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A Call to Use the Multicomponent
Exercise Tai Chi to Improve Recovery
From COVID-19 and Long COVID

Juan Pablo Castro’, Marie Kierkegaard? and Manuel Zeitelhofer®*

! Fundacién Neumoldgica Colombiana, Bogotd, Colombia, 2 Department of Neurobiology, Care Sciences and Society,
Karolinska Institutet, Huddinge, Sweden, ° Division of Vascular Biology, Department of Medical Biochemistry and Biophysics,
Karolinska Institutet, Stockholm, Sweden

Approximately 10% of all COVID patients develop long COVID symptoms, which may
persist from 1 month up to longer than 1 year. Long COVID may affect any organ/system
and manifest in a broad range of symptoms such as shortness of breath, post-exercise
malaise, cognitive decline, chronic fatigue, gastrointestinal disorders, musculoskeletal
pain and deterioration of mental health. In this context, health institutions struggle with
resources to keep up with the prolonged rehabilitation for the increasing number of
individuals affected by long COVID. Tai Chi is a multicomponent rehabilitation approach
comprising correct breathing technique, balance and neuromuscular training as well as
stress- and emotional management. In addition, practicing Tai Chi elicits the relaxation
response and balances the autonomic nervous system thus regulating respiration,
heart rate, blood pressure and vitality in general. Moreover, Tai Chi has been shown
to increase lung capacity, improve cognitive status and mental health, and thereby
even the quality of life in diseases such as chronic obstructive pulmonary disease
(COPD). Hence, we advocate Tai Chi as potent and suitable rehabilitation tool for
post-COVID-19-affected individuals.

Keywords: COVID-19, Tai Chi, multicomponent rehabilitation, quality of life, chronic fatigue, mental health,
relaxation response

WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT?

e Tai Chi is a multicomponent exercise that promotes self-efficacy and empowers affected
individuals to actively contribute to their own disease management.

e Tai Chi has been shown to improve life quality and clinical parameters of chronic obstructive
pulmonary disease (COPD) and other complex diseases.

e Tai Chi builds strength, improves mobility and balance, and elicits activation of the
relaxation response.

WHAT ARE THE NEW FINDINGS?

Tai Chi is suited for rehabilitation after COVID-19 and treatment of long COVID symptoms.
Tai Chi potentially improves lung function by counteracting the fibrotic scar formation and may
decrease chronic fatigue syndrome by balancing the autonomous nervous system and thereby
the risk for development of mental disorders.

e Tai Chi may reduce the economic burden associated with COVID-19 rehabilitation.
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WHAT ARE THE RECOMMENDATIONS
FOR POLICY AND PRACTICE?

e We recommend to implement Tai Chi for acute COVID-19
rehabilitation directly after discharge from the hospital and for
long COVID.

e The Tai Chi rehabilitation program should last for a minimum
of 3 months with twice training for 1 h per week.

e Training by oneself in between the weekly classes should
be encouraged.

INTRODUCTION

Physical inactivity increases the risk for modern society diseases
such as diabetes and cardiovascular diseases, and likely even
susceptibility for infectious diseases such as COVID-19. Recent
data have shown that the risk for hospitalization and death due
to COVID-19 increases more than 2-fold in physically inactive
persons compared to persons performing at least 150 min/week
moderate to vigorous physical activity (1). Moreover, one-third
of patients suffering from long COVID are still experiencing
symptoms such as fatigue, post-exertional malaise, cognitive
dysfunction, breathlessness and muscle and joint pain even after
1-year, which results in reduced quality of life (2). Of note, long
COVID is very common in young to middle aged persons, a
population group engaged in work and family life, potentiating
both the social and economic burden associated with the current
pandemic. Thus, it is of utmost importance to establish an
efficient rehabilitation program to counteract debilitating post
COVID symptoms.

TAI CHI AS A MULTICOMPONENT
EXERCISE

Tai Chi is a moderate intensity, multicomponent mind-body
practice that provides tools for management of chronic diseases,
as illustrated by promoting of self-efficacy in patients with
chronic obstructive pulmonary disease (COPD) (3). Moreover,
it has been shown that Tai Chi has beneficial effects on
functional outcomes and quality of life in complex diseases
such as cardiovascular, multiple sclerosis (MS), chronic pain
and fibromyalgia (4). Tai Chi comprises diaphragmatic breathing
technique, balance- and neuromuscular training, postural
alignment, stress management and mindfulness. In addition, Tai
Chi training teaches the connection of breath and movement
and thereby fosters the elicitation of the relaxation response
(5). Importantly, the embodied skills learned through practicing
Tai Chi may represent a foundation for sustainable self-
regulation and self-efficacy, and thereby enable patients to
actively contribute to disease management. Finally, potentiation
of the practice-associated, long-lasting behavioral changes counts
as crucial aspect for management of complex diseases including
COVID. Thus, an individual practicing of Tai Chi would in turn
significantly reduce the burden for the health care system related
to increasing demand for post-COVID rehabilitation.

TAI CHI POTENTIALLY IMPROVES LONG
COVID SYMPTOMS

A severe COVID-19 disease course can lead to fibrotic changes
in the lung (2) that could possibly cause a long-term impairment
of the lung function. In COVID patients, spots of inflammation
are frequently observed in CT images of the lower lung lobes (6).
These patches might make it difficult to breathe during sustained
exercise and if unresolved can potentially lead to fibrotic changes.
Diaphragmatic breathing learned during Tai Chi encourages
air into the lower lobes thus counteracting the inflammatory
process. Therefore, exercise becomes an essential rehabilitation
tool after acute care and this window of opportunity should be
proactively and efficiently used to improve pulmonary function
and counteract potential fibrotic changes. It has been shown
that Qigong breathing used in Tai Chi leads to a 125 to 145%
increase in lung capacity (7). Usually, lung capacity decreases
with age due to decreasing tissue elasticity related to fibrotic
changes. However, up to 70-year-old Qigong practitioners
showed the same lung capacity as 20-year-old non-Qigong
practitioners (7).

Recently it has been shown that relaxation response training
upregulates genes associated with energy metabolism and
mitochondrial function while downregulating genes linked to
inflammatory response and stress-related pathways (8). Such
boosting of mitochondrial fitness has been speculated to enhance
anti-inflammatory effects, which may prevent the occasionally
occurring destructive cytokine storm in COVID-19 (9). In
addition, it has been demonstrated that Tai Chi modulates the
immune response in general by downregulating cytokines such
as interleukin-6 that has been implicated in scaring of the lung
during COVID-19 (2, 10).

The inflammatory response during COVID-19 is tightly
connected with the oxidative stress response leading to
accumulation of reactive oxygen species (ROS) and reactive
nitrogen species (RNS), by inducing mitochondrial dysfunction
and secretion of proinflammatory cytokines. Moreover, ROS also
activate transforming growth factor b (TGFDb), a key factor for
developing lung fibrosis.

While occasional high-intensity physical activity has been
shown to promote oxidative stress, regular exercise with
moderate intensity (40-59% VOjma) decreases the ROS
load and DNA damage, respectively, and stimulates key
antioxidant enzymes (11). The same form of training intensity
is recommended for the elicitation of physiological benefits and
the promotion of better health. Thus, the moderate-intensity
exercise Tai Chi would represent a suitable training option
for improving health status in individuals suffering from post
COVID symptoms.

One of the most debilitating long COVID signs is fatigue,
which is often occurring in attacks of severe physical and mental
tiredness that might result in mental health deterioration such as
development of anxiety or depression (12). It has been reported
that the fatigue may persist longer than a year post-COVID-19.
However, there is an indication that it may last even longer, since
40% of survivors from previous coronavirus outbreaks such as
the SARS (severe acute respiratory syndrome) epidemics in 2003
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suffered from chronic fatigue and mental illnesses up to 4 years
after the disease, which has led to a high unemployment rate and
social stigmatization (13).

In addition, a recent study has shown that insomnia, anxiety
and depression are very prevalent among the general population
during the COVID-19 pandemics with twice as high prevalence
as compared to non-pandemic periods and even higher among
patients with COVID-19 (14). These observations indicate an
urgent need to prevent long-term adverse outcomes associated
with insomnia and mental health problems.

Initiation of Tai Chi practice soon after recovering from acute
COVID-19 could potentially decrease the risk for developing
long-term COVID. Tai Chi improves both blood and energy
flow, activates the relaxation response and thus balances the
autonomic nervous system (15) and can thereby potentially
counteract fatigue and improve cognitive function as well
as anxiety and depression (3, 4), all common long COVID
symptoms. In addition, the practice has shown to have beneficial
effects on cardiovascular health (4), hence, potentially decreasing
the risk for COVID-19-associated stroke. Finally, Tai Chi
has been shown to improve exercise capacity, balance and
posture/neuromuscular control, which may occur in COVID-19
patients (3, 4).

REFERENCES

1. Sallis R, Young DR, Tartof SY, Sallis JE Sall J, Li Q, et al. Physical
inactivity is associated with a higher risk for severe COVID-19 outcomes:
a study in 48 440 adult patients. Br | Sports Med. (2021) 55:1099-105.
doi: 10.1136/bjsports-2021-104080

2. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens
JS, et al. Post-acute COVID-19 syndrome. Nat Med. (2021) 27:601-15.
doi: 10.1038/541591-021-01283-z

3. Yeh GY, Litrownik D, Wayne PM, Beach D, Klings ES Klings ES, et al.
BEAM study (Breathing, Education, Awareness, Movement): a randomised
controlled feasibility trial of tai chi exercise in patients with COPD. BMJ Open
Respir Res. (2020) 7:¢000697.doi: 10.1136/bmjresp-2020-000697

4. Wayne P. The Harvard Medical School Guide to Tai Chi. Boulder, CO:
Shambhala (2013). p. 353.

5. Wayne PM, Kaptchuk TJ. Challenges inherent to tai chi research: part I-t'ai
chi as a complex multicomponent intervention. J Altern Complement Med.
(2008) 14:95-102. doi: 10.1089/acm.2007.7170A

6. Salehi S, Abedi A, Balakrishnan S, Gholamrezanezhad A. Coronavirus disease
2019(COVID-19): a systematic review of imaging findings in 919 patients. AJR
Am ] Roentgenol. (2020) 215:87-93. doi: 10.2214/AJR.20.23034

7. Massey PB, Thorner E, Preston WL, Lee JS. Increased lung capacity through
Qigong breathing techniques of the chung moo martial art style. J Asian
Martial Arts. (1993) 2:70-7.

8. Bhasin MK, Dusek JA, Chang BH, Joseph MG, Denninger JW, Fricchione GL,
et al. Relaxation response induces temporal transcriptome changes in energy
metabolism, insulin secretion and inflammatory pathways. PLoS ONE. (2013)
8:¢62817. doi: 10.1371/journal.pone.0062817

9. Burtscher J, Millet GP, Burtscher M. Low cardiorespiratory and mitochondrial

fitness as risk factors in viral infections: implications for COVID-19. Br J

Sports Med. (2021) 55:413-5. doi: 10.1136/bjsports-2020-103572

Morgan N, Irwin MR, Chung M, Wang C. The effects of mind-body

therapies on the immune system: meta-analysis. PLoS ONE. (2014) 9:e100903.

doi: 10.1371/journal.pone.0100903

Gomez-Cabrera MC, Domenech E, Vina J. Moderate exercise is an

antioxidant: upregulation of antioxidant genes by training. Free Radic Biol

Med. (2008) 44:126-31. doi: 10.1016/j.freeradbiomed.2007.02.001

10.

11.

A CALL FOR ACTION

Tai Chi potentially improves lung function by counteracting
the fibrotic scar formation and decreasing long-term COVID
fatigue and thereby the risk for development of mental
disorders. Moreover, the practice is at the same time likely to
increase muscular strength, mobility and vitality, which should
in turn empower the individuals affected by COVID-19 to
actively contribute to their recovery. Hence, implementation
of Tai Chi in rehabilitation of COVID-19-affected individuals,
for both short- and long-term disease courses, can be
highly recommended.
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Objective: Area-level socioeconomic status (SES) is associated with coronavirus
disease 2019 (COVID-19) incidence. However, the underlying mechanism of the
association is context-specific, and the choice of measure is still important. We aimed to
evaluate the socioeconomic gradient regarding COVID-19 incidence in Korea based on
several area-level SES measures.

Methods: COVID-19 incidence and area-level SES measures across 229 Korean
municipalities were derived from various administrative regional data collected between
2015 and 2020. The Bayesian negative binomial model with a spatial autocorrelation
term was used to estimate the incidence rate ratio (IRR) and relative index of inequality
(RIl) of each SES factor, with adjustment for covariates. The magnitude of association
was compared between two epidemic phases: a low phase (<100 daily cases, from
May 6 to August 14, 2020) and a rebound phase (>100 daily cases, from August 15 to
December 31, 2020).

Results: Area-level socioeconomic inequalities in COVID-19 incidence between the
most disadvantaged region and the least disadvantaged region were observed for
nonemployment rates [RIl = 1.40, 95% credible interval (Crl) = 1.01-1.95] and basic
livelihood security recipients (Rll = 2.66, 95% Crl = 1.12-5.97), but were not observed
for other measures in the low phase. However, the magnitude of the inequalities of these
SES variables diminished in the rebound phase. A higher area-level mobility showed a
higher risk of COVID-19 incidence in both the low (IRR = 1.67, 95% Crl = 1.26-2.17) and
rebound phases (IRR = 1.28, 95% Crl = 1.14-1.44). When SES and mobility measures
were simultaneously adjusted, the association of SES with COVID-19 incidence remained
significant but only in the low phase, indicating they were mutually independent in the
low phase.

Conclusion: The level of basic livelihood benefit recipients and nonemployment rate
showed social stratification of COVID-19 incidence in Korea. Explanation of area-level
inequalities in COVID-19 incidence may not be derived only from mobility differences in
Korea but, instead, from the country’s own context.

Keywords: COVID-19, inequality, mobility, SARS-CoV2, social distancing, socioeconomic, spatial analyses
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INTRODUCTION

Since the first case, reported in December 2019 in China,
the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV2; COVID-19) pandemic has caused unprecedented global
challenges due to rapid interpersonal transmission. This virus
causes symptoms ranging from mild, such as sore throat and
fever, to severe pneumonia resulting in death (1). Due to a higher
transmission rate than other coronaviruses (reproduction ratio:
2.44-4.18) and a high proportion of asymptomatic infectious
people (2), the global pandemic has grown significantly, causing
nearly 271.4 million cases with 5.3 million deaths (as of 16th
December 2021) according to the World Health Organization
(3).

In Korea, since the first case of COVID-19 in a person
who visited China was identified on January 20, 2020, multiple
clustered outbreaks associated with religious followings, call
centers, and courier services led to a surge in the number
of disease occurrences; this was followed by enhanced strict
counteractive measures, including social distancing, that were
enforced by health authorities, which reduced the weekly average
number of cases to single digits (4). However, due to increased
outdoor activities, large-scale gatherings during the holiday
season and seasonality, the number of newly infected cases grew
dramatically to more than 1,000 cases daily, mostly driven by
a substantial increase in infections in the capital region, where
25.92 million people live within 11,851.26 km?, one of the most
densely populated areas in the world.

Historically, disadvantaged people have been highly
vulnerable to emerging infectious diseases, especially when
they become a persistent epidemic (5). In recent studies on
COVID-19, historic evidence showed that socioeconomically
vulnerable individuals were more likely to have higher incidence
and case-fatality rates of COVID-19 (6, 7). This indicates that
underlying socioeconomic gradients are strongly associated with
the distribution of incidence and fatality rates of COVID-19, due
to variations in personal hygiene, access to testing and treatment,
compliance level with social distancing policy, and the ability to
work remotely (8). In recent studies regarding COVID-19 in the
United States, low-income individuals were less able to reduce
their mobility or maintain social distancing, indicating that
economic activity is highly associated with behavioral responses
to social distancing policy (9, 10).

In addition to individual socioeconomic vulnerability,
area-level socioeconomic disadvantages have consistently been
associated with COVID-19 incidence. Area-level socioeconomic
status (SES) tends to depend on territory-based communities that
characterize human society because of a shared socioeconomic
basis, commonality in available services, living culture, and
lifestyle (11). Area-level socioeconomic measures have been
identified in various ways and typically measured using an
aggregate variable (e.g., median household income) or a
composite measure (e.g., deprivation index). Each measure
represents a unique contribution to the socioeconomic
association. Specifically, associations with COVID-19 were
consistently observed for median household income (12, 13) and
minor ethnicity (1, 14, 15) but findings for deprivation index

(16, 17) and unemployment rate (13, 14) were inconsistent,
indicating that area-level SES measures have different values
across time and place and that how they are measured is
important (18).

Individuals from lower SES areas are more likely to be infected
for various reasons; however, in most studies, the primary cause
was the lack of mobility reduction resulting in the inability
to maintain social distancing. However, the mediating role of
mobility was advocated in other studies to explain area-level
socioeconomic inequalities in COVID-19 infection based on the
high correlation between area-level SES and mobility reduction
(10, 16, 19, 20). Despite wide acceptance of the explanation,
studies in which the underlying relationship was investigated
using both measures are scarce. Thus, firm empirical evidence
is lacking on whether the effect of area-level SES on COVID-
19 incidence depends on the level of mobility. This concept
may be particularly relevant in countries like Korea, where
socioeconomic inequalities in COVID-19 incidence may not
be straightforward because affluent areas are also a central
business place.

As noted below, Korea had been undergone a relatively lower
level of COVID-19 incidence compared to other countries (21).
Nevertheless, a better understanding of regional disparity in
COVID-19 incidence is a huge challenge because it is essential
to monitor the pattern of spread into subsegment of the
population, let alone the incidence from the entire population.
Thus, we investigated the socioeconomic inequalities in COVID-
19 incidence at the level of a primary administrative unit of local
government in Korea, using a diverse range of socioeconomic
indicators including a mobility measure. In this study, we
investigated (1) whether area-level socioeconomic measures
are associated with COVID-19 incidence at the municipality
level; (2) whether the associations’ differences in the association
between socioeconomic inequalities and COVID-19 incidence in
two different epidemic phases with disparate social distancing
enforcement; and (4) whether socioeconomic inequalities in
COVID-19 infection are mainly due to mobility differences.

MATERIALS AND METHODS
Study Base

Overall, Korea experienced favorable outcomes of COVID-
19 compared with other countries in terms of incidence and
mortality through the pandemic and the study period (21, 22).
To evaluate the effects of socioeconomic inequalities on COVID-
19 incidence at different epidemic levels, the epidemic period
was divided into two phases based on the daily number of cases
and the accompanying social distancing intensity level as shown
in Figure 1: low phase (from May 6 to August 14, 2020) in
which less than 100 mean daily cases were confirmed with the
eased social distancing regulation (level 1) and rebound phase
(from August 15 to December 31, 2020) in which more than 100
mean daily cases were reported with stricter distancing imposed
(level 2). Because the early phase of the epidemic was induced
by a specific religious congregation concentrated in very limited
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FIGURE 1 | The epidemic curve of coronavirus disease 2019 (COVID-19) in the Korea during the study period (from May 1 to August 14, 2020, for low phase and
from August 15 to December 31, 2020, for rebound phase). The gray bar represents the daily number of newly reported COVID-19 cases.
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municipalities, the starting time point in this study was March 5,
2020, to ensure the validity of the results (23).

The social distancing level enforced by the Korean
government was classified into two levels during the study
period through the guidelines underwent several changes
afterward. For example, under level 2 social distancing, the use of
face masks in public became mandatory, social gatherings with
more than a certain number of individuals were prohibited and
restaurants must be closed after a specific time point but without
movement restriction. Lower social distancing regulation (i.e.,
level 1) began from May 6 to August 14, 2020, and stricter
social distancing measure (i.e., level 2) was enacted from
August 15, 2020.

Socioeconomic Status Measures and
Covariates

The information on COVID-19 incidence as an outcome variable
was collected from 229 municipalities and compiled from the
KCDC and the local administration’s official websites. As listed in

Table 1, six area-level (i.e., municipality) socioeconomic factors
were used to investigate the effects of inequality on the incidence
of COVID-19 in Korea. The indicators were classified into
two subcategories, SES, and economic activity, based on the
corresponding attributes. SES measures included the following:
national insurance contributions as the proxy of area-specific
income level; material deprivation index (MDI); nonemployment
rate; the proportion of basic livelihood security recipients;
financial autonomy of the area. Economic activity included
mobility at risk. Data on national insurance contributions in the
first quarter of 2020 were obtained from the Korean National
Health Insurance Services. MDI for each area was a composite
index derived from the sum of standardized Z-scores for eight
measures based on data from the national population and
housing census conducted by the National Statistical Office of
Korea; the proportion of nonemployed males, manual laborers,
households under the minimum housing standard, nonsecured
housing tenure, nonapartment housing, lower educational level
(<middle school), single-parent household and school dropouts
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TABLE 1 | Description of the variables used in the study with the source of data.

Category Variable (units)

Description

Source (period)

Outcome COVID-19 (No. of Cases)

Socioeconomic status National insurance contributions (US

Dollar)

Material deprivation index (Z-score)

Nonemployment rate (%)

Basic livelihood security recipient (%)

Financial autonomy (%)

Economic activity Mobility at risk (Z-score)

Covariates Population density (No. of inhabitants
/km?)

Median age (years)

Health care workforce (No. of health
care workers per 1,000 persons)

The sum number of cases of COVID-19 by municipality

Average amount of personal national insurance
contributions per month by municipality

Composite index derived from the sum of standardized
Z-scores for eight measures; the proportions of
nonemployed males, manual class, households under
the minimum housing standard, insecure housing tenure,
living apartment, nonapartment housing, lower
educational achievement (<middle school), single-parent
household, school drop-out between 9 and 24. Data
were driven from the National population and housing
census by the National Statistical Office of Korea by
municipality

The proportion of individuals who were unemployed or
out of the labor force aged from 30 to 64 years

The total number of households receiving basic
livelihood security over total number of households
according to national basic living security act

The ratio of revenue generation to total expense by
municipality

The volume of public transportation times works related
movement divided by total amount of traffic volume
Human population on resident registry over the land size
estimated

Median age of residents in registry by municipality

The sum of total number of medical doctors, dentists,
pharmacist, and health care worker

Korean center for disease
control and local
administration (May 6, 2020
— December 31, 2020)
Korean national health
insurance services (1st
quarter of 2020)

National population and
housing census of the
National Statistical Office of
Korea (2015)

National population and
housing census of the
National Statistical Office of
Korea (2015)

Korea social security
information service (2019)

Korean statistical
information service (2020)
Korean Transport Institute
(2018)

Korean statistical
information service (2020)
Korean statistical
information service (2020)
Korean statistical
information service (2020)

between 9 and 24 years of age (24). The higher the MDI
score, the more the area is deprived. The nonemployment
rate was calculated as the proportion of individuals who were
unemployed or out of the labor force (e.g., early retirement,
studying, and disability) between 30 and 64 years of age (25),
based on data from the National Population and Housing
Census in 2015. The proportion of basic livelihood security
recipients at the area level in 2019 was retrieved from the
Korea Social Security Information Service. Financial autonomy
for each area was defined as a ratio of total revenue generation
to the total expenditure per municipality as provided by the
Korean Statistical Information Service for 2019. To determine the
socioeconomic strata of socioeconomic factors, those continuous
values of socioeconomic factors were converted into quintiles of
their distribution (i.e., each stratum accounted for 20% of the
number of municipalities) (26).

In addition, the municipality-specific economic activity
variable, including the volume of traffic for mobility at risk
represented by a Z-score, was added. Mobility at risk was
equal to the proportion of the traffic volume of work-related
movement utilizing public transportation, which was calculated

by multiplying the volume of public transportation and the
volume of works-related traffics (e.g., commuting to work and
field trips). This variable was obtained from a transportation
survey conducted by the Korean Transport Institute in 2018.
Finally, three covariates, namely, municipality-specific median
age, population density, and the number of healthcare workers
per 1,000 inhabitants, were used to adjust for the demographic
composition and the local health care capacity of the areas in
our analysis. The variables were derived from the data obtained
from the Korean Statistical Information Service for 2020. The
data in our study were extracted from open sources, which are
aggregated by administrative subdivisions. Therefore, do not
contain any information that is indicative of information about
personal or household level. The Institutional Review Board
(IRB) of Korea University granted an exemption for this study
(IRB exemption number: KUIRB-2020-0297-01).

Statistical Analyses

Several steps of the analytical process were applied to examine
socioeconomic inequalities in COVID-19 incidence. Due to
the nature of spatial data, spatial autocorrelation on the
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FIGURE 2 | Geographical distribution of municipality-specific incidence rate for COVID-19 in Korea between two epidemic phases. The number of incidences for
COVID-19 per 100,000 inhabitants at the municipality level is denoted by five different color levels in the low phase of COVID-19 (left) and rebound phase of COVID-19
(right). Darker red shedding represents the highest strata, whereas brighter red shedding denotes the lowest strata along with white color representing noncase.

SES variables and three covariates were examined using
Global Moran’s I test before investigating the association
between SES measures and COVID-19 incidence. The statistical
significance of the Global Moran’s I was estimated with 999
simulations. Following identification of the presence of spatial
autocorrelation in socioeconomic indicators, the association
between socioeconomic measures and COVID-19 incidence
was estimated as an incidence rate ratio (IRR) using a spatial
negative binomial model with marten correlation function for
spatial correlation term (Model 1). To account for potential
confounding factors, adjustment was initially made for three
covariates (i.e., median age, population density, and healthcare
workforce at the area-level) (Model 2). In addition, we conducted
a regression with a further adjustment for economic activity
to evaluate the mediating effect of mobility on the association
between area-level SES and COVID-19 incidence (Model 3).

We built a Bayesian generalized linear model to estimate the
posterior marginal distribution of IRR of each SES measure.
Because the observed incidence rate by the municipality, used
as the outcome of interest, was overdispersed, it was modeled
as a negative binomial random variable with overdispersed
variance instead of Poisson regression. In addition, the Besag,

York, and Mollié (BYM) model was used to account for spatial
autocorrelation of residuals by adding a spatial random effect
using intrinsic conditional autoregressive (iCAR) function and
extra residual term for spatially independent variation that was
independent, identical, and normally distributed as follows:

Y;~NB (7;,t;) ,Y;: Number of COVID — 19 cases
by municipality i

ri
= JE (Y;) =h;
1 r'+A’l ( l) 1

log (A;) =a+log (population;) +f , < SES;
N
+ Z Bjx covariate;+u;+e;
j=2
u1;229~ICAR (W,O’f)
e ~N (0,02)
u~NO, [-C™' xM,C=y x W,M=Ix o}

where u; is the conditional autocorrelation regression term, the
covariance matrix of the parameters calculated based on the
neighboring regions, &; is the nonspatial structured term, u
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is the spatial correlated random effect calculated by averaging
neighboring random effects, I is the identity matrix, and W is
the spatial weights matrix constructed by an inverse distance
function with the exponents followed by row-standardized such
that each row sums to 1 for interpretation of the parameters (27).
The neighboring region at each municipality was defined as the
administrative division located within the geographical distance
that was not spatially correlated in a variogram generated using a
Bayesian generalized linear model without the spatial correlation
term. The spatial correlation parameter denoted as y was
setto 1.

The models were run with three chains with different starting
values in which sampling values in the MCMC process with a
burn-in of 4,000 iterations and a thinning rate of 10, and 50,000
iterations were used for each posterior distribution of parameters
for SES and covariates. Convergence of the chains was assessed by
visual inspection of the posterior distributions and computation
of the Gelman-Rubin statistic. The Deviance Information
Criterion (DIC) was used to measure and compare the goodness
of fit for the model. The prior distribution for each parameter and
hyperparameter is described in the Supplementary Material.
R2WinBUGS R software package version 2.1 (28) with WinBUGS
software version 1.4.3 was used to carry out given statistical
approaches (29). The map presented in this study was created
by Esri ArcGIS software version 10.8.1 using the South Korea
map which is publicly available (30). All analyses were separately
performed for two different phases of the COVID-19 pandemic;
the low and rebound phases.

We repeated a similar analysis to estimate the relative index
of inequality (RII) as a supplementary measure of inequalities
in the COVID-19 incidence rate at the area level. RII is a
commonly used measure of health inequalities that summarizes
the distribution of a health outcome measure against an SES as a
relative difference of the least and most deprived subgroups (31).
RII in this study corresponds to the relative risk of the incidence
for COVID-19 in the lowest and the highest socioeconomic
strata and, therefore, is directed by changes in two strata
(Supplementary Material). The RII was also estimated using a
spatial negative binomial model with marten correlation function
for spatial correlation term, 95% CI was estimated by bootstrap.
RII estimation was made as follows.

Y;~NB (7;,r;) , Y;: Number of COVID — 19 cases
by municipality i

ri
E(Y) =
Y (Y;) =2,

log (1;) =a+log (populationi) +B, % SES;k
N
+ Z Bjxcovariate;+u;+¢;
j=2
u1:220~ICAR (W,07)
e ~N (0,082)
u~N(0, (I-C)~! xM),C=y x W .M=Ix0}

Ti=

where x; denotes the mid-point of municipality i in
socioeconomic class k with number 1 assigned to the highest
class of SES, as opposed to the lowest strata. The mid-point was
derived for each SES class. In addition, SES variables are likely to
be mutually correlated. Thus, Spearman’s correlation coefficient
between two paired SES variables was estimated to exclude the
correlated combinations for subsequent multivariate analyses.

RESULTS

Overview of COVID-19 Incidence and

Socioeconomic Characteristics

The COVID-19 epidemic in Korea showed two distinctive
phases in terms of the incidence level over the study
period as illustrated in Figurel. In the low phase (from
May 6 to August 14, 2020), 2,906 cases were reported
in 141 municipalities with 28.8 daily new cases for 100
days, in which no escalating pattern was observed in the
epidemic curve. In contrast, in the rebound phase (from
August 15 to December 31, 2020), 40,545 cases were
reported in 224 municipalities with 291.7 daily cases for
139 days, in which two distinctive peaks were observed in the
epidemic curve.

Geographically, a significant difference was observed in the
area-level COVID-19 incidence rate as shown in Figure 2.
On average, 12.7 cases were reported per area [minimum
(min) - maximum (max) min - max 0-127 cases]
in the low phase and 177.1 cases (min - max = 0-1,653
cases) were reported in the rebound phase. The majority of
COVID-19 cases were reported in the Seoul metropolitan area
(81.8% in the low phase and 72.8% in the rebound phase)
where 50.28% of the total Korean population resides within
11,851.26 km® (11.8% of the land size of Korea). The average
nonemployment rate was 13.9 and 4.9% of households received
basic livelihood security (Table 2). All variables, in particular,
economic activity, showed significant spatial autocorrelation in
the Global Moran’s I test indicating that the association of those
variables with COVID-19 should be measured with consideration
of spatial autocorrelation.

Generally, socioeconomic measures were significantly
correlated with each other (Figure3) but heterogeneous in
direction. For example, national insurance contributions as
the proxy of personal income level had a negative correlation
with indicators of social exclusion and poverty [e.g., MDI
(Spearman coeflicient —0.84], the proportion of basic
livelihood security recipients [Spearman coefficient = —0.75),
and the nonemployment rate (Spearman coeflicient = —0.13)].
Notably, a negative correlation of economic activity (ie.,
mobility at risk) was observed with indicators of social exclusion
and poverty such as the proportion of basic livelihood security
recipients (Spearman coeflicient —0.38) but not with
nonemployment rate (Spearman coefficient 0.69), and a
positive correlation of mobility at risk was shown with national
insurance contribution (Spearman coeflicient = 0.69), indicating
economic activity (i.e., mobility at risk) was characteristic of
affluent areas.
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TABLE 2 | Overview of socioeconomic status measures, economic activity variables, and covariates for 229 municipalities in Korea.

Variables Descriptive statistics

Mean SD Min Max cv Global morans‘l

Socioeconomic status (unit)

National insurance contributions (US dollars) 43.18 10.58 27.76 100.43 0.25 0.71 (0.001)

Material deprivation index (Z-score) 0.00 5.61 —12.41 14.59 - 0.48 (0.001)

Nonemployment rate (%) 13.86 3.12 4.53 24.10 0.23 0.34 (0.001)

Basic livelihood security recipient (%) 4.48 1.57 1.27 9.79 0.26 0.62 (0.001)

Financial autonomy (%) 24.96 12.60 6.60 68.00 0.33 0.57 (0.001)
Economic activity

Mobility at risk (Z-score) 0.00 1.00 —1.48 2.84 - 0.87 (0.001)
Covariates

Population Density (No. of inhabitant/km?) 45.78 87.66 0.20 516.19 1.92 0.36 (0.001)

Median Age (years) 47.47 6.08 37.20 61.00 0.13 0.49 (0.001)

Health care workforce (No. of workers per 1,000 persons) 8.21 6.87 2.57 54.02 0.84 0.23 (0.002)

SD, standard deviation; Min, minimum; Max, maximum; CV, coefficient of variance = standard deviation/mean.
T The significance of the statistics of Global Morans‘l was estimated with 999 simulations, expressed in parenthesis.
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FIGURE 3 | Correlation plot between socioeconomic status and economic activity variables. The number inside the cell corresponded to Spearman correlation
coefficient estimates. The intensity of correlation was expressed by colored gradient where dark blue represented one (a complete positive correlation) and dark red
represented minus one (a complete negative correlation). All correlation coefficients estimates were statistically significant (p < 0.05).
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TABLE 3 | Incidence rate ratios for the association between socioeconomic status and economic activity and incidence for COVID-19 over the low and rebound phase in

229 municipalities in Korea.

Variables Low phase

(no. of cases = 2,906)

Rebound phase
(no. of cases = 40,545)

Model 1 Model 2 Model 3§ Model 17 Model 2 £ Model 3§

Socioeconomic status

National insurance contributions 1.01 1.00 - 1.01 1.07 -
(0.99, 1.03) (0.98, 1.02) (1.00, 1.02) (0.82,1.40)

Material deprivation index (Z-score) 0.99 (0.95, 1.02) 0.98 (0.92, 1.04) - 0.99 (0.97, 1.01) 1.00 -

(0.97,1.02)

Nonemployment rate 1.11 1.20 1.61 1.02 1.05 1.02
(1.06, 1.17) (1.13, 1.28) (1.09, 1.25) (0.99, 1.05) (1.02, 1.08) (0.99, 1.06)

Basic livelihood security recipient 1.10 1.23 1.16 (1.02, 1.32) 1.04 1.35 1.04
(1.02, 1.18) (1.07, 1.40) (1.02, 1.06) (0.93, 1.93) (0.98, 1.09)

Financial autonomy 1.00 0.98 - 1.00 1.00 -
(0.98, 1.01) (0.97, 1.00) (1.00, 1.01) (1.00, 1.01)

Economic activity

Mobility at risk 1.69 1.67 1,59 1.28 1.28 1.26
(1.23, 2.35) (1.26, 2.17) (1.22, 2.06) (1.05, 1.46) (1.14, 1.44) (1.13, 1.41)

Covariates

Population density 1.00 9 - - 1.00 9 - -

(1.00, 1.00 1) (1.00, 1.00 1)

median age 0.99 - - 0.99 - -
(0.95, 1.03) (0.97, 1.00)

Health care workforce 1.02 - - 1.01 - -
(1.01, 1.04) (1.00, 1.02)

The incidence rate ratio (IRR) was estimated using a Spatial and Bayesian negative binomial model with marten correlation function and BYM for spatial correlation term, 95% confidence

interval was estimated by bootstrap, denoted in the parenthesis.
T Model 1: unadjusted model.

1 Model 2: socioeconomic indicators were remained to estimate the associations, adjusting for covariates (human density, median age, and health care workforce).
§ Model 3: two significant variables in Model 2 were retained to estimate the associations, adjusting for covariates from Model 2+ mobility at risk, separately. In turn, the incidence rate
ratio for mobility at risk returned two estimates for each of two corresponding socioeconomic status variables. The incidence rate ratio of mobility at risk in this table was given as an

adjustment factor for basic livelihood security recipients variable.
9] denotes a given value is >1.

Associations Between Area-Level
Socioeconomic Measures and COVID-19

Incidence

Table 3 shows the estimation of IRR for the association between
area-level SES measures and COVID-19 incidence using a
Bayesian negative binomial regression. Overall, two area-level
SES measures, nonemployment rate and the proportion of
basic livelihood security recipients, were consistently associated
with COVID-19 incidence based on unadjusted and adjusted
modeling in the low and rebound phases. Specifically, in the low
phase, the adjusted IRR corresponding to an increase in 1% of
the nonemployment rate and the proportion of basic livelihood
security recipients was estimated as 1.20 (95% credible interval
(Crl) = 1.13-1.28) and 1.23 (95% Crl = 1.07-1.40), respectively
(Model 2). In the rebound phase, the same SES measures
presented inconsistence association with COVID-19 incidence.
For example, the nonemployment rate showed a significantly
negative association with COVID-19 incidence adjusted for only
covariates (model 2), but for both covariates and mobility at
risk (model 3), while the proportion of basic livelihood security

recipients had an only univariate association with COVID-19
incidence (model 1) (Figures 4, 5).

