the world. The new virus
responsible for this epidemic was named as SARS-CoV-2, which has now turned into a
global catastrophe [12]. COVID-19 causes a novel pathophysiological alteration in glucose
homeostasis (a combination of severe insulin resistance and insulin insufficiency), making
COVID-19-related diabetes management difficult [13].

The purpose of this cross-sectional study was to determine the frequency of newly
diagnosed DM and its different types among COVID-19 patients and to explore the infection
outcome and glycemic control of newly diagnosed diabetic patients during the study.

In the first phase of this biphasic cross-sectional study, newly diagnosed diabetes
(FPG > 126) was defined in 77 patients (13.5%). This agreed with several studies. Wang
et al. reported that 29.1% (176/605) of COVID-19 patients with no previous diagnosis of
DM had FPG ≥ 126 mg/dL [14]. Smith et al. reported that COVID-19 is associated with
increased FPG and 15.8% of patients developed new-onset DM [15]. Guan et al. stated that
DM was discovered in 7.4% of a cohort of COVID-19 hospitalized patients and appeared
to be a risk factor for the severity of illness [16]. Finally, a meta-analysis of eight studies

239



Trop. Med. Infect. Dis. 2021, 6, 142

with more than 3700 patients showed a pooled proportion of 14.4% for newly diagnosed
diabetes in COVID-19 hospitalized patients [17].

HbA1c was performed for all newly diagnosed diabetic patients to differentiate be-
tween new-onset and pre-existing DM; fasting insulin and C-peptide were also performed
to differentiate between new-onset type 1 DM and new-onset type 2 DM. Accordingly, out
of 77 newly diagnosed diabetic patients, newly discovered pre-existing DM was defined in
12 patients (2.1%), new-onset type 1 DM developed in 7 patients (1.2%), and 58 patients
(10.2%) had new-onset type 2 DM. However, in some studies, HbA1c was not performed
for all participants, so it was not possible to differentiate between new-onset and previously
undiagnosed diabetes [14,18].

In the present study, as compared to non-diabetic patients, the newly diagnosed
diabetic patients had significantly older age (57.7 ± 11.4, vs. 46.4 ± 10, p < 0.001), higher
BMI (32 ± 9 vs. 25 ± 4.5, p < 0.001), and positive family history of diabetes (44.2% vs. 4.5%,
p < 0.001). This was in agreement with Li H et al., who reported that COVID-19 patients
with newly diagnosed DM and hyperglycemia were slightly older and obese [19].

In the current work, four patients (all with new-onset type 1 DM) presented with
diabetic ketoacidosis (DKA) on admission. This was in agreement with Reddy et al., who
stated that COVID-19 may accelerate DKA in those with new-onset or pre-existing DM [20].

Our study also revealed that patients with newly diagnosed DM had more severe
infection symptoms such as fever, dyspnea, and cough, as well as elevated levels of
inflammatory markers such as CRP, LDH, and ferritin than non-diabetic patients. Our
results were in concordance with Li H et al., who stated that patients with newly diagnosed
diabetes and hyperglycemia often had more severe symptoms as well as higher levels of
inflammatory markers [19]. Infection with COVID-19 decreases ACE2 expression, resulting
in hyperinflammation, cellular damage, and respiratory failure [21].

The results of the current study revealed that positive chest CT findings (89% vs. 46%,
p < 0.001) and D-dimer (1.5 ± 2 vs. 0.9 ± 1.2, p < 0.001) were higher in diabetic group as
compared to non-diabetic group.

Mortality within the COVID-19 patients of our study was significantly higher among
newly diagnosed diabetic than non-diabetic patients (18.2% vs. 9.7%, p = 0.046). Like-
wise, one study from the United States found that COVID-19 patients who are diabetics
had a markedly higher mortality than patients without diabetes (28.8% vs. 6.2%) [22].
Furthermore, Li H et al. reported that in patients with COVID-19, newly diagnosed DM
is connected to increased mortality when compared to known DM and normal glucose
levels [19]. Chronic hyperglycemia was linked to decreased immunity, and hyperglycemia
was found to be an independent predictor of lower respiratory tract infection and poor
prognosis [4].

Our logistic regression analysis showed that older age, higher BMI, elevated CRP, and
elevated ferritin were the significant predictors of newly diagnosed DM among COVID-19
patients (p < 0.001).

The results of the current study revealed that increasing age, hypertension, IHD,
and high levels of D-dimer were reported as important predictors of mortality among
COVID-19 patients. This agreed with Zhou et al., who confirmed that the death rate was
higher in elderly patients with COVID-19 [23]. Rodelo et al. stated that increased levels of
D-dimer have been linked to 28-day mortality in patients with severe infection or sepsis in
intensive care units [24]. A pooled analysis stated that hypertension is associated with a
2.5-fold increased risk of both severity and mortality in COVID-19 patients [25]. Moreover,
Bonow et al. found that patients with underlying cardiovascular disease are more likely to
have serious COVID-19 outcomes, including death, as we discovered in our study [26].

Out of the 77 patients with DM, 14 (18.2%) patients died shortly (1–19 days) due to
COVID-19 sequelae. The remaining 63 patients were followed for three months. Hyper-
glycemia and the need for anti-diabetic treatment persisted in 46 (73%) patients, while 17
(27%) patients became euglycemic and did not need anti-diabetic treatment after recovery
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from the acute illness, indicating that they had stress-induced hyperglycemia, an adaptive
immune-neurohormonal response to physiological stress.

To the best of our knowledge, this is the first study to assess the different types of newly
diagnosed DM among COVID-19 patients and to explore the persistence of hyperglycemia
over the study duration, as assessed by laboratory measurements and follow-up. As a
contribution of this study, it raises the hypothesis for the development of a large-scale
multinational study to assess the development and prevention of DM in COVID-19 patients.
The relatively short follow-up duration was a limitation to this study.

5. Conclusions

A significant proportion of COVID-19 patients (13.5%) experienced the appearance
of new-onset DM and expression of pre-existing DM during disease course, both being
frequent with more severe infection. The newly diagnosed DM persisted for three months
in about two-thirds of affected subjects. COVID-19 patients with newly diagnosed diabetes
had high risk of mortality compared with COVID-19 patients without diabetes. Increasing
age, hypertension, IHD, and high levels of D-dimer were reported as important predictors
of mortality among COVID-19 patients. We recommend that a patient with COVID-19
infection have their blood glucose levels constantly checked for the emergence of full-blown
diabetes. Newly diagnosed diabetes should be handled early and effectively.
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Abstract: Thrombocytopenia and platelet dysfunction commonly occur in both dengue and COVID-
19 and are related to clinical outcomes. Coagulation and fibrinolytic pathways are activated during
an acute dengue infection, and endothelial dysfunction is observed in severe dengue. On the other
hand, COVID-19 is characterised by a high prevalence of thrombotic complications, where bleeding
is rare and occurs only in advanced stages of critical illness; here thrombin is the central medi-
ator that activates endothelial cells, and elicits a pro-inflammatory reaction followed by platelet
aggregation. Serological cross-reactivity may occur between COVID-19 and dengue infection. An
important management aspect of COVID-19-induced immunothrombosis associated with thrombo-
cytopenia is anticoagulation with or without aspirin. In contrast, the use of aspirin, nonsteroidal
anti-inflammatory drugs and anticoagulants is contraindicated in dengue. Mild to moderate dengue
infections are treated with supportive therapy and paracetamol for fever. Severe infection such as
dengue haemorrhagic fever and dengue shock syndrome often require escalation to higher levels of
support in a critical care facility. The role of therapeutic platelet transfusion is equivocal and should
not be routinely used in patients with dengue with thrombocytopaenia and mild bleeding. The use
of prophylactic platelet transfusion in dengue fever has strained financial and healthcare systems in
endemic areas, together with risks of transfusion-transmitted infections in low- and middle-income
countries. There is a clear research gap in the management of dengue with significant bleeding.

Keywords: COVID-19; cross-reactivity; dengue; haemorrhage; thrombocytopenia; thrombosis

1. Introduction

The exponential spread of COVID-19 that started early in 2020 resulted in one of
the worst global pandemics of our lifetime, leading to a gauntlet of clinical challenges,
including responding to unique patterns of coagulation anomalies. The COVID-19 out-
break has further added to clinical challenges in tropical and subtropical regions of the
world, where dengue fever, caused by dengue virus (DENV) is also endemic. Similarities
in clinical manifestations of COVID-19 and dengue fever often create diagnostic dilemmas
in dengue-endemic countries with limited resources, often leading to delayed or even
incorrect diagnosis. Furthermore, there are growing concerns of cross-reactivity due to
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pre-existing DENV-antibodies that potentially can enhance COVID-19 antibody-dependent
immune responses [1]. Mild to moderate thrombocytopenia are common to both conditions
but have different clinico-pathological aetiologies and treatment approaches, making earlier
diagnosis key to preventing severe outcomes. Moreover, despite mild to moderate throm-
bocytopenia in COVID-19 diseases, anticoagulation is an integral part of the treatment
protocols of COVID-19 [2]. In contrast, treatment with anticoagulants is contraindicated
in dengue infections and non-steroidal anti-inflammatory agents are also avoided merely
because of their theoretic risk of aggravated bleeding such as from the gastrointestinal
tract [3]. There are concerns about the indiscriminate use of prophylactic platelet trans-
fusions in dengue viral infections, especially in tropical dengue-endemic areas where the
availability of safe transfusion services remains a significant challenge due to greater risks
of transfusion-transmitted infections and other immunological concerns.

DENVs are the most important human arboviruses worldwide. Transmission of
dengue occurs via Aedes mosquitoes, producing four antigenically distinct serotypes
(DENV-1 to DENV-4). Clinical presentations range from mild to more severe infections,
with significant morbidities and mortalities in endemic areas. It is estimated that there are
currently 50–100 million cases of dengue infections worldwide annually, with more than
500,000 reported cases of severe forms of dengue infections such as dengue haemorrhagic
fever (DHF) and dengue shock syndrome (DSS) [4]. The immunological cross-reactivity
and common pathological processes, such as capillary leakage, thrombocytopenia, and
coagulopathy, between SARS-CoV-2 and DENV, make it difficult to distinguish their shared
clinical and laboratory characteristics (Table 1) [1]. Patients with dengue fever, including
those with positive non-structural protein 1 (NS1) and/or IgM serology results, should be
differentiated from those with SARS-CoV-2 infection, and if necessary, dengue IgM/IgG
testing should be repeated to identify co-infection or serological overlap [5]. It is necessary
to prepare for dengue outbreaks alongside controlling the COVID-19 pandemic, as a
resurgence poses a very real threat [6].

Table 1. Comparing dengue and COVID-19, based on data from Henrina et al. [7] and Centers for
Disease Control and Prevention guidance [8].

General Features: Dengue COVID-19

Virology

Family Flaviviridae Coronaviridae

Diameter 50 nm 65–125 nm

Genetic Material ssRNA ssRNA

Presentation

Incubation 3–10 days 2 to 14 (median 4–5) days

Fever Saddleback fever
(with 2 peaks)

No specific fever patterns. Defervescence
after 6 days of illness

Headache 45–95% 6.5–13.6%

Myalgia 12% 15–44%

Cough 21.5% 76%

Dyspnoea 9.5–95.2% 55%

Diarrhoea 6% 2–34%

Abdominal pain 17–25% 2%

Vomiting 30–58% 4–5%
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Table 1. Cont.

General Features: Dengue COVID-19

Cutaneous manifestation
Skin flushing that blanch on

pressure, petechiae, and
convalescent rash

Erythematous rash,
urticaria,

chickenpox-like vesicles

Warning signs:

Persistent vomiting, mucosal
bleeding, difficulty in breathing,
lethargy/restlessness, postural
hypotension, liver enlargement

and progressive increases
in haematocrit

Difficulty in breathing,
persistent pain or pressure in

the chest, new confusion,
inability to wake or stay

awake, bluish lips or face

Laboratory Findings

Thrombocytopenia 69.51–100% 12–36.2%

Leukopenia 20–82.2% 25–29%

Lymphopenia 63% 63%

Raised AST 63–97% 31–35%

Raised ALT 45–97% 24–28%

Raised D-dimer 13–87% 46.4%

2. Virology of DENV

DENV is a single-stranded RNA virus of the Flaviviridae family. Each of the four
DENV serotypes vary in their epidemiological patterns, but some countries may have
hyperendemicity with more than one serotype actively circulating at the same time [4], as in
the Indian subcontinent and South East Asia. There may be different genotypes with minor
antigenic changes within the same serotype. Life-long immunity develops after infection
with the same serotype, but with only a partial and short-lived immunity to another
serotype. The recorded number of confirmed dengue cases may not accurately reflect the
true burden of dengue, as many patients are asymptomatic or remain undiagnosed.

The gold standard test to confirm dengue is by reverse transcriptase-PCR (rt-PCR)
targeting regions within the genome of DENV. Resource-limited countries rely on detecting
DENV IgG and IgM. The serology tests could cross-react with other flaviviruses; hence the
mainstay is testing for active viremia by rt-PCR [9]. Antigenic assays have recently been de-
veloped that target NS1 which is secreted in infected mammalian cells. A serotype-specific
mAb-based NS1 antigen-capture ELISA has reliable serotype specificity [10]. Whilst the
cross-reactivity is observed in serological assays of DENV, there is no evidence that an infec-
tion with DENV confers cross-infectivity to other viruses such as West Nile virus, Japanese
Encephalitis virus, or other arthropod-borne flaviviruses. An exception is cross-reactivity
of DENV with yellow fever virus, the underlying cause of which remains unknown.

3. Virology of COVID-19

COVID-19 is caused by SARS-CoV-2, of the order Nidovirales within the family
Coronaviridae. It is an enveloped, positive-sense single-stranded RNA (+ssRNA) virus of
dimension between 65 and 125 nm [8]. Cell membrane attachment is achieved through a
spike protein interaction with cell surface receptor angiotensin-converting enzyme receptor
2 (ACE2), leading to membrane fusion and deposition of the virion’s genetic material into
the cytoplasm.

New sub-variants of SARS-CoV-2 have emerged with varying clinical significance,
including transmission rates and susceptibility to vaccination [11,12]. As a whole, SARS-
CoV-2 shows structural similarities to two of its relatives, SARS-CoV (Severe Acute Respi-
ratory Syndrome-Coronavirus) and MERS-CoV (Middle Eastern Respiratory Syndrome-
Coronavirus) [11] both of which have caused recent epidemics.
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4. Epidemiology of Dengue

Dengue is the second most diagnosed cause of fever after malaria in travelers returning
from low- and middle-income countries. The global incidence of dengue continues to
grow, even though most cases are asymptomatic or mild and self-managed, suggesting
that case numbers are likely under-reported. Many cases are also misdiagnosed as other
febrile illnesses [13]. Dengue is endemic in 129 countries with 390 million cases globally
per year, of which 96 million manifest clinically, with the majority (70%) of the burden
being in Asia [14,15]. Dengue is now spreading to new areas including Europe, with
explosive outbreaks also occurring. There were 2000 cases of dengue in the Madeira Islands
of Portugal in 2012, with imported cases detected in mainland Portugal and 10 other
European countries.

The largest recent outbreak of dengue was in 2019, when all the World Health Or-
ganization (WHO) Regions were affected. The Region of the Americas alone reported
3.1 million cases, with more than 25,000 cases classified as severe [16]. Dengue affected
several countries in 2020; however, cases drastically reduced by 55–65% with the advent of
the COVID-19 wave in the year 2021 across the globe indicating an ‘inverse relationship’
between the two diseases [17].

Lifestyle changes and globalisation place severe limitations on the control of mosquito
vectors to reduce dengue viral infections, in part due to rapid urbanisation in many counties.
The increasing use of containers for water storage, such as automobile tyres and plastic
containers, creates ideal sites for oviposition and larval habitats for Aedes aegypti mosquitoes.
Most of the mosquito-control efforts directed at adult mosquitoes in the early 1970s used
expensive methods that were largely ineffective. Changing human lifestyles creates more
larval habitats, thus facilitating dengue transmission by increasing mosquito populations
in areas with crowded human habitation [18].

5. Epidemiology of COVID-19

COVID-19 was first described in Wuhan province (China) in December 2019. It
quickly spread throughout the world and was designated a Public Health Emergency of
International Concern (PHEIC), the WHO’s highest level of alert, on 30 January 2020. The
resultant pandemic created dramatic lockdown measures across the globe that affected
international and local travel. There were over 541 million confirmed COVID-19 cases and
6.3 million deaths reported to the WHO as of 4 July 2022 [19].

SARS-CoV-2 is believed to have crossed the species barrier to humans from an animal
reservoir, most likely from bats [20]. Transmission is believed to occur either through large
droplets or aerosols in the form of coughing or sneezing [21]. As such, the infection spreads
best in densely packed communities, especially where physical distancing is not practiced,
and where cough etiquette is not observed meticulously. There are also rare reports of
faeco-oral or vertical transmissions [22].

The incubation period is variably reported to be between 2 and 14 days [22,23]. The
period of infectivity extends from a few days before the symptom onset to several days post-
symptom resolution [24]. Such a lag before the onset of warning signs and the cessation of
infectivity, along with cases of asymptomatic spreading [25], allows COVID-19 to continue
to spread even in a population vigilant of the signs and practicing symptomatic isolation.

The spectrum of COVID-19 severity varies from asymptomatic to life-threatening/fatal infec-
tion. Risk factors for severe infection include advanced age and presence of comorbidities [22]
(Table 2). Vaccinations have become the leading deterrent for severe illness and hospitalisation [26].
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Table 2. Risk factors for severe dengue and COVID-19, based on Centers for Disease Control and
Prevention guidance [27–29].

Dengue COVID-19

Viral characteristics
Viral titer correlates with disease severity.

There may be strain and serotype
differences in pathogenicity.

Relationship between viral titer and severity
poorly understood.

Certain variants, (via increased transmission,
vaccine resistance etc.).

Host factors

Age (infant)
Women, especially pregnant women.

Patients with chronic medical
conditions, including diabetes, asthma, obesity

and heart disease.
Patients with secondary DENV infection.

Age (elderly)
Pregnant/recently pregnant women.

Comorbidities, such as chronic kidney disease,
malignancy, chronic lung disease, dementia,

cardiovascular disease, diabetes,
immunosuppression,

multiple comorbidities.

At the time of writing, the global outbreak of COVID-19 is largely receding, with the
last peak recorded in January 2022 [19]. The WHO regions with the greatest burden of
disease are the Americas, Europe and the Western Pacific region; however, inconsistencies
in global surveillance and reporting systems are likely to misrepresent the true magnitude
of the pandemic.

6. Severe Dengue in Adults and Infants

The risk of dengue infection in various patient groups is summarised in Table 2.

6.1. Antibody-Dependent Enhancement and Severe Dengue

Severe dengue most commonly occurs in infants and adults with secondary dengue
infections (i.e., infection with a DENV type different from a previous DENV infection).
The most widely cited hypothesis for this is antibody-dependent enhancement (ADE) of
disease, which occurs when non-neutralising anti-DENV antibodies bind to, but do not
neutralise, an infecting DENV. This virus-antibody complex allows for enhanced viral entry
into host cells (specifically dendritic cells and macrophages) and the virus replicates and
generates higher viral titers in blood than when the anti-DENV antibody is not present,
resulting in a ‘cytokine storm’ and exacerbating the disease.

6.2. Severe Dengue among Infants

Infants in dengue-endemic areas have anti-DENV IgG antibodies at birth. Anti-DENV
IgG antibodies are passed from a mother to foetus (IgM does not cross placenta). This
passively transferred maternal anti-DENV IgG can protect the infant for a few months after
birth, which can explain why the occurrence of dengue in infants under 4 months of age is
unusual. However, as the maternal anti-DENV IgG titer falls 4–6 months after birth, ADE
outweighs neutralisation, and the infant is at higher risk for severe disease even with a
primary DENV infection. Children aged one year or more are not at increased risk.

7. General Aspects of Platelets and Haemostasis

Platelets play an integral part in primary haemostasis by forming a thrombus at the
site of vascular injury; new platelets are produced daily to maintain a platelet count of
150–400 × 109 platelets/L blood [30–32]. Activated platelets undergo actin-mediated shape
changes (from smooth discoid to spiny spheres) when passing through damaged blood
vessels. Various receptors for adhesive and clotting proteins in activated platelets then
attract other platelets to form a plug that limits vascular leakage [33].

Platelets activate neutrophils, monocytes and lymphocytes to form platelet-leukocyte
aggregates, and thus participate in immune responses. It is possible that platelet surface
receptors such as toll-like receptors (TLRs) and glycoprotein V1 play roles in immune
responses [34]. A haemostatic envelope which prevents excessive bleeding after vascular
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injury is formed by exposure to membrane-bound tissue factor (TF) that is constitutively
expressed on the cell surfaces of fibroblasts and muscle cells [35]. The conversion of factor
X to Xa occurs after catalysis by TF-V11a, which further assembles the prothrombinase
complex formed by factor Xa, factor Va, factor II (prothrombin) and Ca2+, resulting in
the generation of thrombin [36]. The semipermeable properties of endothelial cells are
supported by platelets in a well-recognised process, where platelet activation releases
proangiogenic molecules that mediate the migration and proliferation of vascular cells, and
vessel organisation and stabilisation [37,38].

8. Coagulopathy in Dengue

Thrombocytopenia remains a potential indicator of clinical severity of dengue infec-
tion as per WHO guidelines, with the most recent WHO guidelines (from 2009) describing
rapid decreases in platelet count, or a count of less than 150,000 per microliter of blood [39].
Coagulation and fibrinolytic pathways are activated during an acute dengue infection [40].
Thrombocytopenia, coagulopathy and vasculopathy are related to the platelet and endothe-
lial dysfunction observed in severe dengue. A recent study reports that mild to moderate
thrombocytopenia occurs 3 to 7 days (significantly on the 4th day) after infection and
returns to normal levels on day 8 or 9 of infections in adult patients without shock [41].
There is no clear relationship between the platelet count, disease severity and bleeding
manifestations in dengue viral infections in children [42]. A platelet count of 5 × 109/L
and haematocrit (HCT) > 50 L/L (normal range 0.40–0.52) is associated with bleeding
symptoms in adults, though a study of 245 dengue patients showed there is no clear cor-
relation between clinical bleeding and platelet count, whereas 81 non-bleeding patients
had a platelet count of <20 × 109/L [43], while another study of 225 patients demonstrated
bleeding to be more frequent when the platelet count reached below 20 × 109/L [44].

Most clinical guidelines recommend that platelet transfusions should be given to
patients who develop serious haemorrhagic symptoms or when platelet count is be-
low 10–20 × 109/L without haemorrhage. It is also advised that platelet transfusion
should be considered in patients with bleeding manifestations when platelet count is below
50 × 109/L. However, the efficacy of platelet transfusions in dengue viral infection remains
a matter of debate. A study involving 106 children with DSS who had thrombocytopenia
and coagulopathy indicated no significant differences in bleeding manifestations between
children who received platelets or not. Patients who received platelet transfusions had
more transfusion-associated pulmonary oedema and longer hospital stays [45].