An economic activity indicator (ie., area-level mobility
at risk) was positively associated with COVID-19 incidence
rate in both the low (IRR = 1.67, 95% Crl = 1.26-2.17) and
rebound phases (IRR = 1.28, 95% Crl = 1.14-1.44). When
assessing the mediation of mobility at risk in the association
between two SES measures and COVID-19 incidence, the
magnitude of the associations was attenuated but remained
significant in the low phase, but no associations were
observed in the rebound phase (Model 3). For instance,
the area with a higher nonemployment rate had a higher
risk of COVID-19 incidence in the low phase (IRR = 1.61,
95% Crl = 1.09-1.25) but independent associations were
not observed in the rebound phase (IRR = 1.02, 95% Crl
= 0.99-1.06). When assessed with RII, nonemployment
rate and the proportion of basic livelihood recipients
showed a similar pattern of associations with COVID-19
incidence (Supplementary Table).
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DISCUSSION

In this study, a significantly positive association was found
between area-level nonemployment rate and the population
share of basic livelihood security recipients and COVID-
19 incidence. However, area-level socioeconomic effects were
stronger in the low phase when the prevalence of COVID-19
was low, with less strict governmental measures (Figures 4, 5).
In other words, the strength of the association of those SES
measures decreased as the level of COVID-19 incidence rate
across the country increased. Similarly, the inequalities in the
COVID-19 incidence rate concerning nonemployment and basic
livelihood security recipients were significantly high in the low
phases. In addition, higher mobility at risk, indicating active
economic activity at the area level, increases the risk of COVID-
19 incidence in both phases. In this context, when both area-level
SES measures and mobility were simultaneously adjusted, SES
measures remained significant in the low phase, suggesting they
were independent of each other in the low-risk period. However,
in the rebound phase, adjustment for economic activity variables
showed no association between SES measures and COVID-19
incidence. Overall, partial existence of COVID-19 inequalities in
some measures may have occurred as a result of counteraction
between risk raising and lowering area-level effects (e.g., poor
communities are less mobile).

Among five measures of area-level SES, the areas with a higher
level of basic livelihood security recipients and nonemployment
rate showed a higher risk of COVID-19 incidence; however, an
association was not observed for other area-level socioeconomic
measures. A partial observation of area-level socioeconomic
inequalities in COVID-19 incidence differs from most previous
studies from the United States (32), the United Kingdom
(20), and Spain (33, 34), and is similar to a previous Korean
study (35) in which no or a partial association was observed.
Inconsistency in inequalities in COVID-19 incidence across
measures may possibly be interpreted using the socioeconomic
context of Korea. Korean government measures were impartially
imposed regarding case-identifying processes, awareness of the
process, access to COVID-19 testing, and contact tracing, which
may provide a relatively equal chance of being diagnosed.
Close supervision by national mandatory conduct systems was
uniformly applied regardless of area-level SES. This universal
approach is not exclusive to Korea, but the outcome may be
proequity in countries with high levels of public support for
strong governmental measures. In addition, inequalities may
be greater in places where COVID-19 diagnostic testing is
often delayed, and choosing which patient to care for first
is an issue when the number of patients is overwhelming
(36). In contrast, Korea has maintained a lower COVID-19
incidence by enhancing rigorous contact tracing and extensive
testing with no discrimination, which may have minimized
some forms of socioeconomic disparity across areas. Inconsistent
inequalities may be also explained by different conceptualizations
of the five area-level SES measures. Basic livelihood security
recipients are mostly older adults, and the age composition
of this measure better reflects diagnosed COVID-19 cases; the
majority (35.1% in the low phase and 31.6% in the rebound
phase) were older adults (>60 years of age), according to the

Korea Central Disease Control Headquarters (http://ncov.mohw.
go.kr/en/). This finding is in agreement with an individual-based
Korean study in which higher SES was associated with higher
COVID-19 incidence in the older population, and both higher
and lower SES were associated with the younger population (37).
Similarly, the area-level nonemployment rate largely depends on
the proportion of individuals who are not in the labor force.
However, the national health insurance premium and financial
autonomy address directly the income level of the working
population. The deprivation index is a composite measure
developed using six variables of material circumstances. Deriving
the material deprivation index by assigning the same weight
to each individual variable may mask socioeconomic patterns
existing in the COVID epidemic (18).

In this study, a high level of mobility was associated with an
increased risk of COVID-19 incidence, consistent with recent
studies from the United States. However, this study results
are in contrast to previous studies in terms of which areas
are more mobile. In most previous studies, socioeconomically
disadvantaged areas were reportedly more likely to have higher
mobility (9, 10); however, this study results showed that a high
level of mobility was characteristic of affluent areas in Korea. This
finding is understandable because mobility using public transport
is concentrated in densely populated areas in the capital and
large cities in Korea and within-city mobility is distributed across
places of social gatherings and business meetings.

High mobility observed in affluent areas may offer another
plausible explanation as to why socioeconomic inequalities differ
based on the measure. Collectively, area-level socioeconomic
disadvantages concerning COVID-19 incidence were mixed
with lower economic activity in poor communities. Notably,
when simultaneously adjusted for mobility, SES measures of
basic livelihood security recipients and the nonemployment rate
remained significant in the low phase but not in the rebound
phase. This result indicates that mobility is a major contributing
factor to the association between area-level SES and COVID-19
incidence in the rebound phase, but mobility alone does not fully
explain the association; other vulnerabilities (e.g., a larger poor
older population) are likely to be involved.

The area-level socioeconomic effect was stronger in the low
phase, when the prevalence of COVID-19 was low, with less
strict governmental measures, indicating that the area-level
socioeconomic gradient is less likely to affect the variation
in COVID-19 occurrence. Hypothetically, the socioeconomic
inequalities in COVID-19 incidence were not exacerbated in the
rebound phase. A larger inequality in the low phase may be
attributed to people in poor communities being less responsive to
an initial spread of COVID-19 when government public health
measures were not sufficiently implemented nationwide. With
progression to a widespread stage (rebound phase), the Korean
government launched the testing and contact tracing system
as a key part of the control strategy. The relatively effective
performance of the strong government measures, with public
compliance, applied in a nondiscriminatory manner, irrespective
of SES, led to subsequent improvement in regional variations
in incidence.

The strength of this study includes the use of nationwide
incidence data and various socioeconomic measures. In
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FIGURE 4 | Geographical distribution of nonemployment rate coupled with COVID-19 incidence rate by 229 municipalities during the low phase of the epidemic (left)
or the rebound phase (right). The size of the circle is proportional to the cumulative number of reported COVID-19 cases per 100,000 inhabitants during the
corresponding period. Blue gradient represents the magnitude of the nonemployment rate.

particular, concurrent use of SES measures with mobility
measures enabled us to obtain a better-fitted model and identify
any existing associations. This study had several limitations.
First, the mobility measure was obtained from the previous
year and does not reflect the mobility changes induced by
the COVID-19 pandemic. However, to some degree, the use
of previous mobility data may serve as a proxy indicator in
this interpretation because mobility change depending on SES
appears minimal in Korea. The only study in which the average
mobility patterns were compared during the COVID-19 period
in Korea showed no significant change in mobility shaped by
socioeconomic differences (38). Second, the findings in this
study are limited to area-level interpretation, due to the inherent
nature of ecological studies, which could not be directly applied
at an individual level. Third, the variables associated with living
conditions, such as poor hygiene conditions and overcrowding,
could not be included due to data availability, although this
would be relevant information regarding the association between
SES and COVID-19 incidence. Furthermore, it is noteworthy
to investigate the impact of inequalities on the incidence of
COVID-19 in countries with a relatively lower number of

cases and during the post-vaccination period to understand
the direct effect of SES disparity on the infection adjusted for
vaccination coverage.

In conclusion, COVID-19 does not occur randomly but
follows socioeconomic patterns; socioeconomic inequalities in
COVID-19 incidence occur concerning the unique context
of a society in response to the pandemic. Despite similar
contexts, each SES measure represents a specific factor and
has a different ability to identify socioeconomic stratification
caused by COVID-19. In Korea, where government control
measures were effectively applied, with high compliance and
with relatively low incidence, SES measures, such as basic
livelihood security recipients, reflecting age stratification, may
be preferable. Mobility was associated with COVID-19 incidence
and partly explains the correlation between area-level SES and
COVID-19 incidence during a high incidence period in countries
such as Korea, where mobility is characteristic of affluent
areas. The results confirm the necessity for emergency policy
priorities concerning the older population in disadvantaged
areas, including faster vaccination, and underscore a further need
for socioeconomic support, including emergency relief funds.
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Factors Related to Non-compliance
With Non-pharmaceutical
Interventions to Mitigate the Spread
of SARS-CoV-2: Results From a
Survey in the Swiss General Adult
Population

Michael P. Hengartner*, Gregor Waller and Agnes von Wyl

School of Applied Psychology, Zurich University of Applied Sciences, Zurich, Switzerland

Background: Non-pharmaceutical interventions (NPI) play an important role in national
efforts to control and contain the spread of SARS-CoV-2, but some people do not comply
with these public health measures. The aim of this study was thus to describe this group
of noncompliant people.

Methods: A random sample of 1,157 people was drawn from the adult general
population of Switzerland based on a three-stepped quota scheme considering the
variables age (18-31, 32-45, 46-59, and >60 years), sex (male and female), and
language region (German-, French-, and ltalian-speaking Switzerland). We assessed a
global scale of non-compliance with NPI based on several individual measures such as
wearing face masks and social distancing. As predictor variables we included objective
sociodemographic variables (e.g., age, sex) and easy measurable constructs (e.g., fears
and worries about COVID-19, trust in medical experts).

Results: Out of 14 predictor variables tested, seven were statistically significantly
associated with increased non-compliance with NPl: male sex, younger age,
self-identification as low-risk group, judging the consequences of an infection with
SARS-CoV-2 as non-serious, less worries and fears about the pandemic, not obtaining
regular information from health authorities, and not trusting in medical experts. The
most parsimonious multivariable prediction model included the variables younger age,
low appraisal of negative consequences, less fear and worries, not obtaining regular
information from health authorities, and not trusting in medical experts. The model
accounted for 27.9% of variance explained in non-compliance with NPI.

Conclusion: Young adults who perceive COVID-19 as mostly harmless/inconsequential
and who ignore and/or mistrust information from health authorities and medical experts,
are the population most likely to be noncompliant with NPI. These findings may help to
target a group of people at high risk of infection and to efficiently concentrate educational
and interventional public health measures.

Keywords: SARS-CoV-2, COVID-19, non-pharmaceutical interventions, compliance, public health measure
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INTRODUCTION

Non-pharmaceutical interventions (NPI) such as social
distancing, wearing face masks, canceling of public events, and
restrictions on private gatherings have been shown to be effective
and play an important role in national efforts to mitigating
the spread of SARS-CoV-2 infections (1-4). Although safe
and effective vaccines are available (5-7), in various countries
vaccination rates are rather low, especially in younger adults
(https://graphics.reuters.com/world- coronavirus-tracker-and-
maps/vaccination-rollout-and-access/). It has further been
shown that vaccines are less effective in preventing infections
with the predominant Delta variant and that protection against
asymptomatic infections wanes quite rapidly after a few months,
even though the vaccines still effectively prevent hospitalizations
for severe COVID-19 (6, 8, 9). NPI thus complement national
vaccination strategies, but not all people comply with them.

Previous research has consistently shown that younger
age, male sex, low educational attainment, lack of trust in
medical experts and science, and a underestimation of the
harms/seriousness of COVID-19 are significantly associated with
non-compliance with NPI (10-13). Nivette et al. previously
examined non-compliance with NPI in a Swiss sample, but this
study was restricted to people aged 22 years living in the city
of Zurich (14). To the best of our knowledge, a comprehensive
analysis of non-compliance with NPI in the Swiss general adult
population has not been published thus far.

A reliable description of factors associated with non-
compliance with NPI in the general Swiss adult population
may help the Swiss government and public health authorities to
effectively target prevention and awareness campaigns. The aim
of the present study was thus to examine which individual factors
are associated with non-compliance to NPT in the general adult
population in Switzerland to better define this group at high risk
of infection.

METHODS

Sample Recruitment

A survey was conducted in collaboration with the market
research institute Respondi. The Swiss online panel of Respondi
comprises about 20,000 people broadly representative of the
Swiss general population. Only people aged 18 and older were
contacted to participate in the present survey. In total 2,515
people responded to the invitation by Respondi to participate.
Sample recruitment was based on a three-stepped quota scheme
considering the variables age (18-31, 32-45, 46-59, and >60
years), sex (male and female), and language region (German-,
French-, and Italian-speaking Switzerland). Altogether 1,006
people were excluded because the quota size was already reached,
and 352 people were excluded because they did not complete
the questionnaire. Therefore, the final sample comprised 1,157
people representative of the Swiss adult population according
to the distribution of age, sex, and region. All surveys were
completed between December 11, 2020 and January 5, 2021.
Formal approval by a national Ethics Committee was not

required according to Swiss law as no health-related data
were assessed.

Measures

The survey assessed several constructs from the fields of media
psychology, health psychology, personality psychology, and
ecological psychology. The dependent variable was a global scale
of non-compliance with NPI. This included the following public
health measures: (1) If possible, I keep the necessary social
distance to other people (1.5m) in public; (2) When meeting
friends or relatives, I keep the necessary social distance (1.5m);
(3) I wash my hands regularly; (4) If possible, I avoid public
transportation; (5) If I have (cold) symptoms, I stay at home;
(6) If I have (cold) symptoms, I make a SARS-CoV-2 test; (7)
If possible, I avoid congregations of people; (8) If possible, I
refrain from travels abroad; (9) I wear a mask in public when
social distancing is not possible; (10) When I mix with people,
I activate the Swiss COVID-19 tracing app; (11) I try to reduce
private gatherings to a minimum. All items were rated on a
five-point Likert scale ranging from 1 (“not at all true”) to 5
(“definitely true”). The global measure of non-compliance was
built by computing the inverse mean score across all individual
measures. Thus, the scale had a possible range from 1 (complete
compliance with NPI) to 5 (complete non-compliance with NPI).
The internal consistency of this scale was good (Cronbach’s a
= 0.82), but item 10 (activating the Swiss COVID-19 tracing
app) was poorly correlated with the total scale score (corrected
item-scale correlation: r = 0.28). Moreover, compliance with this
measure was also very poor (50% indicated they would rather
or definitely not activate the tracing app). After removing this
item, the internal consistency of the scale was slightly improved
(Cronbach’s o = 0.84) and all items were moderately to highly
correlated with the total scale score (range of corrected item-scale
correlation: r = 0.38 to r = 0.68). For a list of all public health
measures included (see Table 1).

As predictor variables we included only variables that can
be assessed objectively (e.g., age, sex, educational attainment) or
that are easily measurable with a few simple questions (e.g., fear
and worries about COVID-19 pandemic, obtaining information
from health authorities, trust in medical experts). The following
variables were selected according to these criteria: (1) sex (male
vs. female); (2) age (continuous measure in years); (3) nationality
(Swiss vs. other); (4) educational attainment (low, medium,
high corresponding broadly to high school, college, and higher
education); (5) self-perceived high-risk group (yes vs. no based
on age and chronic health conditions); (6) I personally know
someone who had COVID-19 (yes vs. no); (7) I personally
know someone who died of COVID-19; (8) I personally had
COVID-19 (yes vs. no); (9) personal existence threatened by
COVID-19 pandemic (yes vs. no based on perceived threats to
occupational and financial situation); (10) appraisal of negative
consequences of SARS-CoV-2 infection [based on the mean score
across two items enquiring about the negative consequences
of an infection with SARS-CoV-2 with and without regularly
wearing a face mask; both rated on a six-point Likert scale
ranging from 1 (“very mild”) to 6 (“very serious”)]; (11) fears and
worries about the COVID-19 pandemic [mean score across the
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TABLE 1 | Non-compliance with non-pharmaceutical interventions to mitigate the
spread of SARS-CoV-2 (n = 1157).

Indicator Response N (%)
category

If possible, | keep the necessary social distance Definitely not true 19 (1.6%)

to other people (1.5m) in public
Rather not true 33 (2.9%)
Undecidedly true 41 (3.5%)
Rather true 306 (26.4%)
Definitely true 756 (65.3%)
Missing 2 (0.2%)

When meeting friends or relatives, | keep the  Definitely not true 67 (5.8%)

necessary social distance (1.5m)
Rather not true 145 (12.5%)
Undecidedly true 125 (10.8%)
Rather true 371 (32.1%)
Definitely true 448 (38.7%)
Missing 1(0.1%)

| wash my hands regularly Definitely not true 8(0.7%)
Rather not true 36 (3.1%)
Undecidedly true 51 (4.4%)
Rather true 273 (23.6%)
Definitely true 784 (67.8%)
Missing 5(0.4%)

If possible, | avoid public transportation Definitely not true 128 (11.1%)
Rather not true 135 (11.7%)
Undecidedly true 81 (7.0%)
Rather true 248 (21.4%)
Definitely true 559 (48.3%)
Missing 6 (0.5%)

If I have (cold) symptoms, | stay at home Definitely not true 31 (2.7%)
Rather not true 88 (7.6%)
Undecidedly true 106 (9.2%)
Rather true 335 (29.0%)
Definitely true 590 (51.0%)
Missing 7 (0.6%)

If I have (cold) symptoms, a make a Definitely not true 200 (17.3%)

SARS-CoV-2 test
Rather not true 146 (12.7%)
Undecidedly true 236 (20.4%)
Rather true 239 (20.7%)
Definitely true 332 (28.7%)
Missing 3(0.3%)

If possible, | avoid congregations of people Definitely not true 29 (2.5%)
Rather not true 38 (3.3%)
Undecidedly true 67 (5.8%)
Rather true 264 (22.8%)
Definitely true 755 (65.3%)
Missing 4 (0.3%)

If possible, | refrain from travels abroad Definitely not true 42 (3.6%)
Rather not true 36 (3.1%)
Undecidedly true 81 (7.0%)
Rather true 173 (15.0%)
Definitely true 822 (71.0%)

(Continued)

TABLE 1 | Continued

Indicator Response N (%)
category
Missing 3(0.3%)

| wear a mask in public when social distancing Definitely not true 34 (2.9%)

is not possible
Rather not true 41 (3.5%)
Undecidedly true 37 (3.2%)
Rather true 177 (156.3%)
Definitely true 867 (74.9%)
Missing 1(0.1%)

| try to reduce private gatherings to a minimum Definitely not true 56 (4.8%)
Rather not true 100 (8.6%)
Undecidedly true 102 (8.8%)

Rather true 364 (31.5%)
531 (45.9%)

4(0.3%)

Definitely true
Missing

items “I worry about the coronavirus and the current situation”;
“I feel uncomfortable thinking about the coronavirus”; “I fear
that I could get severe COVID-197; “I fear that someone close
to me could get severe COVID-19”; “The news and stories I
hear about the coronavirus in the media make me nervous or
anxious”; all rated on a five-point Likert scale ranging from
1 (“definitely not true”) to 5 (“definitely true”)]; (12) I obtain
regular information from health authorities, e.g., Swiss federal
office of public health, cantonal health department, WHO (yes
vs. no, if information obtained daily or several times per week);
(13) T obtain regular information from social media channels,
e.g., Facebook, Instagram, Twitter (yes vs. no, if information
obtained daily or several times per week); and (14) I trust in
medical experts [yes vs. no, if score on a seven-point Likert scale
ranging from 1 (“no trust at all”) to 7 (“very high trust”) was
at least 5]. A brief description of all predictor variables is given
in Table 2.

Statistical Analysis
To further verify that the individual NPI measures form a
unidimensional scale we conducted two principal factor analyses,
one with Varimax rotation and another with Promax rotation.
We also conducted a series of two-step cluster analyses to
examine whether there are distinct groups of people according
to non-compliance with specific NPI measures (rather than
uniform compliance across individual NPI measures). To do so
we conducted a series of models with two to six fixed clusters.
We used generalized linear models with maximum likelihood
estimation where non-compliance with NPI was entered as the
outcome variable, applying an inverse-Gauss (Wald) distribution
and an identity link-function. In a first step we tested all
predictor variables separately (univariable model; crude effects)
and then, in a second step, entered all variables simultaneously
(multivariable model; fully adjusted effects). In a third step, we
build a model that included only predictors that were statistically
significant in the fully adjusted multivariable model. We did
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TABLE 2 | Predictor variables associated with non-compliance with non-pharmaceutical interventions to mitigate the spread of SARS-CoV-2 (n = 1,157).

Crude effect

Fully adjusted effect?

Predictor %/mean (SD) B (95%-Cl) B (95%-Cl)
Sex Male (50.4%) 0.09 (0.01 to 0.17) 0.06 (—0.00 t0 0.12)
Female (49.6%) Reference Reference

Age (18-90 years)
Swiss nationality

Educational attainment

Self-perceived high-risk group

Personally knows someone who had COVID-19

Personally knows someone who died of COVID-19

Personally had COVID-19

Personal existence threatened by COVID-19 pandemic

Appraisal of negative consequences of SARS-CoV-2 infection (severity: 1-6)

Fears and worries about COVID-19 pandemic (severity: 1-5)

Obtains regular information from health authorities

Obtains regular information from social media channels

Trusts in medical experts

Mean = 46.3 (SD = 0.70)
Yes (85.0%)

No (15.0%)

High (32.0%)

Medium (29.0%)

Low (39.1%)

Yes (30.3%)

No (69.7%)

Yes (50.2%)

No (49.8%)

Yes (10.2%)

No (89.8%)

Yes (7.4%)

No (92.6%)

Yes (27.8%)

No (72.2%)

Mean = 3.51 (SD = 1.28)
Mean = 3.14 (SD = 0.95)
Yes (35.9%)

No (64.1%)

Yes (34.0%)

No (66.0%)

Yes (69.2%)

No (30.8%)

—0.01 (=0.01 to —0.01)***
—0.04 (—0.15 t0 0.08)
Reference
0.08 (—0.01 t0 0.18)
0.02 (—0.08 t0 0.12)

Reference
—0.26 (—0.34 to —0.18)"**
Reference
—0.04 (-0.12 t0 0.04)
Reference
—0.09 (-0.22 to 0.04)
Reference
0.15(-0.01t0 0.32)
Reference
0.05 (—0.04 to 0.14)
Reference

—0.17 (-=0.20 to —0.15)"**

—0.27 (—0.31 to —0.24)*

—0.30 (—0.37 to —0.22)***
Reference

—0.05 (=0.13 t0 0.03)

Reference

—0.36 (—0.45 to —0.26)"**
Reference

—0.01 (=0.01 to —0.00)***
0.01 (-0.07 to 0.10)
Reference
0.03 (—0.04 to 0.10)
—0.02 (—0.09 to 0.05)
Reference
0.03 (-0.05t0 0.11)
Reference
—0.04 (-0.10 to 0.03)
Reference
0.03 (—0.06 t0 0.12)
Reference
0.04 (—0.08 t0 0.16)
Reference
0.06 (—0.01t0 0.13)
Reference
—0.07 (—0.10 to —0.04)***
—0.18 (=0.23 to —0.14)***
—0.14 (-=0.20 to —0.08)***
Reference
0.02 (—0.05 to 0.08)
Reference
—0.21 (—-0.28 to —0.13)"**
Reference

*#Includes all predictor variables simultaneously.
o < 0.05.

*p < 0.01.

***0 < 0.001.

not explore interaction terms due to their many inherent issues
arising from power failure, measurement error, multiple testing,
and overfitting, ultimately resulting in severely inflated type I
errors (15, 16). Non-linear effects (e.g., quadratic, cubic) were
tested by categorizing continuous variables through quartile
split. The proportion of variance explained was determined with
McFadden’s pseudo-R?. The level of statistical significance was
set at & = 0.05. We additionally present results based on a
Bonferroni correction for multiple testing, where the level of
statistical significance was o = 0.004.

All statistical analyses were conducted with SPSS version 28
for Windows.

RESULTS

The sample (n = 1,157) consisted of 49.6% women and
50.4% men. The majority (85.0%) was of Swiss nationality,
and the mean age was 46.3 years (range: 18-90 years, SD =
16.5 years). More information is provided in Table2. Non-
compliance with individual NPI is shown in Table 1. The highest

non-compliance was found with respect to avoiding public
transportation (22.7% were rather or definitely noncompliant)
and making a SARS-CoV-2 test when having (cold) symptoms
(29.9% were rather or definitely noncompliant). Scores on the
global measure of non-compliance with NPI ranged from 1
(complete compliance) to 5 (complete non-compliance), with a
median score of 1.6 and a modal score of 1. The lower quartile
score was 1.3 and the upper quartile score was 2.1. This indicates
that about 75% of Swiss people reported good or very good
compliance with NPI, but a small minority of about 5% was
remarkably noncompliant. A graphical depiction is provided
in Figure 1.

Both principal factor analyses and two-step cluster analyses
confirmed that the global scale of non-compliance with NPI
is unidimensional. The principal factor analyses yielded one
latent factor with an eigenvalue >1 onto which all individual
NPI measures loaded. The different cluster solutions of the
two-step cluster analyses likewise showed that increasing the
number of clusters merely captured the uniform degree of non-
compliance across all individual NPI measures (e.g., uniformly
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FIGURE 1 | Scores on the global scale of non-compliance with non-pharmaceutical intervention (NPI). Scale ranges from 1 (complete compliance) to 5 (complete
non-compliance); scores smaller than 3 indicate a tendency to compliance and scores >3 indicate a tendency to non-compliance.

low, moderate, or high non-compliance). This indicates that
people differ based on their uniform level of compliance across
all NPI measures. That is, people who are rather noncompliant
with a specific public health measure compared to the average
person also tend to be relatively noncompliant with any other
public health measure.

Out of 14 predictor variables tested, seven were statistically
significantly associated with increased non-compliance with
NPI (see Table 2). Men were slightly more noncompliant than
women. A relatively strong effect was found for age: non-
compliance declined with age, indicating that the youngest
adults were the most noncompliant. People who self-identified
as high-risk group were less noncompliant. People who
judged to consequences of an infection with SARS-CoV-
2 to be serious and people who were anxious about the
pandemic reported considerably lower non-compliance with
NPI. Finally, people who obtained regular information from
health authorities and people who trusted in medical experts
also reported lower non-compliance. Except for sex, all predictor
variables remained statistically significant after controlling for
multiple testing.

The multivariable model based on all 14 predictor variables
accounted for 27.9% of variance explained in non-compliance
with NPI. Five predictor variables remained statistically
significant at p < 0.05, that is, younger age, low appraisal of
negative consequences, less fear and worries, not obtaining
regular information from health authorities, and not trusting in
medical experts. These variables were also significantly related to
non-compliance with NPI after correcting for multiple testing (p
< 0.004). Notably, belonging to a self-perceived high-risk group
completely lost its association with non-compliance with NPI
after controlling for age and the other predictor variables. We did
not detect quadratic or cubic effects. All continuous predictor
variables showed linear associations with non-compliance
with NPIL.

We then build a model that included only the five significant
predictor variables from the fully adjusted multivariable model
reported above. All predictor variables remained statistically
strongly associated with non-compliance with NPI: younger
age (p < 0.001), low appraisal of negative consequences (p
< 0.001), less fear and worries (p < 0.001), not obtaining
regular information from health authorities (p < 0.001), and
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TABLE 3 | Final multivariable prediction model of non-compliance with non-pharmaceutical interventions to mitigate the spread of SARS-CoV-2 (n = 1,157).

Predictor B (95%-Cl) P

Age (18-90 years) —0.006 (—0.008 to —0.005) <0.001
Appraisal of negative consequences of SARS-CoV-2 infection (severity: 1-6) —0.070 (—0.098 to —0.041) <0.001
Fears and worries about COVID-19 pandemic (severity: 1-5) —0.184 (—0.225 to —0.142) <0.001
Obtains regular information from health authorities (yes vs. no) —0.135 (-0.197 to —0.073) <0.001
Trusts in medical experts (yes vs. no) —0.2083 (—0.279 to —0.127) <0.001

McFadden pseudo-R?: 0.272.

not trusting in medical experts (p < 0.001). The regression
coefficients with their 95% confidence intervals are shown in
Table 3. This more parsimonious five-variable model accounted
for 27.2% of variance explained in non-compliance with NPI and
the regression coeflicients were virtually identical compared to
the less parsimonious 14-variable model.

DISCUSSION

Our survey in a representative sample of the Swiss adult
general population showed that, after multivariable adjustment,
younger age, low appraisal of negative consequences of
SARS-CoV-2 infection, low fears and worries about the
pandemic, not obtaining regular information from health
authorities, and low trust in medical experts, independently
predicted non-compliance with NPI to mitigate the spread
of SARS-CoV-2. These factors largely replicate the findings
from previous studies (10-13). However, in contrast to
previous studies, we did not find that men and people with
lower educational attainment were more noncompliant
than women and people with higher educational attainment
(e.g., ref. 10). This could be due to cultural characteristics
of the Swiss general adult population, differences in the
educational and occupational system, or uncontrolled
confounders in previous studies (e.g., fears and worries
about COVID-19).

Assuming the detected effects are additive, it follows
that young adults who perceive COVID-19 as mostly
harmless/inconsequential and who ignore and/or mistrust
information from health authorities and medical experts, are
the population most likely to be noncompliant with NPI. Given
that the vaccines currently available in Switzerland only partially
protect against infection with the predominant Delta variant,
and that vaccine-induced immunity seems to wane over time
(6, 8, 9), these findings have important implications for national
efforts to contain SARS-CoV-2 infections and to mitigate the
ensuing public health consequences (e.g., overcrowding of
intensive care units).

Research has shown that this population of seemingly
mistrustful and unconcerned young adults is also hesitant to get
a COVID-19 vaccine (17, 18). This group therefore constitutes
a high-risk population that is opposed to both vaccines
and NPI. Governments and health authorities are advised to
concentrate their public campaigns, including both education
and intervention programs, on this group. Failure to reach these

people may compromise the control (and containment) of the
COVID-19 pandemic.

The strength of our study is its large and broadly
representative sample and a comprehensive range of objective
and/or easily measurable characteristics. However, three
limitations need to be taken into account. First and foremost,
compliance with NPI fully relied on self-report. Due to social
desirability, it is possible that the indicated compliance with NPI
deviates from the actual behavior in some people. Second, the
survey took place before vaccines were available in Switzerland.
Therefore, controlling for current vaccine status may influence
the factors associated with non-compliance to NPI. The factors
associated with vaccine hesitancy/refusal and non-compliance
to NPI are largely similar, but we cannot firmly exclude that
controlling for current vaccine status would alter our prediction
model. Only a future study with full assessment of vaccination
status will be able to answer this crucial question. Third, only
adults were included in this study, thus we cannot generalize
our findings to children and adolescents. In future studies it
would be worthwhile to also assess non-compliance with NPI
in minors.

In conclusion, the results of the current study indicate that
young adults who are not troubled or anxious about COVID-
19, and people who do not obtain information from health
authorities and who mistrust medical experts, are the most
noncompliant with NPI. These findings may help to target a
group of people at high risk of infection and to efficiently
concentrate educational and interventional public health efforts
to contain the spread of SARS-CoV-2. Future studies that
also consider the current vaccination status should preferably
assess the reasons for non-compliance with NPI, so that health
authorities not only have information in which groups they
should intervene, but also how.
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Background: The third wave of the global health crisis attributed to the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus reached Colombia in March
2021. Over the following 6 months, it was interpolated by manifestations of popular
disapproval to the actual political regime—with multiple protests sprouting throughout
the country. Large social gatherings seeded novel coronavirus disease 2019 (COVID-
19) variants in big cities and propagated their facile spread, leading to increased rates
of hospitalizations and deaths.

Methods: In this article, we evaluate the effective reproduction number (Rt) dynamics
of SARS-CoV-2 in Cali, Colombia, between 4 April 2021 and 31 July 2021 based on the
analysis of 228 genomes.

Results: Our results showed clear contrast in Rt values between the period of
frequent protests (Rt > 1), and the preceding and following months (Rt < 1).
Genomic analyses revealed 16 circulating SARS-CoV-2 lineages during the initial
period—including variants of concern (VOCs) (Alpha, Gamma, and Delta) and
variants of interest (VOIs) (Lambda and Mu). Furthermore, we noticed the Mu
variant dominating the COVID-19 distribution schema as the months progressed.
We identified four principal clusters through phylogenomic analyses—each one of
potentially independent introduction to the city. Two of these were associated with
the Mu variant, one associated with the Gamma variant, and one with the Lambda
variant.
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COVID-19 Epidemiology and Riots in Cali, Colombia

Conclusion: Our results chronicle the impact of large group assemblies on the
epidemiology of COVID-19 during this intersection of political turmoil and sanitary crisis
in Cali, Colombia. We emphasize upon the effects of limited biosecurity strategies (which
had characterized this time period), on the spread of highly virulent strains throughout

Cali and greater Colombia.

Keywords: SARS-CoV-2, COVID-19, effective reproduction number, lineages, Cali

INTRODUCTION

In December 2019, the identification of an amply transmissible
and highly virulent member of the Coronaviridae family
(coronavirus disease 2019, COVID-19) in Wuhan, China
informed the world of a novel pathogen which would seed
an ensuing pandemic (1). As of 10 December 2021, laboratory
diagnoses have confirmed 269,021,697 cases and more than
5 million deaths proceeding from COVID-19 universally.!
This statistic is dominated by the American continent, with
Colombia being one of the countries most impacted by
the spread of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2): 5,089,695 confirmed cases and 129,011
deaths.’

Colombia has faced three separate “waves” throughout the
COVID-19 epidemic (May-September 2020; December 2020-
February 2021; and March-August 2021). These delineations
are correlated with the restraining and relaxing of social
distancing measures implemented by the government in efforts
to maintain balance between the health care burden and the
precarious economic situation experienced by public and private
enterprises (2). In the midst of the third wave (March-August
2021), a series of demonstrations took place throughout the
country. Between 28 April 2021 and 31 July 2021, Colombians
actively protested a new taxation proposal, inadequate federal
management of the pandemic and ensuing poverty and
unemployment seen throughout the country. At the moment of
these protests, vaccination levels remained still low (with only
12,179,103 people, or 23.9% of the population having received
both doses) and the clear infringement upon advisable social
distancing protocol set off alarm in the public health sphere,
as more people took to the streets disrespecting standards of
biosecurity.?

The three largest cities in Colombia: Bogota, Medellin, and
Cali, then witnessed increase in the weekly averages of cases and
deaths by SARS-CoV-2, as well as a concerning presence of novel
viral lineages: Alpha (B.1.1.7), Gamma (P.1), Delta (B.1.617.2),
and Mu (B.1.621) (see text footnote 2) (3).

Around the world, neither the onset of the pandemic,
nor stringent lockdown protocols ever truly arrested the
demonstration of public disagreement with modern social
structures. From marches for the Black Lives Matter movement,
to public activism in support of labor laws, economic equality,

Uhttps://coronavirus.jhu.edu/map.html
Zhttps://www.ins.gov.co/Noticias/Paginas/Coronavirus.aspx

3https://www.minsalud.gov.co/salud/publica/Vacunacion/Paginas/Vacunacion-
covid-19.aspx

and environmental concerns, the past years have witnessed ample
protests in the United States, Southeast Asia, and Latin America.
Yet, the true epidemiological impact of gathering in support of
social justice has seldom been analyzed (4, 5). In the unique
Colombian example, a recent study (pre-print) tracked the effects
on transmission rates of COVID-19 in five highly populated
cities. It showed that of these, Cali and Bucaramanga experienced
the closest correlations between increase in disease spread and
rising social fervor (6).

Cali is the capital of the Valle del Cauca (VAC) department
of Colombia. It is considered one of the country’s largest cities
with approximately 2,227,642 inhabitants. Cali is also the city
with the highest accumulated number of natural infections
and deaths by SARS-CoV-2 in VAC as of 15 November 2021:
285,199 cases and 7,468 deaths, with a fatality rate of 2.62%*
and a seroprevalence of 30% (CIL: 27-33%).> Throughout the
course of the third pandemic wave in 2021, Cali, along with
other Colombian cities witnessed a number of protests and
anti-government demonstrations that led to a major state of
social unrest. However, Cali, the capital city of Valle del Cauca
was home to the largest and most violent and unremitting
demonstrations countrywide, thus being considered the epicenter
of the protests. In fact, the continued and escalating state of
civil arrest in Cali prompted the government to deploy the
Armed Forces and block access to the city in an effort to
contain protesters.

Taking into consideration this sustained increase in cases
and deaths by SARS-CoV-2 during the protest period, as well
as our still-precarious understanding of the epidemiological
dynamics of the virus and variants of concern/of interest
(VOC/VOIs), we planned a study evaluating the epidemiological
and genomic behavior of SARS-CoV-2 from 4 April 2021
through 31 July 2021. To this end, we (i) evaluated circulating
lineages, their phylogenomic relationships, and any clades
circulating within the city and (ii) we deconstructed the
mutational profile of each isolate, throughout the entire
viral genome. Our results showed an undeniable relationship
between these social gatherings and the increased incidence
of COVID-19. Further, we identified four -clusters (two
of them associated with the Mu variant) with potential
independent introductions in the city of Cali. Finally, we
attempt to explain the decrease in number of circulating lineages
(Mu variant dominance), during the time that the protests
took place.

*https://www.ins.gov.co/Noticias/Paginas/coronavirus-filtro.aspx

Shttps://www.ins.gov.co/estudio- nacional-de- seroprevalencia/reporte.html#
curso
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MATERIALS AND METHODS

Epidemiological Data and Study

Population

We analyzed case counts of Cali and Medellin from data
deposited in the database of the Instituto Nacional de Salud,
which can be accessed at: https://www.datos.gov.co/Salud-
y-Protecci-n-Social/Casos- positivos-de- COVID-19-en-
Colombia/gt2j-8ykr/data (accessed on 20 October 2021), as
well as case counts of Bogota deposited in a public data source
repository,® from 4 April 2021 through 31 July 2021 (although
this study focused on Cali, we wanted to include general
estimates of similar populated cities for sake of comparison).
This time period embraced a time of social unrest against the
government dominated by riots, massive mobilizations, protests
and walks that led to increased population circulation in the
streets of different cities under deficient biosecurity conditions
and lack of personal protective equipment. This database is
available for public consultation and contains all variables
used in our research, such as case notification date and deaths.
Notification date corresponds to the date on which each suspect
case was identified and reported to the Public Health System, and
subsequently confirmed as positive. The metadata of cases, deaths
and the estimated Rt value for each day and period evaluated in
Cali city are described in the Supplementary Table 1.

Likewise, vaccination data was obtained from an open public
data source,/ in which all vaccination events are recorded
and its information used to determine the cumulative doses
administered during a given period of time. Of note, accumulated
doses included at this site, does not discriminate between first
and/or second doses.

Effective Reproduction Number

Estimation

The effective reproduction number (Rt) was calculated using
a Bayesian framework following the Cori et al. method (7)
implemented in the Epyestim package® with piecewise constant
estimates on fixed arbitrary time intervals coinciding with the
events (sub-periods previously described) of citizen protests
occurring in all three main cities of Colombia where the largest
riots occurred (Cali, Bogotd, and Medellin).

Effective reproduction number (Rt) was calculated based on
the inference of infection events derived from SARS-CoV-2
positive cases designed as follows: New COVID-19 detected cases
were smoothed using a LOWESS filter with a 21-day window and
were subjected to two deconvolutions to infer the time series of
infection events. The first deconvolution considers the delay from
infection with SARS-CoV-2 to symptom presentation following a
Gamma distribution with Alpha = 1.35 and scale = 3.77 (8). The
second deconvolution considers the delay from symptom onset
to detection by a test following a negative binomial distribution
with Mu = 5.25 and Alpha = 1.57 (8).

Chttps://datosabiertos.bogota.gov.co/dataset/44eacdb7-a535-45ed-be03-
16dbbea6f6da?_external=True

"https://datos.cali.gov.co/dataset/registros- de- vacunas-para- covid-aplicadas
Shttps://github.com/lo-hfk/epyestim

Sequencing and Bioinformatics Analysis
Samples for sequence analysis were obtained from patients
attending the Direccién de Sanidad del Ejército. Nasopharyngeal
swabs were placed in viral transport media LABG&M (Microgen
Ltda., Colombia), and nucleic acid extraction was performed
using the Quick-RNA Viral kit from ZYMO Research® in a
Hamilton Microlab Prep extraction platform, or Biomek i5
Nucleic Acid Extraction platform of Beckman Coulter, as well
as b-Aid Virus RNA Extraction kit in a Lab-Aid 824s Nucleic
Acid Extraction System of ZEESAN Biotech Co., following
manufacturer’s recommendations. For the eluted RNA, SARS-
CoV-2 detection was carried out by reverse transcription and
multiplex amplification by Real-Time PCR (qPCR) using the
VIASURE® Kit (CerTest/Biotec) screening for ORFlab and N
gene targets (interpreting as positive those samples with a positive
result for either of the two markers), or Allplex™ SARS-CoV-2
Assay of Seegene, in lyophilized format, with a mix of enzymes,
primers, probes, buffer, dNTPs, stabilizers and an exogenous
internal control by test. A positive test result was considered
when both RARp/ORFBI1 and N genes were detected. Limit of
detection (LOD) was 20 genome copies per reaction. Samples
with a positive result and a Ct value <29 were stored at —20°C.
Available samples were then grouped by epidemiological week
and randomly selected for genomic sequencing. A total of 124
sequences were obtained from 4 April 2021 through 31 July 2021.

Whole genome sequencing of SARS-CoV-2 was performed
using Oxford Nanopores MinlON platform, using the
MinKNOW application (v1.5.5) according to an established
protocol.” Bioinformatics analysis was performed as described in
the ARTIC bioinformatics pipeline.’ Once the assemblies were
obtained, typing was performed based on the Pangolin COVID-
19 Lineage Assigner (Phylogenetic Assignment of Named Global
Outbreak LINeages). The mutation search was performed by
means of Clade assignment, mutation calling, and sequence
quality checks NextClade v 1.5.4."" A total of 228 sequences from
Cali were herein obtained and analyzed from 4 April 2021 to
31 July 2021 (124 sequences sequenced in this study, and 104
sequences publicly available in the Global Initiative on Sharing
All Influenza Data (GISAID) database in the same time period
and the same location). For the moment of the data collection
there were not genomes reported from Cali for the date 4 April
2021. Further information of the dates and genomes included
in the analysis are included in the Supplementary Table 2. The
abundance of SARS-CoV-2 variants over time was calculated
from the complete Cali city genomes database (n = 228). The
results were represented using the R software (9).

Phylogenomic and Mutational Analysis

A dataset with 5,283 sequences was established with the aim
of comparing the phylogenomic relationships of SARS-CoV-
2 circulating in Cali (Colombia), and to infer the potential
introduction dates for the most recent common ancestor
(tMRCA). This data set included: (i) 228 sequences from Cali;

“https://artic.network/ncov-2019
Ohttps://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html
""https://clades.nextstrain.org/

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 863911


https://www.datos.gov.co/Salud-y-Protecci-n-Social/Casos-positivos-de-COVID-19-en-Colombia/gt2j-8ykr/data
https://www.datos.gov.co/Salud-y-Protecci-n-Social/Casos-positivos-de-COVID-19-en-Colombia/gt2j-8ykr/data
https://www.datos.gov.co/Salud-y-Protecci-n-Social/Casos-positivos-de-COVID-19-en-Colombia/gt2j-8ykr/data
https://datosabiertos.bogota.gov.co/dataset/44eacdb7-a535-45ed-be03-16dbbea6f6da?_external=True
https://datosabiertos.bogota.gov.co/dataset/44eacdb7-a535-45ed-be03-16dbbea6f6da?_external=True
https://datos.cali.gov.co/dataset/registros-de-vacunas-para-covid-aplicadas
https://github.com/lo-hfk/epyestim
https://artic.network/ncov-2019
https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html
https://clades.nextstrain.org/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Patino et al.

COVID-19 Epidemiology and Riots in Cali, Colombia

(ii) 3,270 sequences from other areas of Colombia, including 170
from VAC, the greater geographical area which includes Cali (its
capital city) (all the genomes available until the last date of our
analysis, 31 July 2021); and 1,785 reference genomes representing
the diversity of SARS-CoV-2 lineages available in the NextClade
tool. All publicly available genomes were downloaded from the
GISAID database (10). The new set of genomes was uploaded
with the numbers registered in the Supplementary Table 2.

The complete dataset was aligned using MAFFT v7.40755
(11) with FFT-NS-2 algorithm and other parameters by default.
The 5'- and 3'-untranslated regions were manually trimmed
in Uniprot UGENE software v39.0" considering the ORFs
described for the reference strain Wuhan-1 (NC_045512.2).
A maximum likelihood (ML) tree was then built in IQtree2 v.1.6.1
(12), using the best substitution model, default heuristic search
options, and ultrafast bootstrapping with 1,000 replicates and
other parameters by default as was previously described (13).
A time-scaled ML phylogeny was then constructed in TreeTime
(14) using the conditions: collection date as constraint and other
parameters previously reported (15). All trees obtained were
graphically represented in the Interactive Tree Of Life online
tool (16).

Single-nucleotide  polymorphism (SNP) analysis was
performed by comparing the 228 genomes from Cali downloaded
from the GISAID database (ranged from 4 April 2021 to 31
July 2021) with the reference genome from Wuhan, China

(hCoV-19/Wuhan/Hu-1/2019, GenBank accession number:
NC_045512.2) using the NextClade tool v 1.5.4 (see text
footnote 11) (10), and the UGENE v.33.0 software (17).
Additionally, the SNPs over time were evaluated (since 4 April
2021 to 31 July 2021).

Statistical Analysis

A descriptive analysis of the sociodemographic variables collated
in the databases was performed. The quantitative variables
were summarized in terms of means or medians and standard
deviation or interquartile range, based on their distribution.
Qualitative variables were summarized as frequencies and
proportions. Statistical analyses were carried out using R
software. For continuous values, normality hypotheses were
evaluated using the Kolmogorov-Smirnov test. All tests of
significance, parametric or non-parametric tests, were two-tailed,
and p-values < 0.05 were considered statistically significant.

RESULTS

Epidemiology of Severe Acute

Respiratory Syndrome Coronavirus 2 in
Cali City

We analyzed SARS-CoV-2 cases reported from 4 April 2021

through 31 July 2021, in Cali, Colombia (Figure 1A). A total
of 115,167 positive cases and 2,795 deaths were reported during

Zhttp://ugene.net/ the period of active protests. On June 17, the city reached its
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FIGURE 1 | Genomic surveillance and epidemic model of SARS-CoV-2 in Cali from 4 April 2021 to 31 July 2021. (A) Geographical location of the department of
Valle del Cauca and its capital Cali. The map was constructed using the QGIS tools (QGIS Geographic Information System, Open-Source Geospatial) version
3.20.3-Odense. Foundation Project (http://qgis.osgeo.org). (B) Number of cases (black line) and deaths (red line) for SARS-CoV-2 reported daily in Cali from 4 April
2021 to 31 July 2021. (C) Number of vaccines applied per day in Cali from 4 April 2021 to 31 July 2021. (D) Value Rt calculated from 4 April 2021 to 31 July 2021.
(E) Distribution of SARS-CoV-2 variants in Cali, Colombia. Proportion of VOC/VOI and other variants in Cali, Colombia from 4 April 2021 to 31 July 2021.
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COVID-19 incidence peak: with a total 2,117 confirmed cases
(7 weeks after onset of protests) (Figure 1B). The highest number
of virus-related deaths in this period occurred on July 12th,
totaling 46 (11 weeks after protests began) (Figure 1B). Of the
total number of cases reported during our study interval, 53%
corresponded to female patients and 47% to male patients. The
median age was 38 years (IQR: 27-52 years). Within the deceased
group (n = 2,795), a higher proportion of male than female
deaths (59%) was noted with a median age of 68 years (IQR:
58-79 years). The daily incidence was consistent with following
mortality events (as shown in Figure 1B). It is important
to highlight that throughout the time period studied, 720,325
total vaccine doses were dispensed to the population of Cali,
corresponding to first and second doses (Figure 1C).

Effective Reproductive Number (Rt) and
Infection Dynamics

Based on information released by the government and media
in relation to mass mobilizations and protests with highest
popular circulation in the streets, we defined six sub-periods
within our study-time interval (red dashed lines in Figures 1B-
E). The initial sub-period: between April 4 and April 27 (prior
to the beginning of the protests in the city). A second period,
between 28 April 2021 (when the national strike began) and 30
May 2021 (when the mass mobilizations halted). A temporary
arrest in mobilizations due to government negotiations with
protesters defined a third sub-period from May 31 to June 4.
Subsequent reactivation of the protests between June 5 and
June 25, marked the fourth sub-period. Later, a new “return to
normal” took place between June 26 and July 19, marked by a
re-establishment of dialogs between the government and citizens
(fifth sub-period). However, due to an incapacity for agreement,
massive demonstrations reignited in July 20 through July 31
setting the sixth sub-period. July 31 thus defines the ultimate date
for this analysis.

Based on these sub periods, the analysis of the effective
reproduction number (Rt) was calculated using a Bayesian
framework following the Cori et al. method (7). This method
allows understanding changes in the Rt value at discretized times
such as those herein established. The Rt values were significantly
different between the time periods evaluated (Kruskal-Wallis
Chi-squared = 112.5, p < 0.05) in this study (Figure 1D). Prior
to the beginning of the national strike in Colombia, the city of
Cali had an Rt of 0.89 and short after the initiation of unrest
this value steadily increased through the second and third sub
periods, exceeding the threshold of 1 (1.12 and 1.13, respectively),
being statistically higher for both cases (Kruskal-Wallis Chi-
squared = 112.5, p < 0.05. Dunn-Bonferroni post hoc Test,
p < 0.05). Likewise, during cessation of the strikes between
June 26 and July 19, a decrease in the Rt value to 0.84
was noted, even lower than in the previous periods marked
by massive mobilizations greater circulation of people in the
streets (Kruskal-Wallis Chi-squared = 112.5, p < 0.05. Dunn-
Bonferroni post hoc Test, p < 0.05) (Figure 1D). These results
contrast with those observed in Bogotd (Figure 2A) and Medellin
(Figure 2B) were the largest riots occurred, exhibiting just a
slight increase in the Rt value (very close to 1), both prior

to the beginning of the protests as in the period of largest
mobilizations (Figure 2).

Based on the analysis of SARS-CoV-2 genome assemblies,
available during the six evaluated sub-periods (4 April 2021
and 31 July 2021), we identified circulation of 16 SARS-CoV-
2 lineages (with a lineage proportion of 50.44% lineage B.1.621,
24.12% C.37,7.46% P.1, 4.39% B.1.1.348, 3.95% B.1.621.1, 2.63%
B.1.1.7, 1.32% B.1, 0.88% lineages A.2.5, B.1.1, B.1.625, and
B.1.623; and with a proportion of 0.44% the lineages AY.20,
AY.26, B.1.1.487, C.37.1, and P.1.10), with the greatest diversity
of lineages (9 lineages circulating) being represented in the first
sub-period (between 4 April 04 2021 and 27 April 2021) when
protests had yet not started. At this time, approximately 50% of
the variants were classified as VOCs/VOIs with the remaining
50% classified as B.1.625, B.1.1, and some of its descendant
lineages (e.g., B.1.1.348 and B.1.1.487) (Figure 1E). Throughout
the second sub-period (28 April 2021), we noted a decrease in
the number of circulating lineages, as well as an increase in
prevalence of VOCs and VOlIs, specifically, of Lambda, Gamma,
and Mu variants. Interestingly we observed a significant increase
in the number of cases associated to the Mu variant (Figure 1E);
particularly 2 weeks after initiation of the national strike (second
sub period), a trend that was maintained during the remaining
periods evaluated.

Phylogenomic Relationships and

Potential Introduction Dates

The alignment obtained from the complete dataset (n = 5,823)
including 228 genome sequences available from Cali, and 170
from the greater Valle del Cauca (labeled set as VAC) was
used to infer a ML phylogeny in IQtree2. Tree topology
revealed that the SARS-CoV-2 genome sequences from Cali
mostly grouped (n = 179) into four main clusters, with
the remaining 49 genomes being heterogeneously distributed
(Figures 3A,B). Two of these clusters (C1 and C2, where the
Mu variant predominated) were closely related. In the case
of C1, this included 57 sequences mostly from Colombian
genomes, with 21 sequences from VAC (9 from Cali and 12 from
elsewhere in the department). The second cluster (C2), whose
predominant variant was Gamma, comprised 1,140 sequences,
including 109 genomes from VAC (54 from Cali and 55 from
other regions of VAC) plus six reference genomes mostly from
United States (n = 7) and one from England. The third cluster
(C3), whose predominant variant was Lambda, contained 395
genomes comprising 18 from VAC (6 from Cali and 12 from
other regions of VAC), 61 reference sequences mostly from
United States, and only three genomes from South America
(two from Brazil and one from Uruguay), with the reminder
genomes deposited from European countries. Lastly, the fourth
cluster (C4) embraced 147 sequences with 61 from VAC (37
from Cali and 24 from its department), that were closely
related with 31 reference genomes mostly from United States
(n = 35) and 2 from Peru. All genomes not mentioned
during the description of the clusters belonged to different
departments of Colombia, with a predominant profile from
Antioquia (Northwestern Colombia).
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FIGURE 2 | Epidemic model of SARS-CoV-2 in Bogota and Medellin from 4 April 2021 to 31 July 2021. The figure shows the number of cases for SARS-CoV-2
reported daily and the value Rt calculated from 4 April 2021 to 31 July 2021, in the cites of Bogota (A) and Medellin (B).
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In addition, tMRCA for the VOCs/VOls identified in the 228
genomes from Cali, was inferred using TreeTime (Figure 3B).
The results showed two potential introduction events for the
Mu variant (C1 and C2), the first on January 6 2021 (95%
CI = December 7 2020 to February 10 2021) and the second on
November 3 2020 (95% CI = September 22 2020 to November 24
2020). These genomes were closely related to other Colombian

genomes suggesting that these two independent introductions
occurred most probably from other departments. On the other
hand, the putative introduction for Gamma variant (C3) was
estimated in December 27 2020 (95% CI = December 12 2020
to January 13 2021) and for the Lambda variant (C4) in August
24 2020 (95% CI = January 26 2020 to November 24 2020);
with genomes in close relationship to those from other countries
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(United States, Brazil, Uruguay, Europe, and Peru), suggesting
independent introductions to Cali from those countries.

Mutational Analysis

Fifty-eight SNPs and three deletions over more than 10% of
SARS-CoV-2 genomes from Cali (N = 228) were identified
(Figure 4). Thirty-three of the substitutions (57%) were identified
as non-synonymous substitutions, most of them identified in
VOC as Alpha and Gamma and in VOI as Lambda and Mu
variants. Additionally, the analysis of these mutations through
time (April 42021 and July 31 2021) revealed that the substitution
A15002G (ORF1b) was introduced on May 18 2021 and was
maintained during the analyzed period (Figure 4).

DISCUSSION

According to the Armed Conflict Location & Event Data Project
(ACLED), more than 100 countries have been witnessed to
internal civil disorder. Of these, India, Israel, and Mexico have
been most afflicted by such events in relation to the development
of the COVID-19 pandemic within their borders (18). Extensive
domestic and international debates of “right-and wrong” have
been encouraged by media outlets documenting these country-
specific social issues. Yet, conversations concerning the true
impact of civil unrest on the epidemiology of COVID-19
remain poorly discussed. In this article, we investigated the
epidemiological and genomic behavior of SARS-CoV-2 as it
was forcibly integrated into the population by social turmoil in
Cali, Colombia. We chose to examine this particular city for
several reasons. Primarily because Cali was the third city, after

Bogota and Medellin with the highest accumulated number of
natural infections and deaths by SARS-CoV-2 during the study
period (April 4 2021 to July 31 2021). In addition, Cali was the
city where the majority and most severe acts of vandalism and
convulsed demonstrations occurred, leading to sustained chaos
while anticipating a potential rebound for virus transmission.

Among the analyses central to the conclusions of this article,
we highlight the Rt values in Cali, Colombia, gathered from the
periods during, and prior-to/post the most significant period of
demonstrations (April 28 2021 to June 25 2021) (Figure 1D). The
Rt value being greater than one during this period, as opposed to
less than one at other times. We can make an association between
the assembly of large groups, and the heightened incidence of
COVID-19 cases with the support of these Rt values and with the
evidence of a peak in daily cases documented 2 weeks after the
largest protests took place (Figure 1B). However, it is important
to note that other events, such as the lifting of the restrictions,
which took place in a moderate and staggered manner and the
Easter holidays (March 28-April 4) could have had effect in the
increase of Rt value.

Our findings are aligned with the findings by Moreno-
Montoya et al. (6) and Valentine et al. (5), which describe a
positive growth in the occurrence of COVID-19 cases after the
protests; but were contrary to those of Neyman et al. (4), which
indicated that each individual protestor did not significantly
contribute to the COVID-19 case rate in affected countries. Nor
did our findings align with previous studies by Bui et al. (19)—
which did not reveal a significant relationship between protests
and COVID-19 hospitalization rates within California counties.
Some possible explanations for these disparities may include a
greater neglect of social distancing guidelines experienced during
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the dissents in Colombia, failure to use personal protective
equipment, inadequate ventilation among areas shared by the
large groups, the lower vaccination rate within this city:
(720,325), which corresponds to 32% of the total population
(Figure 1C) and the high rate of transmissibility of SARS-CoV-
2, which has been associated with the ability of this virus to
replicate extensively in bronchial and alveolar epithelia, the high
“silent” presymptomatic transmission (20) and the reproductive
number RO (average number of secondary cases generated per
typical infectious case), which for SARS-CoV-2 present a median
point estimate of 3.1 (21). Additionally, we consider that Mother’s
Day celebration (May 9 2021), which coincided with the period
of protests could have contributed to increased SARS-CoV-2
transmission due to greater family gatherings at that time, in a
similar fashion to what has been reported for holiday gatherings
in the United States (22). This could very well have augmented
the statistic describing COVID-19 spread in the whole of the city
during the evaluated period.

Our analysis of 228 SARS-CoV-2 genomes, revealed 16
independent lineages of the virus circulating in Cali at one time
or another during the period of heaviest social demonstrations.
These included three VOCs Alpha, Delta, and Gamma, and two
VOIs Mu and Lambda (Figure 1E). These findings are significant
given the increased infectivity and transmission potential, severe
clinical outcomes, and evasion properties of protective antibodies
from previous antigen exposure, which have all become defining
signatures of these variants (22-25).

Of the 16 lineages, only 9 had been circulating in the initial
weeks of the protests. As the months progressed, we saw a
decrease in the number of lineages coupled to an increase in the

number of cases attributed to the highly infections Mu variant
(Figure 1E). Many infectious diseases propagate in a population
when migration of masses of non-immune individuals enter the
physical domain of people amongst whom herd immunity is
attaining its first grip. Such is the case in support of our findings:
the arrival of large numbers of people to Cali, during this period
of turmoil (either those supporting protests against President
Ivan Duque, as in the case of Minga indigenous individuals from
Cauca department —Southern VAC-, or those sent to control
protesters as was seen with the arrival of military personnel
from exterior municipalities) aided the profusion of SARS-CoV-2
throughout the city.

Sustained movements of people into and out of the city likely
further favored the dispersion of the Mu variant in Cali and
in other regions of Colombia. The Mu variant is thought to
have been introduced to the city at two independent periods,
preceding the protests, one on November 3 2020, and later on
January 6 2021 (Figure 3B). It may be further inferred that
these independent occasions primed the predominance of the Mu
strain over all other lineages of SARS-CoV-2 and the 55% increase
in the number of reported cases during the period in which the
protests took place (Figure 1E).

In January 2021, the Mu variant (completely defined as
B.1.621/B.1.621.1), was first identified in Colombia (26). To date,
it has been described (with its sub-lineage B.1.621.1) in more
than 30 countries including the United States, Spain, Mexico,
Hong Kong, Netherlands, and Denmark (27, 28). Its remarkable
efficiency of transmission in a population might be explained by
an excellent immune-evasion capacity of 0.38 (Crl: 0.32-0.43),
as compared against the Gamma variant: 0.30 (Crl: 0.24-0.33)
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(28). Further, the Mu variant evades both antibodies produced
by natural infection, as well as those by induced immunization
via vaccine—Mu variant being 12.4 times more resistant to
neutralization by convalescent sera in the former case (28),
and 7.6-fold more resistant to sera obtained from BNT162b2-
vaccinated individuals, in the latter (28-30). It is thus important
to note that the transmission behavior and potential of COVID-
19 examined during these protests should be primarily, if not
principally, attributed to the Mu variant.

Previous studies have speculated that the un-anticipated
dominance of the Mu strain over other VOCs and VOIs, proceeds
from its unique capacity to evade the immune system (26).
Despite a subpar transmission index (1.34; Crl:1.22-1.43), as
compared with the Gamma variant (1.86; Crl:1.63-1.90) (28), it
seems that the aforementioned serum antibody resistance confers
evolutionary advantage in populations among which other VOCs
circulate still. The Gamma variant was introduced to Cali at
about the same time as was the Mu variant (Figure 3B) yet viral
spread in Cali was superseded by Mu during the full course of the
period of fervent demonstrations. Further advanced studies are
needed to make more poignant claims on possible correlations
between the molecular makeup of Mu, and its persistence in a
population. In this context, we emphasize that it is indispensable
to follow through with SARS-CoV-2 genomic surveillance and
vaccination programs in Colombia. This is reinforced by the
recent emergence of the omicron lineage—which yet remains a
mystery as it quickly continues to propagate worldwide.

This is the first such report of the epidemiological and
genomic behavior of SARS-CoV-2 in the framework of
Colombia’s recent turbulent period of popular protests against
the government. The results of our study demonstrate that these
large group assemblies in Cali, together with the mass movements
into and out of the city during the summer of 2021 favored
the spread of SARS-CoV-2 (specifically of the Mu variant). The
heightened spread of COVID-19, increased hospitalizations in
Cali and consequently saturated the city’s intensive care units
(95% saturation). At present, 48.1% of the Colombian population
is vaccinated and VOCs like Alpha, Gamma, and Delta, along
with VOIs like Mu and Lambda co-circulate in our country. We
consider therefore, that persistent dialogue between the public
health directory in the government, and the Colombian people
is imperative in order to halt further transmission chains.

Finally, we note some limitations to our study: we recognize
a very probable under-reporting of the true number of COVID-
19 cases in Cali during the period of interest. The abstinence of
these cases from the true percentage of people infected during
the summer of 2021 in Cali may be attributed to asymptomatic
carriers of the virus. Second, we remain in the dark about many
phenotypic characteristics of the SARS-CoV-2 strains assessed as
new strains appear in the global circuit as the character of those
evolutionarily preceding them is still being elucidated. Thus, we
may be missing key points about virulence, transmission, and
immune evasion which would have better explained the dynamics
of viral spread in Cali during the period in question. Third,
with a rather low number of SARS-CoV-2 genomes sequenced,
we were only allowed to have a snapshot of the greater picture.
This may have been a sample which coincidentally drew one

conclusion in place of another. Finally, the environment of
Cali may have favored one dispersion outcome over others
possibly driven by the nature of the variants, had they been
distributed in a different setting. The scenario presented here
portrays a clear example on the significance of the interplay
between viruses, environment and their interactions with host
populations, particularly in context of complex human interfaces
as seen during social conflict.
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Coronavirus disease (COVID-19) is an infectious disease that can lead to pneumonia,
pulmonary oedema, acute respiratory distress syndrome, multiple organ and system
dysfunction, and death. This study aimed to verify the efficacy of chest computed
tomography (CT) for the initial diagnosis of COVID-19. This observational, retrospective,
cross-sectional study included 259 individuals who underwent clinical evaluation, blood
collection, chest CT, and a reverse transcription polymerase chain reaction (RT-PCR)
diagnostic test for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
during their course of treatment at a reference hospital in Belém, Para, Brazil between
April and June 2020. Inclusion criteria were flu-like symptoms in adults of both sexes.
Individuals with an inconclusive COVID-19 molecular test or who had artifacts in the
chest CT images were excluded. Parametric data were analyzed using Student-t-test and
non-parametric data were analyzed using average test and Fisher exact test. Participants
were divided into two groups: Group 1 (COVID-19 positive), n = 211 (124 males, 87
females), 51.8 + 17.9 years old and Group 2 (COVID-19 negative), n = 48 (22 males, 26
females), 47.6 + 18.6 years old. Most frequent symptoms were cough [Group 1 n = 199
(94%)/Group 2 n = 46 (95%))], fever [Group 1 n = 154 (72%)/Group 2 n = 28 (58%)],
myalgia [Group 1 n = 172 (81%)/Group 2 n = 38 (79%)], dyspnoea [Group 1 n = 169
(80%) / Group 2 n = 37 (77%)], headache [Group 1 n = 163 (77%)/Group 2 n = 32
(66%)], and anosmia [Group 1 n = 154 (73%)/Group 2 n = 29 (60%)]. Group 1 had a
higher proportion of ground-glass opacity [Group 1 n = 175 (83%)/Group 2 n = 24 (50%),
0.00], vascular enhancement sign [Group 1 n = 128 (60%)/Group 2 n = 15 (31%), 0.00],
septal thickening [Group 1 n = 99 (47%)/Group 2 n = 13 (27%), 0.01], crazy-paving
pattern [Group 1 n = 98 (46%) / Group 2 n = 13 (27%), 0.01], consolidations [Group 1
n = 92 (43%)/Group 2 n = 8 (16%), 0.00], and CO-RADS 4 and 5 [Group 1 n = 163
(77.25%)/Group 2 n = 24 (50%), 0.00] categories in chest CT. Chest CT, when available,
was found to be an efficient method for the initial diagnosis and better management of
individuals with COVID-19.

Keywords: COVID-19, severe acute respiratory syndrome, computed tomography, diagnosis, lung injury, CO-RADS
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INTRODUCTION

Coronavirus disease (COVID-19) is caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and is
characterized by a flu-like syndrome, with the most common
initial symptoms being fever, cough, sore throat, fatigue,
headache, anosmia, myalgias, and diarrhea (1-6). Although
many individuals develop a mild form of the infection and
have a good prognosis, COVID-19 can progress to more severe
forms with the development of pneumonia, pulmonary oedema,
acute respiratory distress syndrome, multiple organ and system
dysfunction, and death (7-9). Severe acute respiratory syndrome
(SARS) is an important complication in patients with severe
disease, and it sets in as soon as individuals progress to dyspnoea
and hypoxemia (6).

COVID-19 related-pneumonia is a complication of moderate
and severe forms of the disease and are characterized by a
higher incidence of bilateral infiltrates, mainly ground-glass
opacities and consolidations on chest computed tomography
(chest CT) (10, 11). CT scan findings are often used for diagnostic
confirmation through protocols such as COVID-19 Reporting
and Data System (CO-RADS), which classifies the image findings
in CO-RADS categories in accordance with their characteristics,
has a good application for triage in symptomatic individuals
(12, 13), and helps to monitor the progression of the disease
(14, 15).

COVID-19 needs a quick diagnosis, as the severe forms
usually have a fast and aggressive progression. The results of the
reverse transcriptase polymerase chain reaction (RT-PCR) test,
the gold standard, take an average of 7 days to be released by the
laboratories, and this time can be the difference between life and
death for these patients. Hence, there is a need for a COVID-19
diagnostic method with faster results and good sensitivity.

Chest CT has the potential to quickly deliver a result of
imaging patterns characteristic of COVID-19. Hence, this study
aimed to verify the efficacy of chest CT for the initial diagnosis
of COVID-19.

MATERIALS AND METHODS

Study Design, Ethical Aspects, and
Settings

This was a retrospective, cross-sectional, observational study
approved by the Research Ethics Committee of Hospital
Universitario Jodao de Barros Barreto (Protocol n. 4.010.595). A
consent form for data use was obtained from the hospital where
the participants were treated. This study was conducted in strict
accordance with the principles of the Declaration of Helsinki and
was reported in accordance with the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) guidelines.
The study was carried out at a reference hospital in Belém, Par4,
Brazil in the Brazilian Eastern Amazon.

Participants and Materials

All patients of both sexes with flu-like symptoms who underwent
investigations including chest CT, blood tests, and nasal swab at
the emergency room of the reference hospital were included in

this study. Patients with inconclusive results, image artifacts on
the chest CT, or incomplete filling of the medical records were
excluded. A peripheral arterial oxygen saturation level <93% was
one of the criteria used for hospital admission, according to the
institutional protocol.

Data Collection and Description of the

Processes

Symptoms, duration of symptoms, age, sex, peripheral oxygen
saturation level at admission, presence of comorbidities,
laboratory data, and diagnostic test results of RT-PCR for SARS-
CoV-2 were collected from the electronic medical records from
TASY™ (Phillips Healthcare™, Amsterda, Nederlands). All
participants underwent a chest CT scan, performed without
intravenous contrast in the supine position. Inside the GE
Multislice Brightspeed Edge Select CT scanner (GE Healthcare,
Chalfont St Giles, UK) using a tube kilovoltage (kV), 100-
120 kV; tube current (mAs), automatic exposure control;
collimation, 1.0 mm; pitch, 1; reconstruction algorithm, iterative-
based reconstruction; reconstruction slice thickness, 0.5 mm;
interslice gap, 0 mm and reformatted with lung (width, 1,500
HU; level, —500 HU), and soft tissue (width, 350 HU; level,
50 HU) window settings the patient was instructed to take a
deep breath, followed by a momentary apnoea to obtain cross-
sectional images of the chest with slices of 1-mm collimation.

The scans were analyzed using the Osirix MD 11.0™ software
(Pixmeo Company, Bernex, Suica) by two radiologists with
experience in chest CT, without previous knowledge of the RT-
PCR results of the individual patients. Chest tomography analysis
was performed according to the qualitative visual assessment of
the types of opacities, specifying their morphology, distribution
and percentage of involvement of the lung parenchyma, and
classification according to the CO-RADS categories.

The chest CT findings were classified as follows: (a)
ground-glass opacity, defined as increased density of the lung
parenchyma that retains the visible contours of the vessels and
bronchi inside the affected area; (b) vascular enhancement sign
(VES), vascular enlargement inside the lesion resulting from
congestion and dilation of small vessels; (c) septal thickening; (d)
crazy-paving pattern appearing as thickened interlobular septa
and intralobular lines superimposed on a background of ground-
glass opacity; (e) consolidation, when the air in the alveolar space
is supplanted by a pathological product; and (f) parenchymal
band, appearing as a linear opacity, usually 1-3 mm thick and up
to 5 cm long that usually extends to the visceral pleura (16-18).

Chest CT was classified into categories of the Coronavirus
disease 2019 Reporting and Data System (CO-RADS). This
protocol provides a level of suspicion for pulmonary involvement
of COVID-19, based on features seen in the high-resolution chest
CT. The level of suspicion gradually increases from CO-RADS 0
to CO-RADS 6 [(12); Table 1].

The following parameters were also manually measured at CT
scans using the Osirix MD 11.0™ software (Pixmeo Company,
Bernex, Suica): diameter of the pulmonary artery trunk whose
value when equal to or >29 mm was predictive of pulmonary
arterial hypertension (19); dimensions of the left atrium whose
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TABLE 1 | The coronavirus disease 2019 reporting and data system (CO-RADS).

CO-RADS
classification

Interpretation

CO-RADS 0 -Non interpretable CT Scan or technically insufficient to
determine COVID-19

CO-RADS 1 -Normal CT Scan

CO-RADS 2 -Low compatible with COVID-19 CT Scan

CO-RADS 3 -Equivocal or Unsure COVID-19 CT Scan

CO-RADS 4 -High suspicious for COVID-19 CT Scan

CO-RADS 5 -Very High or typical for COVID-19 CT Scan

CO-RADS 6 -Typical COVID-19 CT Scan with RT-PCR confirmation

hypertrophy was related to systemic arterial hypertension (20);
and evaluation of the average density of the hepatic parenchyma,
whose densities when <45 Hounsfield Units (HU) suggested
hepatic steatosis (21, 22).

According to the results of the RT-PCR tests for SARS-CoV-2,
the patients were divided into two groups, Group 1 (COVID-19
positive) and Group 2 (COVID-19 negative), for the purpose of
data comparison.

Statistical Analysis

All the information collected was recorded in spreadsheets of
Excel 2007™ software (Microsoft Corporation, Redmond, USA)
and analyzed using Graphpad prism 5.0™ (Graphpad software,
Inc., San Diego, USA). Lilliefors test was used to assess the
normality of the sample. Student ¢-test was used for the analysis
of variables with normal distribution, and the average test and
Fisher exact test were used for the analysis of the non-parametric
variables. The kappa test was used to analyze the interobserver
concordance. The a level of 0.05 was adopted to reject the
null hypothesis.

RESULTS

From 1 April to 30 June 2020, 855 individuals with flu-like
symptoms were evaluated (anamnesis and physical examination).
Of these, 459 individuals were suspected to have SARS-CoV-2
infection and were subjected to chest CT, blood collection, and
nasal swab. Of these, 200 individuals were excluded, 60 owing to
inconclusive RT-PCR, 60 owing to image artifacts on the chest
CT, and 80 owing to incomplete filling of the medical record. A
total of 259 patients were finally included in the study, 211 with
a confirmed diagnosis of COVID-19 by RT-PCR and 48 with a
negative diagnosis of COVID-19 by RT-PCR (Figure 1).

The study groups were homogeneous in relation to the sex of
the individuals (male: Group 1, n = 124/Group 2, n = 22, p =
0.1 and female: Group 1, n = 87/Group 2, n = 26, p = 0.1), age
(Group 1: 51.8 & 17.9/Group 2: 47.6 £ 18.6, p = 0.14) and age
groups (until 59 years old: Group 1, n = 140/Group 2, n = 35,
p = 0.4 and 60 years-old or more: Group 1, n = 71/Group 2,
n=13p=04).

The clinical evaluation showed that there was no statistically
significant difference regarding the time of symptom onset in the

855
Individuals search for attendance

396
‘ Excluded due not undergone
Chest CT (197)
or RT-PCR (199)

459
Individuals submitted to
Chest CT
Swab
Blood test
| 200
‘ Excluded due inconclusive
| RT-PCR(60) or Chest CT
‘ (60) or incomplete data (80)
\
259

| Included in study ‘

211 Comparison 48
Positive RT-PCR Negative RT-PCR

FIGURE 1 | Flowchart of the study.

two groups [Group 1: 8.7 £ 2.8/ Group 2: 9.1 + 1.9, p = 0.2].
However, most individuals were treated at the emergency room
between 6 and 10 days after the onset of symptoms. The most
common symptoms were cough [Group 1, n = 199 (94%)/Group
2, n =46 (95%), p = 1], fever [Group 1, n = 154 (72%)/Group 2,
n =28 (58%), p = 0.05], myalgia [Group 1, n =172 (81%)/Group
2, n = 38 (79%), p = 0.83], dyspnoea [Group 1, n = 169
(80%)/Group 2, n =37 (77%), p = 0.69], headache [Group 1, n =
163(77%)/Group 2, n = 32 (66%), p = 0.13], and anosmia [Group
1,n =154 (73%)/Group 2, n =29 (60%), p = 0.11]. Fever shows a
trend of association to Group 1, and ageusia occurred only among
individuals in Group 1.