Severe thrombocytopenia and the secondary effects of hypoxia due to prolonged shock
resulting in acidosis can trigger disseminated intravascular coagulation (DIC) and major
haemorrhagic manifestations in some patients. Despite less severe bleeding and some
minor abnormalities of basic clotting tests, all major pathways of the coagulation cascade
are changed in children with DSS. Levels of proteins C, S and antithrombin are reduced
secondary to leakage through the vascular endothelium, and correlate with the severity
of shock in critical dengue infections. Direct activation of fibrinolysis by DENV may be
secondary to raised levels of TF, thrombomodulin and plasminogen activator inhibitor 1
(PAI-1) which can then activate endothelial cells, platelets and monocytes.

The details of the pathogenesis of thrombocytopenia and bleeding are poorly under-
stood, with many hypotheses offered on the pathogenesis, such as that DENV directly or
indirectly affects bone marrow progenitor cells by inhibiting their function and reducing
proliferative capacities [46], as supported by findings that DENV induces bone marrow
hypoplasia during acute phases of the disease [47]. In addition to low platelet counts, func-
tional disruption of platelets is associated with deregulation of the plasma kinin system and
the immunopathogenesis of dengue [48]. Dengue viral infection induces platelet consump-
tion due to DIC, platelet destruction due to increased apoptosis, lysis by the complement
system and activation of antiplatelet antibodies [49]. Cytokines (e.g., TNF-α), interleukins
(IL-2, IL-6, IL-8) and interferons (IFN-α and IFN-γ) also have roles in thrombocytopenia by
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suppressing haematopoiesis. Levels of these cytokines correlate with the clinical severity
of dengue infection [50].

Other comorbidities increase the risk of severity of dengue; for example, allergy or
diabetes increase the risk of DHF by 2.5 times, and hepatitis also increases the risk of
complications. Increases in viral infections, hyperferritinaemia and the activation of coagu-
lation and fibrinolytic systems occur in children with dengue compared to those without
hyperferritinaemia. Other contributing factors to thrombocytopenia include cytokines,
coagulation mediators, adhesive molecules and proteins, which encourage inflammatory
response promoting cell interactions between platelets, immune cells and the endothelium.
In addition, thrombocytopenia resulting from decreased bone marrow production and
increased peripheral destruction of platelets, causes immune thrombocytopenia (ITP).

NS1 correlates well with levels of viremia, and is particularly high in patients suffering
from DHF. Several mechanisms have been proposed by which NS1 contributes to the
coagulopathy seen in DHF, such as proinflammatory cytokine release via activation of
macrophages, and activation of complement, whilst expressed on the surface of infected
cells and when released into the surrounding plasma, both of which contribute to endothe-
lial damage and increase permeability, leading to DHF [51]. Anti-NS1 (a cross-reactive
anti-dengue antibody) and prM (structural precursor-membrane protein), and coronavirus
E proteins all target platelets, endothelial cells and coagulation molecules. This process
contributes to endothelial damage, macrophage activation and more platelet dysfunction,
ultimately leading to further worsening of coagulopathy. Increased vascular fragility and
impaired platelet function leads to haemorrhage, which can further contribute to plasma
leakage in DHF/DSS [52]. There may also be other more complex mechanisms involved in
dengue immunopathogenesis, platelet dysfunction and thrombocytopenia [53].

9. Thrombocytopenia Associated with COVID Vaccines

Thrombotic thrombocytopenia syndrome (TTS), a complication of COVID-19 vaccines,
involves thrombosis and thrombocytopenia with infrequent arterial thrombosis. TTS ap-
pears to mostly affect females aged between 20 and 50 years old, with no predisposing
risk factors conclusively identified so far. Cases are characterised by thrombocytopenia,
higher levels of D-dimers than commonly observed in venous thromboembolic events
(VTE), inexplicably low fibrinogen levels and worsening thrombosis. Hyper-fibrinolysis
associated with bleeding can also occur. Antibodies that bind platelet factor 4, like those
associated with heparin-induced thrombocytopenia, have also been identified but in the
absence of patient exposure to heparin treatment. TTS is an extremely rare but increasingly
recognised serious adverse event related to thromboembolism at unusual sites, such as
cerebral venous sinus thrombosis (CVST) or abdominal thromboses (splanchnic, mesenteric
or portal vein), all of which are associated with thrombocytopenia. ‘CVST with throm-
bocytopenia’ is a rare subtype of cerebrovascular accident, with an incidence of 5.0 per
million in those receiving Vaxzevria (manufactured by AstraZeneca) and 4.1 per million
in those receiving mRNA-based vaccines, and the prevalence is three times greater in
younger to middle aged women (mean age 35). Several countries have suspended the use
of adenovirus-vectored vaccines for younger individuals. The prevailing opinion is that the
risk of developing COVID-19 disease, including thrombosis, far exceeds the extremely low
risk of TTS associated with highly efficacious vaccines. Mass vaccination should continue
but with caution. Vaccines that are more likely to cause TTS (e.g., Vaxzevria) should be
avoided in younger patients for whom an alternative vaccine is available [54]. The only
vaccine currently known to cause ITP is the mumps, measles and rubella (MMR) vaccine,
but with low incidence.

10. Coagulopathy of Dengue versus COVID-19

The clinical manifestation and magnitude of coagulopathy varies greatly in patients with
dengue due to differences in viral virulence, routes of exposure and host conditions [55].
Minor bleeding, including petechiae, epistaxis and bleeding gums, can occur and help
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to recognise viral haemorrhagic fever in its early stages [56]. Unlike COVID-19, dengue
rarely causes respiratory dysfunction and/or acute lung injury. Vascular injury results
in increased permeability, hypovolaemia and circulatory shock in the advanced stages of
severe viral hemorrhagic fever.

Shock can also occur in COVID-19. Multisystem inflammatory syndrome in children
(MIS-C) and multisystem inflammatory syndrome in adults (MIS-A) are rare post-infectious
complications characterised by fever, systemic inflammation, abdominal pain and cardiac
involvement. The symptoms usually occur late, while the sudden onset of severe systemic
inflammation with shock is reminiscent of toxic shock syndrome in bacterial infections. The
aetiology of MIS-C and MIS-A is uncertain, but derangement of the autoimmune reaction is
a possibility [57]. Increased vascular permeability in viral hemorrhagic fever also induces
coagulation defects that can result in severe bleeding [58].

Systemic viral infection also induces an acute inflammatory and hypercoagulable state,
causing DIC that increases the risk of multiorgan failure and death. However, except for
Ebola and Marburg, bleeding in haemorrhagic fevers is rarely a direct cause of death [59].
Coagulopathy is common in filovirus diseases and also occurs in dengue. Petechiae,
gingival and mucosal bleeding, and sustained bleeding at venipuncture site can occur in
these patients. These symptoms usually diminish within a week, but a small proportion
of patients develop DHF with worsening of bleeding and shock [60]. In 1997, the WHO
characterised typical DHF by four major clinical manifestations: (1) sustained high fever
for two to seven days; (2) a haemorrhagic tendency, such as a positive tourniquet test,
or clinical bleeding; (3) thrombocytopenia (platelets ≤ 100 × 109/L); and (4) evidence of
plasma leakage manifested by haemoconcentration (>20% increase in hematocrit) or pleural
effusion [61].

The clinical features of coagulation disorders are quite different in COVID-19 and
dengue (see Table 3). COVID-19 is characterised by a high prevalence of thrombotic compli-
cations, with an estimated overall prevalence of VTE of 14.1% [62]. The incidence of VTE in
COVID-19 is at least threefold higher than in other viral respiratory infections [63]. In more
critically ill patients, the incidence of VTE is 45.6%, while it was 23.0% in non-ICU (intensive
care unit) patients [62]. Coagulopathy in COVID-19 is initiated by local lung injury, and
following the initial localised thrombo-inflammatory response, systemic hypercoagulability
becomes prominent. Coagulation tests including prothrombin time (PT) and activated
partial thromboplastin time (aPTT) are usually normal; however, more sensitive viscoelastic
testing demonstrates a hypercoagulable pattern mainly due to activated platelets [64]. Since
SARS-CoV-2 injures vascular endothelial cells, the loss of anticoagulant activity is another
critical factor for prothrombotic changes. Internalisation of ACE2 to increase angiotensin
II levels causes vasoconstriction, hyperinflammation, and the release of prothrombotic
substances such as von Willebrand factor (VWF), P-selectin, factor VIII and angiopoietin
2 [65]. Bleeding rarely occurs in COVID-19, especially in advanced stages of critical illness.
Increased haemorrhage is due to thrombocytopenia, platelet dysfunction and consumptive
coagulopathy often complicated by secondary infections [66].

Table 3. Coagulation disorders in COVID-19 and dengue (based on Iba et al. [67]).

General Dengue COVID-19

Basic comparisons Consumptive coagulopathy is common Consumptive coagulation disorder is seen in
limited cases

Bleeding in VHF and
thrombosis in COVD-19

Increased permeability in viral haemorrhagic
fever also induces coagulation defects that can
result in critical bleeding. The systemic viral
infection also induces an acute inflammatory
and hypercoagulable state causing DIC

COVID-19 is characterised by a high
prevalence of thrombotic complications.
Infrequently, bleeding can occur, especially in
advanced stages of critical illness
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Table 3. Cont.

General Dengue COVID-19

Pathogenesis

Infected dendritic cells and macrophages lose
their ability to regulate type I IFN levels, and
lymphocytes undergo cell death. Inappropriate
dendritic cell function perturbs the innate
immune system and increases vascular
permeability. Furthermore, the replicated
viruses disseminate throughout the body to
systemic reactions such as dysfunction of the
visceral parenchymal cells, platelet disability
and coagulopathy which lead to DIC resulting
in uncontrolled haemorrhage

COVID-19 directly infects
macrophages/monocytes, provoking
inflammation and thrombosis by releasing
proinflammatory cytokines, and expressing TF.
Activated neutrophils eject neutrophil
extracellular traps and disrupt
antithrombogenicity by damaging glycocalyx.
Thrombin activates endothelial cells, elicits a
proinflammatory reaction, prothrombotic
change and activates platelet aggregation.
COVID-19 also infects endothelial cells by
binding to ACE2 and stimulates the release of
factor VIII, VWF and angiopoietin 2, resulting
in thrombosis

11. Prior Exposure to DENV and COVID-19 Severity

It is possible that prior exposure to DENV could provide some degree of cross-
protection to SARS-CoV-2 infection, rendering it less severe in regions where dengue
is endemic, as supported by a report from Singapore where a man and a woman (both
aged 57 years) were originally COVID-19 virus-positive and false-positive in serological
tests for dengue, including DENV-IgM and IgG [68]. Reports are available which show
that sero-diagnostic tests for DENV yield false-positive results for SARS-CoV-2 and vice
versa in dengue-endemic regions, thereby indicating potential cross-reactivity between the
viruses. A recent study that tested the antigenic similarities of SARS-CoV-2 and DENV
using computational docking demonstrated that human DENV antibodies can bind to
the receptor binding domain of SARS-CoV-2 spike protein. Some of these interactions
can also potentially intercept human ACE2 receptor binding to the receptor-binding motif
(RBM). Dengue serum samples predating the COVID-19 outbreak cross-reacted with the
SARS-CoV-2 spike protein. Of importance is that the m396 and 80R antibodies (against
SARS virus) did not dock with RBM of SARS-CoV-2. It is probable that immunological
memory/antibodies to DENV in endemic countries could reduce the severity and spread of
COVID-19. It is not known whether SARS-CoV-2 antibodies will hinder DENV infections
by binding to DENV particles and reduce dengue incidence in the future, or even facilitate
DENV infection by deploying ADE [69].

12. Clinical Manifestations

12.1. Haemorrhagic Manifestations of Dengue

Minor bleeding such as that in the nose, gums and gastrointestinal tract is occasionally
observed in children without shock [70]. Mucosal bleeding is more common and of greater
severity in adults. However, intracranial haemorrhage is very rare but can be a fatal
complication [71]. Patients with profound or prolonged shock complicated by metabolic
acidosis and/or DIC typically experience gastrointestinal bleeding. The clinical features of
dengue infection are summarised in Figure 1.
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Figure 1. Systemic effects of dengue and time course of infection.

12.2. Thrombosis in COVID-19

Exaggerated inflammatory reactions occur during the advanced stages of COVID-19,
including progression to acute respiratory distress syndrome (ARDS) and multi-organ
failure, ultimately leading to shock, and the development of DIC [72]. The process is
multifactorial but is believed to largely revolve around a disproportionate inflammatory
cascade and cytokine storm [73] dysregulating haemostatic failsafe mechanisms. Figure 2
summarises the stages and clinical features of classical COVID-19 infections.

Several coexisting factors predisposing to increased thrombosis are observed through-
out the progression of a COVID-19 infection and may manifest as thrombotic events such
as myocardial infarction, pulmonary embolism or cerebrovascular disorders, with the
highest rates reported among severe cases, particularly those needing ICU admission [22].
However, there are reports of thrombosis in otherwise asymptomatic individuals and
occurring weeks after symptom resolution [72]. Mechanisms of coagulopathy include viral
interaction with the renin angiotensin system (RAS) via its binding to ACE2 receptors in
the lungs, leading to an upregulation of the prothrombotic angiotensin-II, a cytokine storm
and complement activation, endothelial dysfunction and sepsis-driven and hypoxia-driven
coagulopathy [72,74,75]. Severe COVID-19 has further been associated with the shutdown
of normal fibrinolysis, an essential failsafe in thrombotic homeostasis [76]. This is believed
to be due to increased release of antifibrinolytic agents, most notably plasminogen activator
inhibitor 1 (PAI-1) from activated platelets and damaged endothelium [77]. Thus, clots
not only form more easily, but are broken down less efficiently once formed. Not all these
mechanisms are confined to the severely ill patients, but new mechanisms will exacerbate
disease progression. Thus, the risk of thrombosis persists throughout a COVID-19 infection,
with the risk of thrombosis being greater in more severely affected patients [78].
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Figure 2. Typical stages of a COVID-19 infection and their clinical features.

13. Serological Cross-Reactivity between Dengue and COVID-19

It is often difficult to distinguish between COVID-19 and dengue owing to their shared
clinical and laboratory features, including possible cross-reactivity. Failing to consider
COVID-19 due to false-positive dengue serology can have serious implications and vice
versa. In a report published from Israel using clinical data and serum samples from
55 individuals with COVID-19, dengue-specific antibodies were detected by lateral-flow
rapid tests and enzyme-linked immunosorbent assay (ELISA) in 12 (21.8%) COVID-19
patients compared to zero positive cases in a control group of 70 healthy individuals
(p < 0.001). Of the 12 positive cases, nine had IgM positivity, two had IgG IgM positivity
and one had both IgM and IgG IgM positivity. ELISA testing for dengue was positive in
two additional subjects using envelope protein-directed antibodies but negative by lateral
flow rapid testing. Out of 95 samples obtained from patients diagnosed with dengue before
September 2019, SARS-CoV-2 serology targeting the S protein was positive/equivocal
in 21 (22%) (16 IgA, 5 IgG) versus 4 positives/equivocal in 102 controls (4%) (p < 0.001).
Subsequent in silico analysis revealed possible similarities between SARS-CoV-2 epitopes
in the HR2 domain of the spike protein and the dengue envelope protein. This finding
supports possible cross-reactivity between DENV and SARS-CoV-2, which can lead to false-
positive dengue serology among COVID-19 patients and vice versa—which has important
therapeutic and public health implications [79].

14. Management Recommendations for COVID-19 Coagulopathy

The best practice management of coagulopathy in the context of a COVID-19 infection
continues to evolve as new evidence emerges, and no guidance can adequately cover every
possible situation. However, some recommendations can be made regarding approaches
to mitigate and treat coagulopathy in these patients. The scope of this paper does not
cover all eventualities such as management of specific thrombotic syndromes (e.g., acute
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coronary syndrome) in COVID-19, but instead lays out recommendations for general
prophylactic management.

14.1. Mild COVID-19 Infection

Anticoagulation should not be commenced routinely in patients with mild, early
symptoms, as the risk of coagulation disorders is the lowest in these patients who can be
treated at home [75]. Appropriate counselling should be offered, including increased risk
of coagulopathy, warning signs of clotting and basic measures for prevention (e.g., staying
well hydrated, staying mobile).

A risk–benefit analysis should be conducted for patients with other co-morbidities
that can increase coagulation risk. Anticoagulation should be continued in those already on
anticoagulant therapy (for instance, a patient with pre-existing atrial fibrillation treated with
a direct-acting oral anticoagulant). However, there are specific considerations concerning
the suitability of treatment in light of their current infection status, such as safe access to
international normalised ratio (INR) clinics if a patient’s warfarin dosing is unstable, in
which case an alternative anticoagulant may be more appropriate.

14.2. Moderate to Severe COVID-19 Infection

In patients with a COVID-19 syndrome severe enough to be admitted to hospital,
management of thrombotic risk requires a more proactive approach. Close monitoring is
recommended for signs of either developing a VTE or coagulation abnormality and antico-
agulation is recommended in the first instance, with or without mechanical prophylaxis.

Specific agents and dosing will differ, and these should be sought from local or
national guidelines related to the place of treatment, and at the discretion of the clinician
treating the patient. For instance, the National Institute of Clinical Excellence in the UK
currently recommends that prophylactic low molecular weight heparin be offered to all
COVID-positive patients without contraindications, unless already receiving a suitable
prophylaxis agent, with several considerations for escalating to a short-term therapeutic
dosing regimen [80]; however, the optimal dosing in patients without evidence of current
VTE remains unclear [75].

Monitoring of biochemical markers is recommended for inpatients, not only for disease
progression, but for signs of coagulopathy. Raised D-dimer levels are associated with
increased morbidity and mortality [72,78] and should be monitored at 2–3 day intervals [75].
Though it is not generally recommended to dose anticoagulation treatment based on
D-dimers [80], this can be used to identify a deteriorating patient, or the presence of
thrombus development.

Severe COVID-19, as with many other critical conditions, represents an increased
risk of developing DIC [72]. Close clinical and biochemical monitoring of signs of DIC is
recommended in the form of platelet counts and coagulation panels, including fibrinogen
levels and D-dimers. Decisions on the anticoagulation should be on a patient-to-patient
basis, with considerations balanced between the risks of thrombosis and bleeding. It is
generally recommended that prophylactic anticoagulation be continued in the absence of
overt bleeding [75], and most reports suggest that incidence of life-threatening bleeding is
less than that of major thrombosis [72]. Consultation with a local haematologist is advised
to optimise care in such cases.

15. Management Recommendations in Dengue

General Aspects of Management of Dengue

There are three phases of clinical presentations of dengue infections: febrile, critical
(leakage) and convalescence (Figure 1). The convalescent phase can be divided into early
(24–36 h after shock or 48–60 h after leakage) and a later convalescence phase (36 h after
shock or 60 h after leakage). Disease manifestations are DHF (grades I and II) and DSS
(grades III and IV). Expanded dengue syndrome is considered the most severe because this
can lead to complications and death if not managed in a timely manner. Patients with DHF
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and DSS have different clinical presentations from other patients infected with dengue.
Plasma leaks occur during the critical phases of DHF and DSS [81]. Most patients with
dengue present with an undifferentiated febrile illness, but DHF/DSS occurs in only a
small number of patients. Early diagnosis of DHF/DSS is important to initiate management
promptly to prevent shock, severe illness and death. Symptomatic and supportive treatment
is only needed during the early febrile phase. Dengue patients usually have high persistent
fevers for 4–5 (range 2–7) days. Common signs and symptoms are severe headache,
retro-orbital pain, myalgia, arthralgia and minor haemorrhagic manifestations such as
petechial rash, epistaxis, gum bleeding and coffee-ground vomiting. Haematemesis and
melena are both common symptoms. Haemoglobinuria is common on urine testing of
haemolytic anaemias, especially in cases of thalassemia, other haemoglobinopathy and
G-6-PD deficiency. Erythematous or maculopapular or petechial rash is especially common
in adults. Nausea and vomiting along with poor appetite and malaise are common but
nonspecific symptoms [82].

The use of an early tourniquet when diagnosing DHF and DSS is very helpful, where
blood pressure is measured using an appropriately sized cuff. Cuff pressure is increased to
a value that is mid-way between systolic and diastolic pressure for 5 min, and the cuff is
then released. Results can be obtained after 1 min, or once normal skin circulation is noted.
The test is regarded as positive if there are ≥310 petechiae/mm3 [83]. Paracetamol is the
only recommended antipyretic to treat fever, both in children and in adults; non-steroidal
anti-inflammatory drugs and aspirin are contraindicated. Anti-emetics are allowed for
patients with nausea and vomiting. Other supportive and symptomatic medicines may be
provided at the physician’s discretion, depending on clinical signs and symptoms. Some
examples include anticonvulsants, anti-histamines and gastro protectives such as proton
pump inhibitors. Antibiotics are not indicated unless superimposed secondary bacterial
infections are suspected.

Shock or impending shock should be suspected in dengue patients with narrow pulse
pressure (≤20 mmHg), hypotension, those with clinical signs of shock (rapid and weak
pulse, mottled, cold and calmy skin, delayed capillary refill time (>3 s)), thrombocytopenia
and raised haematocrit (320%), leukopenia, which can be related to a poor appetite, clinical
deterioration or significant bleeding during defervescence. Any patient with shock or
impending shock needs urgent hospitalisation for intensive monitoring of vital signs and
prompt management [84].

16. Management of Haemorrhage in Dengue

The risk of clinically significant bleeding in dengue is unpredictable and often con-
tributes to adverse outcomes. A large systematic review of 11 studies on prophylactic and
therapeutic interventions for bleeding in dengue failed to identify any effective intervention
in preventing or treating clinically significant bleeding in dengue [85].

A retrospective study evaluated 256 patients with dengue infection who developed
thrombocytopenia (platelet count, <20 × 103 platelets/μL) without prior bleeding, of which
188 received platelet transfusions. Subsequent bleeding, platelet increases, and platelet
recovery times were similar between patients either receiving or not receiving platelet
transfusions. Prophylactic platelet transfusion did not prevent bleeding in adult patients
with dengue infection [86]. Another multicentre, open-label, randomised controlled trial
(RCT) assigned 372 patients to transfusion (n = 188) or control (n = 184) groups. The
intention-to-treat analysis shows clinical bleeding by day 7 or at hospital discharge occurred
in 40 (21%) patients in the transfusion group and 48 (26%) patients in the control group
(risk difference −4.98% (95% confidence interval (CI) −15.08 to 5.34); relative risk 0.81
(95% CI 0.56 to 1.17); p = 0.16); however, significantly more adverse events occurred in
the transfusion group (5.81% (95% CI –4.42 to 16.01) versus 6.26% (95% CI 1.43 to 27.34);
p < 0.01). No deaths were reported. The authors concluded that prophylactic platelet
transfusion was not superior to supportive care in preventing bleeding in adult patients
with dengue and thrombocytopenia, and could be associated with adverse events [87].
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Some treatment recommendations are outlined below [85]:

1. Prophylactic platelet transfusion should not be routinely prescribed based on low
platelet counts in patients with dengue and no bleeding.