Regarding comorbidities, prevalence of diabetes mellitus and
systemic arterial hypertension was similar in both the groups,
but obesity was more frequent in Group 1 [Group 1, n =
48 (22%)/Group 2 n = 2 (4%), p = 0.00]. Peripheral oxygen
saturation levels below 93% were also more frequent in this
group [Group 1, n = 115 (54%)/Group 2, n = 18 (37%), p =
0.03], as well as minor lymphocite levels at initial attendance
[Group 1: 1,344 + 578/Group 2: 1,932 £ 405, p < 0.01],
leukopenia (leucocytes level <4,000/mm?3) [Group 1, n = 56
(26%)/Group 2, n =4 (8%), p = 0.00], higher levels of C-reactive
protein [Group 1, 64 £ 29/Group 2 51 + 24, p < 0.01], and
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TABLE 2 | Epidemiological, clinical, and laboratorial characteristics of study
participants (Belém, Pard, Brazil, 2020).

TABLE 3 | Main findings at Chest CT in symptomatic individuals by group (Belém,
PA, Brazil-2020).

Group 1 Group 2 Total p-value

n=211 n=48 n =259

(81.4%) (19.6%) (100%)
Sex of participants
Male 124 (68.7%) 22 (45.8%) 146 (56.3%) 0.1
Female 87 (48.7%) 26 (54.2%) 113 (43.7%)
Age (mean =+ sd) 51.8+17.9 476+186  51+18.1 0.14
Symptoms time in 8.7+28 91+19 88+26 0.2
days, (mean =+ sd)
Symptoms time in days
Until 5 26 (12.3%) 0 (0%) 26 (10%) 0.00*
6-10 132 (62.6%) 38 (79%) 170 (65%) 0.00*
>1 53 (25.1%) 10 (21%) 63 (25%) 0.00*
Symptoms
Cough, n (%) 199 (94%) 46 (95%) 245 (94%) 1
Fever, n (%) 154 (72%) 28 (58%) 182 (70%) 0.05
Myalgia, n (%) 172 (81%) 38 (79%) 210 (81%) 0.83
Dyspnoea, n (%) 169 (80%) 37 (77%) 206 (79%) 0.69
Headache, n (%) 163 (77%) 32 (66%) 195 (75%) 0.13
Anosmia, n (%) 154 (73%) 29 (60%) 183 (70%) 0.11
Odynophagy, n (%) 139 (65%) 28 (58%) 167 (64%) 0.40
Runny nose, n (%) 52 (24%) 9 (19%) 61 (23%) 0.45
Diarrhea, n (%) 16 (7%) 2 (4%) 18 (6%) 0.54
Abdominal pain, n (%) 30 (14%) 2 (4%) 32 (12%) 0.055
Ageusia, n (%) 24 (11%) 0 (0%) 24 (9%) 0.01*
Comorbities
DM, n (%) 30 (14%) 4 (8%) 34 (13%) 0.34
SAH, n (%) 45 (21%) 7 (14%) 52 (20%) 0.32
Obesity, n (%) 48 (22%) 2 (4%) 50 (19%) 0.00*
SpO2 < 93%, n (%) 115 (54%) 18 (37%) 133 (52%) 0.03*
Leukocytes at initial attendance
<4,000/(mm?3), n (%) 56 (26%) 4 (8%) 60 (23%) 0.00*
4,000-10,000/(mm?), 58 (27%) 27 (56%) 85 (33%) 0.00*
n (%)
>10,000/(mmq), n (%) 97 (47%) 17 (35%) 114 (44%) 0.20
Lymphocytes at initial 1,344 £ 578 1,932 +£405 1,468 £578 <0.01#
attendance (mm®),
mean =+ sd
C-reative protein at 64 + 29 51 +24 62 + 29 <0.01#
initial attendance/
(mg/dL), mean + sd
Hospital admission 124 (68.7%)  19(39.5%) 143 (55.2%) 0.02*
Nursery, n (%) 71 (33%) 11 (23%) 82 (31%) 0.17
ICU, n (%) 53 (25%) 8 (16%) 62 (23%) 0.26

Group 1, COVID-19 positive; Group 2, COVID-19 negative; DM, diabetes mellitus; SAH,
systemic arterial hypertension; SpO», peripheral oxygen saturation; PCR, C-reactive
protein; ICU, intensive care unit. #ANOVA (p < 0.05).

“Fisher exact test (p < 0.05).

hospital admission [Group 1, 124 (58.7%)/Group 2, 19 (39.5%),
p = 0.02] (Table 2).

The interobserver concordance between the two radiologists
who analyzed the chest CT images was 93% (k = 0.9304) and
was determined by a kappa test. The main pulmonary findings on

Group 1 Group 2 Total p-value
(n=211) (n =48) (n =259)
Pulmonary findings
Ground-glass opacity, n (%) 175 (83%) 24 (50%) 199 (76%) 0.00*
VES, n (%) 128 (60%) 15 (31%) 143 (65%)  0.00*
Septal thickening, n (%) 99 (47%) 13 (27%) 112 (43%) 0.01*
Crazy-paving pattern, n (%) 98 (46%) 13 (27%) 111 (42%) 0.01*
Consolidation, n (%) 92 (43%) 8 (16%) 100 (38%)  0.00*
Parenchimal bands, n (%) 62 (29%) 8 (16%) 70 (27%) 0.07
Distribution of injuries
Bilateral injuries, n (%) 150 (71%) 23 (48%) 173 (66%)  0.00*
Lower lobe injuries, n (%) 143 (67%) 20 (41%) 163 (63%)  0.00*
Opacities < 25%, n (%) 76 (36%) 30 (62%) 106 (40%)  0.00*
Opacities 256-50%, n (%) 75 (35%) 11 (23%) 86 (33%) 0.00*
Opacities > 50%, n (%) 60 (28%) 7 (14%) 67 (27%) 0.00*
Other radiological findings
Left Atrium > 40mm, n (%) 65 (31%) 10 (21%) 75 (28%) 0.21
PAT diameter, mean + sd 286+52 268+53 281+562 0.06
PAT diameter > 29 mm, 104 (49%) 20 (41%) 124 (47%) 0.42
n (%)
Hepatic parenchyma 122 (57%) 22 (46%) 144 (59%) 0.14

density < 45 UH, n (%)

Group 1, COVID-19 positive; Group 2, COVID-19 negative; CO-RADS, The Coronavirus
disease 2019 (COVID-19) Reporting and Data System; UH, Unidade Hounsfield; CT,
computed tomography; VES, vascular enhancement sign; PAT, pulmonary arterial trunk.
“Fisher exact test (o < 0.05).

Opacities: findings as ground-glass opacity, consolidation, and crazy paving pattern.

chest CT were ground-glass opacity [Group 1: 175 (83%)/Group
2: 24 (50%), p = 0.00], vascular enhancement sign [Group I:
128 (60%)/Group 2: 15 (31%), p = 0.00], septal thickening
[Group 1: 99 (47%)/Group 2: 13 (27%), p = 0.01], crazy-paving
pattern [Group 1: 98 (46%)/ Group 2: 13 (27%), p = 0.01],
and consolidations [Group 1: 92 (43%)/Group 2: 8 (16%), p =
0.00], all being more frequent among individuals in Group 1
(Table 3). Individuals in Group 1 also presented with a higher
frequency of bilateral [Group 1: 150 (71%)/Group 2: 23 (48%),
p = 0.00] and lower lobe injuries [Group 1: 143 (67%)/Group
2: 20 (41%), p = 0.00], as well as the involvement of more
than 50% of the lung parenchyma [Group 1: 60 (28%)/Group
2: 7 (14%), p = 0.00] when compared to individuals in Group
2. There was the presence of other radiological findings, left
atrium hypertrophy (Left atrium diameter > 40 mm) [Group
1: 65 (31%)/Group 2: 10 (21%), p = 0.21], increase in the
pulmonary artery trunk diameter (diameter > 29 mm) [Group
1: 104 (49%)/Group 2: 20 (41%), p = 0.42] (Figure2), and
reduction in the density of the liver parenchyma (<45 UH)
[Group 1: 122 (57%)/Group 2: 22 (46%), p = 0.14), but none
showed any statistically significant difference between the two
groups (Table 3).

Chest CT scans of each patient were analyzed based on the
description of the parenchymal injuries and classified into a
CO-RADS category (Figure 3).
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FIGURE 2 | Patients chest CT showing (A) vascular enhancement sign (B) ground-glass opacities (C) left atrium diameter (D) pulmonary artery trunk diameter.
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There was a relationship between the CO-RADS category on
chest CT and the results of the RT-PCR diagnostic tests for SARS-
CoV-2, with a higher proportion of individuals with CO-RADS
categories 4 and 5 in Group 1 [Group 1: 163(77.25)/Group 2:
24(50), p = 0.00] (Table 4).

DISCUSSION

The individuals evaluated in this study were in the acute phase
of the disease with a predominance of respiratory symptoms,
such as cough, fever, myalgia, dyspnoea, and headache. There was
no predominance of individuals with associated comorbidities,
diabetes mellitus, or systemic arterial hypertension. Changes
in other systems, in this initial assessment, seem to have
no observable repercussions on imaging examinations. The
individuals in Group 1 had a higher incidence of imaging findings
compared to those in Group 2, and the main findings on chest CT
were ground-glass opacity, vascular enhancement sign, and septal
thickening. The presence of CT scans classified as CO-RADS 4
and CO-RADS 5 was significantly higher in Group 1, so was the
presence of a higher percentage of parenchyma involvement.
Comorbidities such as diabetes mellitus and systemic arterial
hypertension have been reported to be associated with a higher
probability for the development of severe forms of COVID-
19 and SARS (23); however, there was no difference in the
proportion of individuals with comorbidities between the groups
in this study. The search for hospital care was initiated after the
6th day of symptoms by 90% of the study subjects, and the most
severe respiratory symptoms of COVID-19, such as dyspnoea
and hypoxemia, were noted to start on the 7th day of infection. In

a study involving 138 patients, 20% of the individuals developed
SARS within 8 days after the onset of symptoms and 12.3%
required invasive mechanical ventilation (24). Another study
reported that of the 201 patients hospitalized with COVID-19 in
Wuhan, 41% developed acute respiratory distress syndrome (23).

COVID-19 has flu-like characteristics and symptoms and
the most common symptoms in individuals with COVID-
19-related pneumonia were fever, cough, expectoration, and
myalgia. Less common symptoms were headache, dyspnoea,
abdominal pain/diarrhea, pharyngeal discomfort, and chest pain
(4, 11). Associated with these symptoms, many individuals
also complained of loss of smell and taste, denominated as
anosmia and ageusia, respectively (25-27). Lung injuries were
predominantly bilateral and in the lower lobes. Ground-glass
opacity in the peripheral areas is the characteristic pattern of
COVID-19 (28) and is also characterized by being symmetrical
and basal (5, 8, 24, 29-31).

These findings tend to change according to the stage of the
disease. In the first 4 days, ground-glass opacities are the most
common (76.5%); between 10 and 14 days of illness, crazy-paving
pattern is the most common (62.7%); between 15 and 21 days,
consolidation (75%) is commonly noted; between 22 and 28
days, linear opacities (83.1%) are seen; and in individuals over
28 days, the most common findings are ground-glass opacities
[98.1%; (32)]. The pulmonary manifestations of COVID-19 can
be lasting, with the presence of sequelae and residual lesions in a
significant portion of the survivors (33).

Computed tomography has great sensitivity for detecting
patterns related to COVID-19, but a low specificity therefore is
recommended to be used in combination with a more specific
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FIGURE 3 | Patients chest CT showing coronavirus disease 2019 reporting
and data system (A) CORADS 3. (B) CORADS 4. (C) CORADS 5.

diagnostic method (34-36). In a study on 1,014 patients in
Wuhan who underwent RT-PCR and chest CT for COVID-
19 assessment, a positive COVID-19 chest CT had a sensitivity
of 97% using RT-PCR as a reference; however, the specificity
was only 25% (14). CT, despite not being a completely reliable
diagnostic tool, is useful in determining the severity of COVID-
19 in clinical practice (37).

CO-RADS and other protocols were created by radiological
societies around the world within the scope of the COVID-19
pandemic, such as the protocol created by Radiological Society of
North America, both of which classify pulmonary involvement
as typical, indeterminate, atypical, or negative (12, 38) and
are comparable with each other in sensitivity and reliability
(12, 39, 40). CT reports usually also include the estimate of
pulmonary involvement, reported in percentage (41). This degree

TABLE 4 | CO-RADS of chest CT in symptomatic individuals by group (Belém,
PA, Brazil-2020).

Group 1 Group 2 Total p-value
(n=211) (n =48) (n =259)
CO-RADS 4 0u5,n (%) 163 (77.25) 24 (50) 187 (72.20) 0.00*
CO-RADS 3, n (%) 16 (7.58) 0(0) 16 (6.17) 0.04*
CO-RADS 1, n (%) 32 (15.16) 24 (50) 56 (21.62) 0.00*
Total 211 48 259

CT, computed tomography; Group 1, COVID-19 positive; Group 2, COVID-19 negative;
CO-RADS, The Coronavirus disease 2019 Reporting and Data System,; CO-RADS 4, 5,
high, very high suspicious for COVID-19; CO-RADS 3, equivocal or unsure; CO-RADS 1,
very low or normal.

“Fisher exact test (p < 0.05).

of involvement is often useful in determining severity and
estimating the prognosis (37, 42). Chest CT is an important
auxiliary tool in the diagnosis and acts as an indicator of the
severity of pulmonary involvement in COVID-19 (43).

Computed tomography alone does not provide a reliable
diagnostic confirmation. Multimodality imaging assessment in
patients with COVID-19 has been shown to be useful to
assess cardiac complications in this population (44). CT has
the advantages of rapid application and high image resolution
and can be used, among other things, for the evaluation of
cardiac chambers (45-47). The findings of pulmonary artery
trunk diameter with dimensions above 29 mm and left atrium
hypertrophy are suggestive of cardiovascular affection, despite
this, there was no statistical difference in comparison to Group 2.

As it is a systemic inflammatory disease, COVID-19 affects,
among others, the gastrointestinal system (48). Individuals who
developed the severe form of the disease had pathological tissue
changes in the liver parenchyma, developing liver cirrhosis and
non-alcoholic liver steatosis (49). An increased liver parenchyma
density is suggestive of hepatic steatosis and was observed in 57%
of individuals in Group 1. However, this also did not show a
statistically significant difference in relation to Group 2.

The early diagnosis of COVID-19 is essential for better
management of the patient, be it the decision to carry
out more detailed monitoring in moderate forms, to ensure
social isolation, and to prevent the spread of the disease.
The gold standard diagnostic methods have high sensitivity
and specificity; however, they have a turn-around time of at
least 7 days.

This study reinforces the importance of CT as a rapid
diagnostic adjunctive method for COVID-19. Its use allows
for better decision-making by the health team, indicating the
best measures to be taken according to the clinical picture and
tomographic patterns of each patient, as well as, determining with
greater sensitivity the suspected cases of COVID-19, leading to
greater assertiveness in its handling.

Future studies must focus on the follow-up of individuals
who have recovered from COVID-19 to help determine the
relationship between the sequelae of the infection and imaging
patterns observed in various health services. We highlight that
the main limitations of this study was the small sample size
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and the fact that this group of patients represents those seen in
only one health service; therefore, the results can possibly not be
generalized to the city’s population.
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The COVID-19 pandemic has caused more than 448 million cases and 6 million deaths
worldwide to date. Omicron is now the dominant SARS-CoV-2 variant, making up more
than 90% of cases in countries reporting sequencing data. As the pandemic continues
into its third year, continued testing is a strategic and necessary tool for transitioning
to an endemic state of COVID-19. Here, we address three critical topics pertaining
to the transition from pandemic to endemic: defining the endemic state for COVID-
19, highlighting the role of SARS-CoV-2 testing as endemicity is approached, and
recommending parameters for SARS-CoV-2 testing once endemicity is reached. We
argue for an approach that capitalizes on the current public health momentum to increase
capacity for PCR-based testing and whole genome sequencing to monitor emerging
infectious diseases. Strategic development and utilization of testing, including viral panels
in addition to vaccination, can keep SARS-CoV-2 in a manageable endemic state and
build a framework of preparedness for the next pandemic.

Keywords: SARS-CoV-2, screening, surveillance, diagnosis, public health, guidelines

INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) emerged at the end of 2019,
causing a global pandemic with more than 448 million cases and 6 million deaths worldwide
to date (1). Omicron is now the dominant variant of SARS-CoV-2, the virus that causes
COVID-19. As of March 2022, omicron makes up more than 90% of cases in most countries
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Importance of Testing in Pandemic

reporting sequencing data (2). Approximately 65% of the world’s
population has been vaccinated against SARS-CoV-2 (1) and
many have looked hopefully toward a return to pre-pandemic
conditions. However, it is becoming increasingly apparent that
SARS-CoV-2 will not be eradicated, but will transition to an
endemic state (3). In the midst of this transition, new variants of
concern continue to arise and challenges in public health remain
central on the world stage. One topic of frequent debate has been
the role of testing in the diagnosis, screening, and surveillance of
COVID-19 (4). Clear public health recommendations on SARS-
CoV-2 testing are needed to supplement guidance that has largely
been focused on the treatment of COVID-19 (5).

This perspective is the result of a discussion between the
authors, who represent thought leadership from a variety
of disciplines as well as differing points of view ranging
from limited isolation to complete lock-down on how to
manage this pandemic. Importantly, all authors agree that
careful management of an eventual transition from COVID-
19 pandemic to endemicity requires continued use of SARS-
CoV-2 testing. We address three critical topics pertaining to the
transition from COVID-19 pandemic to endemic: defining the
endemic state for COVID-19, highlighting the role of SARS-
CoV-2 testing as endemicity is approached, and recommending
parameters for SARS-CoV-2 testing once endemicity is reached.

DEFINING THE ENDEMIC STATE FOR
COVID-19

The most important driver of the transition from pandemic
to endemic will be immunity derived from vaccination or past
infection coupled with proper public health control measures.
Reported case rates will not necessarily be useful in determining
endemicity, as the role of asymptomatic cases and seasonal
fluctuations may be a natural part of endemic COVID-19, or may
be indicators of concern.

Therefore, we propose a two-criteria framework for endemic
COVID-19. First, low annual hospitalization and death rates
must be reached. What defines sufficiently low will vary
regionally according to demographics, access to resources,
healthcare capacity, migration status, and cultural norms. Ideally,
the World Health Organization should set out such criteria for
its member states and provide technical guidance. Second, low
hospitalizations and deaths must be maintained without the
need for infection prevention measures in public areas such as
facemasks, business closures, or restrictions on events.

ROLE OF TESTING DURING THE
TRANSITION FROM PANDEMIC TO
ENDEMIC

While vaccination efforts are the critical driver on the path to
COVID-19 endemicity, they alone are insufficient for several
reasons. We see vaccine hesitancy in many regions resulting in
waning vaccination rates. In the United States, vaccination rates
from July 2021 to February 2022 rank among the slowest of the
world’s seven wealthiest large democracies (6). Additionally, in

certain regions there is continued opposition to public health
measures such as mask-wearing. This combination of waning
vaccination rates and resistance to public health measures results
in suboptimal virus control.

Importantly, case rates are not permanently reduced by
vaccination alone. In the United Kingdom, the daily COVID-19
case rate exceeds 42,000 per day despite 85.4% of their population
aged 12 and up being fully vaccinated (7). Variants of concern
can have differential response to the vaccines, with vaccine
effectiveness against symptomatic infection by the omicron
variant estimated at ~40% and up to 71% after a booster (8).
Given these factors, we believe testing will continue to play a
crucial role in managing viral spread as we return to normalcy.

Three primary modes of testing have been important during
the pandemic and will continue to be utilized—though to
different extents—throughout the transition from pandemic to
endemic state: diagnostic, screening, and surveillance testing (9).
We define diagnostic testing as testing of patients who present
with symptoms of acute respiratory illness, screening as testing
of asymptomatic individuals in particular settings such as elder
care, and surveillance as population-level testing of samples from
symptomatic and asymptomatic people. The specific utility of
each testing type will be dependent on regional rates of immunity
and access to healthcare resources (see Table 1).

Demand for diagnostic testing will be sustained as immunity
increases, but the type of test recommended will change.
Specifically, in populations with high immunity, the value of
polymerase chain reaction (PCR) tests will increase as the
positive predictive value of rapid antigen diagnostic testing
(RADT) decreases proportionally to decreasing viral loads (10).
Regions with access to sufficient healthcare resources should
seek to implement diagnostic PCR testing for SARS-CoV-2
as part of a respiratory panel including influenza A/B and
respiratory syncytial virus (RSV). However, PCR panels may
not be feasible in resource-restricted low- and middle-income
countries (LMIC), where the focus should be on improving
access to SARS-CoV-2 PCR testing via mobile PCR platforms and
continuing to utilize RADT (11).

Screening will remain crucial particularly while vaccination
rates and immunity improve. In addition to protecting the
vulnerable, such as nursing home residents and migrant
populations, and monitoring the global distribution of variants,
screening will enable the comparison of reported infection rates
between vaccinated and unvaccinated persons. The impact of
immune escape of SARS-CoV-2 variants and the durability of
immunity are two variables that are uncertain.

Surveillance testing is a crucially important yet underutilized
tool in the transition to a manageable endemic state, particularly
in LMICs. For effective surveillance, random samples should
be collected consistently in different geographical areas and
age groups. When paired with surveillance tests, whole-genome
sequencing (WGS) can be powerful but is costly. In regions
where the cost may be prohibitive, WGS can be reserved for the
identification of “new” variants not identified by PCR panels.
WGS will also be important as antiviral therapies become
more widely available, to ensure that the antiviral targets have
not mutated.
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TABLE 1 | Variations in SARS-CoV-2 testing in regions with differential vaccination/immunity rates and access to healthcare resources.

Sufficient access to healthcare resources

Limited access to healthcare resources

High immunity Diagnostic Focus on increasing overall PCR capacity to accommodate Focus on improving access to SARS-CoV-2 PCR testing and
% SARS-CoV-2 and other molecular diagnoses leveraging existing infrastructure and using RADTs to support
Increase utilization of and reimbursement for respiratory already existing PCR testing
panel tests
Screening Shift to PCR screening as the positive predictive value of Limit PCR-based screening investment to at-risk populations
RADT testing will decrease proportionally to decreasing viral
loads RADT or isothermal amplification (e.g., SHERLOCK) will be
Prioritize screening of those in contact with at-risk populations useful in venues with high capacities or that involve
border control
Surveillance Governments, research institutions, and laboratories should collaborate to create standardized panel-based surveillance
programs that will be useful to detect immunity-escaping variants and beyond SARS-CoV-2, including testing best
practices and quality assurance methodology
Low immunity Diagnostic Focus on increasing overall PCR capacity; SARS-CoV-2 Focus on improving access to PCR testing specifically for
% should become a standard part of a respiratory panel SARS-CoV-2
including influenza A/B and RSV
Screening Incentivize screening as a measure to aid reopening and RADT screening will remain useful but may be insufficient in
“returning to life” elderly care settings
RADT screening will remain useful but may be insufficient in
elderly care settings
Surveillance In addition to the steps recommended for high vaccination settings,

Incentivize whole-genome sequencing of all SARS-CoV-2

positive tests to support variant surveillance

Conduct variant monitoring via reflex testing of all positives
with a mutation panel

PCR, polymerase chain reaction; RADT, rapid antigen diagnostic test; RSV, respiratory syncytial virus.

DIFFERENTIAL VALUE OF RADT AND PCR
TEST MODALITIES

Both RADT and PCR testing are needed during the transition
to endemic COVID-19, although with differing applicability.
Where feasible, diagnostic testing needs to shift toward PCR tests,
which have greater sensitivity and specificity and are superior in
diagnosing symptomatic and asymptomatic patients. PCR tests
should be used to confirm a negative RADT in high-risk settings
where consequences of a false negative result can be severe.

Screening via RADT will continue to provide useful insights in
settings with high population density, regions with low immunity
and high incidence, and in monitoring temporal and geographic
fluctuations, at a potentially very low cost per test with a quick
turnaround time. However, RADT are limited in their ability to
provide “proof of negativity,” and many entities (e.g., airlines)
are increasingly requiring laboratory proof of negativity via PCR
testing instead of RADT. One exception to this may be the
BinaxNOW RADT, which has specificity close to 100% (12).

The expense of PCR testing compared to RADT is of
particular consideration in low-resource settings and highly
infectious contexts, as diagnostic labs with limited resources must
balance competing needs to fulfill both SARS-CoV-2 and other
testing needs. Therefore, RADTs or isothermal amplification
tests (e.g., specific high-sensitivity enzymatic reporter unlocking
[SHERLOCK]) can be used to support PCR, especially in
situations where the testing demand exceeds the supply of PCR
tests or when turnaround time is critical. However, RADT
shortages, such as those being seen in the US, may also necessitate
greater reliance on lab-based PCR tests (13).

TESTING DURING ENDEMICITY

Incentives for testing should continue once COVID-19 reaches
an endemic equilibrium to raise awareness and education
regarding the role of testing in protecting vulnerable populations.
To avoid financial burden on individuals, tests need to be heavily
or fully subsidized by governments, employers, or medical
insurance. For example, if workers are required by their employer
to be tested regularly, they should not have to pay for the tests
themselves. The World Health Organization has established the
Access to COVID-19 Tools Accelerator (ACT-A) to provide
tests to LMIC; however, funding for ACT-A is an ongoing
challenge (14). Multinational programs such as ACT-A could also
play a role in standardizing testing protocols, streamlining data
reporting, and disseminating information on best practices (15).

International travel will continue to be a useful opportunity
for testing during endemic COVID-19. Requiring tests for
travelers has been demonstrated to be a successful way to monitor
variants such as omicron that may pose a challenge to herd
immunity (16). Testing of travelers from regions where there is
increased disease prevalence or variants of interest/concern can
potentially reduce transmission (17). In addition, travel testing
can monitor global disease prevalence and assess geographic and
longitudinal trends (18).

Discrimination between SARS-CoV-2 and other respiratory
viruses will continue to be important in optimizing patient care
during endemic COVID-19. Therefore, multiplex PCR assays to
detect SARS-CoV-2, influenza A/B, and RSV should become a
routine part of clinical management of patients who present with
acute respiratory illness (19). Surveillance testing for antibodies
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could also be useful to monitor if population immunity is waning
over time. Studies have shown that the titer of anti-SARS-CoV-2
IgG antibody is detectable up to 15 months after recovery from
COVID-19 (20).

QUALITY ASSURANCE AND LOOKING
AHEAD TO FUTURE PANDEMICS

Quality assurance programs for SARS-CoV-2 tests are necessary
due to global variability in test performance. Approval of a test
for use during the pandemic has not necessarily equated to a
high-quality test. For example, as of July 15, 2021, the US Food
and Drug Administration had determined that 289 SARS-CoV-2
test kits should no longer be used or distributed due to failure
to meet regulatory requirements (13). However, government
intervention should be carefully designed so as not to limit the
potential positive impacts of innovation (21).

In preparation for future pandemics and other infectious
disease outbreaks, governments and global leaders need to invest
in testing capacity and quality and also support the ability to
rapidly scale testing when needed. We should capitalize on the
current momentum to increase capacity for PCR-based testing
and WGS to monitor emerging infectious diseases. SARS-CoV-
2 is not going to exit the world stage soon, but strategic
development and utilization of testing, including viral panels in
addition to vaccination, can keep it in a manageable endemic
state and begin preparing us for the next pandemic.

CONCLUSIONS

In this perspective, we have provided new insights into
the evolving public health dialogue around COVID-19 by
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Background: In the era of the COVID-19 pandemic, people living with HIV (PLWH)
face more challenges. However, it is unclear if PLWH is more susceptible to the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection than HIV-negative
individuals. This study aimed to explore the prevalence of the SARS-CoV-2 infection and
the associated risk factors among PLWH.

Methods: From 1 to 30 May 2020, we conducted a cross-sectional survey that
enrolled 857 PLWH and 1,048 HIV-negative individuals from the Wuchang district in
Wuhan, China. Our data analysis compared the rate of the SARS-CoV-2 infection among
PLWH and HIV-negative participants, and the proportions of symptomatic patients and
asymptomatic infectors between the two groups. We also assessed the risk factors
associated with the SARS-CoV-2 infection among PLWH.

Results: Overall, 14/857 (1.6%) PLWH and 68/1,048 (6.5%) HIV-negative participants
were infected with SARS-CoV-2. Among the SARS-CoV-2-infected PLWH participants,
6/14 (42.8%) were symptomatic patients, 4/14 (28.6%) were SARS-CoV-2 nucleic
acid-positive asymptomatic infectors, and 4/14 (28.6%) were serology-positive
asymptomatic infectors. Among the infected HIV-negative participants, 5/68 (7.4%)
patients were symptomatic and 63/68 (92.6%) were serology-positive asymptomatic
infectors. The rate of the SARS-CoV-2 infection was lower among the PLWH than in the
HIV-negative group (1.96% vs. 5.74%, p = 0.001) and the rate of morbidity among the
symptomatic patients was similar between the two groups (o = 0.107). However, there
were more serology-positive asymptomatic infectors among the infected HIV-negative
participants than among the infected PLWH (0.54% vs. 5.46%, p = 0.001). Furthermore,
being 50 years or older (@OR = 4.50, 95% CI: 1.34-15.13, p = 0.015) and having
opportunistic infections (@OR = 9.59, 95% CI: 1.54-59.92, p = 0.016) were associated
with an increased risk of SARS-CoV-2 infection among PLWH.
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Conclusions: PLWH has more varied forms of the SARS-CoV-2 infection than the
HIV-negative population and should, therefore, undertake routine screening to avoid late
diagnosis. Also, older age (=50 years) and having opportunistic infections increase the
risks of SARS-CoV-2 infection among PLWH.

Keywords: SARS-CoV-2, people living with human immunodeficiency virus (PLWH), IgG, IgM, asymptomatic

infectors, symptomatic patient

INTRODUCTION

By 10 December 2021, a total of 268,501,588 confirmed
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) cases and 5,286,843 SARS-CoV-2-related deaths had been
reported globally since the COVID-19 pandemic onset in 2019
(1). As living with HIV compromises natural immunity and
could translate to more complications in COVID-19-infected
patients, persons living with HIV (PLWH) were considered
more vulnerable to the SARS-CoV-2 (2). However, research
findings from some recent studies showed that the SARS-CoV-2
infection does not increase morbidity in PLWH (3). In addition,
asymptomatic infectors are largely overlooked in the existing
literature as most previous studies did not consider them (4, 5).
Whether knowledge and evidence on the SARS-CoV-2 infection
will remain similar or differ from the existing literature after
accounting for these two groups of SARS-CoV-2 infections is
currently unknown.

This study aimed to investigate further the prevalence of the
SARS-CoV-2 infection and determine its associated risk factors
among PLWH in Wuhan, China.

MATERIALS AND METHODS

Study Design and Participants’

Recruitment

As an extension of our previous work (6, 7), we conducted
a cross-sectional study among two cohorts of people that
participated in the previous SARS-CoV-2 seroepidemiological
survey in the Wuchang district of Wuhan. From 1 May 2020 to
30 May 2020, we recruited PLWH and HIV-negative individuals
aged 18 years and above who had lived in the Wuchang district
for at least 1 month during the COVID-19 onset (from 1
December 2019 to 8 April 2020).

Participant’s Recruitment
All PLWH managed by the Wuchang district Center for Disease
Control and Prevention (CDC) were eligible for recruitment.
This is because all individuals diagnosed with HIV are reported
to the Wuchang CDC through the China National HIV/AIDS
Comprehensive Response Information Management System
(CRIMS) as required by health protocols in the region.
HIV-negative participants were recruited from the general
population in Wuchang. A two-stage cluster random sampling
method was employed for this recruitment. First, communities
were selected as primary sampling units (PSUs) in the first stage,
and families were selected in the second stage. All communities

were eligible for certainty PSUs, of which 11 communities were
selected with a probability proportional to the sized sampling
method. Within each of the 11 communities, 36 households were
selected through a systematic random sampling method, and all
members of the households received an invitation to participate
in the study. To ensure that the age structure of the participants
mirrored that of the natural population, we substituted randomly
the sample where individuals of an age group were missing.

Data Collection

All participants provided demographic information which
included age and gender. All participants self-reported on
COVID-19 testing history, which we double-checked by name
and identification card number in the recorded COVID-19
patients’ records of the CDC information management system.
All SARS-CoV-2 infection diagnoses followed the 8th edition
of clinical practice guidelines for COVID-19 in China (8).
Information from HIV-negative participants was collected using
a structured pretested questionnaire. The PLWH participants
provided additional information on chronic co-morbidities,
HIV infection route, antiretroviral (ARV) regimen, and current
opportunistic infections (Ols) if any. To ensure accuracy, the
PLWH data on ARV regimens was re-obtained from the CRIMS.

Laboratory Procedures

The PLWH received CD4+ T lymphocyte count (CD4 count)
and HIV viral load (HIV-VL) tests. All recruited HIV-negative
participants received HIV antibody screening tests to ensure
that all individuals in the control group were HIV-negative.
All participants were tested for the SARS-CoV-2 infection
using a throat swab sample SARS-CoV-2 real-time fluorescence
polymerase chain reaction (RT-PCR) test and serum IgM/IgG
antibody test. All positive tests (RT-PCR, IgM, or IgG positive)
were sent to China CDC for confirmation. In the laboratory, the
SARS-CoV-2 infection diagnosis was confirmed by respiratory
specimens RT-PCR (Shengxiang Biotechnology Co., LTD), serum
SARS-CoV-2 IgM/IgG antibody colloidal gold test, and magnetic
particle chemiluminescence (qualitative result) (Guangzhou
Wanfu Biotech Co., LTD). All test kits used in the study were
approved by the China Food and Drug Administration (FDA).

Definitions

Chronic co-morbidities in this study include hypertension,
diabetes, chronic respiratory disease, cancer, and any other
clinically diagnosed chronic disease. Our definition of OlIs
followed the guideline formulated by the United States
Department of Health and Human Services (DHHS) (9). All
individuals with the SARS-CoV-2 infection were divided into
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symptomatic patients and asymptomatic infectors. We defined
a “symptomatic patient” as a patient diagnosed with clinical
manifestations, a positive SARS-CoV-2 nucleic acid test. We
divided an asymptomatic infector into nucleic acid-positive
asymptomatic infector and serology-positive asymptomatic
infector. A “nucleic acid-positive asymptomatic infector” was
diagnosed as an infector without clinical manifestations, but
had a positive SARS-CoV-2 nucleic acid test. A “serology-
positive asymptomatic infector” referred to an infector without
clinical manifestations, who had a negative SARS-CoV-2
nucleic acid test, but a positive IgM or IgG antibody
examination. Our estimated total SARS-CoV-2 infection rate
included the proportions of symptomatic patients, nucleic
acid-positive asymptomatic infectors, and serology-positive
asymptomatic infectors.

Statistical Analysis

Continuous variables were expressed as median and interquartile
ranges (Q) [M(P25, P75)], and categorical variables were
expressed as frequency and percentages. We compared
continuous variables using the Wilcoxon rank-sum test and
categorical variables using the %> test or the Fisher’s exact
test. The crude rate of the SARS-CoV-2 infection with a 95%
confidence interval (95% CI) was estimated using the exact
binomial distribution. A logistic regression model was used to
assess the difference in the adjusted rate of the SARS-CoV-2
infection among the PLWH and HIV-negative participants.
The regression model was adjusted for age, gender, and chronic
co-morbidities. Univariate and multivariable modified Poisson
regression methods were used to explore the risk factors
associated with the SARS-CoV-2 infection among PLWH. A
two-sided p-value of <0.05 was deemed statistically significant.
STATA version 13.0 (STATA Corporation, College Station,
Texas) and IBM SPSS Statistics Version 26.0 (SPSS Corporation,
Chicago) software were used for all statistical analysis.

RESULTS

Overall, 910 PLWH under the management of the Wuchang
CDC were eligible for recruitment in the study. A total of
two individuals were excluded because they were living abroad
during the Wuhan lockdown, and 51 refused to participate in
this study. A total of 1,100 HIV-negative individuals selected
from the residents living in the Wuchang district were offered
participation in the study of which 52 declined. Overall, 857
PLWH and 1,048 HIV-negative individuals were enrolled in this
study. The PLWH participants were significantly younger than
the HIV-negative participants (p = 0.001). Also, the PLWH
participants were predominantly males (p = 0.001) and had fewer
co-morbidities than the HIV-negative participants (p = 0.001)
(Table 1).

SARS-CoV-2 Infection Between PLWH and

HIV-Negative Group

The crude SARS-CoV-2 infection rate was 1.63% (14/857) among
PLWH and 6.49% (68/1048) in the HIV-negative group. Of
the 14 SARS-CoV-2-infected PLWH participants, 6 (42.8%)

were symptomatic patients, 4 (28.6%) were nucleic acid-
positive asymptomatic infectors, and 4 (28.6%) were serology-
positive asymptomatic infectors. Among the 68 HIV-negative
participants diagnosed with the SARS-CoV-2 infection, 5 (7.4%)
were symptomatic patients, and 63 (92.6%) were serology-
positive asymptomatic infectors.

The adjusted rate of the SARS-CoV-2 infection was lower
among the PLWH participants (1.96, 95% CI: 0.90-3.01) than
among the HIV-negative participants (5.74, 95% CI: 4.31-7.17;
p = 0.001). Similarly, the adjusted rate of the serology-positive
asymptomatic infectors was significantly lower among the PLWH
participants (0.54, 95% CI: 0.00-1.07) than in the HIV-negative
participants (5.46, 95% CI: 4.02-6.91; p = 0.001). But the
adjusted rate of symptomatic patients did not significantly differ
between the PLWH participants (1.10, 95% CI: 0.11-2.10) and
HIV-negative participants (0.37, 95% CI: 0.04-0.69; p = 0.107)
(Table 2). The rate of serology-positive asymptomatic infectors
among SARS-CoV-2 infection of PLWH is lower than that in the
HIV-negative population (0.4% vs. 6.0%, p = 0.001).

Comparison of the Characteristics of
SARS-CoV-2-Infected and Non-Infected

PLWH

The PLWH infected with SARS-CoV-2 tended to be much older
than uninfected PLWH (53.5 years vs. 35.0 years, p = 0.005)
and had a higher rate of chronic co-morbidities (p = 0.048).
In addition, the PLWH with OIs had a higher SARS-CoV-2
infection rate (14.3%) compared to PLWH without OIs (0.6%)
(p = 0.005). There were no significant differences between the
two groups in terms of these factors: ARV regimens, gender,
HIV transmission routes, CD4 count, and HIV viral load count
(Table 3).

Risk Factors of SARS-CoV-2 Infection
Among PLWH

The univariate regression analysis results showed that older age
>50 years (OR = 8.36, 95% CI: 3.01-23.22, p = 0.001), chronic
co-morbidities (OR = 4.70, 95% CIL: 1.42-15.58, p = 0.011),
opportunistic infections (OR = 23.05, 95% CI: 5.93-89.57,
p = 0.001), and CD4 count <100/l (OR = 0.19, 95% CI: 0.05-
0.76, p = 0.019) were associated with increased odds of SARS-
CoV-2 infection among PLWH. In the multivariable regression
analysis, only older age >50 years (aOR = 4.50, 95% CI: 1.34-
15.13, p = 0.015) and opportunistic infections (aOR = 9.59, 95%
CI: 1.54-59.92, p = 0.016) were associated with increased risks of
SARS-CoV-2 infection among PLWH. The model was adjusted
for gender, chronic co-morbidities, the transmission route of
HIV, CD4 count, HIV viral load count, and ARV regimens
(Table 4).

DISCUSSION

This study extends the existing literature by our consideration
of all three types of SARS-CoV-2 infection and investigated the
risks of total SARS-CoV-2 infection among PLWH. A cross-
sectional survey conducted in May 2020 (1 month after the
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TABLE 1 | SARS-CoV-2 infection between HIV positive and negative group in Wuchang District, 2020 (N = 1905).

HIV-positive group HIV-negative group H/x? value P-value

(N = 857) (N = 1048)
Age, year* 39.7 (29, 50) 47.4 (37, 58) —12.432 0.001
Gender (%) 459.156 0.001
Male 774 (90.3) 451 (43.0)
Female 83 (9.7) 597 (57.0)
Chronic Co-morbidities (%) 118.143 0.001
No 806 (94.1) 793 (75.7)
Yes 51 (5.9) 255 (24.3)
Total SARS-CoV-2 infection (%) 4(1.6) 68 (6.5) 26.978 0.001
Symptomatic patients 6(0.7) 5(0.5) 0.408 0.523
Asymptomatic infectors
nucleic acid positive 4 (0.5) 0 (0.0) 4.902 0.040
serology positive 4 (0.5) 63 (6.0) 42.714 0.001
IgM (+) 19G () 1(0.1) 11(1.1)
IgM (-) 19G (+) 2(0.2) 29 (2.7)
IgM (+) 19G (+) 1(0.1) 23(2.2)

*The data were expressed as median and interquartile ranges (Q) [M (P25, P75)]. Categorical variables were expressed as frequency and percentages Comparisons of continuous
variables using the Wilcoxon rank-sum test and categorical variables using the x? test or the Fisher exact test. “Symptomatic patient” as diagnosed patient with clinical manifestations,
a positive SARS-CoV-2 nucleic acid test. “nucleic acid positive asymptomatic infector” were diagnosed infector without clinical manifestations, but had positive SARS-CoV-2 nucleic
acid test. “serology positive asymptomatic infector” referred to infector without clinical manifestations, who had a negative SARS-CoV-2 nucleic acid test, but a positive IgM or I9gG
antibody examination.

TABLE 2 | Comparison of SARS-CoV-2 infection between HIV positive and negative group in Wuchang District (N = 1905).

HIV positive group HIV negative group P-value
(N = 857) (N =1,048)
Total SARS-CoV-2 infection
Crude rate (%, 95% CI)* 1.63 (0.78-2.48) 6.49 (4.99-7.98)
Adjusted rate (%, 95% CI* 1.96 (0.90-3.01) 5.74 (4.31-7.17) 0.001
Symptomatic patients
Crude rate (%, 95% CI)* 0.70 (0.14-1.26) 0.48 (0.06-0.90)
Adjusted rate (%, 95% CI)* 1.10 (0.11-2.10) 0.37 (0.04-0.69) 0.107
nucleic acid positive asymptomatic infectors
Crude rate (%, 95% CI)* 0.47 (0-0.92) 0
Adjusted rate (%, 95% CI)* NA NA NA
serology positive asymptomatic infectors
Crude rate (%, 95% CI)* 0.47 (0-0.92) 6.01 (4.57-7.45)
Adjusted rate (%, 95% CI)* 0.54 (0.00-1.07) 5.46 (4.02-6.91) 0.001

#Confidence intervals estimated using exact binomial distribution. *The adjusted rate was obtained after adjusting for age, gender, and chronic comorbidities using logistic regression.

primary onset of the SARS-CoV-2 epidemic was contained in  (0.5%, 5/1,048) and infected PLWH (0.7%, 6/857) in our study.
China), showed that the rate of positive SARS-CoV-2 antibodies ~ Similarly, findings from another study showed no significant
among the Wuhan populations was 4.43% (10). This finding  difference in the rate of symptomatic patients between the PLWH
is similar to the total rate of SARS-CoV-2 infection observed  and HIV-negative populations (11).

among the HIV-negative participants in our study (6.5%). Our We found that more SARS-CoV-2-infected PLWH tended to
results also showed that the rate of SARS-CoV-2 infection  be nucleic acid-positive asymptomatic infectors than SARS-CoV-
was lower among PLWH (1.6%) than among the HIV-negative ~ 2 infected HIV-negative individuals. Although no nucleic acid-
participants. But the infected PLWH participants exhibited more  positive asymptomatic infectors were found in HIV-negative
varied forms of SARS-CoV-2 infections than the infected HIV-  participants in this study, we observed that 0.5% (4/857) rate
negative participants. The 0.45% rate of symptomatic SARS-  of nucleic acid-positive asymptomatic infectors among SARS-
CoV-2 infections reported in Wuhan (3) was similar to the  CoV-2-infected PLWH was higher than the previous rates of
rates observed among both infected HIV-negative participants  0.013% (8/61,437 in Wuchang district) and 0.001% (221/1,58,403
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TABLE 3 | Demographic features of enrolled PLWH in Wuhan, China, 2020 (N = 857).

Characteristics Uninfected SARS-CoV-2 Infected SARS-CoV-2 x2-value P-value
(N = 843) (N=14)

Age, year* 35.0 (29, 49) 53.5 (42.25, 61) NA 0.005

Gender (%) 0.105 1.000

Male 761 (90.3) 13(92.9)

Female 82 (9.7) 1(7.1)

Chronic comorbidities (%) 5.892 0.048

No 794 (94.2) 11 (78.6)

Yes 49 (5.8) 3(21.4)

The transmission route of HIV (%) 0.202 0.904

Heterosexual transmission 196 (23.3) 3(21.4)

Homosexual 637 (75.5) 11 (78.6)

Other 10(1.2) 0(0.0)

Ols (%) 31.871 0.005

Yes 5(0.6) 2(14.3)

No 838 (99.4) 12 (85.7)

CD4 count (%) 5.467 0.074

<100 cells/puL 26 (3.1) 2(14.3)

>100 cells/puL 817 (96.9) 12 (85.7)

HIV-VL (%) 0.025 1.000

<20 cells/puL 618 (73.3) 10 (71.4)

>20 cells/uL 225 (26.7) 4 (28.6)

ARV regimens (%) 4.428 0.219

NRTIH+NNRTI 699 (82.9) 13(92.9)

Pls-based 78 (9.3) 0(0.0)

INIs-based 51 (6.0) 0(0.0)

Not on ARV 15(1.8) 1(7.1)

*Data were expressed as median and interquartile ranges (Q) [M (P25, P75)]. Categorical variables were expressed as frequency and percentage. Comparisons of continuous variables
were assessed using the Wilcoxon rank-sum test, while categorical variables were assessed using the 2 test or the Fisher exact test. NRTI, nucleoside reverse transcriptase inhibitors.
NNRTI, non-nucleoside reverse transcriptase inhibitors. Pls, protease inhibitors. INIs, integrase inhibitors. Ols, opportunistic infections.

in Wuhan city) reported by previous Wuhan studies (12, 13). We
hypothesize that two potential factors may have contributed to
this finding. First, it is possible that immune deficiency causes the
body of PLWH to clear the SARS-CoV-2 antibodies more slowly
than SARS-CoV-2-infected HIV-negative individuals (14-16).
This explanation is possible as a previous study found a median
virus shedding time of 19 days in asymptomatic infectors and
14 days in symptomatic patients among SARS-CoV-2 infected
HIV-negative individuals (14). On the other hand, another study
found an-18 day median time of virus shedding among 68%
of the SARS-CoV-2 infected PLWH, but also observed that the
virus was still detectable in 32% of the patients 40 days later
(17). Second, PLWH may not exhibit typical clinical symptoms
of immunodeficiency with a SARS-CoV-2 infection due to their
compromised immunity (18, 19). This may have increased their
possibility of being nucleic acid-positive asymptomatic infectors
at the initial stages of a SARS-CoV-2 infection.

We also found that serology-positive asymptomatic infectors
were preponderant among SARS-CoV-2-infected HIV-negative
individuals (6.0%, 63/1,048) than SARS-CoV-2-infected PLWH
(0.5%, 4/857). This outcome was salient even when multivariable
regression models were adjusted for possible confounding factors

including age and gender. We speculate that three factors
concurrently or individually may have potentially accounted
for this finding. First, previous study findings have suggested
that B-cell dysfunction appears during an HIV infection and
results in impaired antibody responses to vaccines (20). Thus,
the compromised immunity of PLWH leads to insufficient
antibody production than found in HIV-negative people. Second,
it is possible that serum levels of IgG antibody decrease faster
in PLWH than in HIV-negative populations. A study in the
Chongqing province of China made a similar observation
that antibodies decreased by more than 70% in 90% of the
SARS-CoV-2-infected HIV-negative populations after 2 months
(14). Our previous findings also showed that the positive IgG
conversion rate for SARS-CoV-2 infection was relatively lower
and quickly lost in PLWH (21). Finally, practicing preventive
health behaviors like social distancing could have shielded PLWH
from SARS-CoV-2 infection.

Our results showed that PLWH with OIs is at higher risk
of SARS-CoV-2 infection than PLWH without Ols. It is a
well-known phenomenon that the appearance of OIs means
severely impaired immunity, and that means the affected
PLWH are prone to getting other infections (22). However,
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TABLE 4 | The risk factors of SARS-CoV-2 infection among PLWH from Wuchang
district in Wuhan, China (N = 857).

Characteristics Univariate analysis Multivariable analysis*

OR (95%Cl) P-value Adjusted OR P-value
(aOR) (95%Cl)
Age (years)
18-49 1.00 1.00
>50 8.36 (3.01-23.22)  0.001 4.50(1.34-15.13)  0.015
Gender
Male 1.00 1.00
Female 0.65 (0.12-3.50) 0.616 0.82 (0.07-9.12) 0.872
Chronic Co-morbidities
No 1.00 1.00
Yes 4.70 (1.42-15.58) 0.011 2.17 (0.562-9.12) 0.290
The transmission route of HIV
Non-MSM 1.00 1.00
MSM 0.36 (0.11-1.19) 0.093 0.53 (0.13-2.11) 0.617
Ols
No 1.00 1.00
Yes 23.05 (5.93-89.57)  0.001 9.59 (1.54-59.92) 0.016
CD4 count (cells/piL)
<100 1.00 1.00
>100 0.19 (0.05-0.76) 0.019 0.27 (0.04-1.96) 0.197
HIV-VL (copies/mL)
<20 1.00 1.00
>20 1.38 (0.46-4.17) 0.567 0.98 (0.26-3.79) 0.985
ARV regimens
Yes 1.00 1.00
No 0.66 (0.04-11.00)  0.769 1.00 (1.00-1.00) NA

MSM, men who have sex with men. *Each association was mutually adjusted for the other
characteristics in the table. Ols, opportunistic infections.

reports about SARS-CoV-2 infection in PLWH with Ols are
limited (23). On the other hand, the common OIs among
PLWH include tuberculosis, pneumocystis pneumonia, and
bacterial pneumonia. All of these diseases could compromise
the immunity of the local pulmonary and cause lung damage
in severe cases (24). Possibly, the compromised immunity of
the local pulmonary could enhance the risk of SARS-CoV-2
infection in theory. Some studies have also suggested that PLWH
with tuberculosis infection is more susceptible to SARS-CoV-2
infection (25, 26). However, more studies are needed to ascertain
the role of these factors in SARS-CoV-2 infection among PLWH.

At the early onset of the SARS-CoV-2 pandemic outbreak,
many scholars speculated that the ARV drugs may have
therapeutic and preventive effects on SARS-CoV-2 infection (27,
28). Yet, a study in Spain found that the ARV drugs could not
reduce SARS-CoV-2 infection-related morbidity among PLWH
(29). Findings from a randomized controlled open-label trial
also showed no benefits in the use of lopinavir-ritonavir among
the SARS-CoV-2 infection patients (30). Our study findings also
suggest that the ARV drugs do not provide prophylaxis for SARS-
CoV-2 infection among PLWH. Thus, the speculated protection

that ARVs offer to PLWH against SARS-CoV-2 infection is
unfounded; hence we recommend that routine SARS-CoV-2
testing interventions should be tailored to include PLWH.

Our study has several limitations. First, this was a cross-
sectional study, and hence, may not reflect the conditions at the
early onset of the SARS-CoV-2 pandemic outbreak in Wuhan.
Second, our study sample size is relatively small, and this limited
us from conducting more significant analyses. In addition,
differences in the adjusted rate of asymptomatic SARS-CoV-2
infections between the two groups could not be compared since
we found no asymptomatic patients among our HIV-negative
participants. Finally, although the serological IgM/IgG antibody
test had some false positives, each positive specimen was double-
tested to reduce the risk of this error.

In conclusion, our study findings show that SARS-CoV-
2 infected PLWH are more likely to be nucleic acid-positive
asymptomatic infectors, and the seroprevalence of antibodies is
lower among SARS-CoV-2-infected PLWH than SARS-CoV-2-
infected HIV-negative individuals. Therefore, strategies should
be established to enable routine SARS-CoV-2 testing among
PLWH and facilitate early diagnosis among the population. We
also found that older PLWH and those with OIs are at higher risk
of SARS-CoV-2 infection. Therefore, more attention should be
given to encouraging the practice of personal protective behaviors
(like hand washing and social distancing) by this group of PLWH
to reduce exposure to infection.
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Gemma Calamandrei®, Fabrizio Starace*, Marta Caserotti®, Teresa Gavaruzzi®,
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" Unit of Epidemiological Psychiatry and Evaluation, IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy,
2 Service of Statistics, IRCCS Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy, ° Centre for Behavioral
Science and Mental Health, Istituto Superiore di Sanita, Roma, Italy,  Department of Mental Health and Drug Abuse, Azienda
Unita Sanitaria Locale (AUSL) Modena, Modena, Italy, ° Department of Developmental Psychology and Socialization,
University of Padova, Padova, Italy, ° Department of Humanities, University of Ferrara, Ferrara, Italy

Background: The hesitancy in taking the COVID-19 vaccine is a global challenge. The
need to identify predictors of COVID-19 vaccine reluctance is critical. Our objectives were
to evaluate sociodemographic, psychological, and behavioral factors, as well as attitudes
and beliefs that influence COVID-19 vaccination hesitancy in the general population
of Italy.

Methods: A total of 2,015 people were assessed in two waves (March, April and
May, 2021). Participants were divided into three groups: (1) individuals who accepted
the vaccination (“accepters”); (2) individuals who refused the vaccination (“rejecters”);
and (3) individuals who were uncertain about their attitudes toward the vaccination
(“fence sitters”). Group comparisons were performed using ANOVA, the Kruskal-Wallis
test and chi-square tests. The strength of the association between the groups and the
participants’ characteristics was analyzed using a series of multinomial logistic regression
models with bootstrap internal validation (one for each factor).

Results: The “fence sitters” group, when compared to the others, included individuals
of younger age, lower educational level, and worsening economic situation in the
previous 3 months. After controlling for sociodemographic factors, the following features
emerged as the main risk factors for being “fence sitters” (compared with vaccine
“accepters”): reporting lower levels of protective behaviors, trust in institutions and
informational sources, frequency of use of informational sources, agreement with
restrictions and higher conspirative mentality. Higher levels of COVID-19 perceived risk,
trust in institutions and informational sources, frequency of use of informational sources,
agreement with restrictions and protective behaviors were associated with a higher
likelihood of becoming “fence sitters” rather than vaccine “rejecters.”

Conclusions: The “fence sitters” profile revealed by this study is intriguing and should
be the focus of public programmes aimed at improving adherence to the COVID-19
vaccination campaign.

Keywords: trust, conspiracy, vaccination, perceived risk, restrictions, protective behaviors
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has caused
havoc in global healthcare systems and has had a significant
impact on different aspects of daily life (1-3), prompting
pharmaceutical companies to urgently create vaccines and
monoclonal antibodies to combat this public health emergency.
The development of safe and effective COVID-19 vaccinations is
widely regarded as the first step toward a long-term solution to
the pandemic. Indeed, a high vaccination rate would ensure the
pandemic’s eradication or control. However, as the pandemic has
progressed, the number of people willing to get vaccinated has
declined (4). Even before the COVID-19 crisis, the World Health
Organization (WHO) confirmed vaccine hesitancy as one of the
top 10 global health threats for 2019. The SAGE Working Group
has defined vaccine hesitancy as “a delay in acceptance or refusal
of vaccines despite availability of vaccination services” adding that
“vaccine hesitancy is complex and context specific, varying across
time, place and vaccines” (5, 6).

Vaccine hesitancy is influenced by factors such as confidence
(do not trust vaccine or provider), complacency (do not
recognize a need for a vaccine, do not value vaccination) and
convenience (accessibility to vaccines) (7). COVID-19 vaccine
hesitancy has been frequently linked to fears that the vaccinations
are unsafe, they were developed too quickly, they may induce
adverse effects (e.g., infertility, death), they are pointless due to
COVID-19’s innocuous nature, and they are designed to inject
microchips (8-13). Moreover, some conspirative theories suggest
that pharmaceutical corporations produced and disseminated the
virus in order to sell their medications and vaccines (14, 15).

Therefore, it is critical to identify the predictors of COVID-
19 vaccine hesitancy so that specific ad hoc public programmes
and communication strategies can be implemented to inform
governments, increase the positive responses to the COVID-19
vaccination campaign (including the “booster dose” or periodic),
and establish guidelines for better managing future pandemics.
Previous studies have indicated that the factors affecting vaccine
intention and uptake differ substantially depending on the
country, culture and socioeconomic conditions. COVID-19
vaccine hesitancy has been associated with younger age (16-21),
female gender (12, 16, 18, 19, 22-24), adherence to conspiracy
theories (14, 16, 18), belief that the risks related to the COVID-
19 pandemic had been exaggerated by the media and that
the pandemic would not last much longer (25), low perceived
risk (16, 18, 24, 26), lower use of traditional and authoritative
information sources (27), poor perception of government
measures (20) and low trust/confidence in scientists, healthcare
workers, health systems and government (12, 16, 20, 22, 28).
Furthermore, a recent Italian study (29) focusing on vaccination
hesitancy in case people will be tested positive for COVID-19 (i.e.,
post-positive reluctance) and those who relied on others to get
vaccinated (i.e., free-riding intention) discovered that these two
groups had a medium or high frequency of media information
use and medium or high levels of conspiracy-mindedness.
Various studies have revealed contrasting results for income
and education. Specifically, some studies found that vaccine
reluctance was associated with lower education (16, 18, 30) and

lower income (16, 20, 30), while others discovered that vaccine
hesitancy was higher in people with a university/postgraduate
education degree (22), college-level education (26) or higher
monthly income (12).

Despite their importance, most of these studies have focused
on attitudes and intentions toward vaccines, rather than on
behavior (acceptance or refusal), mostly when they were not
available yet (i.e., until the end of 2020). Furthermore, limited
studies have investigated the predictors of COVID-19 vaccine
hesitancy in the general Italian population (31-35), and only
a few study have looked into the predictors that differentiate
individuals who accepted the vaccination (“accepters”),
individuals who refused the vaccination (“rejecters”) and
individuals who were uncertain about getting vaccinated when
the vaccine will be available for them (“fence sitters”).

Therefore, the present study aimed to determine which
sociodemographic, psychological, belief and behavioral factors
influence COVID-19 vaccine hesitancy in a representative
sample of the Italian general population, with a special focus
on “fence sitters” profiles. According to Verger and Dubé (36),
“fence sitters” are a primary target for measures aimed at
increasing vaccination coverage. In particular, we aimed at: (1)
exploring sociodemographic, psychological, belief and behavioral
differences between “accepters,” “rejecters” and “fence sitters,”
and (2) identifying the factors that most predict the likelihood
of being “accepters” vs. being “fence sitters,” and the likelihood of
being “rejecters” vs. being “fence sitters.”

METHODS

Participants and Procedures

This cross-sectional study is part of a larger project promoted
by the WHO Regional Office for Europe called “Monitoring
knowledge, risk perceptions, preventive behavior and trust to
inform pandemic outbreak response” and conducted in 33
countries (see WHO 2021 for the full protocol). The Italian
survey COVID Monitoring in Italy (“COMIT”) (registered
ISRCTN on 11/05/2021, ID: ISRCTN 26200758) was conducted
in four waves (January-—May 2021) with a sample of 10,013 people
aged 18-70 years old using an online questionnaire designed
ad hoc by WHO. In this manuscript, we will discuss specific
data on behavior and attitudes toward the COVID-19 vaccine,
involving 2,015 participants from the Italian general population
and collected in the last two waves (when vaccines become
accessible to a large portion of the population): Wave 3 (237
March-2"¢ April 2021) and Wave 4 (7-20% May 2021). Figure 1
shows the flowchart for sampling selection.

A detailed sampling plan was designed to obtain a
representative stratification of the Italian adult population. The
following variables were employed to stratify the participants:
by gender, by age (18-34, 35-44, 45-54, and 55-70 years);
geographical area (Northwest, Northeast, Center, South, and
Islands), size of living centers (above and below 100,000
inhabitants), education level (up to lower middle school,
beyond lower middle school) and employment (employed,
not employed). According to the most recent data from the
Italian Statistics Institute (ISTAT, 12/31/2019), a weighting
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Assessed for eligibility

(Total sample size, n=5,007)

V

Have you been offered
l the chance to get the

COVID-19 vaccine?

No
(n=3,539)

\/

When a COVID-19 vaccine will be
available for you, will you

Yes
(n=1,468)

\/
V

v

vaccinate? ﬁ[ Did you vaccinate? ]—
v
' No
g (n=166) Yes
«Neither agree nor
disagree» ‘
; X Excluded (n=28) who refused to
- — | be vaccinated for medical ‘Accepters’
‘Fence sitters’ reasons. 9’;":;82
group (n=575) (n=1,302)

(n=138)

‘Rejecters’ group

FIGURE 1 | Flow-Chart of groups’ stratification.

technique was conducted at the end of each wave to precisely
restore the proportionality of the total sample investigated
with the reference population. The main socio-demographic
and geographic variables were weighted (e.g., sex by age by
geographical area, occupation, education, geographical area and
size of living centers). The survey study was conducted by
Doxa S.p.A. and carried out using an online panel utilizing
the computer-aided web interview technique (CAWI) and the
Confirmit software platform. All participants, as a representative
sample of the target population, received an invitation by e-
mail to fill the online interview via a link: first, informed
consent was requested and then the questionnaire was accessed.
The average administration time was ~20 min. This study was
approved by the Ethics Committee and all participants gave their
informed consent.

Measures

The WHO questionnaire covered 21 different subject categories,
including knowledge, risk perception, preventive behaviors,
and trust. Following the WHO’s translation guidelines, the
questionnaire was translated into Italian. Forward translation,
panel experts, back-translation, pre-test and cognitive interviews
and development of the final edition were all part of the process.

In this article, we considered the following domains of the
WHO questionnaire: socio-demographic characteristics (i.e.,
age, sex, education level, occupational status and financial
situation), personal direct and indirect experience with
COVID-19, COVID-19 perceived risk, trust in healthcare
institutions, trust in information provided by media, trust in
information provided by institutions, frequency of use of media
information sources, frequency of use of health information
sources, agreement with restrictions enforced by the Italian
government during the pandemic, conspiracy mentality
assessed using the Conspiracy Mentality Questionnaire
(CMQ) (37), wellbeing assessed through the WHO-5 (38)
and three items of the Brief Resilience Scale (39). Detailed
information on the items covered in each factor is presented in
Supplementary Table S1.

The willingness to be vaccinated was evaluated using three
questionnaire items (see Figure 1). The “rejecters” group was
represented by individuals who refused the COVID-19 vaccine
(with the exception of those who were unable to get the
vaccination because of medical reasons); the “accepters” group
included those who accepted the vaccine; finally, the “fence
sitters” group included those who had not been offered the
vaccine at the time of the survey and who chose the middle point
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“neither agree nor disagree” on the Likert 7-point scale at the item
exploring their willingness to get vaccinated in the near future.

Since the three groups matched distinct demographic strata
in terms of vaccination time schedules at the time of the
survey, ad-hoc methodological changes were made as needed (see
next section). These adjustments were required due to differing
vaccination access: in fact, “accepters” and “rejecters” belonged to
a subgroup of the population (e.g., older people, health workers,
educational staff and individuals with chronic diseases) who were
offered the vaccination first, whereas “fence sitters” belonged to a
larger stratum of the general population who were excluded from
the initial vaccination schedule and had to wait longer to receive
the vaccine as per the government policy.

Statistical Analyses

Descriptive statistics consisted of means and standard deviations
(SD) for continuous variables and frequency tables for categorical
variables. The Kolmogorov-Smirnov and Shapiro-Wilk tests
were utilized to analyse whether continuous variables were
normally distributed. ANOVA (or the related non-parametric
Kruskal-Wallis test if the investigated variable was not normally
distributed) was used to compare groups in terms of mean scores,
and multiple comparisons were adjusted with Bonferroni post-
hoc technique. The relationships between categorical variables
and groups were examined using the chi-square test.

Due to the large number of WHO items, a data reduction
approach based on exploratory factor analysis was applied to
derive a few key factors (see Supplementary Table S1). To assess
the strength of the association (expressed in terms of Odds
Ratio and Nagelkerke’s R? [N-R?] index) between the study
groups and the subjects’ features, a series of multinomial logistic
regression models (one for each factor) were employed with
groups (“accepters,” “fence sitters” and “rejecters”) as dependent
variables and behavioral factors as independent variables. To
account for possible biases due to the different subpopulations in
the three groups, we included the main findings of the descriptive
analyses related to these three groups in the multinomial logistic
regression model, and the models were adjusted for age, gender,
chronic disease, educational level, working (and health-working)
status, economic situation in the last 3 months and COVID-
19 infection, to manage the potential confounding effect caused
by the disparity between the two groups who were offered the
vaccination (“accepters” and “rejecters”) and the group that was
not yet offered the vaccination (“fence sitters”) and was assessed
on their willingness to get vaccinated in the future. The results
were confirmed using the bootstrap method on 500 bootstrap
samples to account for the imbalance of the three groups (40).
Analyses were performed using R (41) and SPSS version 27.0.

RESULTS

Table 1 and Figure 2 show the sociodemographic, psychological,
belief and behavioral characteristics and differences between
the three subgroups. As expected, almost all variables were
distributed differently across the three groups. In terms of
socio-demographic features, “fence sitters” were younger (Mage
= 43.1, SD = 11.9) than “accepters” or “rejecters” (Mpage =

50.5 and 49.9, SD = 11.8 and 11.9, respectively) (p < 0.001).
Significant differences were also found between groups in terms
of education, with “fence sitters” and “rejecters” having the
lowest level of education and “accepters” having the highest;
occupational status, with “fence sitters” showing a higher rate
of unemployment; financial situations, which had low rate of
improvement in the last 3 months for “fence sitters”; and
COVID-19 experience, with “accepters” having more direct (10.3
vs. 7.5% of “fence sitters” and 5.8% of “rejecters,” p < 0.001) and
indirect (79.0 vs. 64.7% of “fence sitters” and 73.2% of “rejecters,”
p < 0.001) experience with the virus (i.e., had personally been
infected or knew someone who contracted the virus). “Fence
sitters” had the lowest rate of chronic diseases (17.1 vs. 30.4%
in “rejecters” and 32.0% in “accepters,” p < 0.001). These
sociodemographic and clinical differences accurately reflect the
official vaccination policy during the study period, when people
who were first offered the vaccine (here divided into “accepters”
and “rejecters”) were predominantly older, had chronic diseases,
were highly educated (e.g., health workers or teachers), or had
priority in the vaccination campaign due to risks of the virus
contagion and spread related to their job.

Psychological and behavioral factors and beliefs were
distributed very clearly among groups, as shown in Figure 2:
the CMQ scores range from “accepters” (lowest) to “rejecters”
(highest), with “fence sitters” in the middle, while protective
behaviors, trust and use of media and Health information
sources, trust in Healthcare Institutions, agreement with
restrictions and COVID-19 perceived risk have the opposite
trend: from “rejecters” (lowest values) to “accepters” (highest
values). In post-hoc comparisons there were no differences
between “fence sitters” and “accepters” in terms of frequency use
of media information sources.

The findings of the resilience tests are also intriguing, with
“rejecters” scoring the highest value, and “accepters” scoring
higher than “fence sitters,” who are once again in the most
unfavorable position (these differences, however, did not remain
in the post-hoc comparisons).

The multinomial logistic regression models (Table 2) show
that for every additional point of COVID-19 perceived risk,
the probability of being a “rejecter” rather than a “fence sitter”
was about halved (OR = 0.53, p = 0.002). There was also a
link between trust and use of the media and health information
sources, as well as agreement with restrictions, with each
additional point lowering the probability of being a “rejecter”
rather than a “fence sitter” by ~30 to 40%. Higher protective
behaviors, trust in Healthcare Institutions and agreement with
restrictions were also associated to a greater probability of being
a “fence sitter” rather than a “rejecter” (OR = 0.76, p = 0.049, OR
= 0.75, p = 0.042 and OR = 0.58, p = 0.002, respectively). The
CMAQ scores was no longer significantly associated with being a
“fence sitter” rather than a “rejecter” after covariates adjustment.

Increases in specific psychological and behavioral factors were
linked to a higher probability of being an “accepter” rather than
a “fence sitter.” These factors are: trust in healthcare institutions
(OR = 1.75, p = 0.002) and trust and frequency of use of health
information sources (OR = 1.79, p = 0.002 and OR = 1.89, p
= 0.002, respectively), trust in media information sources (OR
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TABLE 1 | Sociodemographic, psychological, belief and behavioral differences between “Rejecters,” “Fence sitters” and “Accepters”.

“Rejecters” (N =  “Fence sitters” (N “Accepters” (N p-value Post hoc
138, 6.8%*) = 575, 28.5%*) = 1,302, 64.6%*)
Socio-demographic information
Age (years; mean, SD) 49.9 (11.9) 43.1 (11.9) 50.5(11.8) <0.001 FS<A/R
Gender (n, % Male) 69 (50.0%) 272 (47.3%) 645 (49.5%) 0.649
Education <0.001
0-8 years (n, %) 64 (46.4%) 264 (45.9%) 394 (30.2%)
9-13 years (n, %) 49 (35.5%) 225 (39.1%) 532 (40.9%)
>13 years (n, %) 25 (18.1%) 86 (15.0%) 376 (28.9%)
Working (n, % yes) 81 (568.7%) 285 (49.6%) 713 (54.8%) 0.052
Being health worker (n, % yes) 5 (6.2%) 5(1.8%) 136 (19.1%) <0.001
Chronic disease (n, % yes) 42 (30.4%) 98 (17.1%) 416 (32.0%) <0.001
Economic situation in last 3 months <0.001
Improved (n, %) 9 (6.7%) 22 (3.9%) 62 (4.8%)
Remained the same (n, %) 87 (64.4%) 300 (53.5%) 884 (68.6%)
Worsen (n, %) 39 (28.9%) 239 (42.6%) 342 (26.6%)
Wellbeing status 0.013
Good WB (n, %) 61 (44.2%) 215 (37.4%) 597 (45.9%)
Poor WB (n, %) 39 (28.3%) 180 (31.3%) 374 (28.7%)
Depression (n, %) 38 (27.5%) 180 (31.3%) 331 (25.4%)
COVID-19 experience
Personal experience (n, % yes) 8 (5.8%) [4.3%]™ 43 (7.5%) 134 (10.3%) <0.001
[23.2%]** [72.5%]*
Experience of acquaintances (n, % yes) 101 (73.2%) 372 (64.7%) 1,029 (79.0%) <0.001
[6.7%]* [24.8%]™ [68.5%]*
Conspiracy Mentality Questionnaire score (mean, SD) 25.0 (56.3) 23.7 (4.8) 22.2 (5.5) <0.001 R>FS>A
Protective behaviors (mean, SD) —-0.4 (1.2 —0.1 (1.0) 0.1(0.8) <0.001 R<FS<A
Trust in Media Information sources (mean, SD) -0.4 (1.2 —0.1(0.9) 0.1 (0.9 <0.001 R<FS<A
Trust in Health Information sources (mean, SD) -0.7(1.2) —-0.3(0.9 0.2 (0.9 <0.001 R<FS<A
Frequency use media information sources (mean, SD) -0.3(0.9) 0(0.8) 0(0.9) <0.001 R<FS/A
Frequency use Health information sources (mean, SD) -0.7 (1.0 —-0.3(0.9 0.2 (0.9 <0.001 R<FS<A
Trust in Healthcare Institutions (mean, sd) -0.6(1.2) —-0.3(0.9 0.2 (0.9 <0.001 R<FS<A
Agreement with restrictions (mean, SD) —0.5(1.1) —0.1(0.8) 0.1 (0.9 <0.001 R<FS<A
COVID-19 Perceived risk (mean, SD) -0.3(1.0) —-0.1(0.8) 0.1 (0.7) <0.001 R<FS<A
Resilience (mean, SD) 0.1 (1.1) —-0.1(0.8) 0(0.9) 0.042 /

"Percentages refer to the total sample included in these analyses (N = 2,015).

" Percentages refer to the total of COVID-19 Personal experience (N = 185) and of acquaintances (N = 1,502).

R, “Rejecters”; FS, “Fence sitters”; A, “Accepters”.
Bold values refer to p value < 0.05.

= 1.18, p = 0.044) and agreement with restrictions (OR = 1.27,
p = 0.006). The effects of protective behaviors (OR = 1.20, p =
0.036) were still significant. On the contrary, a lower Conspiracy
Mentality Questionnaire (OR = 0.94, p = 0.002) was associated
with a higher probability of being an “accepter” rather than a
“fence sitter.” After covariates adjustment, COVID-19 perceived
risk was no longer significantly associated with being a “fence
sitter” rather than an “accepter.” Figure 3 shows an overview of
the findings of the multinomial logistic regression models.

DISCUSSION

Our study found that several factors have been linked
to acceptance, fence sitting, or refusal of the COVID-19

vaccine. These include sociodemographic features (such as
age, education, economic situation, having a chronic disease,
COVID-19 experience), psychological wellbeing, attitudes and
beliefs (such as trust in media sources and institutions, trust in
institutions, agreement with restrictions, COVID-19 perception
risk, conspirative mentality) and behaviors (i.e., protective
behavior against the virus, frequency of use of media or
institutional informational sources).

Sociodemographic Factors

Our findings imply that the three identified subgroups have
significant differences in some sociodemographic features.
Indeed, the majority of “fence sitters” were mainly young people
with a low educational level, worsened economic situation in the

Frontiers in Public Health | www.frontiersin.org

66

April 2022 | Volume 10 | Article 873098


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Zarbo et al.

Vaccine Hesitancy in Italy

Factors by group

0.5 1
3 0.0 1
EN
(2]
]
<
+
c
3
= -05-

-1.0 - T T T T T T T T T T T

A 2 2 A A 2
OOL % % % O 8 % %, '%J. 8, Ooo
, C T h, ey ey h, Gk, %,
S 2.
e % %, B 5 5 %o s, %o % %
0, 4, (7 %, 7, 7, %, %,
O % % 23 % 2
Y S TR %, By D
% %, A 7 % % O3 )
% > 9, (o] D D /'qq
4
Factor
[Group Accept. FenceSit Reject. |
FIGURE 2 | Average scores of factors in the three groups (Accepters, Fence Sitters, and Rejecters)*. *To facilitate visualization and interpretation, Wellbeing and
Conspiracy scores were standardized. Error bars represent 95% confidence intervals.

preceding 3 months, lower rates of both employment as health
workers and chronic diseases. No differences between the three
groups were found for gender and working status. At odds with
this finding, other studies suggested that there is an association
between female gender and vaccine hesitancy (12, 16, 18, 19, 22—
24). Our results were consistent with previous studies that linked
COVID-19 vaccine hesitancy to sociodemographic factors such
as younger age (16-21), lower education (16, 18, 30) and lower
income (16, 20, 30).