2. Therapeutic platelet transfusion should not be routinely prescribed in patients with
dengue with thrombocytopaenia and mild bleeding.

3. There is insufficient evidence to support or refute the use of platelet transfusion in
patients with severe bleeding in dengue.

4. There is a need for further, well-designed RCTs to evaluate the role of platelets and
plasma transfusion in patients in both the prevention of bleeding and in the setting of
clinically significant bleeding in dengue infection.

5. There is currently insufficient evidence regarding the role of rFVIIa, anti-D globulin,
Ig or tranexamic acid in the prevention or treatment of bleeding in dengue infection
and there is a need for further research on these therapeutic agents.

17. Conclusions

Significant coagulation abnormalities, including thrombocytopenia, are common in
both dengue and COVID-19 infections. This review discusses their common pathogenesis,
clinical features including potential serological false positivity, and diagnostic challenges
especially in dengue-endemic areas. We also review the importance of not transfusing
platelets routinely as this can further stress already stretched services globally.

There are multiple complex mechanisms responsible for coagulation disturbances,
thrombocytopenia and platelet dysfunction in dengue and paradoxical thromboembolism
in COVID-19. The important aspects of treating COVID-19-induced immunothrombosis
associated with thrombocytopenia are anticoagulation with or without aspirin. However,
aspirin, nonsteroidal anti-inflammatory agents and anticoagulants are contraindicated in
dengue infections.

The importance of recognising the similar clinical presentations of both diseases and
excluding COVID-19 in the differential diagnoses in the setting of a dengue pandemic is
paramount in preventing potential serious consequences in the current management of
DENV-induced thrombocytopenia. While both dengue fever and COVID-19 infections can
result in thrombocytopenia and coagulopathy, their clinical manifestations and manage-
ment are quite different. Prevention and control strategies combined with vaccinations
are key to controlling disease burden. While successful vaccinations for dengue currently
remain largely ineffective, COVID 19 vaccinations have largely been successful.
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Abstract: The gastrointestinal tract plays an important role in the pathogenesis of COVID-19. The
angiotensin-converting enzyme 2 receptor and the transmembrane protease serine 2 receptor bind
and activate SARS-CoV-2 and are present in high concentrations throughout the gastrointestinal tract.
Most patients present with gastrointestinal symptoms and/or abnormal liver function tests, both of
which have been associated with adverse outcomes. The mechanisms of liver damage are currently
under investigation, but the damage is usually transient and nonsevere. Liver transplantation is
the only definitive treatment for acute liver failure and end-stage liver disease, and unfortunately,
because of the need for ventilators during the COVID-19 pandemic, most liver transplant programs
have been suspended. Patients with gastrointestinal autoimmune diseases require close follow-up
and may need modification in immunosuppression. Acute pancreatitis is a rare manifestation of
COVID-19, but it must be considered in patients with abdominal pain. The gastrointestinal tract,
including the liver and the pancreas, has an intimate relationship with COVID-19 that is currently
under active investigation.

Keywords: COVID-19; SARS-CoV-2; diarrhea; liver; pancreas; inflammatory bowel diseases; liver
transplantation

1. Introduction

The new coronavirus SARS-CoV-2 infection (COVID-19) reported in Wuhan, China, in
December 2019, and by 11 March 2020, the World Health Organization declared it a global
pandemic [1]. Time has passed, many people have succumbed to the infection, and a global
effort has been carried out to study the virus, both to develop an effective vaccine and to
prevent further complications among survivors. Coronaviruses are 65–125 nm diameter
(26–32 kb genome) positive monocatenary RNA viruses from the family Coronaviridae and
subfamily Orthocoronavirinae, which are subdivided into Alphacoronavirus, Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus [2]. The two previous Betacoronavirus pandemics
were SARS-CoV in 2003 and MERS-CoV in 2012, with mortality of 10% and 37%, respec-
tively [3]. Interestingly, the new coronavirus SARS-CoV-2 genome shows 96.2% homology
with the RaTG13 virus in bats (Bat-RaTG13 and Bat-SL-CoVZXC21) [4].

Coronaviruses are known to cause severe acute respiratory distress syndrome and
death, and the gastrointestinal tract has been described as playing a key role in the route of
infection, clinical manifestations, and disease outcomes. In addition, many gastrointestinal
diseases (e.g., autoimmune hepatitis, Crohn’s disease) require immunosuppressive treat-
ment and whether the clinical course or risk of complications may be halted by treatment
for COVID-19 infection is still under investigation. Moreover, liver transplant as the only
intervention for terminal liver disease has also been affected by the pandemic. Specifically,
most transplant programs in the world have been halted, which will result in longer waiting
lists, liver decompensation, and death in the short term for many such patients.

The objective of the current review is to describe the intimate relationship between
the gastrointestinal tract, including the liver and pancreas, and the pathogenesis, clinical
course, and outcomes of the COVID-19 pandemic.
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2. The Gastrointestinal Tract in the Pathogenesis of COVID-19

Coronaviruses express four structural proteins: spike (S), membrane (M), envelope (E),
and nucleocapsid (N). The S protein receptor-binding domain shares 75% of the amino acid
sequence of the SARS-CoV virus [2]. The conformational change of protein S, which binds
with the angiotensin-converting enzyme 2 (ACE2) receptor and transmembrane protease
serine 2 receptor (TMPRSS2) of the host cell, allows fusion of the viral envelope with the
cell membrane and internalization of the virus [5]. Interferon upregulates the expression
of ACE2 and TMPRSS2 receptors in the nasal secretory cells, type II pneumocytes, and
enterocytes. Thus, the tropism of the virus is determined by the tissue distribution of ACE2
and TMPRSS2 receptors [6,7]. The affinity of SARS-CoV-2 for the ACE2 receptor in the
gastrointestinal tract is 10–20 times greater than that of SARS-CoV [8].

Although fecal isolates of SARS-CoV-2 are capable of infecting cells cultured in vitro,
fecal–oral transmission, though possible, has not been demonstrated [9]. In a retrospective
study, a positive fecal real-time polymerase chain reaction (RT-PCR) was detected two
to five days after a positive sputum RT-PCR with fecal excretion of the virus for up to
11 days [10].

Interestingly, SARS-CoV-2 RNA was identified in the sewage water of hospitals in
Beijing and when seeded, could remain infectious for 14 days at 4 ◦C and 2 days at
20 ◦C [11]. Evidence for gastrointestinal infection of SARS-CoV-2 is controversial. For
example, a 78-year-old man with COVID-19 developed gastrointestinal bleeding during
hospitalization, with a hematoxylin and eosin (H&E) stain of endoscopic samples showing
damage with infiltrating lymphocytes in the esophageal epithelium and plasma cells with
interstitial edema in the stomach, duodenum, and rectum [12].

Gut microbiota could play a potential role as a diagnostic or prognostic biomarker
in patients with COVID-19, as reported in a comprehensive systematic review including
1668 studies [13]. Patients with COVID-19 develop gut microbiota dysbiosis with depletion
of Ruminococcus, Alistipes, Eubacterium, Bifidobacterium, Faecalibacterium, Roseburia, Fusica-
thenibacter, and Blautia, and enrichment of Eggerthella, Bacteroides, Actinomyces, Clostridium,
Streptococcus, Rothia, and Collinsella. A dysregulated gut environment could increase the
expression of ACE2 in the gut and favor more severe disease [14]. Table 1 summarizes
examples of basic and translational implications of COVID-19.

Table 1. Basic and translational implications of COVID-19.

Study Hypothesis Design Results Implications

Jiao [15]

The gastrointestinal tract
could play a central role in

the pathogenesis of
COVID-19

Infection of Rhesus monkeys
with an intragastric or

intranasal challenge with
SARS-CoV-2

Both intranasal and
intragastric inoculation
caused pneumonia and

gastrointestinal dysfunction

Possible connections through
inflammatory cytokines

Wang [16]

SARS-CoV-2 could be
potentially transmitted other
than through the respiratory

tract

Biodistribution of
SARS-CoV-2 among different

tissues of inpatients

SARS-CoV-2 detected in
respiratory tissue, feces, and

blood but not in urine

Transmission of the virus
through extra-respiratory

routes (feces) could explain
the rapid spread

Irham [17]
Individual expression of
TMPRSS2 may influence

SARS-CoV-2 susceptibility

Multiple large genome
databases (GTEx portal, SNP

nexus, Ensembl genome
project)

Four variants (rs464397,
rs469390, rs2070788, and

rs383510) affect expression of
TMPRSS2 in lung tissue

Higher frequency of
upregulating variants in
European and American

populations

Cao [18]
ACE2 variants could reduce
the binding of S protein in

SARS-CoV-2

Analysis of variants of ACE2
gene and allele frequencies in

ChinaMAP and 1 KgP
databases

Singleton truncating variant
of ACE2 (Gln300X) and

higher allele frequency in
China of the SNP rs2285666

Lack of natural resistant
mutations for coronavirus S

protein binding

3. COVID-19 and Gastrointestinal Symptoms

Most patients with COVID-19 report nonspecific symptoms, including fever, headache,
fatigue, arthralgias, myalgias, and general malaise. Because SARS-CoV-2 targets primarily
the respiratory tract, additional symptoms such as cough, dyspnea, and anosmia are also
reported [19]. Furthermore, in most published studies the prevalence of gastrointestinal
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symptoms varies between 5% and up to 50% of cases, and include diarrhea, nausea, vom-
iting, anorexia, and abdominal pain. In about 5% of patients, gastrointestinal symptoms
may occur prior to respiratory symptoms [20]. A meta-analysis of 1577 patients reported
that among gastrointestinal symptoms, diarrhea was the most prevalent with 33.9%, fol-
lowed by nausea with 12.5%, and vomiting with 11.5%. In this study, the presence of
gastrointestinal symptoms was not associated with COVID-19 severity (Odds Ratio (OR)
1.16; 95% Confidence Interval (CI) 0.89–1.52), and only abdominal pain was associated with
a more severe disease (OR 2.83; 95% CI 1.34–6.01; p = 0.007) [21]. By comparison, in another
meta-analysis that included 6686 patients, the presence of gastrointestinal symptoms was
associated with a higher risk of acute respiratory distress syndrome (OR 2.85, 95% CI
1.17–7.48), and abdominal pain was associated with greater disease severity (OR 7.10; 95%
CI 1.93–26.07) [22].

A systematic review and meta-analysis involving 4682 patients reported that the most
significant gastrointestinal symptoms were anorexia (17%; 95% CI 0.06–0.27) and diarrhea
(0.08; 95% CI 0.06–0.11), and patients with severe disease were more likely to have diarrhea,
anorexia, and abdominal pain [23]. Although the clinical effect of gastrointestinal symptoms
on COVID-19 outcomes is mixed, a prospective study in 244 patients reported that diarrhea
was not associated with mortality (0% vs. 7.7%, p = 0.036) and overall gastrointestinal
symptoms were negatively associated with moderate to severe disease (p = 0.004) [24].

In a study evaluating the dynamics of fecal RNA shedding in 113 patients, fecal
SARS-CoV-2 RNA was detected in 49.2% (95% CI 38.2–60.3%) of patients within the first
seven days after diagnosis, and 3.8% (95% CI 2.0–7.3%) of individuals shed for up to seven
months [25]. Although it has been postulated that shedding of the virus correlates with
gastrointestinal and nongastrointestinal symptoms, no association with long COVID-19
symptoms has been found [26].

Complex gastrointestinal complications of COVID-19 have been reported in severe
disease, including ileus, hepatic necrosis, acalculous cholecystitis, and bowel ischemia. A
systematic review that included 22 studies reported that 29% of patients presented with
arterial mesenteric thromboembolism and 19.3% with portal venous thrombosis, requiring
laparotomy and bowel resection in 64.5% with an overall mortality of 38.7% [27]. Although
rare, ischemic gastrointestinal complications of COVID-19 can be fatal. Figure 1 highlights
the relationship between COVID-19 and gastrointestinal manifestations and complications.

Figure 1. Overview of COVID-19 gastrointestinal, hepatic, and pancreatic manifestations (Adapted
from references [14,28–30]).
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4. COVID-19 and the Liver

At the beginning of the pandemic, the behavior of COVID-19 was expected to be
similar to that of the SARS pandemic of 2003, where liver damage was reported in up to
60% of patients [31]. Early publications reported aberrations in liver tests, suggesting a
possible mechanism of liver damage different from that in SARS-CoV-2. Abnormal liver
function tests are frequently observed, with a prevalence as high as 76.3% and associated
with more severe disease with abnormal alanine aminotransferase (ALT) (OR 1.89; 95%
CI 1.30–2.76; p = 0.009) and abnormal aspartate aminotransferase (AST) (OR 3.08; 95% CI
2.14–4.42; p < 0.0001) [22].

The pattern of liver damage has been associated with greater severity of the disease
with an OR of 2.73 (95% CI 1.19–6.3) for hepatocellular damage and an OR of 4.44 (95% CI
1.93–10.23) for mixed damage [32]. A meta-analysis that included 12,882 patients reported
AST elevation in 41.1% and ALT elevation in 29.1% of cases; acute liver damage was
reported in 26.5% of cases, which was associated with worse outcome (OR 1.68; 95% CI
1.04–2.70; p = 0.03) [33]. Abnormal liver tests in COVID-19 may be independent of the
presence of pre-existing liver disease [34], which suggests a direct effect of the virus on the
liver, among other mechanisms that are discussed below. In most cases, these alterations
are transient and nonsignificant [19].

4.1. Proposed Mechanisms of Liver Injury

The liver is the only organ with double blood supply (arterial and portal) and harvests
the largest reserve of macrophages, playing a crucial role in the immune response to SARS-
CoV-2 through hepatic stellar cells. In addition, endothelial cells in liver sinusoids register
and activate the immune response through Toll-like receptors [35].

The interaction between SARS-CoV-2 and the liver is under active investigation be-
cause ACE2 receptors are not expressed in Kupffer cells, hepatocytes, or endothelium of the
hepatic sinusoids [7]. By contrast, ACE2 receptors are expressed in vascular endothelium
and in cholangiocytes, almost in the same proportion as in the type II pneumocytes [31].
The endothelium of bile ducts is more susceptible to SARS-CoV-2, therefore the upregula-
tion of ACE2 receptors favors internalization of the virus and results in liver damage due
to compensatory proliferation of hepatocytes [19]. Interestingly, the expression of ACE2
receptors has been reported in fatty liver animal models [36] and in regeneration nodules
in liver cirrhosis [35], giving rise to the possibility of greater susceptibility to liver damage
in such patients.

Currently, there is no consensus on the exact mechanism of liver damage in COVID-19.
However, several hypotheses have been postulated: (1) direct cytopathic damage, (2) systemic
inflammatory response with immune-mediated collateral damage, (3) hypoxia and liver
ischemia, as in hypoxic hepatitis, (4) acute-on-chronic liver failure, and (5) drug-induced
and/or herbal-induced liver injury [37].

Direct cytopathic damage has not been demonstrated and in a study of postmortem
liver biopsies, only moderate lymphocytic lobular infiltrate and centrilobular sinusoidal
dilatation were reported, findings that the authors attributed to the patient’s previous
comorbidities [38]. In another postmortem study, no viral inclusions were found in the
liver parenchyma [39].

The terms “cytokine release syndrome” and “cytokine storm” have been described
in the medical literature since 1992 and refer to the role of a devastating effect of immune
dysregulation, characterized by constitutional symptoms, systemic inflammation, and
multiorgan dysfunction that can lead to multiorgan failure and death [40]. The cytokine
storm in COVID-19 is characterized by high circulating levels of interleukin-1β, interferon-
γ, and monocyte chemoattractant protein-1 [35], which upregulates the expression of ACE2
and TMPRSS2 receptors [6].

Hypoxic hepatitis refers to the massive, rapid rise in serum aminotransferases as a
result of reduced oxygen delivery to the liver, which most common in cardiac failure, septic
shock, and respiratory failure, but may occur in the absence of hypotension or a shock state
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in about 50% of cases [41]. In COVID-19, hypoxic hepatitis may be secondary to septic
shock, COVID-related myocarditis (as cardiogenic shock), and ventilator complications [42].
In a series of 40 patients who died of complications of COVID-19, congestion and centrilob-
ular ischemic necrosis were found in 78% and 40% of cases, respectively [43]. Hypoxic
hepatitis may be considered among the differential diagnoses of liver injury in patients
with COVID-19.

Acute-on-chronic liver failure (ACLF) refers to an acute decompensation in patients
with chronic liver disease that is associated with a high risk of short-term mortality [44].
This syndrome is characterized by intense systemic inflammation, a close precipitating
event, and single or multiple organ failure [45]. The mortality burden of ACLF in wait-
listed patients is high, with prompt liver transplantation required in survivors. It has
been hypothesized that patients with cirrhosis and ACLF have an increased risk of de-
veloping severe COVID-19 because of immune dysregulation (or immune paralysis). In
cirrhosis, immune dysregulation is responsible for 30% of the mortality and is characterized
by increases in anti-inflammatory cytokines, suppression of proinflammatory cytokines,
increased gut permeability, reduced intestinal transit, and altered intestinal microbiota,
which increases the risk of bacterial translocation and endotoxemia [46]. In a study that
included 2460 patients, 35% met the definition of ACLF from the European Association for
the Study of the Liver (EASL)-Chronic Liver Failure Consortium and exhibited prolonged
hospital stay (14.7 ± 17.3 days vs. 5.4 ± 5.3 days, p = 0.004), severe COVID-19 (25% vs. 3%,
p = 0.03), need for intensive care unit (45% vs. 11%, p = 0.003), and higher mortality (30%
vs. 5%, p = 0.01) than patients without ACLF [47].

Drug-induced liver injury (DILI) and herb-induced liver injury (HILI) are defined
as liver dysfunction and/or abnormalities in liver function tests secondary to the use of
medications, herbs, or xenobiotics within the reasonable exclusion of other etiologies [48].
Many drugs have been used to treat patients with COVID-19, including antiviral agents
(e.g., lopinavir, ritonavir, remdesivir, darunavir, umifenovir, and favipiravir), antibiotics
(e.g., azithromycin), antimalarials (e.g., chloroquine and hydroxychloroquine), monoclonal
antibodies (e.g., tocilizumab), JAK inhibitors (e.g., baricitinib), tyrosin kinase inhibitors
(e.g., imatinib) [49,50], complementary alternative medicine (e.g., chlorine dioxide and
Ayurvedic Kadha), and home remedies (Allium sativum) [51], many of which have been
associated with hepatotoxicity alone or in combination as compassionate treatment. In
this context, the Réseau d’Étude Francophone de l’Hépatotoxicité des Produits de Santé,
a European study network focused on DILI, reported four cases of lopinavir/ritonavir
suspected hepatotoxicity [52]. In clinical practice, polypharmacy is not uncommon, and
physicians must be aware of DILI and HILI as potential causes of liver injury in patients
with COVID-19. The same work-up and recommendations for patients without COVID-19
should be started upon suspicion of polypharmacy and DILI, especially discontinuation of
the offending drug.

The exact mechanism of liver damage in COVID-19 is complex, challenging, and
multifactorial in nature.

4.2. Implications in Fatty Liver Disease

Information concerning the association of hepatic steatosis and fibrosis with COVID-19
outcomes is limited. A more severe illness and worse outcomes are expected because a
higher expression of ACE2 receptors has been found in hepatocytes of animal models of
fatty liver [36].

A retrospective study that included 202 patients with fatty liver assessed by a hepatic
steatosis index (HSI) > 36 points and/or confirmation by liver ultrasound reported a higher
risk of progression of COVID-19 (6.6% vs. 44.7%, p < 0.00001) and longer shedding time
(17.5 days vs. 12.1 days, p < 0.00001) in comparison with patients without fatty liver
disease [53].

Obesity and metabolic syndrome are common risk factors for metabolic associated
fatty liver disease (MAFLD) and in many cases coexist with COVID-19 in an alarming
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way. A prospective study of 214 patients with COVID-19 reported a 30.8% prevalence of
MAFLD, of whom 68.2% had obesity associated with greater severity of disease (OR 6.32;
95% CI 1.16–34.54, p = 0.033) [54].

Establishing the risk of MAFLD through noninvasive predictive models at the time of
hospitalization for COVID-19 may result in an overestimation of the prevalence of MAFLD
because biomarkers (e.g., transaminases) used in the models (e.g., HSI, NAFLD-FS) may be
altered by COVID-19. In addition, imaging techniques such as ultrasound have an overall
sensitivity of 84.8% (95% CI 79.5–88.9) and a specificity of 93.6% (95% CI 87.2–97.0) for the
detection of moderate to severe fatty liver [55], which could be considered as a reliable
bedside diagnostic tool for fatty liver and for excluding other causes of abnormal liver tests.

In a systematic review and meta-analysis including 16 observational studies and
1746 MAFLD patients, the prevalence of COVID-19 was 29% (95% CI 0.19–0.40, p = 0.04)
and was associated with increased severity (OR 3.07; 95% CI 2.30–4.09) and risk of ICU
admission (OR 1.46; 95% CI 1.12–1.91, p = 0.28) but not associated with mortality (OR
1.45; 95% CI 0.74–2.87, p > 0.05) [56]. Patients with MAFLD seem to be at higher risk of
developing complications related to COVID-19, but further research is needed.

4.3. Implications in Liver Cirrhosis

Liver cirrhosis is estimated to affect 4.5–9% of the world’s population [57], and a
high proportion of patients with cirrhosis are expected to be infected with COVID-19.
A multicenter study of 160 patients reported a prevalence of advanced fibrosis of 28.1%
assessed with FIB-4 ≥ 2.67, which was associated with a higher risk for requiring intensive
care (OR 3.41; 95% CI 1.30–8.92) [58].

The two most important international registries of patients with chronic liver dis-
ease and COVID-19 are COVID-Hep.net (University of Oxford and EASL) and SECURE-
Cirrhosis Registry (University of North Carolina at Chapel Hill). In the first report, which
included 745 patients (386 with cirrhosis and 359 controls), a mortality of 32% was found in
patients with cirrhosis, which increased according to liver disease severity to 35% (OR 4.14;
95% CI 1.03–3.52) in Child–Pugh B and 51% (OR 9.32; 95% CI 4.80–18.08) in Child–Pugh
C. Acute decompensation was observed in 46% of cases, of which 21% had no respiratory
symptoms and 50% presented as ACLF [59].