Our results highlight the relevance of education in affecting
vaccination behavior and attitudes (i.e., only 15.0% of “fence
sitters” had an education level > 13 years, compared with 28.9%
of the “accepters”). Indeed, we suppose that low education may
be linked to poor health literacy, which is related to the ability to
obtain, process and understand essential health information and
services required to make informed health decisions (42). As a
result of this shortcoming, there may be misunderstanding and
uncertainty, reducing the willingness to get vaccinated.

Furthermore, we found that economic situations may have a
significant impact on the decision to get vaccinated. This may be
because individuals who did not experience economic difficulties
as a result of the pandemic felt “protected” by the government
and were more prone to trust and agree with government policies
(i.e., including vaccination campaign).

In addition, we found that “accepters” reported higher rates
of both direct and indirect experience with COVID-19 infection
than vaccination skeptics; closer interaction with the virus may

contribute to a greater risk perception and sensitivity to the need
of protecting themselves. However, this point should be further
investigated because it contradicts previous results that people
who believed they had COVID-19 were less likely to report
following lockdown measures (43), and people who had COVID-
19 with severe symptoms were more hesitant to take the vaccine
than people who did not experience the disease at all (44).

Psychological Wellbeing

When compared to the “accepters,” the “fence sitters” group
reported lower rates of wellbeing status. Individuals with
psychological difficulties may vacillate in their decision to get
vaccinated due to maladaptive behavior (i.e., reduced medical
seeking, lower prevalence of health-protecting behavior, poor
self-care and noncompliance with medical prescriptions), which
is common among them (45, 46). Individuals with psychological
difficulties may be more hesitant to self-protect and follow the
vaccination campaign as a result of this predisposition. However,
to the best of our knowledge, only a few studies have investigated
the relationship between psychological status and COVID-19
vaccination intentions or behavior. Batty et al. (47) discovered
that having a pre-pandemic diagnosis of anxiety or depression,
or a high score on the distress symptom scale, had no influence
on vaccine willingness. Therefore, our findings highlight that
“fence sitters” had the highest psychological burden and for
these reasons, they require specific attention in light of ongoing
vaccination campaigns.
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TABLE 2 | Likelihood of being in the “Rejecters” or “Accepters” respect to “Fence
sitters” group: output of the multinomial logistic regression models (one for each
factor).

Rejecters OR* 95% C.L.* p-value** Nagelkerke’s R?
Wellbeing status 0.226
Good WB (n, %) 1 (ref)
Poor WB (n, %) 117 0.62-2.21 0.653
Depression (n, %) 1.15 0.61-2.18 0.685
Protective behaviors 0.76  0.59-0.97 0.049 0.237
Trust in Media 0.72  0.55-0.95 0.040 0.237
Information sources
Trust in Health 0.71 0.55-0.92 0.024 0.297
Information sources
Frequency use media 0.69 0.51-0.94 0.038 0.231
information sources
Frequency use Health 0.61 0.46-0.81 0.002 0.317
information sources
Trust in Healthcare 0.75 0.59-0.97 0.042 0.288
Institutions
Agreement with 0.58 0.44-0.78 0.002 0.255
restrictions
Conspiracy Mentality 1.02 0.97-1.08 0.415 0.246
Questionnaire
COVID-19 Perceived 0.53 0.38-0.75 0.002 0.240
risk
Resilience 117  0.88-1.54 0.333 0.223
Accepters OR* 95% C.I.*  p-value** Nagelkerke’s R?
Wellbeing status 0.226
Good WB (n, %) 1 (ref)
Poor WB (n, %) 0.92 0.63-1.34 0.693
Depression (n, %) 0.73 0.50-1.06 0.120
Protective behaviors 1.20 1.02-1.41 0.036 0.237
Trust in Media 1.18  1.00-1.39 0.044 0.237
Information sources
Trust in Health 1.79 151213 0.002 0.297
Information sources
Frequency use media 1.08  0.91-1.29 0.389 0.231
information sources
Frequency use Health 1.89 1.59-2.26 0.002 0.317
information sources
Trust in Healthcare 1.75  1.47-2.08 0.002 0.288
Institutions
Agreement with 127 1.07-1.51 0.006 0.255
restrictions
Conspiracy Mentality 0.94 0.91-0.97 0.002 0.246
Questionnaire
COVID-19 Perceived 1.09 0.89-1.34 0.361 0.240
risk
Resilience 1.00 0.85-1.17 0.954 0.223

"Adjusted for age, chronic disease, educational level, working status, health-working
status, economic situation in last 3 months and COVID-19 experience.

“Bootstrap results, based on 500 bootstraps samples.

Bold values refer to p value < 0.05.

Attitudes and Beliefs

We observed that trust in both media and health information
sources and in healthcare institutions, as well as agreement with

restrictions, conspirative mentality and COVID-19 perception
risk, were all associated with vaccine behavior or attitudes. Lower
levels of trust in media and health information sources and in
healthcare institutions, as well as agreement with restrictions,
and higher levels of conspiracy mentality, were all linked to a
higher likelihood of being in the “fence sitters” group rather
than the “accepters” group. Additionally, a higher level of
trust in both media and health information sources, as well
as in healthcare institutions, agreement with restrictions and
an increased COVID-19 risk perception were associated with a
higher likelihood of being in the “fence sitters” group rather than
the “rejecters” group.

Our results are in line with previous studies indicating an
association between COVID-19 vaccine hesitancy and adherence
to conspiracy theories (14, 16, 18, 29, 48), poor perception of
government measures (20) and a lack of trust/confidence in
scientists, healthcare personnel, health institutions and/or the
government (12, 16, 20, 22, 28). Furthermore, past research has
revealed that conspiracy theories can harm trust in authorities
and institutions (49, 50), as well as act as barriers to health
protective behavior, including unwillingness to vaccinate (14, 48,
50-53).

We found that “rejecters” had lower COVID-19 perceived
risk than “fence sitters” and “fence sitters” had lower COVID-19
perceived risk than “accepters.” Furthermore, increased COVID-
19 perceived risk was linked to a higher likelihood of being
in the “fence sitters” group rather than the “rejecters” group,
even after adjusting for sociodemographic factors. Interestingly,
vaccine “accepters’ reported the highest levels of COVID-19
perception risk even if their got vaccinated. We may argument
that probably this may be a trait-related perception that led
them to choose vaccination as protection. Moreover, it is possible
that “rejecters” may not have trusted the available information
concerning the severity of the COVID-19 virus and hence
perceived a low risk. Indeed, earlier research focusing on groups
with significant vaccine hesitancy has reported the belief that
risks related to the COVID-19 pandemic had been exaggerated
by the media and that the pandemic would not last long (25).
Indeed, previous studies on vaccine hesitancy (covering both
“rejecters” and “fence sitters”) indicated that this group has a
low perceived risk (16, 18, 24, 26). Our study may allow a better
distinction in risk perception between those who refused and
those who were uncertain about their future decision, pointing
to a higher perceived risk in those who were unsure about their
future decision.

Behavioral Factors

We found that a higher frequency of using health informational
sources, and higher rates of protective behavior were linked to
a higher likelihood of being a vaccine “accepter” rather than
a “fence sitter.” This finding is consistent with earlier research
that identified a link between vaccine hesitancy and either a
lesser use of traditional and authoritative information sources
(27) or a higher use of media information sources (29, 54).
During a global emergency, the frequency with which different
information sources, particularly institutional ones, are used is
critical. A low rate of usage of institutional information sources
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may be associated with vaccine reluctance because people are
misinformed about vaccines and their efficacy, and they regard
them as something out of their control.

We also discovered that “fence sitters” reported COVID-19
associated protective behavior that was lower than to vaccine
“accepters” but higher than that of vaccine “rejecters,” which
could be related to the trend of risk perception among three
groups. We suppose that protective behaviors are closely linked
to the risk perception: indeed, an increased risk perceived may be
associated with an higher probability that protective behaviors,
including vaccination, are implemented.

Limitations

The length of the survey was the study’s principal constraint.
Indeed, the COVID-19 vaccine was only offered to specific
population groups in Italy in March, April and May 2021
(i.e., healthcare workers, older people, individuals with chronic
and disabling diseases and educational staff), as shown by the
socio-demographic characteristics of the three groups studied.
This limitation may limit the generalizability of these findings
to the whole Italian population. To reduce selection bias, we
adjusted multinomial logistic regression for all sociodemographic
features which were linked to vaccination rates. Therefore, the
logistic regression models were adjusted for age, gender, chronic
disease, educational level, working (and health-working) status,
economic situation in the last 3 months and COVID-19 infection.
In this way we were able to manage the potential confounding

effect caused by the disparity between the two groups who
were offered the vaccination (“accepters” and “rejecters”) and
those who were not yet offered the vaccination (“fence sitters”)
and were assessed about their willingness to get vaccinated in
the future.

Furthermore, in the case of “fence sitters,” we only assessed
a snapshot of vaccination views at a single point in time,
when vaccination had not yet been proposed to them; thus, we
have no way of knowing how vaccine attitudes may evolve in
response to circumstantial or individual changes (e.g., COVID-
19 spread, economic changes or personal experiences). Finally,
the representativeness of the Italian adult population is limited
to individuals under the age of 70 who have access to the
Internet. Unfortunately, during a pandemic conducting face to
face interviews is not recommended since it may favor subjects
exposure to the risk of contagion, and for this reason the conduct
of an online questionnaire administration was a mandatory
choice. The missed involvement of older people and people not
acquainted with ITC devices was a necessary limitation to prevent
Covid-19 and to promote good health practice.

CONCLUSIONS

The WHO has stated that media messaging about public
health issues can have a huge impact on individual behavior.
Therefore, the results of this study may be useful in informing
governments and addressing specific media communication
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strategies, particularly for those who are uncertain about
getting vaccinated against COVID-19. Specific communication
strategies should be developed to improve the frequency of
use and trust in health information sources, as well as to
alleviate the concerns of vaccine skeptics. The profile of
“fence sitters” that emerged from this study is particularly
interesting because it highlights a specific profile of a young
person, who is poorly educated, has economic difficulties,
and is particularly concerned about the pandemic in terms
of subjective psychological distress. People in their early 40s
who are poorly educated and have economic difficulties should
be the sociodemographic target profile of public programmes
aimed at improving vaccine campaign adherence. Given the
“fence sitter” group’s characteristics, it is likely that this segment
of the population is most concerned about the possible side
effects of vaccines. From this perspective, targeted information
about the vaccinations’ potential side effects could persuade
a significant number of “fence sitters” to get vaccinated.
According to the “five Cs)” to combat vaccine hesitancy
(55), communication strategies and public programmes should
emphasize the following features: Confidence (i.e., vaccines are
important, safe and effective); Complacency (i.e., perception
of low risk and disease severity); Convenience (i.e. access
issues based on the context, time and specific vaccine being
offered); Communications (i.e., decreasing misinformation and
infodemic); and Context (i.e., sociodemographic characteristics).
To address the public’s concerns and build confidence, a true
transparent communication is essential.
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Two years after the first reported case and a year after the first shot of an effective vaccine, COVID-
19 remains a major global threat and source of uncertainties. Although many thought a year ago
that 2022 would be the year to return to normalcy, the world welcomed the New Year with record
number of daily new cases in most countries. This is happening while we are having 10 vaccines
approved for use by the World Health Organization (1) and some 64.5% of the global population
has already taken at least a dose of one of the vaccines (2). The success against the pandemic was
undermined by an inequitable distribution of the vaccines (3) and evolution of highly transmissible
variants of the virus (4). Today while most of the wealthy countries have provided a booster dose
vaccination for at least a third of their population (2), only 14% of the population in Africa has
received the first shot (5). Paradoxically, there is a relevant proportion of the population, especially
in high-income countries, that oppose getting immunized, as part of the no-vax movement (6).

The onset of November 2021 saw many countries relaxing their COVID-19 travel restrictions.
However, the announcement of B.1.1.529 (Omicron), a highly mutated variant, by WHO on 26
November 2021 as variant of concern (7) led to an epidemiological situation that the world was
not quite prepared for. This soon led to many countries reimposing their restrictions. Although
mutations leading to new variants are evolutionary features of the virus (8), such occurrences
remain a major setback even in an era where the world disposes of ever more tools to fight infectious
diseases. The Delta variant (B.1.617.2) was first discovered in India in late 2020, spread to 179
countries and became the dominant variant globally in less than a year. It caused more infections,
hospitalizations, and deaths globally specially among unvaccinated people than previous variants
(9). This happened when there were effective vaccines already widely available.

Since its discovery in November 2021, the Omicron variant is spreading at an unprecedented
rate, surpassing all previous variants (10). It is now the predominant variant circulating globally,
due to its so far milder course of illness, and its potential to escape from vaccine-induced immune-
responses (11). Omicron has several sub-lineages of which BA.1 and BA.2 are the most common
ones (12). Although BA.1 has been the predominant Omicron sub-lineage until recently, the
relative proportion of BA.2 sub-variant is increasing in several countries in the past few months
(13). It is thought to be more transmissible and shorter doubling time than BA.1 (14). Existing
evidence also shows that the BA.2 sub-variant has an even more pronounced immune escape
capacity and higher resistance to existing treatments (15). Despite these facts, Omicron in general
is associated with lower risk of severe disease, hospitalization (16), and death than the previous
variants such as Delta (17).

Controlling the spread of Omicron has been found to be more challenging due to the
diverse nature of the subvariants. Most infected people have milder symptoms and therefore may
continue their social interactions, infecting many others in the process. The proportion of infected
individuals ending up in hospitals and ICU as well as dying of COVID-19 may be lower than
the previous circulating variants, but the absolute number may be much higher due to the sheer
incidence of infections. Thus, the Omicron variant may ultimately result in a much higher pressure
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on public health systems than previous variants especially in
resource limited settings. The surge of the new sub-lineages such
as BA.2 may even prolong and aggravate the current Omicron
wave (14).

On the other hand, the fact that this variant has milder
symptoms may result in more people (vaccinated or
unvaccinated) getting the infection with relatively lower
health impact as per case. This may ultimately lead to widespread
immunity in a faster way. Although the degree of protective
immunity conveyed by natural infections from previous
variants is not clear yet, recurrent infections and break-through
infections in vaccinated people may lead to more robust immune
responses (18).

The full picture of the upcoming months may reveal a high
rate of transmission and at the same time a low proportion of
severe disease and death. Hence, in a few months we may be
able to approach some form of global herd immunity that would
at least prevent severe diseases and death downstream, realizing
the initial assumption that 2022 may become a year of return to
normalcy, and SARS-CoV-2 becoming a member of the group of
globally endemic flu-like infections (19).

GLOBAL SURGE OF BA. 2 SUBVARIANT
AND THE LOOMING UNCERTAINTIES

Although close to two third of the world population and over
80% of the population in the high-income countries have received
at least one dose of COVID-19 vaccine (2), more daily new
cases of COVID-19 are being reported globally than in the
pre-vaccine era (20). The BA.2 subvariant, known to cause
widespread infection even among vaccinated and previously
infected individuals, is deriving the current wave (21). One of
the features of this variant is the difficulty to track it with the
current common tests and hence known as “Stealth Omicron”.
Even though the standard real time PCR is able to detect BA.2, it
may not be able distinguish it from the Delta variant (22). Thus,
it may be underreported in settings where genomic sequencing is
not performed routinely to track the variants.

While the full virological characteristics and epidemiology of
the of BA.2 is still unfolding, it is spreading at an overwhelming
rate than the previous variants (14). It is now the predominant
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variant globally and a cause of new peaks in countries with high
vaccination coverage in Europe and Asia (20, 21). The lifting of
COVID-19 restrictions in many countries has led to this recent
surge due to BA.2.

Despite the unprecedented surge, this subvariant is not
associated with more severe disease, hospitalization, and death
than BA.1 and previous variants (16, 17). However, due to the
waning immunity from vaccination and previous infections, and
relaxation of most of the restrictions globally, it is possible to have
another wave of the outbreak among unvaccinated population.
Nevertheless, major health system crisis due to the outbreak is
less likely to happen because of some form of immunity from
vaccinations and previous infections (23).

Regardless of this optimism, the global action against the
pandemic remains fragile as ever and mired with uncertainties.
As we have seen in the past several months, new variants are
evolving more frequently and BA.2 will not be the last one. As
aresult, SARS-CoV-2 remains a serious global public health issue
and the world should remain vigilant to deal with the most
likely new variants in the future. Boosting immunity against the
virus through vaccination (24) and cutting its spread through
non-pharmacological methods such as mask use (25) remain the
most powerful and proven means to deal with the evolutionary
adaptability of the virus.

The fight against the virus thus needs concerted global
action through equitable distribution of vaccines, dealing
with vaccine hesitancy, and optimizing non-pharmacological
preventive interventions until the pandemic is under control
at least to a degree that is not detrimental to health systems.
The global community will benefit more from ensuring that as
many people as possible are immunized globally, rather than
from nation-states cocooning and stockpiling vaccines for their
defined populations. This is true both from an ethical as well
as from an epidemiological point of view. Countries should also
put in place strategies to closely monitor and track SARS-CoV-2
emerging variants.
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Background: Close-contact rates are thought to be a driving force behind the
transmission of many infectious respiratory diseases. Yet, contact rates and their relation
to transmission and the impact of control measures, are seldom quantified. We quantify
the response of contact rates, reported cases and transmission of COVID-19, to public
health contact-restriction orders, and examine the associations among these three
variables in the province of British Columbia, Canada.

Methods: We derived time series data for contact rates, daily cases and transmission
of COVID-19 from a social contacts survey, reported case counts and by fitting a
transmission model to reported cases, respectively. We used segmented regression to
investigate impacts of public health orders; Pearson correlation to determine associations
between contact rates and transmission; and vector autoregressive modeling to quantify
lagged associations between contacts rates, daily cases, and transmission.

Results: Declines in contact rates and transmission occurred concurrently with the
announcement of public health orders, whereas declines in cases showed a reporting
delay of about 2 weeks. Contact rates were a significant driver of COVID-19 and
explained roughly 19 and 20% of the variation in new cases and transmission,
respectively. Interestingly, increases in COVID-19 transmission and cases were followed
by reduced contact rates: overall, daily cases explained about 10% of the variation in
subsequent contact rates.

Conclusion: We showed that close-contact rates were a significant time-series driver of
transmission and ultimately of reported cases of COVID-19 in British Columbia, Canada
and that they varied in response to public health orders. Our results also suggest possible
behavioral feedback, by which increased reported cases lead to reduced subsequent
contact rates. Our findings help to explain and validate the commonly assumed, but
rarely measured, response of close contact rates to public health guidelines and their
impact on the dynamics of infectious diseases.

Keywords: social contacts, COVID-19, transmission control, correlation, regression
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Close-Contact Rates Drive COVID-19 Transmission

INTRODUCTION

A wide variety of infectious respiratory diseases, including
influenza, measles, plague, tuberculosis and the new and ongoing
Coronavirus Disease 2019 (COVID-19), are transmitted largely
through close-contact and spread based on the social contacts
and mixing patterns of the host population (1-3). Effective
contacts (interactions that allow pathogen transfer between
individuals) typically involve inhalation of infectious secretions
from coughing, sneezing, laughing, singing or talking, but may
also include touching contaminated body parts or surfaces
followed by ingestion of the pathogen (4). Control strategies
against such infections are based on contact avoidance measures,
including isolation of those who are ill, use of personal protective
equipment such as gloves and face masks, and physical distancing
(5, 6). In this study, we examine the relations between self-
reported social contact patterns, public health control measures,
and the dynamics of COVID-19 in the province of British
Columbia (BC), Canada. The history and epidemiological
features of COVID-19 have been documented by several studies
including in (7-14), and we present a summary of these as well
as conventional COVID-19 transmission control measures in
Appendix 1.

A small number of studies, including in (15-18), have
analyzed population patterns of social contacts, and their
connection to the dynamics of close-contact infectious diseases.
Overall, the studies show that disease incidence and effective
reproduction number (average number of newly infected
individuals per case) increase with contact rates. However,
contact rates and their effects on infection dynamics may vary
over time and with factors such as geographical location, sex, age,
household size, occupation and other socio-economic factors.

In our study, we explore and quantify associations between
social contact patterns, public health orders, transmission, and
reported cases of COVID-19, in BC and in the two most populous
BC regional health authorities: Fraser Health Authority (FHA)
and Vancouver Coastal Health Authority (VCHA) (19). We make
use of detailed contact survey data and estimate transmission
using a model-based metric of the time-varying reproductive
number, Rt. We specifically consider data from autumn of 2020
onward, during which a series of regional and provincial public
health orders were introduced to reduce the number of close
contacts and curb transmission.

METHODS

We studied the association between close-contact rates [based
on the BC Mix COVID-19 Survey data, which is summarized in
Appendix 2 and described in detail in (20)], daily new confirmed
COVID-19 cases [obtained from BC COVID-19 data, which
is provided by the BC Centre for Disease Control (21), and
also available at (22)] and R; [derived by fitting the covidseir
transmission model of (7), where R, was computed using the
Next-Generation matrix method (23, 24), to the reported case
data] in BC, from September 13, 2020 to February 19, 2021, a
period in which three public health contact-restriction orders
were introduced (October 26, November 7 and November 19).

Further details of the public health orders are provided in
Appendix 3. For each successive four-day period, we calculated
(i) population rates of contact as the average number of self-
reported close-contacts made by an individual in a day (average
daily contacts); (ii) the average number of newly reported
COVID-19 cases per day (average daily cases or new cases); and
(iil) transmission rate of COVID-19 as the average daily value
of our model-based estimate of R;. We used segmented linear
regression [described in Appendix 4 and (25-27)] to investigate
the impact of public health orders on the three variables.
We used Pearson correlation [summarized in Appendix 5 and
described in detail in (28-31)] to assess the instantaneous
relationship between contact rates and R;. Finally, we used vector
autoregressive (VAR) models [described in Appendix 6 and in
(32-35)] to quantify lagged associations between contact rates,
new cases and R;. All analysis was performed using R version
3.6.3. We use o = 0.05 for all statistical tests.

RESULTS

Effects of Public Health Orders on Average
Daily Contacts, Average Daily Cases and

Transmission

Provincially, rising contact rates and transmission (R;) reversed
shortly after the first health order on October 26, 2020
(Figures 1A,G); for contacts, this declining trend lasted only
until the second public health order (13 days later, on November
7), whereas for Ry, the decline continued to at least the third order
(25 days later, on November 19).

Both contact rates and R; were relatively stable after the
third order until the end of our study period (February 19,
2021). As expected, the trend in new cases mirrored that of
our transmission indicator but was shifted about 2 weeks later,
corresponding to the delay between transmission to symptom
onset followed by diagnosis, and case reporting (Figures 1D-G).
The same patterns were generally apparent in both of the regional
health authorities we studied, although declines in contact rates
and R; appeared to start roughly 1 week before the first public
health order in FHA, and roughly 1 week after the first order
in VCHA (Figures 1B-I). Simple comparison of overall contact
rates and R; before and after the introduction of public health
orders indicated that in BC, FHA and VCHA, contact rates
declined by 30.1, 29.2, and 29.9%, while R; declined by 17.9,
25.0, and 5.4%, respectively, following the first public health
order onwards.

Our segmented linear regression models showed that in BC,
FHA and VCHA, the slope of the contact rate regression line was
positive before the first public health order, turned substantially
negative thereafter and slightly increased, but remained negative
or close to zero through all other health orders (Table 1).

The changes in contact rate slope after the first public health
order (ie., IT} < t < II,) were statistically significant in the
province and in VCHA (p < 0.05), but not in FHA. Provincially
and in the two regional health authorities, the changes in contact
rate slope following the second and the third health orders (i.e.,
[T, <t < IlI3 and t > I13) were not statistically significant (p
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FIGURE 1 | Time series of average daily contacts (contact rates), average daily cases (new cases) and transmission (R;) of COVID-19 in BC (A,D,G), FHA (B,E,H) and
VCHA (C,F]) from September 13, 2020 to February 19, 2021. The vertical dotted lines indicate dates of announcement of public health contact-restriction orders on
October 26, 2020, November 07, 2020 and November 19, 2020. Each plot contains derived segmented linear regression lines with three knots at the dates of
introduction of the public health orders. Horizontal lines in the plots for transmission indicate the transmission threshold Ry = 1.

TABLE 1 | Slopes of regression lines of average daily contacts and transmission in the province and in FHA and VCHA, within the four time intervals separated by the
three dates (I11, I1p and IT3) of announcement of public health orders, based on associated model estimates B1, B2, B3 and B4 presented in

Supplementary Tables S3, S5 in Appendix 4.

t <14 My <t<I M <t <13 t> 13
Slope of BC average daily contacts 0.184* —0.768"* —0.159 —0.048
Slope of FHA average daily contacts 0.185 -0.779* -0.013 —0.079
Slope of VCHA average daily contacts 0.111 —0.634* -0.182 —0.007
Slope of BC transmission 0.068*** —0.071* —0.173"** 0.005***
Slope of FHA transmission 0.063** —0.105"* -0.184 0.011**
Slope of VCHA transmission 0.072** —0.025"* —0.199*** 0.011**

0 < 0.1; *p < 0.05; **p < 0.07.

> 0.05). Provincially and in the two regional health authorities,
the slope for transmission (R;) was positive before the first public
health order, turned negative after this order, decreased further
following the second public health order, and stabilized after
the third health order (Table 1). Changes in transmission slope
following all public health orders were statistically significant (p
< 0.05), except after the second health order in FHA.

Pearson Correlation of Average Daily
Contacts and Transmission

Our correlation analysis showed that high contact rates and high
transmission tended to occur at the same time. Provincially,
and in both regional health authorities, transmission (average

daily R;) was significantly positively correlated with average daily
contacts (8¢ = 0.64, p < 0.001); 4 = 0.53, p < 0.001; rVCHA
= 0.34, p = 0.033). Based on these values, the magnitude of the

correlation was about 50% stronger in FHA compared to VCHA
(rFHA = 1.56x VCHA),

VAR Models of Average Daily Contacts and
Average Daily Cases, and Average Daily
Contacts and Transmission

The notations BCeontacts_t> BCeasest and BCyransmission_t represent
the (stationary) time series of average daily contacts, cases,

and transmission, respectively, in BC. The corresponding
notations for FHA and VCHA are similarly defined. Our
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FIGURE 2 | Forecast error variance decomposition (FEVD) results for VAR models of average daily contacts and cases and average daily contacts and transmission in
BC (A,B), FHA (C,D), and VCHA (E,F).

TABLE 2 | Granger causality test results for average daily contacts and average daily cases and average daily contacts and transmission, in BC and two health regions,
FHA and VCHA.

BCoontacts_t G-causes BCeases; (0 = 0.006) BCoontacts_t does not G-cause BCyansmission; (0 = 0.945)
BCeases, G-causes BCcontacts_t (0 = 0.049) BClransmission, does not G-cause BCcontacts_t (0 = 0.544)
FHA contacts_t does not G-cause FHAases; (0 = 0.519) FHA contacts_t does not G-cause FHAansmission, (0 = 0.574)
FHA cases, G-causes FHAcontacts_t (0 = 0.001) FHA ransmission, does not G-cause FHAontacts_t (0 = 0.582)
VCHA contacts_t G-causes VCHAcases, (0 = 0.011) VCHA contacts_t G-causes VCHA ansmission, (0 = 0.017)
VCHA ases, does not G-cause VCHA ontacts_t (0 = 0.537) VCHA ransmission; G-causes VCHA contacts_t (0 = 0.023)

time series models showed that variation in new cases and  Appendix 6.5 shows numerical representations of all FEVD plots
transmission of COVID-19 were significantly attributable to  in Figure 2.

past values of average daily contacts, whereas variation in Granger causality testing confirmed that provincially and for
average daily contacts was explained largely by its own past =~ VCHA, previous daily contacts were a significant time series
values (Figure 2). driver of average daily cases (BC: p = 0.006, VCHA: p =

Each panel of the FEVD plots shown in Figure 2 illustrates the ~ 0.011), but the same did not hold for FHA (see Table 2).
proportion of variation in cases, contacts or transmission that is ~ Supplementary Figure S4 in Appendix 6.5 provides a visual
explained by that variable’s own past values vs. the past values of  description of the Granger causality testing results in Table 2.
other variables. Our time series models also showed that some variation

Provincially, on average, about 19% of the variation in  in average daily contacts was explained by previous average
average daily cases, and about 20% of the variation in  daily cases and transmission of COVID-19. Provincially, average
COVID-19 transmission, was explained by previous rates of  daily cases and transmission explained up to 13% (or 10% on
daily contact (Figures 2A,B). In FHA, previous average daily  average) and up to 18%, respectively, of the variation in average
contacts contributed up to 22% of the variation in average  daily contacts (Figures 2A,B). In FHA, past average daily cases
daily cases (Figure2C) and up to 61% of the variation in  contributed up to 55% of the variation in the contact rates
transmission (Figure 2D). In VCHA, up to 30% of the variation  (Figure 2C), whereas previous transmission rates contributed up
in average daily cases was explained by average daily contacts,  to 7% to the variation in average daily contacts in (Figure 2D).
whereas contact rates explained up to 36% of the variation In VCHA, the reverse was true with previous average daily cases
in transmission (Figures 2E,F). Supplementary Table S13 in  explaining little (up to 6%) variation in average daily contacts,
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but transmission explaining up to 35% of the variation in average
daily contacts (Figures 2E,F).

The impact of previous case counts on average daily contacts
was significant at the provincial level and in FHA (BC: p =
0.049; FHA: p = 0.001), but not significant for VCHA. Past
values of average daily contacts did not significantly impact
transmission provincially or in FHA; however, these two variables
were significantly associated in VCHA.

DISCUSSION

The primary approach to prevent the spread of many infectious
diseases transmissible through close person-to-person contact
is reduction or avoidance of such contacts altogether. Yet, few
studies have quantified the impact that such contact-restrictions
have on rates of “effective” contact (those actually involved
in transmission) and on transmission itself. In our study, we
explored time series relationships between close contact patterns
and the dynamics of the ongoing COVID-19 pandemic in British
Columbia, Canada and in its two most populous regional health
authorities, FHA and VCHA, from mid-September, 2020 to mid-
February, 2021. During this period, three public health contact-
restriction measures were introduced (on October 26, November
7 and November 19) to control rising numbers of cases. We
used data from the BC Mix Survey, which specifically captures
rates of close contacts that are likely to underlie transmission.
We analyzed contact rates in relation to the timing of contact-
restriction measures and assessed their impact on COVID-19
transmission (average daily number of new infections generated
per case, R;) and reported new cases.

We found that in BC, FHA and VCHA, all three public health
orders reduced contact rates and transmission, or helped to
maintain lowered rates. Overall, declines in contact rates and
transmission occurred concurrently with the announcement of
public health orders, whereas declines in newly reported cases
were, as expected due to reporting delays, lagged by roughly 2
weeks. The decline we observed in contact rates in FHA about 1
week prior to the public health orders could have resulted from
public anticipation and early media reporting of the upcoming
restriction orders and/or from reports of rising numbers of new
cases of COVID-19. Contact rates declined by roughly 30%
overall after the first public health order. Transmission similarly
declined in response to these orders, although this effect varied
by region (R; reduced by 17.9, 25.0, and 5.40% in BC, FHA and
VCHA, respectively). This observation suggests that compliance
to public health orders by limiting the frequency of person-
to-person contacts played an important role in reducing the
transmission of COVID-19. In all regions, transmission curves
mirrored, and were highly correlated with those of contact
rates, suggesting that these self-reported rates of close contact
were directly and concurrently related to spread of COVID-
19. Through time series analysis, we showed that lagged daily
contacts significantly predicted, and explained roughly 19% of
the variation in subsequent new cases at the provincial level.
Interestingly, we also found evidence of behavioral feedback at
the population level, whereby increased reported cases led to
reduced subsequent rates of contact: overall, previous daily cases
explained about 10% of the variation in subsequent daily contacts

in the province. The interdependence of previous contact rates,
new cases and transmission of COVID-19 varied by region.

It is important to note that our time series analysis
only assesses the impact of previous or lagged contacts on
transmission and new cases, i.e., it does not include the impact
of concurrent contacts. Hence, we find that previous contacts
primarily impact numbers of new cases, where there is naturally
a delay due to reporting, rather than rates of transmission (where
the impact is expected to largely occur concurrently). However,
we show through our correlation analysis that contacts and
transmission are significantly concurrently related.

A few studies have quantified variation in transmission or
cases of an infectious disease as a function of contact rates.
For instance, in (16), the authors analyzed United Kingdom
contact survey data during periods before and after the March
2020 lockdown due to the COVID-19 pandemic, and found
that a model-derived effective reproduction number declined
by 75% as a response to a 74% reduction in average daily
contacts. In (15), the authors studied contact survey data from
Belgium during different stages of intervention against COVID-
19 and found that an 80% decline in the average number of
contacts during the first lockdown period resulted in a decline
of the effective reproduction number to below one, resulting
in fewer reported new cases. In (36), the authors studied
United Kingdom population mixing patterns during the 2009
HINI1 virus influenza epidemic and found that a 40% reduction
in contacts among school children during school holidays
resulted in about 35% decline in the reproduction number of
influenza. These studies confirm a relation between self-reported
contact rates and infectious disease transmission, but also show
variation that may be due to epidemiological factors such as
difference in the transmission environment (e.g., use of personal
protective equipment) and the types of contacts being measured.
Other studies that have explored the control of COVID-19 by
management of social contacts include (37, 38), which indicated
that the relatively low transmission rate of COVID-19 in India
in early 2020, was attributable to public compliance to a strict
government-imposed lockdown on social gatherings.

The possibility of a feedback mechanism in which contacts
rates decrease as a result of increasing transmission and new
cases, has been documented in some previous studies. For
instance, during the 2014 Ebola outbreak in Sierra Leone, self-
reported prevention practices such as avoidance of contacts
with corpses, were found to have increased with rising disease
prevalence (39). During the early stages of the COVID-19
pandemic, the practice of cautious social contacts by the
Singaporean population, increased with rising rates of infection
due to behavioral drivers such as fear and perceived risk of
infection (40). Similarly, the decline of close contacts in Hong
Kong during the first quarter of 2020 is thought to have resulted
from increasing messaging and spread of information about
the prevalence of COVID-19 (41). Thus, wide-spread public
awareness of increasing numbers of new cases, through public
health and various information media, may help to explain
population reductions in contact rates.

In our study, we found that contact patterns and the related
dynamics of COVID-19 varied with the geographies considered.
A number of previous studies have also identified variation
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in contact rates by geography, and by factors that themselves
vary geographically. In (17), the authors analyzed and compared
social contact survey data for eight European countries in 2005
and 2006, and found that contact rates varied by geographical
location, but also by sex, age and household size. In (42), the
authors reviewed contact survey data across several countries
from varying economic brackets and found that, in general, high
contact rates were associated with densely populated settings and
large household sizes, which characterized most low to middle-
income countries. This is consistent with the general expectation
that close-contact infectious diseases are more likely to impact
densely populated regions and settings with large household
sizes. Geographic variation in our results, particularly the higher
contact rates, transmission and numbers of new cases in FHA
compared to VCHA, may reflect the generally higher population
density and larger household sizes in FHA (19). Related to
the above factor is the evidence that the geographic spread of
COVID-19 cases is connected to the local economic structure
of a location relative to neighboring regions—in Italy, COVID-
19 hit economic core locations (which were also characterized
by higher populations densities) harder than regions with lower
economic activities (43). Variations in close contact, case counts
and transmission of COVID-19 can offer guidance for shaping
or relaxing public health restrictions (44). For instance, a more
rapid deployment of control measures can be applied in densely
populated regions reporting high contact rates and cases than
in sparsely distributed populations; and control measures can be
tailored to capture population heterogeneity and other infection
risk factors such as age groups.

Our analysis has several important limitations. We relied on
case surveillance data to determine the number of new cases
and the transmission indicator of COVID-19 over time. This
means we did not account for asymptomatic infection, which
may be a strong driver of COVID-19 transmission, and could
have impacted the conclusions of our study. Relying on case
surveillance data may also underestimate the actual number of
new cases in settings where symptomatic individuals did not seek
testing or where testing capacity is constrained by inaccessibility
or shortage of resources. Three regional health authorities were
not included in the assessment of regional associations of contact
rates to COVID-19 dynamics - the Northern, Interior and
Vancouver Island Health Authorities. These health authorities
have relatively smaller population sizes, are more sparsely
populated and have many rural communities (19). In these health
authorities, self-reported contact rate data were too sparse for
us to explore relations with reported cases and transmission.
As a result, this study may not be representative of patterns in
more rural populations. Limitations of the self-reported contact
rates that may affect our analysis are provided in (20). For
instance, some population groups including the economically
marginalized, the under-housed, and those in immigration
detention or incarceration, are likely underrepresented in the
survey. In this study, we compared time series of means
(averages) of daily contacts, cases and transmission of COVID-
19, and did not consider other measures of central tendency,
which may be crucial when analyzing skewed data. For instance,
in the early stages of the COVID-19 pandemic contact rates
were possibly higher during social gatherings over holidays, while

more cases of COVID-19 tended to be reported on days after
weekends and on days following holidays (45). Our conclusions
may also be impacted by the choice of the time series analysis
methods employed-in (46), the authors showed how the choice of
the best times series analysis method can depend on factors such
as the stage of an outbreak and the granularity of the geographic
level explored.