An additional concern during the COVID-19 pandemic is the role of immunosuppres-
sion in patients with autoimmune liver diseases due to the increased risk of respiratory
tract infections. However, a greater severity of infection has not yet been demonstrated in
this group of patients. In this regard, recommendations for the approach to this group of
patients are summarized in Table 2 [60].

Table 2. Recommendations for patients with autoimmune liver disease and COVID-19 (adapted from
Lleo [60]).

Summary of Recommendations

• Organize independent access to health services to avoid contact with COVID-19-positive patients.
• Limit invasive screening procedures to only emergency interventions (e.g., endoscopy).
• Initiate immunosuppressive treatment at standard doses for the treatment of exacerbation of

autoimmune hepatitis.
• Coordinate care with the transplant committee in case of acute liver failure.
• Reduce immunosuppression in case of infection, especially antimetabolites in patients

with lymphopenia.

4.4. Implications in Liver Transplantation

Since 1980, transplant programs around the world have responded to the pandemics
of HIV, SARS-CoV, East Nile Virus, Influenza A/H1N1, Zika, and Ebola, maintaining
their operation with the evaluation of the transmission to the donor, the severity of the
disease in the recipient, and the risk of transmission to health personnel [61]. Unlike other
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solid organ transplant programs where alternatives or bridging therapies exist, such as
hemodialysis, cardiac assist devices, and extracorporeal membrane oxygenation, in the
case of patients with acute liver failure or end-stage liver disease, liver transplantation is
the only treatment alternative. Currently, liver transplantation programs are among the
most vulnerable around the world.

During the COVID-19 pandemic, the availability of intensive care beds has been
vital, and this need is shared by transplant programs whose patients require specialized
postoperative care. Therefore, a staggered-phase approach has been proposed with a
decrease in the activity of transplant programs according to the tolerance of transplant risk,
hospital capacity, and pandemic activity in the locality [61]. In a health system completely
overwhelmed by the care of COVID-19 patients, the transplant program must be reduced
by 100%.

Early experience at the beginning of the COVID-19 pandemic has been reported in
a prospective nationwide study containing 111 liver transplant patients with COVID-19.
At a median of 23 days, up to 86.5% of patients were hospitalized, 19.8% required intu-
bation, 10.88% were admitted to the intensive care unit, and 18% died [62]. Currently,
there is no consensus regarding the time of liver transplant in patients with COVID-19.
Even so, successful liver transplants have been reported in patients with asymptomatic
COVID-19 [63].

Recently, a study involving 792 patients from the EASL-COVID-Hep network and
283 patients from the UK OCTAVE study were compared with 93 healthy controls from the
UK PITCH consortium. The study reported that liver transplant recipients had reduced
anti-S Ig titer following two doses of BNT162b2 or ChAdOx1 vaccines [64]. It is still
unknown why liver transplant patients failed to generate a response following vaccination.

4.5. COVID-19 and Inflammatory Bowel Disease

Patients with inflammatory bowel disease (IBD) share a similar inflammatory cytokine
profile with acute exacerbation and “cytokine storm”, and such patients could benefit from
treatment with interleukin-1 or interleukin-6 antagonists [65].

Two forms of the ACE2 receptor have been described, a soluble one that lacks a
transmembrane domain and circulates in small amounts in the bloodstream and a complete
one made up of an extracellular domain and a transmembrane domain and is responsible
for the internalization of the virus into the host cell [66]. The soluble ACE2 receptor is
upregulated in patients with IBD, and in vitro studies have shown that it can prevent virus
binding to the transmembrane ACE2 receptor by acting as a competitive inhibitor [65].

In a multicenter study from the SECURE-IBD database (University of North Carolina
at Chapel Hill), 232 patients with IBD (101 with Crohn’s disease, 93 with ulcerative colitis,
and 38 with indeterminate colitis) were compared with 19,776 controls, and although there
was no difference between the groups regarding the severity of the infection, the risk of
severe COVID-19 was higher in patients under treatment with steroids (OR 1.60, 95%
CI 1.01–2.57; p = 0.04) [67]. From this database, 209 patients under 18 years of age were
analyzed and hospitalization was required in 7% with 1% requiring mechanical ventilation;
no mortality was reported. Interestingly, patients receiving anti-TNF monotherapy had a
lower rate of hospitalization (7% vs. 51%, p < 0.01) [68].

A meta-analysis containing 24 studies reported a pooled incidence rate of COVID-19
of 4.02 per 1000 persons with IBD (95% CI 1.44–11.17, I2 = 98%) with a pooled relative risk
of acquiring COVID-19 no different from the general population (0.47; 95% CI 0.18–1.26,
I2 = 89%) nor type of IBD (1.03, 95% CI 0.62–1.71, I2 = 0); pooled mortality was 4.27% [69].
As reported in previous studies, the relative risk of hospitalization, intensive care unit
admission, and mortality was lower for patients on biologics but higher for those taking
steroids or 5-aminosalicylates. In a prospective study including 5457 patients with IBD (I-
CARE project), 4.3% reported COVID-19 with 0.2% severe cases and no COVID-19-related
mortality [70]. Currently, there is no evidence that IBD is associated with a higher risk of
COVID-19 infection or worse outcomes.
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Similar to autoimmune liver diseases, IBD relapse may occur with inappropriate dis-
continuation of corticosteroids, antimetabolites, immunomodulators, and/or biologics [71].
Therefore, discussion with IBD experts is warranted in the treatment and follow-up of
these patients.

4.6. COVID-19 and the Pancreas

Because COVID-19 manifests as a multisystemic disease, pancreatic involvement is ex-
pected, although limited evidence is available. Multiple viruses affect the pancreas, includ-
ing hepatotropic viruses (hepatitis A, B, and E, Epstein–Barr, Coxsackie, Cytomegalovirus,
and herpes zoster), as well as HIV, mumps, measles, and varicella zoster [72].

Higher levels of ACE2 messenger RNA have been found in the pancreas than in the
lungs, a finding that could explain the pancreatic damage with infection [73]. In addition,
obesity increases visceral adipose tissue, including intrapancreatic fat, in which the content
of unsaturated fatty acids from triglycerides in adipocytes is released by hydrolysis and
perpetuates fat necrosis in cases of acute pancreatitis that ultimately results in a “cytokine
storm” and multi-organ failure, a similar scenario to that observed in COVID-19 [72].

Although the presence of SARS-CoV-2 in the pancreas has not been demonstrated in
necropsy studies of patients with COVID-19, in 2004 SARS-CoV was detected by murine
monoclonal antibodies in four patients with SARS [74]. Because of the similarity in viral
structure and pathogenesis of SARS-CoV with SARS-CoV-2, a similar distribution can be
expected in tissues and organs between the two viruses.

Abnormal pancreatic enzyme levels have been described in 8.5% to 17.3% of COVID-19
cases. Nonetheless, only 0.76% of cases met the Atlanta criteria for acute pancreatitis [72].
In a multicenter retrospective study of 71 hospitalized patients with COVID-19, only 12.1%
presented with hyperlipasemia and 2.8% had a report of serum lipase levels at least three
times the upper limit of normal, which was not associated with worse outcomes and no
patient met the criteria for acute pancreatitis [75]. In patients with severe COVID-19, a
higher prevalence of elevated pancreatic enzymes has been reported, and in a retrospective
study of 1003 patients, 16.8% presented with lipase more than three times the upper limit
of normal, which was associated with a higher rate of admission to intensive care (OR 8.93;
95% CI 2.43–38.5, p < 0.002) and intubation (OR 12.5; 95% CI 2.95–68.4, p < 0.002) when
reported in the range of 81 to 701 IU/L [76].

Most cases of acute pancreatitis have been documented in patients with severe
COVID-19, even without respiratory symptoms at the onset of the disease [72]. In a
multicenter retrospective study of 48,012 hospitalized patients, only 0.39% met acute pan-
creatitis criteria, of whom 17% had COVID-19, and this combination was associated with a
higher rate of intubation (OR 5.65; 95% CI 1.49–21.52, p = 0.01) and length of hospital stay
(OR 3.22; 95% CI 1.34–7.75, p = 0.009) compared with patients without COVID-19 [77].

Finally, treatments used for COVID-19 can precipitate acute pancreatitis both directly
(e.g., steroids and baricitinib) and indirectly (e.g., hypertriglyceridemia from tocilizumab
and lopinavir/ritonavir) [72]. Therefore, although acute pancreatitis is not the most frequent
manifestation of COVID-19, it should be considered within the differential diagnosis of
patients with gastrointestinal symptoms, specifically abdominal pain.

As expected, in a study comparing admissions for acute pancreatitis (baseline group)
with admissions during the same period in 2020 (pandemic group), patients in the pandemic
group were more likely to present with systemic inflammatory response syndrome (40% vs.
25%, p < 0.01) and pancreatic necrosis (14% vs. 10%, p = 0.03), reflecting an avoidance of
hospitalization for milder cases [78].

5. Conclusions

The role of the gastrointestinal tract in terms of presentation, progression, and out-
comes in COVID-19 infection is becoming increasingly more important. Gastrointestinal
symptoms and liver damage are common and can be associated with worse outcomes.
Patients with cirrhosis are at increased risk of severe COVID-19. Patients with IBD are not
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at higher risk of complications, except for those on steroids. Immunosuppressive treatment
should be continued and adjusted according to the clinical scenario of each individual case.
Evidence of pancreatic involvement in patients with COVID-19 is still scarce.
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Abstract: There is an increasing attention to the emerging health problem represented by the clinical
and functional long-term consequences of SARS-CoV-2 infection, referred to as postacute COVID-19
syndrome. Clinical, radiographic, and autopsy findings have shown that a high rate of fibrosis and
restriction of lung function are present in patients who have recovered from COVID-19. Patients with
active TB, or those who have recovered from it, have fibrotic scarred lungs and, consequently, some
degree of impaired respiratory function. Helminth infections trigger predominantly type 2 immune
responses and the release of regulatory and fibrogenic cytokines, such as TGF-β. Here, we analyze
the possible consequences of the overlapping of pulmonary fibrosis secondary to COVID-19 and
tuberculosis in the setting of sub-Saharan Africa, the region of the world with the highest prevalence
of helminth infection.

Keywords: pulmonary fibrosis; postacute COVID-19 syndrome; tuberculosis; helminth coinfection;
sub-Saharan Africa

1. Introduction

Reports on the development of fibrotic lesions secondary to coronavirus infection
are not new. Clinical, chest computed tomography (CT), and postmortem findings of
pulmonary fibrosis (PF) were observed in people who suffered from severe acute respira-
tory syndrome (SARS) and Middle East respiratory syndrome (MERS), the previous two
coronavirus pandemics in the current century [1]. However, the high lethality and the
short duration of these pandemics did not allow comprehensive studies to be performed
on patients who survived the acute forms of these viral infections.

Even at the beginning of the current pandemic, Paolo Spagnolo et al. [2] predicted that
in COVID-19 convalescents, despite the removal of the cause for lung damage, the possibility
for the development of progressive and irreversible PF, especially for those with pre-existing
pulmonary conditions, may be real. Two years later, the overlapping of PF secondary to
COVID-19 with the fibrotic sequelae of other diseases was demonstrated [1,3–5]. Here, we
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analyze the possible consequences of the overlapping of PF secondary to COVID-19 and
tuberculosis (TB) in the setting of sub-Saharan Africa (SSA), the region of the world with
the highest prevalence of helminth infection.

2. Pulmonary Fibrosis (PF) of Postacute COVID-19 Syndrome (PACS)

The natural evolution of SARS-CoV-2 infection can be asymptomatic, evolve with
mild symptoms or progress to severe clinical forms. This wide spectrum is a result of
triggering host immune responses which, in children and healthy adults, generally contain
viral replication at the higher portions of the respiratory system and lead to recovery and, in
elderly and patients with comorbidities, can generate an intense pulmonary inflammatory
reaction, additional clinical complications, and death [6]. Due to the severe clinical forms of
the acute phase of COVID-19, 5,993,901 people had died worldwide as of 8 March 2022 [7].

Although the development and implementation of more effective tools to reduce the
incidence and the severity of COVID-19 continues to be a priority, there is an increasing
attention to the emerging health problem represented by the unfavorable long-term conse-
quences of that infectious disease. Those adverse consequences include a myriad of clinical
manifestations corresponding to injuries in almost all organs, referred to as postacute
COVID-19 syndrome (PACS) [8,9].

One important manifestation of PACS is PF, which is a long-lasting and progressive
lung disorder caused by excessive deposition of collagen and other extracellular matrix
(ECM) components in the organ parenchyma. PF, left to its natural course, can severely im-
pair respiratory function and lead to the development of fatal disability [10,11]. Among the
main morphological features of that disorder are the following: (i) an incorrect reestablish-
ment of the injured alveolar epithelium, (ii) fibroblast persistence, (iii) a disproportionate
accumulation of ECM components such as collagen, and (iv) the disappearance of regular
pulmonary structure [12].

Clinical, chest CT, and postmortem findings have shown that fibrosis and restriction of
pulmonary function are frequently present in patients who have recovered from COVID-19:
(i) more than a third of the patients with severe forms of COVID-19 may show limited
lung function after hospital discharge [12,13], (ii) PF on chest CT have been reported in
patients who had recovered from severe or critical disease [12–14], and (iii) in an autopsy
study involving patients with acute respiratory distress syndrome (ARDS), the finding
of PF was more frequent as more time had elapsed since the onset of clinical manifesta-
tions of COVID-19 [15]. PF is already recognized among the most important sequelae of
SARS-CoV-2 infection [16].

The processes involved in the progress to PF in persons who suffered from acute
COVID-19 are complex and, in general, not clearly understood. Several mechanisms, some
of them interconnected, have been suggested to explain its development. Of those, three are
noteworthy: (i) the downregulation (endocytosis upon virus binding) of the angiotensin-
converting enzyme 2 (ACE2) reduces the anti-inflammatory and antifibrotic components
of the renin–angiotensin system, leading first to more inflammation and afterwards to
fibrosis [17]; (ii) the involvement of type 2 immune cytokines, mainly interleukin-4 (IL-4)
and IL-13, each one exhibiting profibrotic activity by promoting the recruitment, activation,
and proliferation of the corresponding cellular types [1,10]; and (iii) the increased secretion
of transforming growth factor-β (TGF-β), which is a characteristic event in lung fibrotic
process [18]. SARS-CoV-2 upregulates TGF-β expression and both TGF-β mRNA as TGF-β
protein levels in fibrotic pulmonary tissue are increased [19]. TGF-β can trigger PF by
inducing myofibroblast expansion, a key effector event in lung fibrogenesis, and promoting
the production and deposition of ECM proteins [20,21].
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3. Overlapping of Pulmonary Fibrosis (PF) of Postacute COVID-19 Syndrome (PACS)
and Tuberculosis (TB)

TB is a chronic and debilitating disease caused by organisms of the Mycobacterium
tuberculosis (Mtb) complex [22,23]. Although Mtb is primarily a lung pathogen, it can affect
practically any organ or tissue. During the last decades, the estimated global TB incidence
rate has decreased; nevertheless, TB continues to be an important sanitary problem, mainly
in low- and middle-income countries of Africa and Asia, where factors such as poverty,
HIV infection, and multidrug resistant TB are fueling the pandemic [23,24].

Depending on the host immune competence, the Mtb infection can evolve from con-
tainment, in which the bacteria are isolated within granulomas in latent TB infection (LTBI),
to a contagious state, in which the patient will show symptoms that can include cough,
fever, night sweats, and weight loss, among others (active TB) [22]. Protection against Mtb
requires a distinctly defined type 1 response, mediated by interferon-gamma (IFNγ), IL-2,
and tumor necrosis factor-alpha (TNFα), which may clear the infection or restrain it into an
immune-mediated containment, also known as latency [23,25]. Active TB is characterized
by unlimited mycobacterial multiplication, considerable collagen deposition, and fibro-
sis [26]. Even though tissue repair during fibrosis is a healing process, large fibrosis with
scar formation damages pulmonary function [27].

Early in the pandemic, the World Health Organization (WHO) predicted that patients
coinfected with both TB and COVID-19 may have unfavorable clinical evolution [28].
While some studies have not found a significant association of coinfection and disease
severity [29,30], others have described a notable higher frequency of undesirable clinical
progression among patients with TB and COVID-19 coinfection [31,32].

A recent systematic review and meta-analysis of previous data on the association of
COVID-19 and active TB included studies performed almost exclusively in high-TB-burden
countries [3]. The overall pooled incidence and lethality found were 1.07% (43 studies)
and 1.5% (17 studies), respectively. In agreement with the prediction of WHO, COVID-19
patients with TB had a higher risk of severity (relative risk/risk ratio (RR) 1.46, 95% con-
fidence interval (CI) 1.05–2.02); and mortality (RR 1.93, 95% CI 1.56–2.39), from 20 and
17 studies, respectively, compared to COVID-19 patients without TB.

More recently, another systematic review and meta-analysis performed on data ob-
tained exclusively from high-TB-burden countries of SSA showed that the overall incidence
and lethality due to COVID-19/TB coinfection were 2% (20 studies) and 10% (9 studies),
respectively [4]. Although the data included in this review corresponded both to people
with previous TB and to patients with active infection, the incidence and case-fatality rates
of the association were higher than those previously reported [3].

As mentioned above, active TB patients, or those who have recovered from it, are left
with fibrotic scarred lungs and, consequently, with some degree of impaired respiratory
function. It has been estimated that more than half of all TB survivors have some form of
persistent pulmonary dysfunction despite microbiological cure, leaving patients potentially
more susceptible to other infectious diseases, included COVID-19 [5]. On the other hand,
post-COVID fibrosis may also exacerbate the fibrotic sequelae of pulmonary TB causing a
more profound and prolonged disability [3].

4. Pulmonary Fibrosis (PF) in the Helminth Coinfection Setting in Sub-Saharan Africa (SSA)

Africa, in particular SSA region, is the continent with the highest prevalence of
helminth infections [33]. It is estimated that more than half of SSA’s population is af-
fected by one or more helminth infections, especially by soil-transmitted helminths and
schistosomes [23]. Millions of years of host–helminth coevolution have resulted in the
development of defensive responses by the hosts and sophisticated immune regulatory
mechanisms by the helminths. For more complexity, the immune responses against those
parasites, which are relatively large and multicellular organisms, include injury repair
processes, necessary to lessen the tissue damage that those pathogens may cause as they
move through host organs.
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To control helminth infection, the human host typically develops type 2 immune re-
sponses (increase of Th2 cells and release of cytokines, primarily IL-4, IL-5, and
IL-13) [34,35]. To persist in their host, helminths induce an important immunomodu-
latory, anti-inflammatory, and fibrogenic pathway: the expansion of FOXP3+ T regulatory
cells, B regulatory cells, and M2 macrophages, which together cause the secretion of reg-
ulatory cytokines, mainly TGF-β [36]. In relation with this regulatory scenery, it has
recently been demonstrated that helminth extracellular vesicles (small membrane-bound
vesicles secreted by helminths which contain functional proteins, carbohydrates, lipids,
mRNA, and noncoding RNAs) can trigger several events that modulate host–parasite
interactions [37,38].

The expanded population of T regulatory cells resulting from the host–helminth
interaction can downmodulate both Th1 and Th2 inflammatory responses and interfere
with other effector T-cell functions [20,34–36]. A prolonged exposure to parasitic helminth
infection has been associated with generalized immune hyporesponsiveness [35]. Th2,
Tregs, and the immunoregulatory cytokines they produce (such IL-4, IL-5, IL-13, IL-10, and
TGF-β) may act as potent inhibitors of the Th1 responses which are required, as it was
commented above, for immunity against Mtb infection [23]. Interestingly, some of those
cytokines, mainly TGF-β, can trigger PF by promoting the production and deposition of
ECM proteins [20,21]. It may be a way for the exacerbation of fibrotic sequelae of pulmonary
TB in helminth infection settings.

Despite the underdeveloped economies and limited health care infrastructures of the
majority of SSA nations, the lethality of COVID-19 in that region apparently was lower than
in the rest of the world during the first part of the pandemic (the time before the massive
administration of COVID-19 vaccines in Europe and the Unites States of America).

Some reasons, or combinations of them, have been alluded to explain that unexpected
evolution: nonextensive diagnostic testing, age and genetic background of the population,
under-reporting of COVID-19 mortality, mutational variations of SARS-CoV-2, environmen-
tal temperature and humidity nonfavorable for viral replication, Bacillus Calmette–Guérin
(BCG) vaccination policies, composition of the microbiome, endemicity of other infec-
tions, and anti-inflammatory component of the helminth immune modulation, among
others [39–43].

At times, the prevalence of helminth infections in SSA has been very high [33]. For
surviving, helminths modulate the immune responses of their hosts [34–36]. The helminths’
immune modulation is highly anti-inflammatory, to the point that allergic and autoim-
mune events in SSA are relatively rare [35]. The COVID-19 lethality is mainly due to
inflammatory phenomena [44]. Some authors have related the relatively low lethality of
COVID-19 in SSA with the modulation of immune responses by helminths [41,42,45–49].
Woldey et al. demonstrated that parasite coinfection was associated with a reduced risk of
severe COVID-19 in African patients, supporting the hypothesis that parasite coinfection
may silence the hyperinflammation associated with severe COVID-19 [49] (Figure 1).

Nevertheless, the long-term outcomes of COVID-19 in SSA may not be as benevolent
as the acute phase of the disease as observed in that region. The adverse consequences
of the overlapping of fibrotic sequelae of COVID-19 and TB may be amplified by the
cytokine profile elicited by helminth coinfection in that setting. As commented above,
data obtained from SSA, where the prevalence of helminth infection is very high, showed
that the overall incidence and lethality due to COVID-19/TB coinfection were higher
there than those reported in other parts of the world [3,4]. The overlapping of post-
COVID fibrosis and the fibrotic sequelae of pulmonary TB in a setting of helminth immune
modulation (with a predominant type 2 immunity and an increased release of regulatory
and fibrogenic cytokines, such as TGF-β), as observed in SSA, may result in more fibrosis
and, consequently, a greater disruption of the organ’s architecture (Figure 1).
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Figure 1. Overlapping of acute COVID-19 and postacute COVID-19 syndrome (PACS) and tubercu-
losis (TB) in the helminth coinfection setting in sub-Saharan Africa (SSA) population. (1) Helminth
coinfection inhibits inflammation and amplifies pulmonary fibrosis (PF) processes; (2–4) helminth
coinfection inhibits COVID-19 lung inflammation and decreases mortality; (5–8) infection by My-
cobacterium tuberculosis and PF due to past or active TB limit resistance to COVID-19 and increase
mortality; (9–11) PACS, amplified by helminth infection, increases morbidity and mortality; (12–15)
the overlapping of PF due to past or active TB with PF due to PACS, amplified by helminth infection,
increases morbidity and mortality.

5. Conclusions

Clinical, chest CT, and postmortem findings have shown that a high rate of fibrosis
and restriction of lung function are present in patients recovered from COVID-19. Patients
with active TB, or those who have recovered from it, have fibrotic scarred lungs and,
consequently, some degree of impaired respiratory function. Helminth infections trigger
predominantly type 2 immune responses and the release of regulatory and fibrogenic
cytokines, such as TGF-β. The overlapping of post-COVID fibrosis and fibrotic sequelae of
pulmonary TB, and its adverse clinical consequences, may be amplified by the cytokine
profile elicited by helminth coinfection in SSA, the region of the world with the highest
prevalence of helminth infection.

Recent findings indicate that the risks of COVID-19 associated with previous and/or
current TB may be underestimated in SSA, as this coinfection is under-reported due to
logistical constraints [4]. Nevertheless, in spite of the scarcity of accurate data about that
association, its fatality rate has been estimated as high [3,4]. For that reason, professionals
dealing with TB or COVID-19 patients, mainly in high-burden TB regions, should take
into consideration the potential adverse consequences of the association of the fibrotic
sequelae of those diseases. The convergence of lung disease after TB and lung disease
after COVID-19 necessitates the follow-up of patients with post-TB lung disease who had
COVID-19 pneumonia and the prioritization of their linkage to respiratory services for
optimal care [50].

At the epidemiological level, the long-term consequences of PF secondary to COVID-19
and TB and their potential amplification by helminth coinfection require more research.
Therefore, prospective studies on COVID-19 survivors of SSA populations are necessary
to institute better strategies to reduce further disabilities and death in that impoverished
region, and possibly in other settings [50].

The administration of effective COVID-19 and TB vaccines may help to decrease the
potential burden associated with the COVID-19 and TB PF overlapping in SSA. However, in
the development and distribution of vaccines against both pathogens it must be taken into
account that helminth infections can impair human immune responses to immuno-gens
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prepared to control other infectious diseases [51]. Thus, as long as time and resources
allow, clinical trials of COVID-19 and TB vaccines to be used in SSA must include the
corresponding helminth-infected groups.

In the short-term, and also taking into consideration the global necessity for reducing
the number of persons at risk, efforts should be made to speed up the administration of ap-
propriate COVID-19 vaccines in SSA, where, as of March 2022, only 15% of its populations
had received a complete schedule of immunization against SARS-CoV-2 infection [7].
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Abstract: Rates of vaccination against COVID-19 remain lower in sub-Saharan Africa than in other
low and middle-income regions. This is, in part, attributed to vaccine hesitancy, mainly due to
misinformation about vaccine origin, efficacy and safety. From August to December 2021, we gathered
the latest experiences and opinions on four vaccine hesitancy-related areas (policies, perceived risk
religious beliefs, and misinformation) from 12 sub-Saharan African researchers, four of whom have
published about COVID-19 vaccine hesitancy. The authors included two political and business
experts, six public health specialists, five epidemiologists, and four biostatisticians from ten sub-
Saharan African countries( Cameroon, Ghana, Kenya, Liberia, Nigeria, Sierra Leone, South Africa,
Tanzania, Uganda, and Zimbabwe). The authors’ overarching opinions were that political influences,
religious beliefs and low perceived risk exists in sub-Saharan Africa, and they collectively contribute
to COVID-19 vaccine hesitancy. Communication strategies should target populations initially thought
by policy makers to be at low risk, use multiple communication avenues and address major concerns
in the population.

Keywords: COVID-19; vaccine hesitancy; sub-Saharan Africa

1. Introduction

Globally, there had been 522 million COVID-19 cases and six million COVID-19-related
deaths by the third week of May 2022 [1]. The African region has reported over nine million
cumulative COVID-19 cases and 172,308 deaths since the pandemic started. COVID-19
vaccines have proved to be an effective solution to preventing morbidity and mortality.
These are complemented by other non-pharmaceutical interventions such as mask-wearing,
social distancing, and hand washing.
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Public health experts in the African region are increasingly concerned about the low
vaccination uptake in sub-Saharan Africa, with eight in ten African countries unlikely to
have attained the mid-2022 target of 70% vaccination rate [2]. This is despite the commend-
able efforts from global initiatives such as COVAX and the African Vaccine Acquisition
Trust (AVAT) to attain equitable COVID-19 vaccine access. Such low levels of uptake are in
part attributed to the high vaccine hesitancy, varying from 33% of the population in Mali [3],
50% of the people in Zimbabwe [4] and Ghana [5], and 85% reported in Cameroon [6].

Vaccine mistrust issues, vaccine safety, and the lack of reliable information are observed
barriers to the uptake of COVID-19 vaccines [4–6]. The higher rate of observed COVID-
19 vaccine hesitancy in some sub-Saharan African countries compared to high-income
countries has been attributed to perceptions of low vaccine effectiveness, perceived low
risk of contracting SARS CoV-2, misinformation and a fear of side effects [7].

The intent to vaccinate against COVID-19 was higher in some countries such as
Ghana [5]. However, the context changed after the vaccine was introduced, due to mis-
trust of the vaccine-manufacturing companies or countries [5], doubts about vaccine
efficacy [6,7], and fear of severe adverse effects following vaccination [7]. In sub-Saharan
Africa, misinformation is widespread [4,6], hence driving hesitancy [6].

The purpose of this commentary is to highlight the barriers to COVID-19 vaccination
and propose some solutions to accelerate the attainment of COVID-19 vaccination targets
in the sub-Saharan African region.

2. Methods

Three authors (SK, EK, CK) from Tanzania drafted the commentary concept note and
methods. They also requested, via email, expert opinions and experiences from nine other
experts from nine sub-Saharan African countries, including Cameroon, Ghana, Kenya,
Liberia, Nigeria, Sierra Leone South Africa, Uganda, and Zimbabwe. Four of the selected
authors have published about COVID-19 vaccine hesitancy. The authors included two
political and business experts, six public health specialists, five epidemiologists and four
biostatisticians. Seven of the authors were affiliated with consultancies, two with research
organisations, and seven with university faculties. All authors provided input on hesitancy-
related thematic areas from their countries about: health policies related to COVID-19
vaccines, religious beliefs, perceived risks of COVID-19 infection, and influences of social
media. Three authors (SK, EK, and CK) consolidated the inputs into a final commentary
and synthesized the information according to theme and country into a final manuscript,
which all authors reviewed.

3. Results

Policies promoting vaccine hesitancy: One of the strategies to increase equitable vac-
cine access for low-and middle-income countries has been the COVAX free vaccine program.
Whereas 74% (34/46) of sub-Saharan countries, including Kenya, Uganda, and Zimbabwe,
had started vaccinating their populations in January 2021, other countries, including Tan-
zania, had neither joined COVAX nor commenced vaccination against COVID-19 as of
June 2021 [8]. The initial denial of COVID-19 existence and the “eradication of COVID-19”
by divine powers and an antivaccine sentiments from key government officials delayed the
COVID-19 vaccination program rollout in Tanzania [8]. As a result, after the vaccine was
introduced in August 2021, dispelling the rumours became difficult despite government
efforts, including hosting a national-level launch of the COVID-19 vaccination campaign.

At the beginning of the vaccination programs, some countries did not wish to be
accountable for the vaccine related adverse effects; they insisted the program was optional
and voluntary. For example, in Uganda and Tanzania, the official communication from the
relevant health ministries and directorates did not distinguish voluntary from necessary vac-
cination. Requiring written consent before vaccination exonerated the government from any
blame for any adverse effects but increased fear and suspicion in the population. However,
realizing the hesitancies of policymakers, affluent groups, for instance the rich and diplo-
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mats began the importation of vaccines ahead of the government (Kenya and Tanzania).
This led to an assortment of vaccine brands in these countries, making the provision of the
desirable vaccination schedule and regulatory oversight practically impossible.

Initially, the vaccine was reserved for at-risk group such as the elderly, and provided
at limited distribution points. However, these distribution points were few compared to
the target population. Also, turnout at the designated health facilities remained low. As a
result, governments lifted the limitations and more distribution points opened (Cameroon,
Ghana, Kenya, Nigeria, Sierra Leone, Tanzania, Uganda and Zimbabwe). For instance, in
Cameroon, Kenya and Tanzania all, hospitals at regional and district levels were providing
the vaccine. In Uganda, as of November 2021, several private facilities and small health
centres were permitted to vaccinate.

Religious beliefs: In some countries in sub-Saharan Africa, faith-based groups, which
make up a significant section of the population, resist health care, including vaccines [9].
Religious leaders are trusted sources of information; however, as the COVID-19 pandemic
entered its second wave, religious leaders became divided on the decision to vaccinate.
Some religious leaders openly got vaccinated on national TV while others used religious
gatherings to advance antivaccine campaigns (Ghana, Kenya, South Africa, Tanzania,
and Zimbabwe). Meanwhile, despite some sects having beliefs against vaccination in
Uganda, they did not publicly express antivaccine sentiments for fear of prosecution by
the government. In Zimbabwe, apostolic sects have a history of resistance to vaccination
programs and vaccine acceptance for most of these sects remains low [10]. However,
when sect leaders realized the seriousness of the pandemic at the peak of the second
wave, many churches decided to opened their doors only to those vaccinated against
COVID-19 (Zimbabwe).

Perceived low risk and complacency: In the early phase of the pandemic, some
scholars believed that sub-Saharan Africans were less vulnerable to COVID-19, which
might have contributed to poor vaccine uptake [6,11].

The targeted vaccination program caused the rest of the population to think that
the vaccine was not for them, as the messages delivered prioritised at-risk groups such
as health care workers, persons over 50 years, security officers, teachers and those with
chronic ailments or comorbidities (Cameroon, Uganda, Tanzania, Ghana and Kenya). Those
left out were considered by policy makers to be at low risk; hence many did not see the
importance of vaccination (Cameroon, Nigeria, Sierra Leone and Uganda). Some countries
even embraced herbal medicine and steam inhalations as both protective and curative for
COVID-19. Hence, the populations did not think that taking the vaccine was important as
the herbal medicine (Cameroon, Uganda, Sierra Leone and Tanzania).

Social media and misinformation: Vaccine myths, misconceptions, and the spread of
misinformation via social media platforms [12], led to the rapid growth of anti-COVID-19
vaccine campaigns. This was enabled by challenges in COVID-19 health communication,
such as the lack of access to accurate information and protracted lockdowns that subjected
people to unreliable social media channels as the only source of information.

Several circulating myths, misconceptions and rumours regarding the origins of
SARS-CoV-2 and the dangers of the vaccines in the population have circulated widely on
various social media platforms (Cameroon, Ghana, South Africa and Zimbabwe) despite
stricter media laws prohibiting the circulation of misinformation through social media
(Cameroon, Sierra Leone, Tanzania). Predominantly, the misinformation was associated
with misinterpretation of scientific information (Cameroon, Ghana, and Kenya). In specific
cases, the misinformation was directed to certain brands of vaccines as being ineffective
(Cameroon, Uganda).

4. Suggested Solutions for Vaccine Hesitancy

We highlight below some high-level interventions that could address COVID-19
Vaccine hesitancy and improve vaccine uptakes in sub-Saharan Africa.
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1. Governments, policymakers and health workers at all levels should be conversant
with the scientific basis of the COVID-19 interventions. They should be able to explic-
itly counter rumours and adequately explain the facts. This includes, for example,
addressing concerns about why the development of COVID-19 vaccines was hastened
and reassuring the public about the effectiveness and safety of the vaccine.

2. Countries should strive to resolve the mistrust of COVID-19 vaccines by advocating
and lobbying for technology transfer to foster local vaccine production. South Africa
is already producing some vaccines, and the government of Kenya has commissioned
the production of COVID-19 vaccines through local research institutes.

3. Countries should initiate a context-tailored approach to COVID-19 vaccine aware-
ness initiatives and integrate them in existing structures and programs, including
involving religious leaders. Additionally, ethnographic research is required to identify
multifaceted community engagement interventions which could include a cocktail
of approaches to health communications appropriate for specific age groups within
the population.

4. Public health experts in sub-Saharan Africa should counter misinformation, targeting
younger people who are not only the majority but also the heaviest social media users.

5. Health workers should proactively guide the community on seeking credible informa-
tion about the COVID-19 vaccines from trustworthy sources.
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Abstract: We sought to assess breakthrough SARS-CoV-2 infections in vaccinated individuals by
variant distribution and to identify the common risk associations. The PubMed, Web of Science,
ProQuest, and Embase databases were searched from 2019 to 30 January 2022. The outcome of
interest was breakthrough infections (BTIs) in individuals who had completed a primary COVID-19
vaccination series. Thirty-three papers were included in the review. BTIs were more common among
variants of concern (VOC) of which Delta accounted for the largest number of BTIs (96%), followed
by Alpha (0.94%). In addition, 90% of patients with BTIs recovered, 11.6% were hospitalized with
mechanical ventilation, and 0.6% resulted in mortality. BTIs were more common in healthcare workers
(HCWs) and immunodeficient individuals with a small percentage found in fully vaccinated healthy
individuals. VOC mutations were the primary cause of BTIs. Continued mitigation approaches (e.g.,
wearing masks and social distancing) are warranted even in fully vaccinated individuals to prevent
transmission. Further studies utilizing genomic surveillance and heterologous vaccine regimens to
boost the immune response are needed to better understand and control BTIs.

Keywords: COVID-19; SARS-CoV-2; variants; reinfections; breakthrough infections; vaccination

1. Introduction

The severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) that emerged
in December 2019 in Wuhan, China, and was the cause of coronavirus 2019 disease (COVID-
19), continues to cause morbidity as part of the ongoing pandemic. As of 4 March 2022,
440,807,756 confirmed cases of COVID-19, including 5,978,096 deaths have been reported [1].
Mortality due to COVID-19 has substantially decreased since the introduction of vaccines
and mass vaccination efforts worldwide. As of 27 February 2022, a total of 10,585,766,316
vaccine doses have been administered around the world [1].

However, emerging variants of SARS-CoV-2 and waning immunity in vaccinated
individuals continue to hinder efforts to control the disease. Breakthrough infections (BTIs)
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are defined by the United States (U.S.) Centers for Disease Control and Prevention (CDC)
as a positive COVID-19 test by a reverse transcription-polymerase chain reaction (RT-PCR)
or rapid antigen test > 14 days following the final dose of the recommended vaccination
regimen [2]. In the U.S. as of 22 January 2022, the rate of BTIs was 846.73 per 100,000 in
individuals who had completed a primary series of vaccination and 642.19 per 100,000
in those who had completed a primary series and a booster dose [3]. The death rate was
0.96 per 100,000 individuals vaccinated with a primary series and 9.68 in unvaccinated
people [3].

The CDC and SARS-CoV-2 Interagency Group (SIG) variant classification define four
classes of SARS-CoV-2 variants: variants being monitored (VBM), variants of interest (VOI),
variants of concern (VOC), and variants of high consequence (VHC) [4]. VBM includes
variants that were associated with an increased rate of transmission but are no longer
detected and do not pose a threat to public health in the U.S. These currently include
Alpha (B.1.1.7 and Q lineages), Beta (B.1.351, descendent lineages), Gamma (P.1, descendent
lineages), Epsilon (B.1.427, B.1.429), Eta (B.1.525), Iota (B.1.526), Kappa (B.1.617.1), 1.617.3,
Mu (B.1.621, B.1.621.1), and Zeta (P.2). VOI are associated with increased transmissibility
and higher levels of infection. Iota (B.1.526) and B.1.525, identified in the United States, and
Zeta (P. 2), first detected in Brazil, belong to this class [4]. Increased transmissibility and
disease severity is seen in VOC. These include Alpha (B.1.1.7), first detected in the United
Kingdom; Gamma (P.1), first detected in Brazil; Beta (B.1.351) from South Africa; and
Epsilon (B.1.427 and B.1.429), detected in the United States [4]. Among all the variants, the
Delta (B.1.617.2) variant was reported to have the most transmissibility and severity based
on the hospitalization rate until the advent of Omicron (B.1.1.529), which was detected
for the first time in South Africa on 24 November 2021 [5,6]. Recent reports suggest that
certain VOC might result in a less robust immune response, among other factors, following
vaccination against COVID-19, especially in patients with immunosuppression [7,8].

On a mass scale, BTIs pose a serious challenge in tackling the pandemic as these
patients may serve as a source of viral spread [9]. With the emergence of VOC such as
Omicron and its variants and waning immunity in certain populations after vaccination, a
better understanding of BTIs and their attributes, particularly with variant profiles, is es-
sential. These data can help guide public health efforts in determining specific populations
that could benefit the most from booster doses of COVID-19 vaccines and help to assess
vaccine effectiveness against specific variants.

We explored the current literature on BTIs of SARS-CoV-2 among vaccinated indi-
viduals, with a particular focus on the type of vaccine, the SARS-CoV-2 variant involved,
common etiology, and immune parameters. This study aimed to identify any associated
risk factors and to determine the extent to which BTIs are due to an immune evasion by
VOCs as opposed to the failure of vaccines to elicit a satisfactory immune response.

2. Materials and Methods

2.1. Search Strategy and Selection Criteria

This systematic review was performed in accordance with the standards of the Pre-
ferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) Statement [10].
Approval from the Institutional Review Board was not needed. PubMed, Web of Science,
ProQuest, and Embase databases were systematically searched from 2019 until 30 January
2022. A medical subject headings (MeSH) term and keyword search of each database was
performed using the Boolean operators OR and AND. Keywords used included: SARS-
CoV-2, SARS-CoV-2 variants, and breakthrough infections. The full search strategy for each
database is provided in the Supplementary Materials.

Studies were included if they:

• Were conducted on adult patients with confirmed COVID-19 diagnosis.
• Reported COVID-19 breakthrough infections.
• Were written in the English language.
• Were peer-reviewed.
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• Were either clinical trials, observational studies consisting of prospective cohort, retro-
spective cohort, case-control studies, case reports, or case series.

• Studies were excluded if they:
• Contained incomplete data.
• Were animal studies.
• Presented outcomes of no interest.

2.2. Data Extraction and Analysis

Two authors (A.I. and S.G.) independently performed the title and abstract screening.
Relevant articles were then retrieved for full-text screening which was performed by two
independent authors (P.S.S. and S.G.). All conflicts were resolved by a third author (A.I.).
The references of the included articles were also reviewed to identify any articles missed by
electronic database search.

The primary outcome of this systematic review was BTIs in vaccinated individuals;
the variants causing these BTIs were also noted. The secondary outcomes were clinical and
symptom severity in the vaccinated BTIs.

3. Results

Our initial search generated 848 studies; 139 duplicates were removed; 528 studies
were excluded by title and abstract screening; and 181 studies were screened for full text. We
then identified 33 eligible studies describing infection with COVID-19 in those with prior
vaccination (Table 1). Figure 1 depicts in detail the flow of the article selection following
the PRISMA guidelines.

The total number of participants in the review who were vaccinated with two doses
of vaccine was 651,595. Among these, 25,743 (3.95%) presented with BTIs. The age of
the patients ranged from <15 to >83 years with a mean age of 52 years. Out of the
25,743 patients with BTIs, 11,648 (44.24%) were male and 14,068 (54.65%) were female
patients. The gender of three patients was reported as “others” and the gender of 18
patients (0.07%) was unknown. BTIs presented from <4 to 185 days with a mean of 52.33
days after full vaccination (defined as completing a primary series of vaccination as recom-
mended for the vaccine type excluding the booster).
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Figure 1. Study selection and screening following the PRISMA 2020 guidelines.

Study Type and Geographical Distribution

All 33 studies were observational; 19 were cohort studies, 7 were case reports, 6 were
case-control studies, 1 was a longitudinal study, and 1 was a case series. The majority of the
studies were conducted in the United States of America (USA) (9), followed by India (7),
Italy (4), Germany (3), Israel (2), Brazil (2), Saudi Arabia, Vietnam, Mexico, Netherlands,
South Korea, French Guiana, and Singapore.

Most individuals received the mRNA COVID-19 vaccinations Pfizer/BioNTech (23 studies)
and Moderna (9 studies). Other vaccinations included were Covishield/AstraZeneca (10 stud-
ies), Johnson & Johnson/Janssen vaccine (4 studies), Covaxin (4 studies), Sinovac (3 studies),
CanSino, and Sinopharm. Two studies did not specify which mRNA vaccine the patients
received.

Among the reviewed studies, 96% of BTIs occurred with the Delta variant (B.1.617.2)
and 0.94% of BTIs were due to the Alpha variant (B.1.1.7). Other variants included Gamma
-P.1 (0.21%), Beta-B.1.351 (0.15%), and Kappa-B.1.617.1 (0.14%). In addition, 70 patients
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(0.27%) had BTIs due to non-VOCs; 19 patients were reported as other; and 17 had BTIs
due to the Iota (B.1.526) variant. The serum samples of nine patients with BTIs revealed
the Epsilon (B.1.427 and B.1.429) variant and four patients with the Mu (B.1.621) variant.
The B.1.1.306, B.1.617.3, and 20G variants were seen in two patients each, whereas the
Eta (B.1.525) and B.1.560 variants were seen in one patient each. The variant distribution
for four patients was reported as unknown. Among the reported mutations, the most
commonly identified were the N501Y, E484K, and the L452R mutations. Of interest, the
AY.1 lineage of the Delta variant was also identified in a subset of BTIs.

A total of 8.4% of patients had pre-existing comorbidities, which included chronic
bronchitis, smoking, obesity, dyslipidemia, type 2 diabetes mellitus, and immunosuppres-
sive conditions. Moreover, 591 (2.3%) of the reported BTIs occurred in healthcare workers
(HCW). The symptoms in the BTIs ranged from asymptomatic to severe pneumonia as well
as intensive care unit (ICU) admission with mechanical ventilation. The majority of pa-
tients recovered without any complications. However, 11.6% of patients were hospitalized
requiring oxygen supplementation, intubation, or ECMO, and 0.6% died.

4. Discussion

This systematic review aimed to assess the existing evidence on BTIs of SARS-CoV-2.
The results shed light on the distribution of variant type, clinical outcomes, and symptom
severity in BTIs, and the associative factors. SARS-CoV-2 structure and function. An un-
derstanding of BTIs begins with consideration of the characteristics of SARS-CoV-2, which
comprises two groups of proteins: structural proteins (SP) and non-structural proteins
(NSP). SPs are encoded by four genes, including E (envelope), M (membrane), S (spike),
and N (nucleocapsid) genes [44]. NSPs are mostly enzymes or functional proteins that play
a role in viral replication and methylation and may induce host responses to infection [44].
These genes are encoded in several groups, namely ORF1a (NSP1–11), ORF1b (NSP12–16),
ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10 [44]. Importantly, not all genetic muta-
tions lead to an increase in viral infectivity. VOCs mostly carry mutations in the spike gene,
and the ORF1a frame is the critical region for mutations in the E, M, and S genes [44]. As of
February 2022, over 8,600,000 sequences and eight variants of interest or concern have been
identified in the global SARS-CoV-2 sequence database operated by the Global Initiative on
Sharing Avian Influenza Data (GISAID) [45].