This is the first study analyzing extensive and novel data on
person-to-person contacts collected continuously throughout the
province of British Columbia, Canada to understand the role of
close contacts in transmission and control of infectious diseases.
The study provides a quantitative approach to measuring
the temporal associations among self-reported close contact
rates, public health contact-restriction orders, and transmission
dynamics of COVID-19. The observed impacts of person-to-
person contacts on COVID-19 dynamics, as well as the capability
of public health measures to modify these contact rates, are
likely to prevail, although with varying magnitudes, in other
jurisdictions and for other infectious diseases with similar modes
of transmission. These findings support the quantitative study
of population contact rates, which can inform infectious disease
control strategies.
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INTRODUCTION

COVID-19 “mass testing” and “rapid processing” are often mistaken as one process. While the
two are correlated and partly overlapping each other, they are different in terms of processing and
implementation. Mass testing is related to the size factor, while rapid processing is mainly related
to the time factors. The former is mainly based on testing coverage of a larger population when
and where infected clusters are found. At the same time, the latter must be understood as the rapid
process of testing and verifying the situation for the suspects of potential positive cases. The two
differ in how the pandemic could be contained at smaller or even larger scales. In this opinion
article, we delve into this discourse to discuss the differences between the two.

COVID-19 MASS TESTING AND WHAT IT ENTAILS

As discussed by many scholars (1-4), mass testing is an effective way of identifying infected cases
and clusters or hotspots. It helps initiate larger-scale processes such as contact tracing, isolation,
and breaking chains of transmission. For example, the combination of mass testing and lockdown
can significantly reduce the infected cases by 60% and COVID-19 mortality by 0.41% compared
to employing a lockdown strategy alone (5, 6). The belief is that mass testing facilities could end
the epidemic rapidly (7). It has been effective for rapid detection and isolation procedures in mini
outbreaks of the ongoing COVID-19 pandemic across China (8), UK (9), India (10), and Italy (11).

The governmental function and institutional efficiency in responding to pandemic outbreaks are
effective. However, large-scale pandemic control and prevention strategies vary differently across
the world. They could depend on the countries’ unique contextual factors. Those institutional
and political constraints with deteriorating insufficient administrative capacity and weak executive
ability can impair the effectiveness of restrictions significantly. Hence, they can cause additional
disruptions to other areas like social stability. For instance, a systematic review and meta-analysis
(12) found no significant difference in the effect of lockdowns on COVID-19 mortality, with the
mortality reduction in Europe and the United States being only about 0.2% for lockdowns and
2.9% for shelter-in-place despite their huge economic and social drawbacks.

While mass testing is not necessarily used to avoid the spread of COVID-19 between different
countries and cities, the method was proven to effectively enhance control of the disease spread
using intensive contact tracing in a South Korean case study (13). Mass testing processes have
enabled countries and cities to work with existing public health infrastructures or propose new
facilities to support larger-scale testing. Thus, it is beneficial to public health (14) and effective
in tracking close contacts, identifying infected cases in clusters, and finding ways of closing or
restricting infected areas. Despite the claims that mass testing is related to rapid finding (15), we
argue this is not entirely true.

The main differences between mass testing and the rapid testing process are their focuses. Mass
testing is named after the extensiveness and wide coverage of the testing process, while rapid
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testing process is named for its merits on the speed and efficiency
of the entire process. Some rapid testing processes are voluntary,
not only useful for people who need to provide a negative
report to enter certain public places or transportations, but also
essential for patients who need an urgent hospitalization to
clear any suspicion of COVID-19 infection. On the other hand,
for most circumstances, mass testing processes are mandatory
and usually designated by local governments for contamination
detection and control. Mass testing is related to scale and
is affected by time. Rapid processes and technologies are
essential to ensure the effectiveness of mass testing, which are
still widely missing. As highlighted by Peto et al. (16), there
are indeed unnecessary obstacles to COVID-19 mass testing,
which must be looked at from a combination of scientific,
governance, and management perspectives. More importantly,
mass testing processes are generally costly and time-consuming.
Some countries have implemented other methods of pooled
testing (17), data collection fin a mass-testing setting (18), mass
screening (6), and leading to digital contact tracing (19) and other
processes. In earlier days, such an approach was effective after a
single suspected or confirmed case was found (20) or in places
where border closures and high-level restrictions are still in place.

Because the newer COVID-19 variants Delta and Omicron
have faster infection rates, it has become even more important
for mass testing to employ rapid processes to be effective. To
date, comparative studies of mass testing with tracing and other
processes in the UK have identified low-level - yet promising
- evidence concerning the effectiveness of mass testing and
contract tracing processes (21). Nonetheless, the key arguments
are that mass testing alone is ineffective and becomes more
effective when combined with other processes or practices, such
as contact tracing and lockdown (5, 6). Sold as a rapid testing
process, examples such as the UK’s Operation Moonshot mass
testing programme (22) was not necessarily compelling despite
the efforts of weekly testing and creating the so-called “vital
loop” to control the disease spread. In this programme, despite
the high expenditures, the performance of tests was not effective
enough. Poor detection rates and lack of other measures remain
questionable factors that show the limitations of such mass
testing processes. The process has been different in places where
large-scale lockdown and closures are immediately implemented
when hotspots are found. For instance, in December 2021, a
northern district of the City of Ningbo, East China, was entirely
amputated from regular city operations and connections to other
parts (of the city). Back then, the city managed to only succeed
with mass testing practice just because of the immediate closure
of the whole Zhenhai district, after the first case was found on
the 6th of December 2021. After reaching the peak in about 2
weeks and the gradual process of smaller-scale containment, the
lockdown restrictions were eventually lifted, and mass testing was
gradually stopped. To put this in another perspective, we could
imagine the ineffectiveness of mass testing if the district was not
immediately closed.

Accordingly, existing evidence is not sufficient to prove the
effectiveness of mass testing alone in preventing the spreading
of COVID-19 disease. But perceptions like “mass testing cannot
prevent the disease from spreading” should be avoided. In

fact, mass testing could lead to the development of illogical
processes and/or redundant routines just to follow governmental
regulations and policies, eventually turning into a pointless act
of formalism of normalizing pandemic control and prevention.
We have seen from many global examples that regular weekly or
biweekly mass testing processes have not avoided disease spread
but are just used to detect infected cases. Therefore, we argue that
mass testing alone cannot be used for containment and ending
the pandemic.

There are many limitations, barriers, and constraints
regarding mass testing and public health strategy
implementation, varying from social, cultural, institutional,
technical factors. As a public health strategy, conducting
mass testing may encounter social and cultural obstacles
like lack of knowledge about the virus, poor understanding
of the need for pandemic prevention/poor safety culture,
the culture of denial, and/or public stigmatization (23, 24).
Other systematic and institutional constraints may involve an
underdeveloped healthcare system (23), poor communication
between governmental health institutions and the public, lack
of administrative commitment and support at the community
level, lack of strict enforcement of regulations, and lack of
resources and funds (24). Furthermore, one crucial factor that
needs careful attention in mass testing practices is the quantity
and quality of testing kits and technologies. In most places,
facilities cannot necessarily handle mass testing. With higher
demand, we often see difficulties following the safety and control
measures and protocols meant to keep people safe. In mass
testing procedures, large-scale groups of people are lined up in
clusters where the risk of getting infected is even higher. Some
innovative methods, such as the use of biosensors (25), are
proposed to change the landscape of mass testing procedures,
but are yet not implemented or are still experimental. Some
have questioned the accuracy of rapid testing; however, mass
spectrometry-based detection of COVID-19 host response has a
reported sensitivity and specificity of 100 and 93% respectively in
a diverse population including those who are asymptomatic, have
been vaccinated for COVID-19, and who have any COVID-19
variant (26). This emphasizes another missing factor in mass
testing processes: time.

The temporal aspect plays a significant part in the effectiveness
of mass testing, making the argument of mass testing vs. rapid
testing processing valid for future research directions. What we
see globally are mass testing procedures or mass testing combined
with restricted measures. The latter has been more effective but
lacks rapid identification and containment. Thus, we urge to
consider what has been discussed beyond just the scaling up
testing capacity (27) and toward genuine rapid testing processes
and/or practices. In this regard, the use of more advanced
technologies cannot be disregarded, meaning that we have not yet
explored other effective alternatives (28-30). Thus, mass testing
could only cover testing a larger population. Without closure
restrictions, the approach is merely costly to governments and
fatiguing for our already overexploited public health facilities
and services. An example is that if a person involved in mass
testing or regular testing could travel from A to B without a
problem, then there are obvious flaws in this process. If the
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test results are not out before the person’s departure to another
location, then the testing was not done to avoid the spread
of the disease but to detect if the person is infected or is
contacted with an infected person. Hence, mini outbreaks keep
reoccurring just because the test results are delayed for several
hours and sometimes up to a whole 24 h cycle. This lack of rapid
processing leads to the development of absurd formal processes
of regular testing without understanding the importance of rapid
test results. This fact puts a critical question on mass testing
effectiveness if rapid processing is not considered or embedded in
such practices.

DISCUSSION: MASS TESTING VS. RAPID
PROCESSING OF TESTING

Since mobility causes the rapid spread of the disease (31, 32),
we cannot just rely on current mass testing methods to end
the pandemic. Without suitable frequency, speedy efficiency,
and effective protocols to ensure and confirm all the positive
suspects within the least time frame regarding the transmissibility
timeline, most efforts of mass testing are very likely to be wasted.
For instance, undetected active infections can be developed
into mini outbreaks (33) or even larger very quickly through
a contaminated airplane (34, 35). Ongoing research studies on
rapid processing of testing highlight the urgent need for novel
testing techniques beyond just scale and more related to the
faster processing of tests (27). While testing strategies differ from
country to country, we have yet to see which testing model
has been more effective in the long run. The wide-scale regular
community testing processes could only be effective if rapid
processing is embedded in their processes. Otherwise, breaking
chains of transmissions becomes a mission impossible, and this
pandemic could be further prolonged. An example is to have
rapid and accurate testing processing on departure or arrival
points, to ensure test results are out before people’s departure
or entry to different locations (e.g., cities, countries, etc.). It is
already evidenced that even a 72 h test result with several weeks
of restricted isolation and quarantine does not solve the problem
of disease spread (36, 37). Yet, rapid testing remains challenging
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Advanced age, followed by male sex, by far poses the greatest risk for severe COVID-
19. An unresolved question is the extent to which modifiable comorbidities increase the
risk of COVID-19-related mortality among younger patients, in whom COVID-19-related
hospitalization strongly increased in 2021. A total of 3,163 patients with SARS-COV-2
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diagnosis in the Lean European Open Survey on SARS-CoV-2-Infected Patients (LEOSS)
cohort were studied. LEOSS is a European non-interventional multi-center cohort study
established in March 2020 to investigate the epidemiology and clinical course of SARS-
CoV-2 infection. Data from hospitalized patients and those who received ambulatory
care, with a positive SARS-CoV-2 test, were included in the study. An additive effect
of obesity, diabetes and hypertension on the risk of mortality was observed, which
was particularly strong in young and middle-aged patients. Compared to young and
middle-aged (18-55 years) patients without obesity, diabetes and hypertension (non-
obese and metabolically healthy; n = 593), young and middle-aged adult patients with
all three risk parameters (obese and metabolically unhealthy; n = 31) had a similar
adjusted increased risk of mortality [OR 7.42 (95% CI 1.55-27.3)] as older (5675 years)
non-obese and metabolically healthy patients [n = 339; OR 8.21 (95% Cl 4.10-18.3)].
Furthermore, increased CRP levels explained part of the elevated risk of COVID-19-
related mortality with age, specifically in the absence of obesity and impaired metabolic
health. In conclusion, the modifiable risk factors obesity, diabetes and hypertension
increase the risk of COVID-19-related mortality in young and middle-aged patients to

the level of risk observed in advanced age.

Keywords: obesity, diabetes, hypertension, impaired metabolic health, mortality, COVID-19

INTRODUCTION

As of 14 February 2022, more than 404 million people worldwide
have been infected with SARS-CoV-2, resulting in more than 5.7
million deaths (1). Early in the SARS-CoV-2 pandemic, older age
was identified as the strongest risk factor for COVID-19-related
mortality. Furthermore, male sex and several comorbidities were
found to be associated with an increased risk of mortality in
patients with COVID-19 (2-4). Obesity and hyperglycemia in
the non-diabetic range were additionally identified as potential
risk factors for COVID-19 morbidity and mortality (5-9). Of
note, these relationships were independent of age, sex and
other comorbidities (10-14). Consequently, obesity and impaired
metabolic health are now viewed as important modifiable risk
factors for disease severity (15-17).

However, recently, in a large, international, multicenter study
from 18 sites in 11 countries, of 7,244 patients hospitalized
with COVID-19, obesity and diabetes were found to associate
with increased adjusted odds of supplemental oxygen/non-
invasive ventilatory support, yet, not with mortality (18).
Furthermore, in a very large community-based cohort study
from the United Kingdom that evaluated data from 6,910,695
patients with a positive SARS-CoV-2 test result, obesity strongly
associated with mortality in the younger and middle-aged
adults, but not in the older patients (19). Unfortunately, in
that study no adjustment for comorbidities could be done.
Thus, it is important to clarify whether obesity and other
metabolic comorbidities may increase the risk of COVID-19-
related mortality, independently of other diseases, specifically in
younger and middle-aged patients.

These patients with COVID-19 are generally considered to
have substantially lower risk of COVID-19-related mortality,
than those older than 65 years. However, risk in younger age

groups has become increasingly relevant, with initially selective
vaccination of older individuals and rapidly rising incidence of
infection and hospitalization among children, adolescents, and
young adults (20). Data from the US Centers for Disease Control
and Prevention (CDC) suggests that a 35-year-old with diabetes
mellitus, hypertension, cardiovascular disease, obesity, or other
chronic conditions had a similar risk of COVID-19-related death
as a 65-year-old with none of these conditions (21). Furthermore,
in an analysis of data from an US Premier Healthcare Database
of hospital-based patients with COVID-19, younger patients (age
18-34 years) with morbid obesity, hypertension, and diabetes
faced similar risk of death or need for mechanical ventilation,
as that observed in middle-aged (age 35-64 years) adults (22).
However, these did not consider potential confounding, and
in the CDC report no information about comorbidities was
available in 22% of the patients (21). Adjustment for sex and other
comorbidities, such as cardiovascular, renal and liver disease, is
essential, as these comorbidities are strongly related to impaired
metabolic health.

To clarify the potential impact of obesity and impaired
metabolic health on COVID-19 related mortality in younger
adults, we have studied the determinants of COVID-19-
related mortality in 3,163 patients with COVID-19 of the
Lean European Open Survey on SARS-CoV-2-Infected Patients
(LEOSS) cohort study.

RESEARCH DESIGN AND METHODS
Study Design and Patient Cohort

A total of 6,457 consecutive patients, who were included in the
LEOSS registry between March 2020 and February 2021, were
evaluated. LEOSS is a European non-interventional multi-center
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cohort study established in March 2020 to address the lack
of information on the epidemiology and clinical course of
SARS-CoV-2 infection (23, 24). The registry collects data on
hospitalized patients of all ages and patients who receive
ambulatory medical consultation. As of July 2020, more than
125 sites from 7 different countries have been registered to
LEOSS. Daily statistics are provided on the LEOSS website
(https://leoss.net). To facilitate the rapid data acquisition needed
during a pandemic, LEOSS involves autonomous, self-managed
study sites that collect data in an anonymous form. To achieve
this, no directly identifying data are stored in the registry and
demographic data as well as timestamps are only collected in a
rough form. Furthermore, data were documented categorically.
Patient privacy was additional protected using the anonymization
procedures described by Jakob et al. (24). Data collection is
performed once per case, retrospectively after treatment has
finished or the patient has died. Although this method precludes
longitudinal data collection and follow-up of discharged patients,
it has the advantage that no informed consent is necessary.
Furthermore, this method provides for the inclusion of data
on children and unconscious or deceased patients and avoids
problems that could arise from language barriers. All patients
had a diagnosis confirmed by positive results of PCR testing.
Approval for LEOSS was obtained by the applicable local ethics
committees of all participating centers and registered at the
German Clinical Trails Register (DRKS, No. S00021145).

Clinical Data and Outcomes

Data were recorded in an electronic case report form operated
using the online cohort platform ClinicalSurveys.net, which
was developed by the University Hospital of Cologne (UHC),
Germany. ClinicalSurveys.net was hosted by QuestBack, Oslo,
Norway on servers of UHC, Cologne, as part of a software-as-a-
service agreement. Baseline data closest to the first positive SARS-
CoV-2 test were analyzed. Demographic, clinical, laboratory
and outcome data were extracted from the in-hospital medical
records. Operational definitions of the co-morbidities studied
are based on the medical diagnosis guidelines that were applied
by the treating physicians in the hospital. Diagnosis were either
pre-known or newly made by the treating physicians based
on the clinical in-hospital evaluation and/or laboratory results.
Analyzed laboratory data were collected within 48 h of a positive
SARS-CoV-2 PCR result, irrespective of the patients status.
Among the 6,457 patients evaluated only adult (age >18 years)
patients who had complete information about sex, age, BMI
and the comorbidities diabetes, hypertension, coronary artery
disease, chronic kidney disease and chronic liver disease (N =
3,517) were considered eligible for the analyses. Among them,
a total of 354 patients with missing information on survival
were excluded, yielding a sample of 3,163 for the main analyses
(Supplementary Figure 1).

Comorbidities ~ were  dichotomized (e.g.,  diabetes
present/absent, coronary artery disease present/absent).
Comorbidities were set to unknown/missing when all specific
comorbidities of one group were unknown or missing. Values
documented as unknown were defined as missing. Besides
sex, age, BMI and the above-mentioned comorbidities, the

following clinical parameters related to metabolic risk, which
were not available in all patients, were evaluated: hemoglobin
Alc (HbAlc), serum creatinine, serum C-reactive protein (CRP),
serum interleukin-6 (IL-6), serum alanine aminotransferase
(ALT), serum aspartate aminotransferase (AST), serum gamma-
glutamyl transferase (GGT), as well as urine ketone bodies.
Clinical parameters were set to unknown/missing if not available.
The primary outcome was COVID-19-related mortality. In
an exploratory approach disease severity, which is not a hard
endpoint, was also studied (uncomplicated phase: patients were
either asymptomatic, and had symptoms of upper respiratory
tract infection, fever or nausea, emesis, or diarrhea; complicated
phase: patients had at least one of the characteristics new need
for oxygen supplementation or clinically relevant increase of
prior oxygen home therapy, PaO2 at room air < 70 mmHg, SO2
at room air < 90%, increase of AST or ALT > 5 x upper limit
of normal, new cardiac arrythmia, new pericardial effusion >
lIcm or new heart failure with pulmonary edema, congestive
hepatopathy, or peripheral edema; critical phase patients were
dependent on catecholamines, experienced life-threatening
cardiac arrhythmia, had mechanical ventilation (invasive or
non-invasive), or need for unplanned mechanical ventilation
prolongation (> 24h) of planned mechanical ventilation, liver
failure with an INR > 3.5 (quick < 50%), a qSOFA score of > =
2, or acute renal failure with need of dialysis).

Statistical Analyses

We calculated and report patient characteristics as absolute
numbers and percentages. For comparison of percentages
between groups the x2-test was used. The odds ratios of baseline
characteristics, comorbidities and laboratory parameters, with
mortality were assessed in univariate and in multivariable logistic
regression models. Univariate and multivariable relationships of
baseline characteristics with mortality were also assessed after
patients were stratified in young and middle aged (18-55 years;
n = 1,068), older age (56-75 years; n = 1,220) and old age (>75
years; n = 875) groups. Then patients in each age group were
further categorized by the presence or absence of obesity, of
obesity+diabetes and of obesity+diabetes+hypertension. For the
main analyses, patients in the three age groups were subdivided
into those (i) without obesity (BMI<30 kg-m_z) and without
impaired metabolic health (no diabetes and no hypertension, n
= 1,098) and in those (ii) having all three risk factors (BMI
>30 kg-m~2, diabetes and hypertension, n = 259). Kaplan-
Meier analyses were used to compare the survival of the patients
among these six subgroups. A p < 0.05 was considered to
indicate statistical significance. Data management, statistical
analysis, and computation of figures were conducted using R (R
Development Core Team, Vienna, Austria, Version 3.5.2., 2019).
Additional information about the LEOSS questionnaire can be
found under https://leoss.net/.

RESULTS

Among the 3,163 patients included in the analyses, data were
collected primarily from Germany (N = 95%), as well as from
Turkey, Belgium, Switzerland, Spain, Austria, Italy, Bosnia and
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TABLE 1 | Multivariable relationships of selected anthropometrics, comorbidities and laboratory parameters with COVID-19-related mortality.

Characteristics Recovered/died OR Lower 95%Cl Upper 95%ClI P
Age 18-25 (years) 71/0 0.00 0.000 0.00 0.97
Age 26-35 (years) (ref) 199/3

Age 36-45 (years) 290/4 0.82 0.18 4.22 0.80
Age 46-55 (years) 475/26 2.89 0.10 12.3 0.09
Age 56-65 (years) 578/83 7.14 2.60 29.5 0.001
Age 66-75 (years) 446/113 11.9 4.35 49.2 <0.0001
Age 76-85 (years) 478/196 17.4 6.37 .7 <0.0001
Age >85 (years) 124/104 44.8 15.9 187 <0.0001
Sex female (ref) 1,059/171

Sex male 1,602/331 1.62 1.30 2.04 <0.0001
BMI 18.5-24.9 (kg-m~2) (ref) 873/167

BMI 25-29.9 (kg-m~2) 977/178 0.99 0.78 1.29 0.99
BMI 30-34.9 (kg-m~2) 534/94 1.04 0.76 1.40 0.81
BMI =35 (kg-m~?) 277/63 1.77 1.22 2.56 0.003
No diabetes (ref) 2,119/333

Diabetes 542/169 1.44 1.09 1.89 0.009
HbA1c <6.4% (ref) 48/6

HbA1c 6.4-8 % 118/27 2.04 0.82 5.88 0.15
HbA1c 8.1-10% 61/14 2.65 0.95 8.16 0.07
HbA1c >10% 30/12 6.37 2.13 20.8 0.001
HbA1c not available 2,404/443 3.96 1.78 10.8 0.003
No hypertension (ref) 1,416/138

Hypertension 1,245/364 1.27 0.99 1.61 0.056
No coronary artery disease (ref) 2,340/376

Coronary artery disease 321/126 1.14 0.88 1.48 0.31
No chronic kidney disease (ref) 2,322/359

Chronic kidney disease 339/143 1.42 1.10 1.82 0.007
No liver cirrhosis (ref) 2,643/493

Liver cirrhosis 18/9 2.41 0.97 5.70 0.048

OR, odds ratio; Cl, confidence interval.

Herzegovina, United Kingdom and Latvia. A total of 2,989 from
3,144 patients (19 patients with missing information) had an
inpatient stay. Disease course was classified as uncomplicated (N
= 1,284) complicated (N = 1,130) and critical (N = 749) (24).
From the 3,163 patients studied, 2,661 patients recovered from
the disease while 502 patients died (Supplementary Table 1).

Univariable and Multivariable Relationships
of Patient Characteristics With Mortality

In univariable analyses, among the parameters age, sex, BMI,
comorbidities and selected laboratory variables, determined
at the day of SARS-COV-2 diagnosis, higher age, male sex,
diabetes, hypertension, HbAlc >10%, coronary artery disease,
chronic liver disease and liver cirrhosis were associated with
an increased risk of mortality (Supplementary Table 2). In a
multivariable regression model including all studied parameters,
higher age, male sex, BMI >35 kg-m~2, diabetes, HbAlc >8.1%,
CRP >30 mg/L and GGT >10 upper limit of normal were
independently associated with an increased risk of mortality
(Supplementary Table 3).

To avoid over-adjustment in the statistical models by
including variables that are highly related to each other, e.g., the
diagnosis of liver cirrhosis and elevated transaminases or chronic
kidney disease and elevated serum creatinine, we further focused
in the multivariate regression models on the parameters reported
in the Table 1. In that parsimonious multivariable regression
model higher age, male sex, BMI > 35 kg-m~2, HbAlc >10%,
chronic kidney disease and liver cirrhosis were independently
associated with an increased risk of mortality. The association
with hypertension was borderline, with an adjusted p-value of
0.056 (Table 1, Supplementary Figure 2).

Risk of Mortality in Young/Middle-Aged,
Older and Old Patients

To investigate the relationships of obesity and impaired
metabolic health with the risk of mortality in different
age groups, patients were divided into three age groups
(Supplementary Table 4), with 1,068 young and middle-aged,
1,220 older age and 875 old age groups. Based on the similar
sample sizes these three groups were equally strong powered for
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FIGURE 1 | Proportion of COVID-19 patients who recovered and died divided in three age groups based on the presence or absence of obesity, diabetes and
hypertension. All COVID-19 patients who recovered and died (n = 3,163) were first divided in three age groups (young and middle aged, 18-55 years, n = 1,068;
older age, 56-75 years; n = 1,220 and old age, >75 years; n = 875) and subsequently divided in four groups based on the presence or absence of obesity (BMI > 30
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the investigation of the patient’s characteristics with mortality
in the statistical analyses. In multivariable regression analyses
male sex was associated with a higher risk of mortality in
the young/middle-aged and in the old age groups, but not
in the older age group. BMI >35 kg:m™2 was associated
with increased mortality in the young/middle-aged and in the
older age groups, but not in the old age group. Diabetes was
associated with increased mortality only in the old age group
(Supplementary Table 5).

Risk of Mortality in Subjects Stratified by
Age and Obesity/Metabolic Health

To compare the contributions of advanced age vs. obesity and
impaired metabolic health (diabetes and hypertension) to the
mortality risk, we divided the patients into 12 subgroups based
upon age and presence or absence of obesity, diabetes and
hypertension. First, to investigate an additive effect of these
parameters on the mortality risk, we divided the subjects in the
three age groups based on the presence or absence of obesity,

obesity + diabetes and obesity + diabetes + hypertension.
Second, to investigate the impact of obesity 4+ impaired metabolic
health (diabetes and hypertension) on the risk of mortality
more in detail, we compared the following 6 groups: (1) young
and middle-aged without obesity, diabetes and hypertension
(N = 593), (2) young and middle-aged with obesity, diabetes
and hypertension (N = 31), (3) older age without obesity,
diabetes and hypertension (N = 339), (4) older age with obesity,
diabetes and hypertension (N = 148), (5) old age without obesity,
diabetes and hypertension (N = 166) and (6) old age with obesity,
diabetes and hypertension (N = 80).

When the age groups were stratified by the presence or
absence of obesity and impaired metabolic health, both, older
age and the presence of obesity and impaired metabolic health
associated with increased risk of mortality (Figure1). In the
multivariable statistical model (Table 2, Model 1) moderately
higher adjusted risks of mortality were observed in the young
and middle-aged patients with obesity [N = 195, OR 1.75
(95% CI 0.53-5.13)] and obesity + diabetes [N = 24; OR 2.96
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TABLE 2 | Multivariable relationships of three age groups based on the presence (unhealthy) or absence (healthy) of obesity, diabetes and hypertension and selected
anthropometrics, comorbidities and laboratory parameters with COVID-19-related mortality.

Characteristics Model 1 Model 2

OR Lower Upper p OR Lower Upper P

95%ClI 95%Cl 95%ClI 95%ClI

Young/middle-aged—-no obesity, no diabetes, no
hypertension (ref.) (N = 593)
Young/middle-age—obesity, no diabetes, no hypertension  1.75 0.58 518 0.32 1.55 0.47 4.60 0.45
(N = 195)
Young/middle-aged—obesity, diabetes, no hypertension 2.96 0.16 17.3 0.32 2.81 0.14 171 0.35
(N = 24)
Young/middle-aged-obesity, diabetes, hypertension (N 6.95 1.45 25.6 0.006 5.99 1.28 23.0 0.014
=31)
Older-no obesity, no diabetes, no hypertension (N = 339) 8.24 412 18.4 <0.0001 6.88 3.40 155 <0.0001
Older-obesity, no diabetes, no hypertension (N = 92) 7.70 3.01 20.0 <0.0001 5.88 2.25 16.5 0.0003
Older-obesity, diabetes, no hypertension (N = 28) 13.4 3.61 44.9 <0.0001 13.6 3.53 48.2 0.0001
Older-obesity, diabetes, hypertension (N = 148) 18.0 8.16 43.0 <0.0001 14.7 6.55 35.9 <0.0001
Old-no obesity, no diabetes, no hypertension (N = 166)  24.4 121 54.9 <0.0001 21.6 10.5 49.5 <0.0001
Old-obesity, no diabetes, no hypertension (N = 25) 29.6 9.88 88.8 <0.0000 24.6 7.94 75.6 <0.0001
Old—obesity, diabetes, no hypertension (N = 7) 7.47 0.37 52.4 0.08 6.62 0.32 48.5 0.10
Old-obesity, diabetes, hypertension (N = 80) 28.4 12.1 715 <0.0001 271 1.3 69.6 <0.0001
Sex male 1.38 0.98 1.95 0.07 1.28 0.90 1.83 0.18
HbA1c 6.4-8% 1.40 0.38 6.78 0.64 1.45 0.38 7.23 0.61
HbA1c 8.1-10% 1.99 0.50 10.1 0.36 2.78 0.67 14.6 0.19
HbA1c >10% 3.47 0.67 20.7 0.14 2.98 0.55 18.8 0.22
HbA1c unknown 2.34 0.72 10.6 0.20 2.48 0.74 1.5 0.18
Coronary artery disease 1.18 0.70 1.78 0.61 1.08 0.66 1.74 0.74
Chronic kidney disease 1.75 1.14 2.66 0.009 1.76 1.18 2.73 0.012
Liver cirrhosis 1.55 0.32 5.63 0.53 2.76 0.54 10.7 0.17
CRP 3-29 mg/L - - - - 1.77 0.58 7.71 0.37
CRP 30-69 mg/L - - - - 4.95 1.66 21.4 0.011
CRP 70-119 mg/L - - - - 5.32 1.74 23.3 0.009
CRP 120-179 mg/L - - - - 6.54 2.05 29.2 0.004
CRP 180-249 mg/L - - - - 17.4 5.01 81.8 <0.0001
CRP >249 mg/L - - - - 23.4 6.43 113 <0.0001
CRP unknown - - - - 6.56 2.31 27.6 0.002

OR, odds ratio; Cl, confidence interval; Model 1, adjusted for sex, HbATc, coronary artery disease, chronic kidney disease and liver cirrhosis; Model 2, adjusted for sex, HbA1c, coronary

artery disease, chronic kidney disease, liver cirrhosis and CRP.

(95% CI 0.16-17.3)], which were statistically not significant,
when compared to the young and middle-aged patients without
obesity, diabetes or hypertension. However, when compared
to the latter group, the adjusted risk of mortality was
strongly increased in the young and middle-aged patients with
obesity+impaired metabolic health [diabetes + hypertension; N
= 31; OR 6.95 (95% CI 1.45-25.6)]. This group had a nearly 7-
fold higher risk of mortality, compared to the young and middle-
aged patients without obesity, diabetes or hypertension (Table 2,
Model 1 and Figure 2).

Older patients without obesity, diabetes or hypertension had
a higher adjusted risk of mortality [N = 339; OR 8.24 (95%
CI 4.12-18.4)], compared to young and middle-aged patients
without obesity, diabetes or hypertension. This risk increased
in the presence of obesity, diabetes and hypertension and older

patients having all three risk factors (N = 148) had an adjusted
OR for mortality of 18.0 (95% CI 8.16-43.0), compared to
young and middle-aged patients without obesity, diabetes or
hypertension. Interestingly, this risk was merely 2.2-fold higher
than the risk of older patients without obesity, diabetes and
hypertension (Table 2, Model 1 and Figure 2).

Old patients without obesity, diabetes and hypertension had
a very high adjusted risk of mortality [N = 166; OR 24.4 (95%
CI 12.1-54.9)], compared to young and middle-aged patients
without obesity, diabetes or hypertension. However, in the old
patients, obesity, diabetes or hypertension only weakly increased
this risk [1.2-fold higher; N = 80; OR 28.4 (95% CI 12.1-71.5)]
(Table 2, Model 1 and Figure 2).

Similar relationships were observed when patients were
stratified in those with an uncomplicated and a severe
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FIGURE 2 | Multivariable relationships of selected anthropometrics, comorbidities and laboratory parameters with COVID-19-related mortality in three age groups
based on the presence (unhealthy) or absence (healthy) of obesity, diabetes and hypertension. All COVID-19 patients who recovered and died (n = 3,163) were first
divided in three age groups (young and middle aged, 18-55 years, n = 1,068; older age, 56-75 years; n = 1,220 and old age, >75 years; n = 875) and subsequently
divided in two groups (n = 1,357) based on the presence (unhealthy) or absence (healthy) of obesity (BMI > 30 kg-m~2), and impaired metabolic health (diabetes and
hypertension). All parameters shown were included in the multivariable regression analysis.

OR

(complicated phase and critical phase) course of the disease.
For example, when compared to the young and middle-aged
patients without obesity, diabetes or hypertension, the adjusted
risk of severe COVID-19 was increased in the young and
middle-aged patients with obesity + impaired metabolic health
[diabetes + hypertension; N = 31; OR 2.60 (95% CI 1.87-3.64)].
Furthermore, this risk was comparable to the risk observed in
older non-obese and metabolically healthy patients [#n = 339; OR
2.66 (95% CI 2.01-3.52)] (Supplementary Table 6).

Among the patients who died, most deaths occurred within
the first 2 weeks of follow-up. In Kaplan-Meier survival analyses
young and middle-aged patients with obesity and impaired
metabolic (diabetes + hypertension) health had a similar time-
to-death to those in the older age group without obesity and
impaired metabolic health (Figure 3). Compared to young and
middle-aged patients without obesity and impaired metabolic
health (group 1), the adjusted OR of mortality was 6.95 (95% CI
1.45-25.6) in the young and middle-aged group with obesity and
impaired metabolic health (group 2), which was not statistically
different from the risk in the older age group without obesity
and impaired metabolic health [OR 8.24 (95% CI 4.12-18.4)]
(Table 2, Model 1 and Figure 2).

We then explored parameters that may explain the elevated
risk of COVID-19-related mortality with age, specifically in
the absence of obesity and impaired metabolic health. We
additionally adjusted our multivariable regression model for CRP
levels (Table 2, Model 2). This resulted in an attenuation of the
elevated risk of mortality observed in older and old patients

without obesity and impaired metabolic health, when compared
to young and middle-aged patients without obesity and impaired
metabolic health, by 17 and 11%, respectively.

To address, whether the increased risk of mortality that
associated with obesity and impaired metabolic health and that
was very high, particularly in the group of young and middle-
aged patients, may be predominantly driven by the risk in
middle-aged patients, we also divided the patients in a younger
(age 18-35 years) group and a middle-aged (age 36-55 years)
group. Although the sample size was very low, only allowing
an exploratory evaluation, we found that young patients with
obesity and impaired metabolic health had a 4.2-fold higher
risk of mortality, compared to the young patients without
obesity and impaired metabolic health. A similarly increased
risk (3.5-fold) was observed in the middle-aged patients with
obesity and impaired metabolic health, compared to the middle-
aged patients without obesity and impaired metabolic health
(Supplementary Table 7).

DISCUSSION

Both, high BMI and adverse cardiometabolic status, are now
established risk factors for severe COVID-19 (25). However, the
risk attributed to these factors is considered to be lower than
that of advanced age and perhaps also male sex. Nevertheless,
the relative importance of these risk factors has not been well-
studied. This knowledge gap may have direct public health
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FIGURE 3 | Kaplan-Meier survival comparing three age groups based on the presence (unhealthy) or absence (healthy) of obesity, diabetes and hypertension. Al
COVID-19 patients who recovered and died (n = 3,163) were first divided in three age groups (young and middle aged, 18-55 years, n = 1,068; older age, 56-75
years; n = 1,220 and old age, >75 years; n = 875) and subsequently divided in two groups (n = 1,357) based on the presence (unhealthy) or absence (healthy) of
obesity (BMI > 30 kg-m~2), and impaired metabolic health (diabetes and hypertension).

implications, as metabolic risk factors-unlike age and sex-  Importantly, the presence of all three risk factors, obesity diabetes
are modifiable (15-17). In this multi-national study, mostly = and hypertension, independently of other comorbidities and of
including hospitalized patients with COVID-19, we found  sex, increased the risk of COVID-19-related mortality in younger
similar relationships of metabolic risk factors and adiposity, = and middle-aged patients to the risk level that we observed in
with COVID-19-related mortality, as were reported by previous  older patients without these diseases. This finding is potentially
studies (2-14). This allowed us to address an important question: ~ of major public health relevance, as younger age is considered to
to what extent does obesity, diabetes and hypertension, which  protect from severe COVID-19.

were recently found to account for almost 60% of the COVID- Studies including COVID-19 patients from the
19 hospitalizations in the United States (26), increase the  United Kingdom reported that diabetes most strongly increased
risk of COVID-19-related mortality in younger patients, when  the risk of COVID-19-related mortality in younger patients
compared to older patients. We found that an additive effect (27, 28). Furthermore, data from the US CDC and the US
of obesity, diabetes and hypertension on the risk of COVID-  Premier Healthcare Database of hospital-based patients with
19-related mortality exists. Compared to the respective older =~ COVID-19 previously suggested that younger patients with
and old groups without these risk factors, the adjusted risk  obesity, diabetes or other comorbidities, have an increased
of mortality increased particularly strong in the young and  risk of COVID-19-related death, that amounted to the risk
middle-aged groups with these risk factors. In this respect, often observed in older patients (21, 22). However, in those
compared to young and middle-aged patients without obesity,  studies no adjustment for sex and comorbidities was done. In
patients merely having obesity only had a moderately increased ~ our study, diabetes was associated with an increased risk of
adjusted mortality risk. This risk increased considerably in young ~ COVID-19-related mortality in younger and in middle-aged
and middle-aged patients with obesity and diabetes. Such an  patients, but this relationship was attenuated with adjustment for
increase in risk was not observed in the older and old patients. ~ sex, BMI and other comorbidities. Thus, our findings indicate
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that obesity, diabetes and hypertension comprise a phenotype
strongly associated with increased risk of COVID-19-related
mortality in young and middle-aged patients, independently of
other important determinants of severe COVID-19.