SARS-CoV-2 viral entry into the cells is facilitated by the spike protein, which attaches
to the angiotensin-converting enzyme 2 (ACE2) receptor on the cell’s surface. The spike
protein is split into two subunits, S1 and S2. Mutations in the S1 region, which is the
receptor-binding domain (RBD) site, lower the affinity to neutralizing antibodies and
show increased affinity to ACE2 receptors [46,47]. These include the N501Y (N asparagine
replaced with Y tyrosine), K417N (lysine K replaced with asparagine N), and E484K
(glutamic acid E replaced with lysine K) mutations in the Alpha variant. In the Beta variant,
in addition to the N501Y mutation, the E484K mutations were seen, whereas both the
E484K and K417T mutations were seen in the Gamma variant. The Delta and Kappa
variants share the E484Q (glutamic acid E replaced with glutamine Q) and L452R (leucine
L altered by arginine R) mutations. Another mutation unique to the Delta variant is T478K
(threonine T replaced by lysine K) [48–50]. In addition to the above, mutations at the
non-receptor binding site, D614G, increase the density of the spike proteins, thus leading to
more functional spikes and increased replication and infectivity [51–53].

4.1. COVID-19 Vaccines and Efficacy

As of February 2022, the vaccines recommended by the World Health Organization
(WHO) as part of its emergency use listing include the Comirnaty vaccine by Pfizer/BioNTech,
the ChAdOx1-S nCov-19 vaccines by AstraZeneca, the Janssen/Ad26.COV 2.S vaccine by
Johnson & Johnson, mRNA 1273 by Moderna, Sinopharm COVID-19 vaccine, the Coro-
naVac vaccine by Sinovac, BBV152 Covaxin by Bharat Biotech, Covishield (ChAdOx1-S
[recombinant]) and the Covovax (NVX–CoV2373) vaccine by the Serum Institute of In-
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dia, the Nuvaxovid (NVX–CoV2373) vaccine by Novavax, and the Inactivated COVID-19
Vaccine (Vero Cell) by the Beijing Institute of Biological Products [54]. The United States
Food and Drug Administration (FDA) has approved three different vaccinations against
SARS-CoV-2: BNT162b2 (Pfizer-BioNTech), mRNA-1273 (Moderna), and Ad26.COV2. S
(Janssen) [55]. The final list of studies included these vaccines, in addition to Ad5-nCoV by
CanSino, which was not yet approved for emergency use by WHO or FDA [54].

The Pfizer–BioNTech vaccine is estimated to be 90% effective after the second dose in
individuals aged 80 years or older and at least 97% effective in preventing symptomatic
COVID-19 cases, hospitalizations, and deaths [56]. The mRNA-1273 vaccine by Moderna is
highly effective against SARS-CoV-2 after six months and has an efficacy of 94.1% against
COVID-19 14 days after the first dose [57]. The Pfizer-BioNTech and Moderna vaccines
contain synthetic nucleoside-modified mRNA encapsulated in lipid nanoparticles (LNP).
The mRNA is translated in the cytoplasm of the cells by ribosomes into viral spike proteins
activating the host immune response [58]. The AstraZeneca vaccine has a 76% efficacy
in preventing symptomatic SARS-CoV-2 infection, specifically during the 15 days after
the second dose (with a 29-day interval between the two doses). The vaccine utilizes
an inactivated adenovirus DNA as a vector that carries the SARS-CoV-2 spike protein
gene, which is then transcribed into mRNA, ultimately activating the immune system and
antibody production in a manner similar to the Pfizer-BioNTech and Moderna vaccines [59].
The Sinopharm vaccine is an inactivated vaccine that stimulates the host’s immune system.
It has an efficacy of 79% against symptomatic SARS-CoV-2 infection 14 days or more
after the second dose (with a 21-day interval between the two doses). The Ad5-nCoV
by CanSino is an adenovirus-based viral vector vaccine with an efficacy rate of 57.5%
against symptomatic COVID-19 infection [60]. Ad.26.COV2.S or JNJ-78436725 Janssen
vaccine is known to elicit a durable immune response for a minimum of eight months post-
vaccination with minimal reductions in antibody levels [61]. The vaccine efficacy is 85.4%
against critical illness and 93.1 % against hospitalization [62]. This recombinant vaccine
contains an adenovirus serotype 26 (Ad26) vector that expresses a SARS-CoV-2 spike
protein, which is then translated into mRNA that stimulates cellular immune responses and
antibody formation against the S antigen [63]. The Sinovac vaccine is an inactivated virus
vaccine, which is 51% efficacious against symptomatic SARS-CoV-2 infection, and Covaxin
is an inactivated vaccine that induces a robust immune response using an adjuvant called
Alhydroxiquim-II [64]. It has an efficacy of 78% against severe COVID-19 disease [64].

4.2. SARS-CoV-2 Variants and Breakthrough Infections

However, despite the above vaccine efficacy rates, BTIs occur. Most BTIs in our review
were due to the Delta variant. This confirms the results of other studies in the literature
where lowered effectiveness of the vaccines has been due to the highly transmissible Delta
variant (which is 60% more transmissible than the Alpha variant) [7,64,65]. B.1.617.1 also
partially impairs neutralizing antibodies elicited by BNT162b2 and ChAdOx1 nCoV-19
(Covishield) vaccines [20]. The T478K mutation in the Delta variant may also facilitate an
escape by antibodies generated by vaccines or natural infection [45,66]. The AY.4 lineage
of the Delta variant was seen predominantly in hospitalized patients vaccinated by the
CanSino vaccine where around 67% of vaccinated individuals developed milder symptoms
of COVID-19 [23]. Despite the asymptomatic or mild disease, the BTIs were associated
with low levels of neutralizing antibodies, high viral load, and prolonged positivity on
PCR tests, thus potentially contributing to ongoing transmission from fully vaccinated
individuals [66]. Another study that analyzed the viral loads of over 16,000 infections
during the predominantly Delta wave in Israel, found lower viral loads in BTIs in fully
vaccinated individuals compared to infections in the unvaccinated. However, this effect
started to decline after 2 months [23].

Moderate reductions in vaccine efficacy with the E484K, L452R, S477N, and N501Y
mutations during the Delta variant surge were also observed in New York City between
November 2020 and August 2021 [34]. However, the immune escape mutations in the spike
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protein gene were evenly distributed among the partially and fully vaccinated cases [34].
BTIs in which Delta was the predominant variant also revealed lowered humoral and cell-
mediated immunity with Eotaxin, SCF, SDF-1a, and PIGF-1; low memory B cell cytokines
(IL-1b, TNF, IFNc) and chemokines (Eotaxin, SCF, SDF-1a, PIGF-1); increased levels of
plasmablast cells; and a higher frequency of CD4+ and IL-2 cells after vaccination with
the BNT162b2 vaccine [42]. Compared to plasma antibodies, memory B cells were found
to have a higher neutralizing effect against VOCs potentially implying that the lowered
memory B cells with the Delta variant may have led to BTIs [67]. Data also shows that there
is a 3-fold and 16-fold reduction in neutralization against the Delta and Beta variants as
compared with the Alpha variant with BNT162b2 vaccinated sera, and a 5-fold and 9-fold
reduction against the same with ChAdOx1 nCoV-19 [68].

The N501Y mutation predominantly seen in the studies yielded by our review also
lowers the neutralization capacity of the vaccines [25,69]. Infections with the N501Y
mutation in the Alpha variant led to low neutralizing antibodies against the AZD1222
vaccine compared to non-Alpha variants [14].

Similarly, both the E484K and S477 mutations, found in P.1 and P.6 respectively, are
reported to escape neutralization by a range of mAbs [70]. E484K is also associated with
a decrease in the neutralizing activity of convalescent and post-vaccination (BNT162b2)
sera [71–73]. E484K causes resistance to many class 2 RBD-directed antibodies, including
bamlanivimab [74,75]. The most potent mRNA vaccine-elicited monoclonal antibodies were
over 10-fold less effective against pseudotyped viruses carrying the E484K mutation [18].
In the study by Olsen et al., BTIs in fully vaccinated patients due to the E484K variant
mutations in the Alpha variant had a significantly lower cycle threshold (a proxy for higher
virus load) and significantly higher hospitalization rate [40]. Other variants (e.g., B.1.429
and B.1.427, P.1, P.2 (Zeta), and R.1) also increased rapidly, although the magnitude was
less than that in Alpha [40]. Additionally, patients infected with the B.1.617.1 or B.1.617.2
variants also had a high rate of hospitalization despite vaccination51. In addition to the
above, the L452R mutation, where Leucine-452 that is located at the point of interaction
with the ACE2 receptor in the RBD receptor is replaced by arginine, also causes greater
receptor affinity and escape from neutralizing antibodies [20,24,76].

Although most BTIs reported in the final 33 studies occurred before full vaccine-
induced immunity, a few reinfections were also reported despite the presence of neutraliz-
ing antibodies [28]. Schulte et al. reported the case of an HCW who developed infection
with the Eta (B.1.525) variant despite the presence of neutralizing antibodies seven weeks
after vaccination [77]. The authors hypothesized that this could be attributed to the absence
of an N-specific antibody and spike-based neutralization post-vaccination, which prevents
antibody responses to the nucleocapsid, thus demonstrating the need for protective mea-
sures such as masks even after full vaccination [78]. As per their study, neutralization
assays demonstrated differences against variants by a factor of 4. Variant B.1.525 is the best
at neutralizing, followed by the B.3 and B.1.1.7 variants. The B.1.351 variant neutralizes
the least. The study concluded that differences in spike proteins play a crucial role in neu-
tralization [78]. Another study showed similar results, with higher neutralization against
B.1.525 and B.1.1.7 and weaker neutralization against B.1.351 compared to B.1 [79].

4.3. Breakthrough Infections in at-Risk Populations
4.3.1. Immunosuppression

Laboratory and clinical investigations among the final 33 studies showed that post-
vaccine antibody responses against SARS-CoV-2 variants are less than antibody responses
against wild SARS-CoV-2 but are still protective against severe disease and death [80,81].
This phenomenon is applicable for immunocompetent patients who are mounting high
antibody responses that can overcome the mutations in the spike protein but inadequate
for solid organ transplant recipients and those with immunosuppression who mount a
suboptimal antibody response against wild SARS-CoV-2 [82]. In patients with solid organ
transplantation, lower antibody response and waning immunity render those patients at
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higher risk of BTIs after vaccination. In addition, immunosuppressive medications such
as calcineurin inhibitors, mycophenolic acid, and antiproliferative drugs were reported to
increase the risk of SARS-CoV-2 BTIs by lowering the immunogenicity of vaccines and in
developing an adequate immune response [17,83].

In a study by Deng et al., BTIs occurred in fully vaccinated individuals over four
weeks of follow-up [76]. Fourteen patients were identified and 42.8% were solid organ
transplant (SOT) recipients. Another study by Almaghrabi et al. demonstrated that BTIs
after COVID-19 mRNA vaccination were highest in immunocompromised patients with
primary immunodeficiencies, active malignancies, and transplantation [84]. In one study,
patients with cancer undergoing chemotherapy had lower levels of antibodies compared
to healthy controls following the second dose of the BNT162b2 vaccine [43]. Sun et al.
demonstrated that full vaccination was associated with a reduced rate of BTIs regardless
of the immune status [85]. However, even among these, the rate of BTIs was still higher
in the immunocompromised group thus necessitating the need for alternate strategies
such as monoclonal antibodies and non-pharmaceutical personal protective measures
such as masks, social distancing, and avoiding large gatherings [85]. Immunosuppressed
individuals also had a higher risk factor for BTIs when controlled for age, gender, and
comorbidities [85]. To combat this, the third dose of the vaccine was initially recommended
for immunocompromised patients [86]. However, studies still revealed a substantially
lower immune response compared to the general population, thus paving the way for
treatment with monoclonal antibodies [87,88].

4.3.2. Aging

Our study revealed that the aging of the immune system or immunosenescence,
which decreases the number of naive T & B cells, can also lead to reduced vaccine efficacy,
particularly in older individuals, thus predisposing them to BTIs [84,89]. A recent study
that described humoral and cell-mediated responses after two doses of mRNA vaccination
against SARS-CoV-2 VOCs in relation to different age groups showed that patients above
eighty years old had lower cell-mediated responses compared to younger patients [90].
Another multicenter study in the USA that examined the factors affecting COVID-19
immunity in individuals who were administered two doses of the BNT162b2 vaccine,
found that antibody titers were negatively correlated with increasing age [11]. Sun et al.
who analyzed the risk of BTIs in immunocompromised patients, found that although full
vaccination was associated with a 28% reduced risk of BTIs, older individuals still had a
higher rate of BTIs [85].

4.3.3. Occupational Risk

Lastly, the results showed that reinfections were seen due to prolonged exposure,
predominantly in healthcare workers despite vaccination [16,20,29,31,41,69,91]. Although
occupational exposure other than healthcare settings was not reported in the studies in our
review, prolonged exposure to COVID-19 has also been known to occur in retail workers,
meat and poultry workers, shelter staff, call center staff, and transit operators [92]. As
per the WHO prior to the availability of COVID-19 vaccines, HCWs accounted for 14% of
COVID-19 cases [93]. Several studies have also reported milder infection in HCWs, and this
could be due to the availability of frequent testing and detection [94]. Although our review
reported no comorbidities among HCWs, around 6% of HCWs in previous studies who
presented with severe infection had comorbidities such as obesity [94]. The risk of BTIs
among HCWs is said to have declined after the introduction of COVID-19 vaccinations,
with a greater proportion of infections from community exposure. Despite this, BTIs due
to waning immunity and the emergence of variants still present a risk to patients and
coworkers, highlighting the need for ongoing screening and testing in this population [95].
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4.3.4. Ct (Cycle Threshold) Values & Viral Loads

The Ct (cycle threshold) value is the number of cycles it takes for the RT-PCR test to
detect the virus. Ct levels are inversely proportional to the amount of target nucleic acid
in the sample. The higher the amount of the viral nucleic acid in the sample, the lower
the Ct value. An important issue for controlling the spread of variants is to determine
if the BTI is associated with high viral loads that may result in a secondary spread. Pre-
vious studies reported that low viral loads and a high Ct value were detected following
vaccination [23,96]. In contrast, a study by Deng et al. detected relatively high viral
loads (median Ct of 19.6) even in non-immunosuppressed vaccinated subjects exhibiting
asymptomatic or mild infection [28]. This finding is consistent with other studies that
reported that individuals with BTIs with the Alpha variant had a significantly lower Ct
value compared to non-Alpha patients [40]. Although this could be viewed as an enhanced
transmissibility potential of Alpha, no clear correlation between Ct values and transmission
rates has been confirmed.

4.3.5. Heterogenous Vaccination Regimens

Numerous studies have shown a stronger immune response where mix and match
vaccine regimens are used [19,97,98]. Individuals who receive different types of COVID-19
vaccines for their first, second, and subsequent booster doses show more potent immune
responses. One study in our review described the transmission of infection from a fully vac-
cinated spouse, thus hypothesizing that this was due to a lack of immune response against
the nucleocapsid protein, against which the mRNA vaccines are not effective. A study
by Nordstrom et al., found that those who received a mixed vaccine regimen were 68%
less likely to develop an infection compared to unvaccinated people, whereas those who
received two doses of the same vaccine (Astra Zeneca) were 50% less likely to do so [82].
Another study also showed similar results where the vaccine efficacy against SARS-CoV-2
infection was 88% when ChAdOx1 and an mRNA vaccine were combined [83]. Addition-
ally, there is some evidence that heterologous vaccination may also confer greater protection,
with combined cellular and humoral immunity in immunocompromised individuals [84].

5. Limitations

Importantly, our study has several notable limitations. Given the nature of surveillance,
testing, and reporting, oftentimes not all cases are documented. There may also have been
some overlap in status (e.g., some individuals who had been vaccinated may have been
previously infected at some point). We describe the cases that have been documented in
the scientific literature. Additionally, we must consider the possibility of asymptomatic
viral transmission among vaccinated individuals; these numbers are not reflected in these
studies. Thus, it could be possible that the extent of SARS-CoV-2 transmissibility among
vaccinated individuals is greater than expected as per our current understanding. Data
reported from hospital settings where exposure to infection is higher, may not reflect the
infection rates in the general population. Also, data in several studies were collected
from electronic medical records and hence may be prone to error. Similarly, the history
of exposure in those with BTIs may not always be accurate and the source of infection is
not always known. Among the data from the immunocompromised patients, there were
no specific mentions of which condition may have had a greater contribution towards the
lowered immunity.

6. Conclusions

BTIs remain a critical challenge in controlling the epidemic. Whether individuals with
BTIs contribute substantially to the onward transmission of SARS-CoV-2 in the population
currently remains unclear. In our review, we found that BTIs do not reflect selection towards
specific immunity-evading variants, rather, they reflect the most prevalent variant in the
community at that time. Hence a standardized surveillance reporting protocol for suspected
BTIs is necessary to better assess the nature and extent of the burden of reinfections in vacci-
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nated individuals. Studies on BTIs could be helpful to understand the neutralizing response
to SARS-CoV-2 infection and the corresponding immunity. However, the absence of system-
atic genomic sequencing of positive cases worldwide impedes advances in public health
surveillance to manage the pandemic at the individual and collective levels. Further inves-
tigations, including a genetic comparison of SARS-CoV-2 strains, would be beneficial to
understanding the frequency and pathophysiology of SARS-CoV-2 reinfections. Although
COVID-19 vaccines have proven to be highly effective, the possibility of BTIs remains a
reality, particularly in the context of emerging variants of concern. Many factors contribute
to BTIs including the transmission dynamics of SARS-CoV-2 variants and their biological
capacity to survive, behavioral characteristics of individuals, and vaccination status. Future
studies should explore the role of combining different types of vaccines, post-exposure
prophylaxis, and close monitoring for disease progression including disease progression
and transmission in high-risk individuals such as HCWs or immunocompromised patients.
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Abstract: Background: The relationship between HIV (human immunodeficiency virus) and COVID-
19 clinical outcome is uncertain, with conflicting data and hypotheses. We aimed to assess the
prevalence of people living with HIV (PLWH) among COVID-19 cases and whether HIV infection
affects the risk of severe COVID-19 or related death at the global and continental level. Methods:
Electronic databases were systematically searched in July 2021. In total, 966 studies were screened
following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines.
Narratives were synthesised and data pooled for the global and continental prevalence of HIV–SARS-
CoV-2 coinfection. The relative risks of severity and mortality in HIV-infected COVID-19 patients
were computed using a random-effect model. Risk of bias was assessed using the Newcastle–Ottawa
score and Egger’s test, and presented as funnel plots. Results: In total, 43 studies were included
involving 692,032 COVID-19 cases, of whom 9097 (1.3%) were PLWH. The global prevalence of PLWH
among COVID-19 cases was 2% (95% CI = 1.7–2.3%), with the highest prevalence observed in sub-
Saharan Africa. The relative risk (RR) of severe COVID-19 in PLWH was significant only in Africa (RR
= 1.14, 95% CI = 1.05–1.24), while the relative risk of mortality was 1.5 (95% CI = 1.45–2.03) globally.
The calculated global risk showed that HIV infection may be linked with increased COVID-19 death.
The between-study heterogeneity was significantly high, while the risk of publication bias was not
significant. Conclusions: Although there is a low prevalence of PLWH among COVID-19 cases, HIV
infection may increase the severity of COVID-19 in Africa and increase the risk of death globally.

Keywords: COVID-19; HIV; public health; pandemic; infectious disease

1. Introduction

The 2019 coronavirus (COVID-19) pandemic caused by SARS-CoV-2 remains a global
public health challenge that has affected over 186 million people and caused over 4 million
deaths globally [1]. While most cases of COVID-19 are clinically mild or asymptomatic,
older age and certain underlying illness, such as cardiovascular, respiratory, and digestive
diseases, have been reported to increase the risk of severe COVID-19 cases or death [2–4].
Such comorbidities are associated with an increased fatality rate and present a challenge
for intensive care management of COVID-19 patients [5,6].
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Human immunodeficiency virus (HIV) belongs to a genus of zoonotic lentiviruses that
causes acute immune deficiency syndrome (AIDS) [7]. Data from the Joint United Nations
Programme on HIV/AIDS (UNAIDS) puts the number of people living with HIV (PLWH)
at 38 million globally, with 1.5 million new infections in 2020 and about 6 million people
unaware of their HIV infection status [8]. Accordingly, the number of PLWH is projected
to increase due to treatment availability and the associated reduction in AIDS-related
deaths [9].

HIV is associated with dysregulation of the immune system, which predisposes
patients to opportunistic infectious diseases [10]. Indeed, most HIV-related deaths have
been linked to secondary infections and abnormal inflammatory response resulting from
AIDS [11]. This is especially so in patients with uncontrolled HIV replication, a high viral
load and a low CD4/CD8 count. Giving the immune-compromised state of most PLWH
and the increased possibility of secondary dysfunctions, an increased risk of infection,
severity and death due to COVID-19 may be expected. However, an attenuated immune
response may also protect against the cytokine release storm and the corresponding acute
respiratory distress syndrome (ARDS) linked with severe SARS-CoV-2 infection or the
associated mortality [12]. Indeed, various ARTs (antiretroviral therapies) used for HIV
treatment were also proposed as candidates for the treatment of SARS-CoV-2 infection in
the early stage of the COVID-19 pandemic, and there have been initial hypotheses that
HIV patients undergoing ART or pre-exposure prophylaxis (PrEP) may have collateral
immunity to COVID-19. However, most findings showed no significant positive effect of
ART on COVID-19 infection or outcomes compared with standard care [13–15]. Further, a
study by Ayerdi et al. assessing whether ART or PrEP usage had a preventative effect on
the seroprevalence and clinical course of COVID-19 among men who have sex with men
and transgender women found no significant positive effect [16].

To understand the relationship between COVID-19 and HIV infection, previous sys-
tematic reviews and meta-analysis have been published, including the studies by Mellor
et al. and Hariyanto et al., which both found increased risks of severe COVID-19 and
mortality in PLWH compared with HIV-negative COVID-19 cases [17,18]. Moreover, a
systematic review by Ssentongo et al., involving 22 reports from Africa, Asia, Europe and
North America, showed an increased risk of mortality from COVID-19 in PLWH [19]. On
the contrary, the study by Gao et al., reported no significant increase in the risk of severe
COVID-19 or related death due to HIV infection [20]. This was corroborated by the study
by Lee et al. involving 643,018 PLWH, which reported no significant increase in the risk
of adverse outcomes of COVID-19 in PLWH [21]. Hence, the association between HIV
infection and COVID-19 outcomes remain unclear, with sparse and conflicting reports.

Aside from the heterogeneity from the established difference in the epidemiology
of HIV between countries and continents, variability also exists in the treatment and
management of HIV infection, as well as the behaviour of PLWH in various regions of the
world. These, amongst other factors, determine the rate of spread, as well as the availability
and uptake of preventative and treatment measures for HIV [22]. The disruption to clinical
care of various chronic diseases due to the diversion of medical resources to manage the
increasing COVID-19 cases around the world at the peak of the COVID-19 pandemic
further contributes to the increased global variability in the clinical course of COVID-19 in
PLWH [23]. This review aimed to provide an updated insight into the global and continental
prevalence of PLWH among COVID-19 cases and the potential risk of severe COVID-19
and death associated with HIV infection by conducting a meta-analysis of HIV-positive
and HIV-negative COVID-19 patients grouped by continents.

2. Methods

The protocol of this systematic review was registered prospectively to PROSPERO
(CRD42021264151). Following the Preferred Reporting in Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [24], the Medline and Embase databases were searched on
2 July 2021 using keywords and MeSH terms (Figure S1). Further, a search of preprint
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databases (www.medrxiv.org and www.preprint.org, accessed on 2 July 2021) was also
performed on the 2nd of July 2021 because of the rapidly developing nature of the topic. The
search of preprint databases did not follow a systemic search strategy because concatenation
was not feasible. However, the MeSH terms for HIV and COVID-19 as described in the
supplemental figure (Figure S1) were combined consecutively and the resulting studies’
titles were screened. Studies retrieved from the databases were imported into EndNote
software, and duplicate records were removed. The resulting duplicate-free studies were
then uploaded to Rayyan software, and title, abstract and whole-text screening was carried
out (RPR, AK). Reference screening of the included studies and relevant peer-reviewed
previously published reports was also performed to retrieve studies that were not covered
by the search strategy. The reference search did not include any search strategy and
involved identifying references that were cited within published studies that that were
published on the topic.

2.1. Inclusion and Exclusion Criteria

The inclusion/exclusion of studies followed the PECO (Population, Exposure, Com-
parison and Outcome) model [25]. We included only studies that presented the clinical
characteristics and/or composite endpoints of COVID-19 patients and reported the pro-
portion of these patients with a pre-existing HIV infection. Studies that included both
hospitalized and community-based COVID-19 patients were also included to understand
the overall prevalence of HIV infection as a comorbidity in COVID-19 cases, irrespective of
the hospitalization status. However, only studies with clinically confirmed outcomes of
COVID-19 cases were included in the meta-analysis for the risk of severity and mortality
associated with HIV comorbidity. Studies that combined HIV and other immunosup-
pressive diseases and conditions (cancer, congenital, or medically induced), non-English
language publications, reviews, case reports, qualitative studies, editorials, and studies
including only patients that died from COVID-19 were excluded. Studies that also focused
on only HIV patients coinfected with SARS-CoV-2 were included in the systematic review
but not in the meta-analysis. This is because most of these studies focused only on HIV
patient recruitment and did not provide a comparative analysis of risk in patients without
HIV. Moreover, studies focused on HIV patients alone may introduce bias in recruitment,
which may target PLWH more. For studies in which suspected and confirmed COVID-19
cases were reported [26], we only synthesised the number of confirmed cases. In addi-
tion, studies including the same (duplicate) population of patients were identified and
included in the systematic review [27,28]. However, only the latest study was included in
the meta-analysis [27].

2.2. Data Collection

Two authors (RPR, AK) independently screened the titles and abstracts of potentially
eligible studies, and conflicts were resolved through mediation by a third reviewer (TO).
The full text of potential studies that were included from the abstract screening stage were
fully read and assessed against the inclusion/exclusion criteria.

2.3. Data Extraction and Analysis

The authors and year of publication, the study design and period, the country of study,
the sample size of COVID-19 cases and the proportion that had HIV as a comorbidity, as
well as the clinical outcomes of both groups (PLWH and non-HIV COVID-19 patients)
were extracted into a table. Clinical outcomes identified were the severity of the COVID-19
and death linked to infection with the SARS-CoV-2 virus. Severe COVID-19 was defined
as a prolonged hospital stay, ICU admission and/or need for mechanical ventilation
(MV) as a result of reduced oxygen saturation (<90% of room air), and a respiratory rate
of >30 breaths/minute and signs of severe respiratory distress according to the WHO
recommendations [29]. Analysis was performed using Stata/MP 17; prevalence was
calculated by the “metaprop” procedure using the random effect model. Forest plots
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were used to present the pooled prevalence of PLWH in COVID-19 cases grouped by the
continent of study. Continent-grouped effect sizes (95% confidence intervals, CIs) and
the test results of between-study heterogeneity (I2 statistic, p-value) were also computed
using the random effect model. The “metan” procedure was used to assess the risk of
severity and mortality in PLWH-COVID-19 patients compared with the general population
in the included studies, and the risk ratios were grouped by continents to further assess
the intercontinental variation in these risks. All meta-analysis was performed using the
random effect model, which is more robust to the between-study heterogeneity expected in
the pooled studies, which were performed in different regions of the world with different
health, socio-economic and research standards.

2.4. Quality Assessment

A modified version of the Newcastle–Ottawa Score (NOS) was used to assess the
risk of bias in the included studies [21]. This includes 3 domains and 9 questions scored
accordingly with a star. The “selection” domain assessed the randomness and multicentre
involvement in the selection of the study population, as well as the sample size. The
multicentre recruitment of patients was scored because this design provides better qual-
ity data and more generalizable results because more centres better represent the study
population than a single centre [30]. A sample size of ≥100 was decided on the basis of
previous studies’ estimates of ~1% prevalence of HIV infection in COVID-19 cases [21,31].
The standard ascertainment of COVID-19 and HIV were also assessed against the WHO
guidelines [32,33]. Finally, the follow-up time (≥2 weeks), mode of outcome confirmation
and whether all patients were accounted for were also assessed (Table S1). Studies with
≥5 stars (>50%) were considered unbiased. To further assess publication bias in the studies
pooled for prevalence and the risk of severity and mortality in COVID-19-infected PLWH,
funnel plots and the Egger test were computed using the “metafunnel” and “metabias”
procedures respectively in STATA. Statistical significance was set at 95% (p < 0.05).

We also performed a “leave-one-out” sensitivity analysis using the “meta forestplot,
leaveoneout” procedure in STATA to assess whether any of the studies included in the
computation of the prevalence and risk ratios were producing misleading and exaggerated
effect sizes. The procedure usually performs multiple computations by consecutive removal
of one study at each analysis and presenting the effect sizes generated in a forest plot.

3. Results

The systematic search of databases including preprints and the reference search gener-
ated an initial total of 955 studies, including 245 duplicates, to give a total of 710 studies.
Initial title and abstract screening led to the exclusion of 664 studies, followed by full-text
review of the 46 potentially eligible studies. Full-text screening resulted in further exclusion
of 14 studies, while screening of the references of relevant studies resulted in 11 eligi-
ble studies to give a total of 43 studies which satisfied the inclusion/exclusion criteria
(Figure 1).
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Figure 1. Global and regional prevalence and outcomes of COVID-19 in people living with HIV: A
systematic review and meta-analysis according to the Preferred Reporting for Systematic Reviews
and Meta-analyses diagram.

3.1. General Description of the Studies Included

The 43 studies in the systematic review included 692,032 COVID-19 cases, of which
9097 (1.3%) were PLWH. The sample sizes of the included studies ranged from 20 to
378,248, with data from 15 countries across five continents. Overall, 27 of the studies were
retrospectively performed, with 11 prospective studies, 2 descriptive studies and 3 case
series (Table 1). Of the included studies, 10 assessed only PLWH coinfected with SARS-CoV-
2 and were excluded from further analysis. Another study was excluded because it involved
selective matching of PLWH and non-HIV COVID-19 cases [34], and one study [28] that
was conducted on the same cohort of patients was excluded in favour of the more recently
published one [27]. The risk of bias assessment showed low bias in the included studies,
with 86% (37/43) of the studies below the bias threshold (Table S1).
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3.2. Prevalence of PLWH among COVID-19 Cases

Of the 43 studies included, 10 studied COVID-19 infections in only PLWH, while
one study (68) was designed as a case–control study and was excluded from the meta-
analysis [39,40,42,47,48,50,55,56,62,69]. Two studies were identified as duplicate data [27,28]
and only the most recent version [27] was included. Nine of the studies analysed for preva-
lence were conducted in Africa, with eight each conducted in Europe and North America.
The global pooled prevalence of PLWH among COVID-19 cases was 2% (95% CI = 1.7–2.3%,
p < 0.001) while at the continental level, the pooled prevalence for Europe and North America
was 0.5% and 1.2%, respectively. Moreover, 75% (6/8) of the studies from the USA included
in the meta-analysis were conducted in the states (New York and Georgia) with the highest
HIV infection rates, according to recent data [73], which may explain the higher prevalence in
North America compared with Europe. The pooled prevalence of studies from Africa was
expectedly the highest at 11% (95% CI, 4–18%), while that of continental Asia was 1% (95% CI,
−0.1–2%). The negative 95% CI in the pooled prevalence of PLWH in COVID-19 shown by
studies from Asia may be associated with the random effect model used for intercontinental
pooling of studies. However, the prevalence remained the same (1%) and there was no
significant between-study heterogeneity when the analysis was performed for studies from
Asia separately (Figure S5). Further, 67% (6/9) of the studies from Africa were from East and
Southern Africa, the region with over half (55%) of the total global HIV infections according
to the 2021 estimate [74]. The variation in the prevalence of HIV infection in this study is
illustrative of the current global epidemiology of HIV, whereby more than two-thirds of PLWH
are currently in Sub-Saharan Africa [75]. Moreover, the overall between-study heterogeneity
was significantly high (I2 = 99.7%, p < 0.001; Figure 2a) and this was expected, due to the
variation in global distribution of PLWH. Publication bias in the pooled studies was further
assessed by computing a funnel plot and Egger’s test, which was significant (T (95% CI) =
2.17 (0.39–12.18), p = 0.04; Figure 2b). The sensitivity test showed that there was no significant
reduction in heterogeneity following successive omission of studies, as the global pooled
prevalence still ranged between 3% and 4% (Figure S2).

3.3. Severity of COVID-19 in PLWH

Thirteen studies presented data on the severity of COVID-19 in PLWH and non-HIV
patients, and were analysed to determine the risk of severity in PLWH compared with
non-HIV COVID-19 patients [36,37,44,46,53,58,59,61,63,64,66–68]. These studies included a
total of 485,540 COVID-19 cases, of whom 7768 (1.6%) were PLWH. Overall, five, four and
two of the pooled studies were conducted in Africa, the USA and Europe, respectively. The
pooled global risk ratio was not significant and showed that PLWH may not be at risk of
developing severe COVID-19 (RR (95% CI) = 1.21 (0.99–1.48); p = 0.477; Figure 3a). However,
this result was very close to significance, and including more data in the future may provide
further insight into the relationship between HIV infection and the severity of COVID-19.
Indeed, this lack of significance was true for both Europe and USA, regions associated with
better prevention and management of HIV infections. However, the risk for severe COVID-
19 among PLWH from Africa was found to increase by 14% (RR (95% CI) = 1.14 (1.05–1.24)
compared with non-HIV COVID-19 patients. Moreover, while the overall heterogeneity
was significantly high (85%, p < 0.001), there was no between-study variation in the studies
from Africa (I2 = 0%, p = 0.43). Indeed, the funnel plot showed no publication bias and
the Egger’s test showed no small study effect (T (95% CI) = −1.32 (−3.02 to 0.75), p = 0.21;
Figure 3b). The sensitivity test showed that leaving out some studies produced a significant
result (Figure S3). However, doing so did not significantly improve the between-study
heterogeneity of the results.
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(a)
Figure 2. Cont.
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(b)

.

Figure 2. (a) Pooled prevalence of PLWH among COVID-19 cases. The red dotted line represents the
overall effect size. The lateral edges of the blue diamonds represent the limits of the 95% confidence
intervals (ES: effect size; CI: confidence interval). (b) Funnel plot of studies pooled for the prevalence
of PLWH among COVID-19 cases (ES: effect size; se: standard error).

3.4. Mortality of PLWH Coinfected with SARS-CoV-2

In total, 17 studies were included in the assessment of the risk of mortality from COVID-19
in PLWH compared with non-HIV COVID-19 patients [27,35–37,43,44,46,49,58–61,63–65,67,68].
The 17 studies had 588,960 COVID-19 cases, including 8013 (1.4%) PLWH. Five each of the
analysed studies were conducted in Africa, Europe, and North America. The meta-analysis
results showed that HIV infection increased the risk of death from COVID-19 by 2.3-fold
globally (RR (95% CI): 2.29 (1.51–3.46); Figure 4a) compared with COVID-19 patients without
HIV. On the regional level, there was no significantly increased risk of COVID-19 mortality
in PLWH in Africa or Europe. However, a twofold increase in risk of mortality was observed
in the USA according to the studies included. Despite this difference in regional risk ratios,
the computed funnel plot showed no publication bias (Figure 4b), and Egger’s test showed no
small study effect in the included studies (T (95% CI) = 1.22 (−1.13 to 4.17)). The sensitivity test
showed that the significance was not influenced by the removal of any of the included studies
(Figure S4).
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(a)

(b)

Figure 3. (a) Forest plot of studies pooled for the risk of severe COVID-19 in PLWH. The red dotted
line represents the overall effect size/risk ratio. The lateral edges of the blue diamonds represent
the limits of the 95% confidence intervals (RR: risk ratio; CI: confidence interval). (b) Funnel plot of
studies pooled for the risk of severe COVID-19 in PLWH (CI: confidence interval).
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(a)

(b)

Figure 4. (a) Forest plot for COVID-19 mortality in PLWH. The red dotted line represents the overall
effect size/risk ratio. The lateral edges of the blue diamonds represent the limits of the 95% confidence
intervals (RR: risk ratio; CI: confidence interval). (b) Funnel plot of studies pooled for COVID-19
mortality in PLWH (CI: confidence interval).
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4. Discussion

This study provides an updated systematic assessment of the prevalence and clinical
outcomes of COVID-19 in PLWH compared with the general population. The results
were stratified to present the prevalence of PLWH among COVID-19 cases as well as the
clinical outcomes at both the global and regional level. To the best of our knowledge, this
is the first systematic review and meta-analysis dedicated solely to understanding the
clinical outcome of SARS-CoV-2-infected patients who had HIV infection on both the global
and continental levels. Our method of analysis considered the regional variation in the
prevalence, prevention and management of HIV infection in the included continents. We
found a significantly lower global prevalence of PLWH in COVID-19 cases (2%) compared
with other comorbidities such as cardiovascular disease and obesity. This is consistent with
previous reports which estimated the prevalence of HIV coinfection at 1–2% of COVID-19
patients either admitted to the hospital or in the general population [19,76]. Furthermore,
while the proportion was below 2% in Europe, North America and Asia, the prevalence of
PLWH in COVID-19 cases was found to be relatively high in Africa (11%). This is reflective
of the global epidemiology of HIV, whereby more than half of the global cases are located
within continental Africa. Interestingly, 75% of the studies from Africa were performed
in the East and Southern Africa region, which accounts for over 54% of the global HIV
cases [74]. Our finding is consistent with earlier systematic reviews, which showed a similar
prevalence of HIV–SARS-CoV-2 coinfection cases [19,21].

Our result also showed that PLWH may not be at a relatively higher risk of severe
COVID-19, defined by admission to intensive care units or the need for mechanical venti-
lation, at the global level. Interestingly, this lack of an association between HIV infection
and COVID-19 severity held true in Europe and the United States, but not in Africa. We
found a 15% increase in the risk of severe COVID-19 for PLWH in Africa. Moreover, 60%
(3/5) of the studies analysed for the risk of severe COVID-19 in Africa were conducted
in South Africa, and all studies originated from sub-Saharan Africa, a region associated
with a high HIV infection rate and poorer antiretroviral treatment (ART) availability [74].
Furthermore, we found a twofold increase in the relative risk of death from COVID-19 in
PLWH at the global level. However, only the North American (United States) continent
showed a significant risk of mortality (twofold) among the regions computed. Moreover,
most studies within the USA were conducted in Georgia and New York, both of which are
among the top 10 states with the highest HIV infections and that were hardest hit by the
COVID-19 pandemic [1,77].

Importantly, our findings corroborate some previous reports on the potential risk of
a severe clinical course of COVID-19 in PLWH. Specifically, various meta-analyses were
conducted on the difference in risk of severe COVID-19 between HIV-positive and HIV-
negative patients with SARS-CoV-2 infection, whereby the risk of severe COVID-19 and
mortality were found to be associated with HIV status [17,19]. However, other reports
have been conflicting, with no difference in the risk of severe COVID-19 or death between
HIV-positive and HIV-negative patients [19,21], with one report proposing a protective
effect of HIV infection against COVID-19 [78]. Further, Liang et al. reported that HIV
infection was not related to poorer COVID-19 outcomes, and concluded that any risk
observed in HIV–SARS-CoV-2 coinfection may be related to the presence of concomitant
comorbidities, which may be common in patients with undiagnosed or untreated HIV
infection [31]. Lee et al. also reported no relationship between HIV infection and the clinical
outcome of COVID-19 following a systematic review of 643,018 PLWH [21]. However, a
systematic review by Mellor et al. involving a meta-analysis of five studies showed that
PLWH had an increased risk of mortality due to COVID-19 compared with HIV-negative
patients [18]. Further, a meta-analysis and meta-regression of PLWH in COVID-19 cases
performed by Hariyanto et al. found that an increased risk of mortality was only significant
in the studies from Africa and the United States after controlling for age, CD4 cell count or
anti-retroviral treatment [16]. The results of this study support our findings regarding the
significant increase in the risk of death due to COVID-19 in PLWH from the United States.
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However, while the risk of mortality was not significant in Africa, our results were close
to statistical significance (0.992–3.696; Figure 4a); more studies may improve this result
in future analysis. Notably, most of the previous systematic reviews with or without a
meta-analysis were carried out earlier in the COVID-19 pandemic period and included case
reports with fewer studies included in the meta-analyses.

The observed increased risk of severe illness (Africa) and death (globally) from COVID-
19 in these studies may be attributed to the interplay between several factors. Firstly, the
availability of effective HIV management tools in developed countries means that PLWH
now live longer in these regions [79]. Increased age is associated with senescence of the
natural immune system, which may combine with other immune-dampening features of
chronic, untreated HIV infection to increase the risk of severity and death from COVID-19.
Moreover, PLWH, especially those with undiagnosed or uncontrolled infections, low CD4
count, opportunistic infections and a high viral load, may present with severe COVID-19
and are at higher risk of death [80]. Aside from CD4 and CD8 T-cell activation, effective
and early immunoglobin G (IgG) generation results in effective SARS-CoV-2 clearance
and improves clinical outcomes [81]. However, uncontrolled HIV replication may trigger
increased CD8 T-cell activation, inflammation, T-cell exhaustion and dysfunction in B-
cells’ activities [82,83]. The combined breakdown of B- and T-cell functions resulting from
natural immune system exhaustion may not only result in poorer COVID-19 outcomes but
also compromise the efficacy of vaccines in PLWH. Indeed, the response to and efficacies
of various vaccines, including hepatitis B, pneumococcal, influenza vaccines, have been
shown to be diminished in PLWH, and repeated or modified vaccine administration has
been recommended [84–86]. However, evidence on COVID-19 vaccine efficacy in PLWH is
scarce, and vaccination of HIV-positive and -negative people remains similar. Effective ART
can attenuate most of the immune dysregulation resulting from uncontrolled HIV infection
and replication, and is highly recommended. However, undiagnosed HIV infection and
low uptake of ART, both of which are prevalent in Africa, may predispose patients to
poorer COVID-19 clinical outcomes [74].

Moreover, the prevention (sensitisation and pre-exposure prophylaxis), diagnosis and
management (ART) of HIV and other chronic diseases have been affected by the global shift
in medical resources to contain the COVID-19 pandemic [23]. This shift has been suggested
to be a contributory factor to the susceptibility of affected groups to severe COVID-19 and
death [87–89]. Expectedly, the disruption to healthcare systems, especially HIV clinics,
and the downstream effect have been relatively worse in developing countries, possibly
resulting in worse outcomes for PLWH coinfected with COVID-19 [90]. However, more
data will be needed to establish the extent of these disruptions in regions already behind in
the fight against HIV, and the contributory effects of other established confounders that
may drive the clinical outcome of COVID-19 in patients with pre-existing HIV infection.

Put together, our result show that while the risk of severity illness and death due
to COVID-19 increased respectively in Africa and globally, the mechanistic link between
HIV infection and the clinical course of COVID-19 may be more complex than previously
thought. Firstly, the regional aggregation performed in this study showed that the preva-
lence of PLWH in COVID-19 cases is best translated in the context of the current global
epidemiology of HIV infections. Indeed, the variability introduced by the differences in
regional HIV infection rates made estimation of the global prevalence of HIV–SARS-CoV-2
coinfection less reliable if not controlled for the regional prevalence of HIV. Secondly, there
are complex, hardly resolvable confounders when assessing the relationship between HIV
infection and COVID-19 outcomes, including age, sex, treatment with ART, race, region,
immune state of the patient, number and types of comorbidities and the duration of comor-
bidities, among other factors, and we recommend further research to clarify this topic in
the context of these and other confounders. Indeed, Bhaskaran et al. [91] controlled for age,
sex, ethnicity, comorbidities, and time in a population of COVID-19 patients within the
United Kingdom. However, the regional differences in prevalence, prevention techniques
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and clinical management of both HIV and COVID-19, as well as various social-economic
factors, mean that their findings may not reflect the situation outside the United Kingdom.

This study has several limitations. Firstly, some of the included studies were case series
reporting only PLWH coinfected with SARS-CoV-2. However, such studies were excluded
from the prevalence analysis. Moreover, the random effect model was used to reduce the
effect of variations in the experimental design on the computed results. Secondly, most
studies did not report the distributions of comorbidities, race, age, CD4 and CD8 counts,
duration of HIV infection or ART use, among other confounders, in the studied groups.
Thus, we could not adjust for these parameters in this study. Moreover, some studies did not
report the clinical outcomes (death and severity) of COVID-19 in both PLWH and patients
who were HIV-negative, and these could not be included in the relative risk computation.
However, Egger’s test and the funnel plots showed that there was no publication bias in the
analysed records, while the sensitivity analysis also showed no exaggeration of the result
due to individual studies. In addition, overlapping data are generally a major limitation
in systematic reviews and meta-analyses, which may also limit the interpretation of this
study’s results [92]. However, records found to be overlapping were excluded in favour of
the most recent report. Finally, our database search was restricted to full-text studies alone.
Thus, more relevant studies may be available and should be considered for future analyses
of this topic.

Our findings have several clinical and research implications. First, it further widens
the body of evidence by including more recent and high-quality studies to report that
HIV infection may increase the risk of severe COVID-19 and death, and which regions
of the world present with more risk to PLWH. Secondly, we show that the risks of severe
COVID-19 and death in PLWH varied between continents and may reflect a complex
interplay of concomitant contributory factors, which may need to be controlled for to better
understand the direct or indirect effects of HIV infection on COVID-19 outcomes. Moreover,
the prevalence of HIV–SARS-CoV-2 coinfection is best interpreted in the context of the
varied global epidemiology of HIV infection in various regions of the world. Considering
the complex effect of HIV infection on the host immune system as well as the dependence
of vaccine efficacy on the immune response, future studies should assess the COVID-19
vaccine’s pharmacokinetics in HIV-positive patients to decide whether PLWH coinfected
with SARS-CoV-2 may benefit from certain types of vaccines, prioritisation, or repeated
inoculations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/tropicalmed7020022/s1, Table S1: Quality Assessment; Figure S1: Search Strategy; Figure S2:
An influence plot from a “leave-one-out” analysis for the pooled prevalence of PLWH in COVID-19
cases. The red vertical line represents the aggregate effect size when all studies were included in
the meta-analysis. The dots represent the aggregate effect size when the study listed next to the dot
was removed from the analysis; Figure S3: An influence plot from a “leave-one-out” analysis for
the relative risk of severe COVID-19 in PLWH compared to HIV-negative patients. The red vertical
line represents the aggregate effect size when all studies were included in the meta-analysis. The
dots represent the aggregate effect size when the study listed next to the dot was removed from
the analysis; Figure S4: An influence plot from a “leave-one-out” analysis for the relative risk of
COVID-19 mortality in PLWH compared to HIV-negative patients. The red vertical line represents
the aggregate effect size when all studies were included in the meta-analysis. The dots represent the
aggregate effect size when the study listed next to the dot was removed from the analysis; Figure S5:
Pooled prevalence of PLWH co-infected with SARS-CoV-2 among COVID-19 cases for Continental
Asia alone. The red dotted line represents the overall effect size. The lateral edges of the blue diamond
represent the limits of the 95% confidence intervals (ES: Effect size, CI: Confidence Interval).
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Abstract: The number of people vaccinated against COVID-19 increases worldwide every day;
however, it is important to study the risk of breakthrough infections in vaccinated individuals at
high risk of exposure such as healthcare personnel (HCP). A systematic literature review (SLR)
applying the PRISMA declaration and the PECOS format using the following entry terms was used:
“Health Personnel OR Healthcare Worker OR Healthcare Provider OR Healthcare Personnel AND
breakthrough OR infection after vaccine*”. The research was carried out utilizing the following
databases: SCOPUS, PubMed, Embase, and Web of Sciences. An overall very low incidence of
post-vaccination breakthrough infections was found, ranging from 0.011 to 0.001 (per 100 individuals
at risk). Our findings further support the published high effectiveness rates of mRNA vaccines in
preventing SARS-CoV-2 infections among fully vaccinated HCP. Additional studies are needed to
define the duration of the vaccine-induced protection among HCP.

Keywords: mRNA-1273; BNT162b2; TAK-919; COVID-19; SARS-CoV-2; post-vaccination; healthcare
personnel; pandemic; vaccination; asymptomatic infection

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections have not
been under control in most countries, and the pandemic of coronavirus disease 2019
(COVID-19) continues to be a problem for public health worldwide. As of 10 November 2021,
more than 250 million cases and 5 million associated deaths were confirmed [1]. New
variants of SARS-CoV-2 strains have emerged, which makes the situation more complex,
and new waves recur even in some countries/areas where SARS-CoV-2 infections seemed
to be under control [2–4].

Various interventions, including mask-wearing, quarantining, and social distancing,
have played a significant role in monitoring and regulating the COVID-19 pandemic [4–7];
nevertheless, vaccination is considered a highly cost-effective intervention to mitigate the
pandemic [8,9]. The documented flare-ups and breakthrough cases have been ascribed
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to three potentials: (1) the circulating variants of SARS-CoV-2 and their effect on vaccine-
elicited immunity; (2) the speed of natural decline of antibodies among vaccinated people;
and (3) the requirement for booster doses [10,11].

Throughout the past year, COVID-19 vaccines were advanced at an extraordinary
speed. As of 10 November 2021, 24 vaccines had been approved by at least one state in the
world, 7 vaccines had been authorized for emergency use by the World Health Organization
(WHO) [12], and 1 had been fully authorized by the Food and Drug Administration
(FDA) [13].

COVID-19 vaccines are created using various technologies: mRNA, protein subunit,
inactivated, non-replicating viral vector, and DNA. At first, in December 2020, the United
States of America (USA), the United Kingdom, Canada, and the European Union (EU)
approved the emergency use of Pfizer-BioNTech’s mRNA vaccine (BNT162b2) [12], and in
January 2021, the USA and the EU approved the Moderna mRNA-1273 vaccine [12] through
the U.S. FDA and European Medicine Agency, respectively. Today, Pfizer-BioNTech’s vac-
cine (BNT162b2) is approved in 103 countries, while Moderna mRNA-1273 in 76 countries,
the formulation of the latter has recently been marketed by Takeda (TAK-919) only in
Japan [12].

In randomized, placebo-controlled, phase 3 efficacy trials after vaccine rollout, both
mRNA vaccines were efficient in inhibiting symptomatic and severe COVID-19 illness [14–17].
Furthermore, a recent study showed that full vaccination of HCP with mRNA vaccine was
associated with 66.42% vaccine effectiveness against absenteeism [18]. In clinical trials, the
vaccines had 52–95% efficacy for symptomatic disease 14 days later than the first dose and
95% efficacy 7 days later than the second dose [15,16]. Initial observational investigations
on mRNA vaccines in healthcare personnel (HCP) indicate 80% effectiveness >14 days
following the first dose and 90% >14 days after the second dose [17,19,20]. While the
number of vaccinated people increases worldwide, SARS-CoV-2 variants are of interest
for their augmented transmissibility, increased disease severity, and immune escaping
resulting in the risk of reinfections or breakthrough infections in vaccinated persons [21,22].

Nevertheless, there may be differences in vaccine effectiveness and breakthrough
infection rates depending on the timing of testing. Breakthrough infections are mitigated
by vaccines and are normally minor in their clinical features [23]. In the first period of
vaccination campaigns, institutions had the objective to protect those at the greatest risk
of infection because of their high risk of exposure [24]. Therefore, many countries have
designated HCP as a main concern group for COVID-19 vaccination [25–27]. Therefore,
today, HCP are the oldest, largest, and most at risk of vaccine breakthrough infection group.
Moreover, little is known about how many infected vaccinated subjects can spread the
infection [28,29].

This systematic literature review (SLR) provides evidence on mRNA reported vaccine
breakthrough infections among HCP.

2. Materials and Methods

2.1. Design

An SLR of the records of diverse databases was carried out, subsequent to a pre-set
procedure firstly established to minimalize the risk of bias in both choice and publication
and safeguarding optimum organization and content. The methodology was to follow
the standards specified in the PRISMA declaration [30] and applying the Evidence-Based
Health Practice methodology [31], as well as using the Joanna Briggs Inventory (JBI)
Checklist for Prevalence Studies tool to evaluate the risk of bias [32]. The instrument was
used with the objective of improving consistency in SLR of prevalence records and has
been suggested as the most suitable tool for this kind of investigation [33]. The risk of bias
was assessed using the nine criteria established by Munn [32]. The level of bias is evaluated
by assessing the total sum of criteria with a “yes” reply and transforming this score into a
percentage (n/9). Studies obtaining <50% are judged as having high risk of bias, 50–69%
medium risk of bias, and ≥70% low risk of bias.
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2.2. Literature Search

We searched until 10 November 2021 in SCOPUS, PubMed, Embase, and Web of Sci-
ences. The entry terms used were: “Health Personnel OR Healthcare Worker OR Healthcare
Provider OR Healthcare Personnel AND breakthrough OR infection after vaccine*”. The
examination of the appropriate papers for inclusion in this SLR was also carried out, and
the research articles were recovered and reviewed.

2.3. Inclusion and Exclusion Criteria

The following inclusion criterion was used: surveys that assessed SARS-CoV-2 mRNA
vaccine breakthrough infections in HCP. The exclusion criteria adopted were: (1) animal
studies, (2) abstract and case reports, (3) articles that were not available in English. For
replicate studies, the article with more detailed data was integrated.

Moreover, investigations assessed as high risk of bias were excluded from the primary analysis.

2.4. Quality Assessment and Data Extraction

Two reviewers (C.L. and V.R.) studied the manuscripts separately. The title, abstract,
and full text of each potentially relevant manuscript were reviewed. Any concerns re-
garding suitability of the manuscript were defined through consensus. The following
data were investigated from all included papers: study design, country, mRNA vaccine,
period observed, and breakthrough incidence of fully vaccinated HCP. If incidence was not
expressed in the study, it was calculated by the authors. The breakthrough was proven by
the detection of SARS-CoV-2 found by Reverse-Transcriptase Polymerase Chain Reaction
(RT-PCR) test in swab samples.

3. Results

3.1. Characteristics of Eligible Studies

Following a search of the relevant databases, 121 documents were identified. Of these,
101 were excluded after review of the title and abstract, and 7 studies were excluded after
review of the manuscript. After all, nine studies satisfied the inclusion criteria and were
included in the SLR [34–42]. A flow-chart depicting the studies selected in the present SLR
is shown in Figure 1.

Figure 1. Graph illustrating included and excluded studies in the SLR.

333



Trop. Med. Infect. Dis. 2022, 7, 9

3.2. Results of Eligible Studies

All the studies reviewed investigated COVID-19 infection in HCPs after the emergency
vaccination campaign. In detail, seven studies included HCP vaccinated with both the
BNT162b2 vaccine and the mRNA-1273 vaccine were conducted in the USA, and only one
was conducted in Belgium [17,35–37,39–41]. The other studies were in Israel and Greece
using the BNT162b2 vaccine [25,29]. The studies covered a period from 9 December 2020
to 14 August 2021. The breakthrough incidence varied from a minimum of 0.001 to a
maximum of 0.011. Table 1 summarizes the features of the studies analyzed.

Table 1. Features of suitable studies.

Reference JBI Score Study Design Country mRNA Vaccine Period Observed
Breakthrough

Incidence *

Bergwerk et al. [34] 100% Case-control study Israel BNT162b2 20 January 2021–
28 April 2021 0.003

Bouton et al. [35] 88% Prospective cohort study United States
of America

BNT162b2 or
mRNA-1273

9 December 2020–
23 February 2021 0.003

Fowlkes et al. [36] 88% Nested cohort study United States
of America

BNT162b2 or
mRNA-1273

14 December 2020–
14 August 2021 0.011

Geysels et al. [37] 100% Prospective cohort study Belgium BNT162b2 or
mRNA-1273

1 March 2021–
30 April 2021 0.003

Ioannou et al. [38] 66% Prospective cohort study Greece BNT162b2 4 January 2021–
14 April 2021 0.009

Jacobson et al. [39] 100% Prospective cohort study United States
of America

BNT162b2 or
mRNA-1273

18 December 2020–
2 April 2021 0.001

North et al. [40] 100% Prospective cohort study United States
of America

BNT162b2 or
mRNA-1273

30 December 2020–
2 April 2021 0.001

Teran et al. [41] 100% Prospective cohort study United States
of America

BNT162b2 or
mRNA-1273

28 December 2020–
31 March 2021 0.002

Thompson et al. [42] 88% Prospective cohort study United States
of America

BNT162b2 or
mRNA-1273

14 December 2020–
10 April 2021 0.001

* = only in fully vaccinated HCP.

Bergwerk et al. [34], to evaluate the effectiveness of the BNT162b2 vaccine, carried
out, through a prospective cohort study of 11,453 HCP, a case control investigation among
1497 fully vaccinated HCP. In this study, researchers reported the positivity to SARS-CoV-2
by RT-PCR in 39 fully vaccinated HCP. The mean age of the 39 sick workers was 42 years,
and most of them were women (64%). The median period from the second vaccine dose
to SARS-CoV-2 finding was 39 days (range, 11 to 102). Only one sick person (3%) was
immunosuppressed. Moreover, in 37 cases of breakthrough infection, the suspected source
of infection was an unvaccinated person. Of all the HCP with breakthrough infection,
26 (67%) had mild symptoms at various stages, and none needed hospitalization. The
residual 13 workers (33% of all cases) were asymptomatic throughout the period of infection.
The most frequent symptom that was described was higher respiratory congestion (36% of
all cases), subsequent myalgia (28%), and loss of smell or taste (28%); fever or rigors were
registered in 21% of participants.

A prospective cohort study was carried out by Bouton and colleagues [35]. They ob-
served a total of 10,590 HCP, but only 5913 had obtained 2 doses of the vaccine (BNT162b2 or
mRNA-1273) at that time. In only 17 HCP did post-vaccination cases of SARS-CoV-2 occur.
Another prospective cohort study performed in the USA [36] observed 4136 HCP with no
earlier laboratory-documented SARS-CoV-2 disease for 35 weeks. Of these, 2976 were fully
vaccinated (BNT162b2 or mRNA-1273), and 34 HCP reported the infection of SARS-CoV-2,
80.6% of which were symptomatic.

In Belgium, Geysels et al. [37], in a prospective cohort study of 3491 fully vaccinated
(BNT162b2 or mRNA-1273) HCP, 9 workers (0.3%) were positive for SARS-CoV-2 RT-PCR
test. Of the nine HCP who were fully vaccinated, five were vaccinated with the BNT162b2
vaccine, and four were vaccinated with the mRNA-1273 vaccine.
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Ioannou et al. [38] compared viral load, clinical report at diagnosis, and type of expo-
sure between vaccinated (1800) (with BNT162b2) and non-vaccinated (450) HCP. Among all
55 PCR-positive HCP, 21 were fully vaccinated (diagnosed >2 weeks later than the second
dose). Interestingly, the viral load did not differ significantly between vaccinated and
non-vaccinated HCP; nevertheless, the kind of symptoms differed significantly. Specifically,
rhinorrhea and nasal congestion were significantly more common in vaccinated HCP, while
cough and fever were more frequent in non-vaccinated HCP.

A large survey was performed in the USA by Jacobson and colleagues [39] from
December 2020 to April 2021 involving 22 271 HCP fully vaccinated with mRNA-based
SARS-CoV-2 vaccine. Among these, 26 cases of SARS-CoV-2 occurred in fully vaccinated
HCP. The mutation types of breakthrough infections were: 0 (0%) E484K, 10 (55.6%) L452R,
N501Y 1 (5.6%), and no mutation 7 (38.9%). Again in the USA, North et al. [40] in a
prospective cohort study of 2243 fully vaccinated HCP, observed three infections, among
which only one was symptomatic.

Teran [41] reported 22 cases of postvaccination SARS-CoV-2 diseases among skilled
nursing facility residents and HCP. Among the 22 individuals with breakthrough infections,
14 (64%) were asymptomatic. Three symptomatic persons had mild, imprecise symptoms;
two had mild, certain symptoms; and three had diagnosed pneumonia, one of these, with
basic conditions of hypertension, diabetes mellitus, and chronic kidney disease, died.

Lastly, Thompson [42] performed a prospective cohort study including 2686 HCP who
received two doses of SARS-CoV-2 mRNA vaccine. SARS-CoV-2 infection was discovered
in five fully vaccinated HCP. The authors provided the vaccine effectiveness that was 92%
(80–97; 95% CI) among fully vaccinated persons. In particular, the vaccine effectiveness
was 94% (82–98; 95% CI) and 84% (31–96: 95% CI) for the BNT162b2 vaccine and the
mRNA-1273 vaccine, respectively.

4. Discussion

The present SLR analyzed SARS-CoV-2 breakthrough infections that occurred in
HCP fully vaccinated with mRNA SARS-CoV-2 vaccine. Studies included in this system-
atic review reported a very low incidence (0.001 to 0.011 per 100 individuals at risk) of
post-vaccination reinfection among HCP in the first six months following the primary
vaccination cycle [25–33]; the death of a single fully vaccinated individual due to COVID-19
breakthrough infection was reported [41]. Vaccine effectiveness on HCP analyzed by this
systematic literature review remains high and constant between different countries.

Prior to the kickoff of anti-SARS-CoV-2 vaccination, HCP were the group with
the maximum risk of exposure to COVID-19 infection [43,44]. Gholami et al., in a
systematic review and meta-analysis, proved that the proportion of HCP who confirmed
positive for COVID-19 between 28 surveys was 51.7%, with a 15% rate of hospitalization
and a 1.5% death rate [43]. Although breakthrough infections mean that the virus
broke through a protective barrier provided by the vaccine, it prevents COVID-19
in more than 90% of beneficiaries [14,15]. Recent investigations carried out among
HCP fully vaccinated by mRNA vaccine and continuously examined by routine nasal
testing have demonstrated significant decreases, but not a total absence, of SARS-CoV-2-
positive tests [17,19,20,34–42]; in detail, almost all of the HCP were asymptomatic and a
near absence of hospitalizations was reported, and some case reports just reported the
infection among vaccinated HCP [44–49].

Ioannou and colleagues [38] compared the viral loads among vaccinated and unvacci-
nated HCP and did not find statistically significant differences as regards age, gender, site
of acquisition, occurrence of symptoms at diagnosis, and viral loads. His findings, however,
are opposite to those found in other studies with stronger enrollment. Thompson et al. [42]
showed that among HCP with SARS-CoV-2 infection, the mean viral RNA load was 40%
lower (95% CI, 16 to 57) in incompletely or fully vaccinated persons rather than in unvac-
cinated people. A survey among nursing home residents infected by SARS-CoV-2 and
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vaccinated with only a single dose of BNT162b2 evidenced that nasopharyngeal viral load
was lower in vaccinated people [28].

A comparable outcome was described by Levine-Tiefenbrun et al. [50] in the analysis
of a real-world dataset of COVID-19 patients after vaccination by the BNT162b2 mRNA
vaccine; they found that the viral load was significantly decreased for infections following
12–37 days after the first dose of vaccine.

Therefore, since the viral load is correlated to transmission [51,52], single-dose
mRNA SARS-CoV-2 vaccination might prevent outbreaks. Reduced viral loads indi-
cate a potentially decreased infectiousness, further than reducing vaccine impact on
virus spread.

The evaluation of viral loads is critical in the control of breakthrough infections and
the management of SARS-CoV-2 variant outbreaks. Jacobson et al. found a high prevalence
of breakthrough infection in HCP due to the L452R variant [39]. A study carried out in
Israel observed that B117 is associated with higher viral load and observed higher viral
load in B117 variant infections when compared to other variants [53]; moreover, higher
viral loads in B1351 infections in unvaccinated individuals compared to fully vaccinated
persons were reported [54].

An augmented percentage of variants in vaccine breakthrough infections that appears
in two distinct windows of period have been reported: The first augmented quantity of
B.1.351 was discovered in patients fully vaccinated with BNT162b2, 7–14 days after the
second dose, matched to unvaccinated controls. Moreover, an augmented percentage of
B.1.1.7 was detected in partially vaccinated persons 14 days after the first dose up to 6 days
after the second dose [53].

The behavior of the variants was also studied in in vitro neutralization tests that
demonstrated a significant decrease in neutralization against B1351 and a small reduction
against B117 in fully vaccinated persons [55–58].

Many seroprevalence studies on SARS-CoV-2 have been conducted. At first, they
were carried out to estimate the prevalence among HCP [59–62]. After vaccination, several
studies were carried out in order to provide indications on the presence of antibodies after
vaccination and the dosages were repeated over time [63–67]. mRNA vaccines stimulate
anti-spike IgG in addition to T cell reactions that can be discovered in peripheral blood [68];
however, how long immunity is stimulated by SARS-CoV-2 mRNA vaccine is even under
investigation at this phase. Tretyn and colleagues [69] analyzed the components of the
immune response in vaccinated persons. After mRNA vaccination, the values of the
humoral response were detected in the whole of people enrolled, which verified the
effectiveness of the mRNA vaccine in triggering B lymphocytes to release antibodies and T
lymphocytes to secrete interferon-γ [69].

Doria-Rose et al. [70] based on ad hoc phase 3 trials of the Moderna mRNA-1273
estimated the half-life of vaccine-binding antibodies and defined the lifetime of the vaccine
immune response at 6 months after second dose. Bayart and colleagues [71], in a multicenter
prospective study, focused on longer-term kinetics information of the humoral response
following the two-dose regimen of BNT162b2 mRNA vaccine and found a significant
antibody decrease 6 months post-vaccination. The decrease was highly significant for
overall antibodies, IgG, and neutralizing antibodies in both seronegative and seropositive
participants. Thus, the clinical implications of serological assays that were not yet clear
from a clinical position and the founding of thresholds connected with defense are still
needed, but the association between low neutralizing antibody titers and breakthrough
infection may not be excluded and might rationalize the request of appropriate vaccination
policies, particularly in HCP, frail patients, and their caregivers [34,72–74].

The main limit of the present study could be related to the limited period (less than
six months from the completion of primary vaccination cycle) of observation of the studies
included in the SLR.
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As is well-known, starting from Israel, all European countries, the UK, and the US that
began the vaccination campaign among HCP in December 2020–January 2021 have offered
the booster doses to HCP since September 2021 (especially those older than 60 years or
with at least one comorbidity).

Furthermore, another aspect to underline is the difficulties in the implementation of
equitable distribution of anti-SARS-CoV-2 vaccines.

Vaccination has increased slowly worldwide. However, while few high-income coun-
tries’ governments understand how to vaccinate their whole populations during the pan-
demic, most low- and middle-income countries have been trusting the COVID-19 Vaccines
Global Access (COVAX) facility to acquire vaccines [75]. COVAX aims to require these
countries with adequate doses to vaccinate 20% of their people.

Public vaccine improvement efforts should move in the direction of decreasing all
characteristics of public health risk instead than favoring its business financial characteris-
tics [76,77].

Future analyses are needed to evaluate the length of the primary vaccination cycle
protection among HCP, also standardized for age and at-risk groups.

5. Conclusions

In conclusion, we conducted a systemic review of published evidence on post-vaccination
breakthrough SARS-CoV-2 infections among HCP fully vaccinated with mRNA vaccines.
An overall very low incidence of post-vaccination breakthrough infections was found,
ranging from 0.011 to 0.001 (per 100 individuals at risk). Our findings further support the
published high effectiveness rates of mRNA vaccines in stopping SARS-CoV-2 infections
including fully vaccinated HCP. Further studies are required to define the duration of the
vaccine-induced protection among HCP.
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