These findings may have several clinical implications. First,
they support the recommendations of international medical
societies, that obesity, diabetes and hypertension are important
risk factors that should be critically considered by health care
providers, when COVID-19 is being diagnosed in a patient.
Intense clinical surveillance of these patients, particularly during
the early stages of the disease, should be ensured. This approach is
also supported by our findings of an increased mortality of obese
and metabolically unhealthy COVID-19 patients during the first
2 weeks after diagnosis, independently of age.

Second, in view of the changing demographics of
hospitalizations-with a substantial increase among patients
<55 years relative to older people (21)-health care providers
should not assume that younger individuals generally are at
lower risk for severity of COVID-19. Consequently, younger
people with these common risk factors should also be prioritized
in vaccination strategies.

Third, there is increasing concern that SARS-CoV-2 will
not only become an endemic virus and that an emergent
coronavirus may cause severe disease in children (29-31),
but that new variants of SARS-CoV-2 may evade the body’s
immune response, both in vaccinated and in not yet vaccinated
people (29-35). Particularly the second year of the COVID-
19 pandemic has been dominated by variants of concern (36,
37). Among them, mutations of the SARS-CoV-2 spike protein,
the primary antigen, may be problematic, as most recently
suggested for the Omicron (B.1.1.529) SARS-CoV-2 variant of
concern!. In this respect obesity and diabetes may become
even more important risk factors than currently considered.
Obesity and impaired metabolic health may adversely influence
the efficacy of SARS-CoV-2 vaccines (38, 39). In this respect,
most recently some preliminary data indicate that obesity,
diabetes and CVD may predispose for vaccine breakthrough
COVID-19 infections (40-42). Premature immunesenescence,
accelerated aging of the immune system, particularly of the
CD4+ and CD8+ T cell compartments, has been found in
people with obesity or type 2 diabetes (43-45). Intriguingly, as
a mechanism explaining this observation, intact insulin signaling
was observed to play an important role in modulating the body’s
immune response. Insulin receptor signaling has an impact
on T cell glucose metabolism and amino acid handling. In
rodents, insulin receptor-deficient T cells were found to have
reduced inflammatory potential and poor protective immunity
against HINI influenza infection (46). Considering that obesity,
especially central adiposity, and impaired metabolic health,
strongly associate with insulin resistance (47-49), and a healthy
diet and exercise (50), as well as new dietary concepts to
improve the gut microbiome (51) are very helpful to improve
metabolic health, reduction of fat mass and a healthy diet
may be critical for the coming months of the SARS-CoV-
2 pandemic.

Uhttps://www.who.int/news/item/26- 11-2021-classification- of-omicron- (b.1.1.
529)-sars-cov-2-variant-of-concern

Fourth, most recently it was shown that, beyond the acute
illness, substantial burden of health loss, including disorders of
lipid metabolism, diabetes and obesity, is observed in COVID-
19 survivors (52, 53). Although, this has not been investigated,
yet, the presence of obesity and impaired metabolic health
prior to the SARS-CoV-2 infection may particularly increase
the burden of health loss in COVID-19 survivors. This may
be problematic especially for younger patients, who may,
thereby, experience a larger amount of years of life lost, than
older patients.

A strength of our study is that the multi-center LEOSS
registry prospectively collects epidemiological and clinical data
based on a pre-specified protocol. Furthermore, the hospitals
have the capacity to also monitor patients with asymptomatic
or mild SARS-CoV-2 infections. However, there are several
limitations. This study analyzed factors associated with disease
course at initial presentation, not treatment, and cannot assess
causality. We cannot rule out the presence of confounding
from socioeconomic status, health insurance issues and access
to health services and country specific testing capacities, among
other factors. Some of these factors could be correlated with
delayed diagnosis and therefore a more complicated clinical stage
at initial presentation. Furthermore, the highest documentation
rates were performed by University hospitals in larger cities;
consequently, rural areas might be underrepresented. Finally, the
sample size in the younger age groups was relatively small, most
probably resulting from the fact that younger people generally are
less often hospitalized with COVID-19 compared to middle-aged
and older people. The small sample size in some of the groups
may result in that a statistical error may occur from skewed
group comparisons.

In conclusion, we found that obesity, diabetes and
hypertension have an additive effect on COVID-19-related
mortality and that this effect is particularly strong in young
and middle-aged patients. Furthermore, we found that
obesity, diabetes and hypertension increased the risk of
COVID-19-related mortality in young and middle-aged
patients to the risk level that we observed in older but
metabolically healthy patients. Importantly, this increased
risk was independent of other comorbidities and of sex.
Awareness of health care providers about this strong impact
of obesity and impaired metabolic health on the risk of
COVID-19-related mortality may be critical to intensify
surveillance of younger patients infected with SARS-CoV-2 and
to motivate subjects at risk to lose weight and improve their
metabolic health.
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In Ethiopia, multiple waves of the COVID-19 epidemic have been observed. So far, no
studies have investigated the characteristics of the waves of epidemic waves in the
country. ldentifying the epidemic trend in Ethiopia will inform future prevention and control
of COVID-19. This study aims to identify the early indicators and the characteristics of
multiple waves of the COVID-19 epidemics and their impact on the overall epidemic size
in Ethiopia. We employed the Jointpoint software to identify key epidemic characteristics
in the early phase of the COVID-19 epidemic and a simple logistic growth model to identify
epidemic characteristics of its subsequent waves. Among the first 100 reported cases
in Ethiopia, we identified a slow-growing phase (0.37 [Cl: 0.10-0.78] cases/day), which
was followed by a fast-growing phase (1.18 [0.50-2.00] cases/day). The average turning
point from slow to fast-growing phase was at 18 days after first reported. We identified
two subsequent waves of COVID-19 in Ethiopia during 03/2020-04/2021. We estimated
the number of COVID-19 cases that occurred during the second wave (157,064 cases)
was >2 times more than the first (60,016 cases). The second wave’s duration was longer
than the first (116 vs. 96 days). As of April 30th, 2021, the overall epidemic size in Ethiopia
was 794/100,000, ranging from 1,669/100,000 in the Harari region to 40/100,000 in the
Somali region. The epidemic size was significantly and positively correlated with the day
of the phase turning point (r = 0.750, P = 0.008), the estimated number of cases in wave
one (r = 0.854, P < 0.001), and wave two (r = 0.880, P < 0.001). The second wave of
COVID-19 in Ethiopia is far greater, and its duration is longer than the first. Early phase
turning point and case numbers in the subsequent waves predict its overall epidemic size.

Keywords: COVID-19, epidemic size, early epidemic indicators, early characteristics of COVID-19, Ethiopia

INTRODUCTION

In late December 2019, the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-COV-2)
was first reported in Wuhan City, China (1-3). The disease was later named coronavirus disease
COVID-19 by the World Health Organization (WHO) (4, 5). The COVID-19 epidemic has since
spread at an alarming rate worldwide. As of September 21%, 2021, the total number of confirmed
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COVID-19 cases exceeded 206 million, and the death toll passed
4.7 million. Countries have implemented orchestrated efforts
to confine the COVID-19 epidemic (6-8). Non-pharmaceutical
interventions, including social distancing, face mask use and
vaccination, have been shown to be effective in slowing the spread
of COVID-19 (9-12).

Ethiopia confirmed its first case of COVID-19 on March 13th,
2020 (13). Since then, the Ethiopian government has adopted
various strategies to prevent the spread of COVID 19. With the
increase in the number of new cases, the Ethiopian government
declared a five-month national emergency on April 8th, 2020,
after the number of confirmed cases reached 55, but allowed
economic activities to continue (14). After declaring a national
emergency, the government and the Ethiopian Ministry of Health
implemented strict public health measures. These measures
included closing schools, restricting large gatherings, including
religious gatherings in churches and mosques. Although public
transportation is highly transmissible channel for COVID-
19, it was only partially limited in Ethiopia. A face mask
was mandatory in crowded places and public service places.
Social distancing and handwashing with soap were the main
control measures and were widely broadcast on the media (15).
However, the lockdown was not strictly implemented due to the
fragility in the country’s economy and people’s socio-economic
conditions. This endemic disrupts the economy and increases
the healthcare system’s burden (16-19). Economic activities,
especially agricultural and industrial activities, were necessary to
continue to maintain food security. During the lockdown, the
number of new cases reported daily increased dramatically. As
of April 30, the total number of confirmed SARS-COV-2 cases
passed 257,442 and 3,688 deaths were reported in Ethiopia. Since
February 2021, the number of new confirmed cases and death
cases have been dramatically increasing (20). Stronger public
health measures needed to be in place to prevent the further
spread of the virus.

In Ethiopia, multiple waves of the COVID-19 epidemic
has been observed. However, no studies investigated epidemic
indicators of COVID-19 during the early phase of the epidemic
and its subsequent waves in Ethiopia. Identifying the epidemic
trend in Ethiopia will help inform future prevention and control
of the epidemic. Modeling studies have been widely used to
investigate the trend of the COVID-19 epidemic and evaluate
relevant interventions (21-27). Previous studies demonstrated
that the epidemic’s early characteristics are useful in projecting
the subsequent epidemics (28, 29). The research aims to identify
the epidemic characteristics of COVID-19 in its early stage and
multiple subsequent waves and their association with Ethiopia’s
overall epidemic size.

MATERIALS AND METHODS

Source of Data

We collected publicly available data related to COVID-19, such
as daily confirmed cases, cumulative cases, recovery, and deaths
cases from 10 regions and two administrative cities in Ethiopia
from March 13™, 2020, to April 30, 2021.

Determining the Early Characteristics of
the First Wave of COVID-19

Early epidemic indicators, such as the turning point time, the
number of cases at the turning point, the slow growth phase and
the rapid growth phase, the number of days required to increase
from 30 to 100 cases, and the case fatality rate (CFR-100) of the
first 100 confirmed cases were estimated by using the Joinpoint
software (30) based on the first 100 confirmed cases (28). All of
turning points occurred below 30 cases (Figure 1). Due to this,
we used 30 cases as the threshold to indicate that the epidemic has
changed from a slow-growing phase to a rapid-growing phase.

Determining the Characteristics of Multiple
Waves of COVID-19

Based on the cumulative confirmed COVID-19 cases, the
epidemic’s key characteristics were identified using the bi-logistic
growth model (https://logletlab.com) among 10 regions and two
administrative cities in Ethiopia. The methods of simple logistic
function have been documented in previous studies (31, 32).
Like the previous study conducted in Australia (29), we used the
logistic growth method to know the current status of COVID-
19 in Ethiopia and predict its characteristics for the upcoming
months. We model the epidemic patterns by identifying one to
two growth waves of the COVID-19 epidemic. By this model,
the level at which epidemic saturate (K), the midpoint of each
epidemic growth (t,), the lengths of time intervals (At) required
for the epidemic to grow from 10 to 90% of the saturation level in
both waves were identified.

Determining the Overall Epidemic Size of
COVID-19

The epidemic size is defined as the total number of confirmed
cases as of April 30", 2021, divided by the population size
of each region and administrative city and then multiplied by
100,000 individuals.

Statistically Analysis

Spearman’s correlation test was conducted to determine the
correlation between epidemic size and bi-logistic parameters.
In addition, the correlation between epidemic size and early-
stage epidemic indicators was performed. We compared
the differences between K; and K, parameters by using
nonparametric Mann-Whitney tests.

RESULTS

Early Characteristics of the COVID-19
Epidemic

This study demonstrated two-phase linear fits to the first
100 confirmed cases of COVID-19 during the early phase
of the epidemic in the ten regions and two administrative
cities of Ethiopia. Table1 illustrates the early-stage epidemic
characteristics in Ethiopia. We have identified the slow and fast-
growing phases in the early phase of the 100 confirmed cases.
The average day that the slow-growing phase turned to the fast-
growing phase was 18.09 (12.36-24.82) days. The growth rate
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FIGURE 1 | Joinpoint two-phase fitting for Ethiopia regional states, showing the transition point below a threshold of 30 cases.

in the slow-growing phase was 0.37 (CI: 0.10-0.78) cases/day,
whereas, in the fast-growing phase, it was 1.18 (CI: 0.50-2.00)
cases/day. This indicated that the fast-growing phase was 0.81
times higher than the slow-growing phase. Based on a previous
study, the 30 confirmed cases as a critical threshold where the
COVID-19 epidemic started to increase rapidly (28). About 82%
of the regional states of Ethiopia transited from slow-growing
phase to fast-growing phase at a level below 30 cases, as described
in Figure 1. Besides, the average number of days required to
increase from 30 to 100 cases was 22 (CIL: 14.91-24.64). The
average number of cases at the phase transition point in Ethiopia
was 11(CIL: 4.55-19.08). The average case-fatality rate in the
first 100 confirmed cases across all regional states was 1.93
(CI: 0.79-3.05).

Characteristics of Subsequent COVID-19
Outbreaks

In addition to early-stage of epidemic characteristics, this study
used a bi-logistic model to investigate the characteristics of
subsequent waves in 10 regions and two administrative cities.
According to this investigation, all regions and administrative
cities experienced two waves of COVID-19 growth, as described
in Figure2. This model estimated the saturation level of
the cumulative number of confirmed COVID-19 cases (K) in
Ethiopia in both waves. The average saturation level of the second
outbreak was estimated to reach a saturation level of 22,788 cases,
while the average value of the first outbreak was 10,217 cases.
Also, the length of time intervals (¢) required for the epidemics to
grow from 10% to 90% of the saturation level was described. The
average duration from 10 to 90% of the second outbreak epidemic
growth was about 116 days, while the average duration of the first
epidemic growth was about 95 days. In addition, the midpoint
of each epidemic growth (tm) of the first outbreak was 179 days,
while the average midpoint growth for the second outbreak was
412 days (Figure 3).

Among all regions and cities of Ethiopia, confirmed COVID-
19 cases in Addis Ababa capital city were quite high compared
with other regions and cities. As of April 30", about 166,571
confirmed cases of COVID-19 were reported, which was 64.7
% of confirmed COVID-19 cases reported in Ethiopia. The bi-
logistic growth model indicated that the estimated saturation
cases for the cumulative number of confirmed COVID-19 cases
of both waves were 60,016 and 157,064, respectively, in Addis
Ababa (Table 2, Figure 2A).

COVID-19 Epidemic Size in Various
Ethiopian Regions

Epidemic size per 100,000 individuals was performed in all
regions and administrative cities of Ethiopia. The epidemic size
per 100,000 individuals of Addis Ababa city was 4,851, which
is the highest compared with the rest of the country. This was
followed by the Harari region of 1,669 per 100,000 individuals.
Nationwide, the average epidemic size per 100,000 individuals
was 794 with a confidence interval (CI) 159-1668 (Table 1).

Association Between Epidemic

Characteristics and Current Size

We correlated the early stages of the epidemic characteristics and
subsequent wave characteristics with the epidemic size as of the
end of April 2021. Figure 4 indicated the correlation of epidemic
size with the early stage of epidemic indicators and characteristics
of subsequent waves. The epidemic size per 100,000 individuals
was significantly positively correlated with the day of the phase
turning point (r = 0.75, P = 0.008). Also, among characteristics
of subsequent waves, epidemic size per 100,000 individuals was
significantly positive correlated with saturation level of wave one
(Kqi: r=0.854, P < 0.001), wave two (K,: r = 0.880, P < 0.001),
and average of saturation level (Ky: r = 0.877, P < 0.001).
Furthermore, bi-logistic parameters were significantly correlated
with early-stage epidemic indicators. Among them, the midpoint
of the second wave of epidemic growth was moderately and
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rateof change

FIGURE 2 | (A-K) The number of cumulative cases was calibrated to a simple bi-logistic function, which was used to model biologic patterns with two growth waves.
The parameters K represent the asymptotic value that bound the function and therefore specify the level at which the cases saturate; t,, represents the midpoint of the
epidemic growth and hence the peak of the outbreak; At are the lengths of time intervals required for the epidemic to grow from 10 to 90% of the saturation level.
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FIGURE 3 | Comparison of the fitted parameters for the bi-logistic approximation of 10 regions and 2 administrative cities of Ethiopia. * indicate P < 0.05, *** indicate
P < 0.001.
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TABLE 2 | The fitted parameters for the bi-logistic approximation for the dynamics of the cumulative incidence in each region and city administration of Ethiopia.

Regions Phase K4 Aty tmy Ko Aty tmy RMS Mean of parameters

K At tm
Addis Ababa 2 54,740 127 178 236,568 184 414 1,818 145,654 165.5 296
Afar 2 1,709 67.2 163 3,509 196 467 56.9 2,609 131.6 315
Amhara 2 6,728 104 191 9,686 102 424 141 8,207 103 307.5
Benishangul Gumuz 2 2,564 83.9 194 3,041 98.6 431 37.8 2,802.5 91.25 3125
Dire Dawa 2 2,980 103 191 2,314 45.7 396 91.5 2,647 74.35 293.5
Harar 2 2,798 86.6 186 3,569 102 425 85.5 3,183.5 94.3 305.5
Oromia 2 19,129 106 198 51,717 188 445 396 35,423 147 319
Sidama 2 3,521 62.2 171 7,078 100 395 171 5,299.5 81.1 283
Somali 2 1,663 124 149 1,451 63 415 35.8 1,557 93.5 282
SNNP 2 4,304 87.6 192 8,029 103 417 17 6,166.5 95.3 304.5
Unspecified 2 8,685 142 184 41,986 225 544 501 25,335.5 183.5 364

SNNP: Southern Nations Nationalities and People. Unspecified: refers to areas where we cannot obtain public data. It is obtained by subtracting the data of 9 regions and 2 cities which
have publicly available data from the national data.

The parameters K1, K2, and K represent the asymptotic values that bound the function and therefore specify the level at which the epidemic saturates; tm1 and tm2 represent the
midpoint of each epidemic growth and hence the peak of each outbreak; At1 and At2 are the lengths of time intervals required for the epidemics to grow from 10 to 90% of the
saturation level, as defined by the bi-logarithmic function.
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FIGURE 4 | Correlation between epidemic size, early stage of epidemic indicators, and bi-logistic parameters by Spearman’s correlation test. *o < 0.05, *p < 0.01,
***p < 0.001.
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These findings indicate that the transmission period from the first
confirmed case to 100 days (nearly 3 months and 1 week) is very
short in all regions of Ethiopia. Since then, the spread of COVID-
19 across the country has increased rapidly. The duration of the
epidemics from 10 to 90% of the second outbreak (116 days) was
higher than that of the first outbreak (96 days). However, there is
no significant difference between them. There is no duration gap
between both waves. This indicates that the waves are dependent
on each other.

We further identified significant correlations between
epidemic characteristics and epidemic size. The epidemic size
was significantly correlated with the day of the epidemic turning
point phase, which may reflect the potential ability of the
healthcare system to react to control the spread of COVID-19.
Understanding the characteristics of the early epidemic and
the size of the epidemic may help to predict its impact on
health. In addition, epidemic size per 100,000 individuals was
positively correlated with the saturation level of both epidemic
waves, suggesting the size of individual waves would predict the
eventual epidemic size in the population.

Our research has identified important features of the epidemic
in Ethiopia, and these findings may inform the health authorities
to determine their gaps in controlling the spread of COVID-
19. Therefore, to control the high spread of COVID-19, the
government should formulate a new road map by considering
the living conditions of Ethiopian citizens. Until enough vaccines
are available for the population, Governments should provide
minimum protection and safety for health care workers and
patients at the health facility and national level, according to
local conditions (34-36). Governments should guide the use of
personal protective equipment and masks by increasing supplies.

The analysis also provides an early warning to the government
of the potential trajectory of the COVID-19 epidemic in the
coming months. As the rapid spread of COVID-19 continues,
it is important to take preventive measures based on local
conditions to reduce the spread of the pandemic. Therefore,
we recommend the following measures that are very important
to the government of Ethiopia and public health agencies to
reduce the spread of the SARS-COV-2 pandemic until enough
vaccine is available for all populations. First, persistent use of
face masks across the country where it is impossible to keep
social distancing. The government should enforce face masks
use in public spaces. Currently, in Ethiopia, the mandatory
wearing of masks is limited to the capital (Addis Ababa), whereas
face mask use is low in the rest of the country. Numerous
studies have demonstrated the protective effectiveness of face
masks (25, 37-41). Second, frequent handwashing with soap or
using hand sanitizer with moisturizers after every single activity.
People have frequently used hand sanitizer or disinfectants in
various parts of the country in the past few months. However,
the adherence level of COVID-19 preventive measures was low
(42). We recommend using a hand sanitizer with a moisturizer
as running water is lacking in most parts of Ethiopia. Also,
as a previous study reports, hand sanitizers with moisturizers
have minimal allergies and irritation (43). Third, cultural values,
owing to different customs, socioeconomic status, and education
levels of Ethiopians, may affect social distancing (44). Ethiopians

have a culture of sharing food and drinking coffee with their
neighbors, which facilitate easy transmission of COVID-19 in
the community. It is important to maintain social distancing
as much as possible, especially in the field of public services.
Finally, we recommend health professionals and public health
institutions to work together to increase community awareness
of the severity of COVID-19 and discover innovative ways to
prevent it. Frequently health education for communities would
be necessary.

This study has several limitations. First, we used publicly
available data, which may contain underreported values that
affect the results of the study. Second, there are differences in
the reporting of COVID-19 status in various regions and cities
in Ethiopia. Such differences might affect the quality of data.
Third, since the control strategies implemented in various parts
of Ethiopia are different from those of other countries, our
research results may not be representative of other countries.
Fourth, interventions such as COVID-19 testing may also impact
on the epidemic size, but were not investigated in this study.
Finally, the results of this study cannot be compared with
findings in neighboring countries due to the lack of comparable
studies in neighboring countries. We recommend further
investigation to identify corresponding early characteristics and
epidemic indicators for COVID-19 in these countries. This will
enhance the control and prevention of COVID-19 in the region
as a whole.

CONCLUSIONS

The second wave of COVID-19 in Ethiopia is far greater,
and its duration is longer than the first. Early phase turning
point and case numbers in the subsequent waves predict its
overall epidemic size. Understanding the characteristics of the
epidemic and the epidemic size of COVID-19 in Ethiopia will
inform authorities’ decisions on the prevention and control of
the epidemic.
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Background: Although coronavirus disease 2019 (COVID-19) is considered to be a
disease that mainly involves the respiratory system, an increasing number of studies
have reported that COVID-19 patients had pancreatic enzymes (PE) elevation and even
pancreatic injury. The study aims to determine the prevalence of PE elevation, and the
relationship between elevated PE and prognosis in COVID-19 patients.

Methods: A comprehensive literature search was conducted according to the PRISMA
guideline in PubMed, Embase, Scopus, Web of Science, and Google Scholar for
studies reporting PE elevation in patients with COVID-19 from 1st January 2020 to 24th
November 2021.

Results: A total of 13 studies (24,353 participants) were included in our review. The
pooled prevalence of PE elevation in COVID-19 patients was 24% (18%-31%), the
pooled odds ratio (OR) of mortality was 2.5 (1.7-3.6), the pooled OR of ICU admission
was 4.4 (2.8-6.8), and the pooled OR of kidney injury, respiratory failure and liver injury
were 3.5 (1.6-7.4), 2.0 (0.5-8.7), and 2.3 (1.4-3.9) respectively. In addition, the subgroup
analysis revealed that although PE elevated to > 3x upper normal limit (ULN) was
significantly related to the mortality (OR = 4.4, 2.1-9.4), it seemed that mild elevation
of PE to 1-3 ULN also had a considerable risk of mortality (OR = 2.3, 1.5-3.5).

Conclusions: PE elevation was a common phenomenon in patients with COVID-19,
and was associated with poor clinical outcomes. However, due to the limited numbers
of included studies, the result of our study still needed to be validated.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/
display_record.php?RecordlD=295630, identifier: CRD42021295630.

Keywords: COVID-19, pancreatic enzymes, elevation, outcome, meta-analysis, review

Frontiers in Public Health | www.frontiersin.org 109

May 2022 | Volume 10 | Article 865855


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2022.865855
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2022.865855&domain=pdf&date_stamp=2022-05-12
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:pkulgt@163.com
mailto:lianghao-hu@hotmail.com
https://doi.org/10.3389/fpubh.2022.865855
https://www.frontiersin.org/articles/10.3389/fpubh.2022.865855/full
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=295630
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=295630

Zhou et al.

Pancreatic Enzymes Elevation in COVID-19

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a novel severe
respiratory infectious disease caused by severe respiratory
syndrome coronavirus-2 (SARS-CoV-2). Since the first case
was officially reported in Wuhan, China in December 2019,
COVID-19 has experienced a widespread outbreak and epidemic
worldwide, which has caused tremendous impact and pressure
on the medical and health systems around the world (1). On
March 11, 2020, the World Health Organization announced it as
a global pandemic disease. As of November 28, 2021, over 260
million confirmed cases have been reported globally, of which
nearly 5.2 million died (2). COVID-19 has now developed into
a global health crisis.

Although SARS-CoV-2 was believed to mainly invade the
respiratory system of patients, with clinical manifestations
as fever, cough, shortness of breath, and extensive lung
consolidation, it cannot be ignored that some patients
simultaneously had digestive symptoms as nausea, vomiting,
and diarrhea (3-6). Consistent with SARS-CoV, SARS-CoV-
2 invades cells through combining its spike protein with
the angiotensin-converting enzyme II (ACE II) receptors
(7, 8). Existing studies suggested that, in addition to
type II alveolar epithelial cells, ACE II receptors are also
highly expressed in esophagus, small intestine, colon and
pancreas (9-11), and show a high affinity for SARS-CoV-
2. Therefore, the pancreas may also be a potential target
of SARS-CoV-2, which can lead to undetectable pancreatic
injury (11).

Wang et al. (12) first reported pancreatic enzymes (PE)
elevation in COVID-19 patients in a study involving infected
people in the early stage of the epidemic. Subsequently, an
increasing number of studies reported the similar findings. Since
the critically ill COVID-19 patients often experience severe
systemic inflammatory, shock, microcirculatory disturbance
and renal failure, some scholars believed that PE elevation
might be associated with pancreatic ischemic injury (13-15),
and the elevated PE can serve as a surrogate marker for
poor prognosis of COVID-19 patients. However, in different
studies, due to the different sample sizes and definition of PE
elevation, the prevalence of PE elevation varied greatly, and
the clinical significance of it was still controversial (14, 16). In
a previous meta-analysis by Goyal et al. (17), hyperlipasemia
was found to be associated with the severity of COVID-19.
However, in their study, severe COVID-19 was defined as death,
intensive care unit (ICU) admission and need for mechanical
ventilation, which was not rigorous because the elevated PE
may have different impacts on different clinical outcomes. In
addition, the included studies in their meta-analysis included
letter to editor and correspondence, lacking enough case-
control and cohort studies covering large samples and multi-
centers. We believed that the result of their study was open
to question.

Therefore, we performed this meta-analysis and systematic
review in order to 1) determine the prevalence of PE elevation in
COVID-19 patients, and 2) summarize the impact of PE elevation
on the clinical outcomes in patients with COVID-19.

METHODS

Protocol Registration

This meta-analysis and systematic review was conducted in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines (18), and this study was
part of the registered protocol on the International Prospective
Register of Systematic Reviews (CRD42021295630).

Search Strategy

With the assistance of a professional librarian, we determined
the search terms and conducted a literature search in five
online databases (PubMed, Embase, Scopus, Web of Science,
and Google Scholar) from 1st January 2020 to 24th November
2021 for studies reporting PE elevation in COVID-19 patients.
The literature search was limited to English publications. Search
terms in PubMed included: [(“COVID-19”[MeSH] OR “COVID-
197 OR “COVID 197 OR “COVID-19 Virus Disease*” OR
“COVID-19 Virus Infection*”) OR (“SARS-CoV-2"[MeSH]” OR
“SARS-CoV-2” OR “SARS-CoV-2 Virus*” OR “2019-nCoV”
OR “Severe Acute Respiratory Syndrome Coronavirus 2”) OR
(“Coronavirus”[Mesh] OR “Coronavirus” OR “Coronaviruses”)]
AND [(“Amylases’[Mesh] OR “Amylases” OR “Amylase” OR
“hyperamylasemia”) OR (“Lipase”’[MeSH] OR “Lipase” OR
“Hyperlipasemia”) OR (“pancreatic enzymes”)] AND (“elevat™”).
Two reviewers (YZ and YTG) also screened the references of
the key articles to include additional studies left out in the
initial search.

Eligibility Criteria
Based on the PICOS (Population, Intervention/Exposure,
Comparison, Outcome, and Study design) strategy, the inclusion
criteria were as follows:

Population: participants included in studies were clearly
diagnosed with COVID-19.

e Exposure: PE elevation.

e Comparison: normal level of PE.

e Outcome: COVID-19 clinical
hospitalization or complications).

e Study design: Observational studies.

outcomes (mortality or

The exclusion criteria were as follows:

Non-adult studies.

Studies with unavailable full-text.

Studies with unclear criteria for PE elevation.

Studies not providing specific prevalence or outcomes of
PE elevation.

e Protocols, review articles, abstracts, letters
correspondence, case reports, and pre-prints.

to editor,

Study Selection

All identified articles were first imported into the Endnote X9
software to remove duplicates manually, then the titles and
abstracts of studies were screened by two reviewers (XXY and
QC) blindly in accordance with the inclusion and exclusion
criteria to exclude irrelevant articles. The articles meeting the
eligibility criteria were next screened on full text by the same
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two reviewers. Any disagreements were resolved by consulting
another reviewer (YZ).

Data Extraction

Data were extracted by two reviewers (YZ and XXY) using a
designed Excel sheet. Any disagreements were solved by another
reviewer (LHH). The following information was recorded: 1)
author, 2) year of publication, 3) country, 4) study type, 5)
samples size, 6) type of elevated PE, 7) definition for PE elevation,
8) proportion of patients with PE elevation among all patients,
9) proportion of patients with acute pancreatitis (AP) among
patients with PE elevation, 10) clinical outcomes of COVID-19
patients with PE elevation.

Quality Assessment

The Quality in Prognostic Studies tool was used to assess the
quality of the included studies, which includes six items: study
participation, study attrition, prognostic factor measurement,
outcome measurement, confounding measurement and account,

and analysis (19). Each article was assessed by two reviewers
(YZ and QC) independently using a consistent standard.
Any disagreements were resolved by consulting another
reviewer (GTL).

Statistical Analysis

The statistical analysis was performed using the Stata SE Version
16 software. We conservatively used a random-effects model to
analyze the impact of PE elevation on mortality, ICU admission,
and complications. A forest plot was used to visualized the data.
The heterogeneity of included studies was estimated using the
Cochran’s Q-test and I? statistics, and the value of I* between
0 and 25%, 25-75%, and >75% was considered mild, moderate,
and high heterogeneity, respectively (20). Prespecified subgroup
analyses based on the definition of PE elevation and data source
were performed to explore the heterogeneity of clinical outcomes
between studies. Sensitivity analyses were preformed to explore
the impact of each study by removing studies one by one.

Records excluded

Full-text articles excluded, with
reasons (n = 63)

Review (n = 16)

Abstract (n = 6)
Correspondence (n = 6)
Letter to editor (n = 3)
Case reports (n = 9)
Without full text (n= 1)

Without available data (n = 2)
Non-PE elevation studies (n = 20)

PR Studies identified in the initial database
searching
= PubMed (n =200)
£ Web of Science (n = 226)
é Scopus (n =, 289) Additional studies identified in
= Embase (n = 140) reference searching
= Google Scholar (n = 683) (n=3)
)
=
L]
—J
A 4 \ 4
)
Records after duplicates removed
(n=1120)
oL
=
=
)
)
=
) v
»n
Records screened R
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FIGURE 1 | Preferred reporting items for systematic reviews and meta-analyses flow diagram.
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Egger’s test and visual inspection of funnel plot were used to
examine the publication bias. A P-value <0.05 was considered
statistically significant.

RESULTS

Search Results

The PRISAM flow diagram showed the process of article
selection (Figure 1). A total of 1,538 records were extracted
from the initial search, and three additional studies were
identified through the reference searching. After removing the
duplicates (n = 421), we screened 1,120 studies with titles and
abstracts, of which 76 studies meeting the eligibility criteria
were reviewed with full text. Thirteen studies (12-14, 16, 21-29)
were finally included for qualitative and quantitative analysis in
this review.

Study Characteristics

Table 1 summarized the characteristic of the included studies.
Thirteen studies were from the USA (n = 5), China (n = 3),
Italy (n = 2), Turkey (n = 2), and Germany (n = 1), of which,
12 were retrospective, one (24) was prospective, and five studies
(14, 16, 23, 25, 29) were multicenter. The sample size ranged from

38-17225, and the proportion of male participants varied from
44.6-78.9%. Each study had a clear definition of PE elevation,
however, it lacked a unified standard and there was an obvious
heterogeneity in the definition of upper normal limit (ULN). Ten
studies (12-14, 16, 21-23, 26, 27, 29) defined PE elevation as
> ULN, and three studies (24, 25, 28) defined PE elevation as
> 3x ULN. The results of quality assessment were shown in
Supplementary Table 1.

Prevalence of PE and AP

Thirteen studies reported the prevalence of PE elevation in
COVID-19 patients, covering 2,4353 participants, of which 3,180
participants had elevated PE. The prevalence of PE elevation
ranged from 8.2 to 58.2%. The pooled prevalence of PE elevation
in COVID-19 patients was 24% (95% CI: 18%—31%), with a high
degree of heterogeneity (I? = 98.9%) (Figure 2).

Six studies (13, 14, 21, 22, 25, 26) with samples more than ten
patients reported AP diagnosis according to the revised Atlanta
classification of acute pancreatitis 2012 (30), covering 1,705
patients with elevated PE > 3x ULN, of which 182 developed
AP. The prevalence of AP ranged from 1.3 to 18.8%. The pooled
prevalence of AP in patients with elevated PE > 3x ULN was

TABLE 1 | Characteristic of studies reporting pancreatic enzymes elevation in COVID-19 patients.

Study Year Country Study type Male, n (%) Age (mean + SD) Sample PE Definition of PE
size, n elevation
Ahmed et al. (14) 2021 USA Retrospective 606 (61.1) 64 + 17 992 Lipase > ULN
(Center 1: 78 IU/L,
Center 2: 60 IU/L)
Bacaksiz et al. (13) 2021 Turkey Retrospective 700 (51.8) NP 1378 Amylase > ULN
and (Amylase: 105
lipase U/L, lipase: 65 U/L
Benias et al. (29) 2021 USA Retrospective 680(46.2%) NP 1471 Lipase > ULN
Caruso et al. (21) 2021 Italy Retrospective 692 (63.4) 64 (IQR: 52-77) 1092 Lipase > ULN (45 U/L)
Ding et al. (22) 2021 China Retrospective 37(67.3) 63 (Range: 29-79) 55 Amylase > ULN
and (Amylase: 135
lipase U/L, lipase: 78 U/L
Lietal (23) 2021 China Retrospective 737 (48.6) 61 (IQR: 49-69) 1515 Amylase > ULN (115 U/L)
Rasch et al. (24) 2021 Germany Prospective 30(78.9) 68.5 (Range: 26-85) 38 Lipase > 3 ULN (60 U/L)
Singh et al. (25) 2021 USA Retrospective 8349 (52.7) NP 17225 Lipase >3x ULN or 180
u/L
Troncone et al. (26) 2021 Italy Retrospective 148 (568.3) 67 (IQR: 53-81) 254 Amylase > ULN
and (Amylase: 125 U/L
lipase for patients <70
years old, 160 U/L
for patients >70
years old; lipase:
78 U/L)
Akkus et al. (27) 2020 Turkey Retrospective 73(57.5) NP 127 Lipase > ULN (60 U/L)
Baltar et al. (16) 2020 USA Retrospective 33(46.5) 69.4 +15.8 71 Lipase > ULN (60 U/L)
Barlass et al. (28) 2020 USA Retrospective 37(44.6) NP 83 Lipase > 3x ULN (52
u/L)
Wang et al. (12) 2020 China Retrospective 24(46.2) NP 52 Amylase > ULN
and (Amylase: 90 U/L,
lipase lipase: 70 U/L)
NR, not reported; PE, pancreatic enzymes, ULN: upper normal limit.
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Study %
ID ES (95% Cl) Weight
Ahmed (2021) E - 0.43 (0.40, 0.46) 824
Bacaksiz (2021) OI 0.23 (0.21, 0.25) 8.30
Benias (2021) o 0.21(0.19, 0.24) 8.31
Caruso (2021) E -> 0.32 (0.29, 0.34) 8.26
Ding (2021) E —— 058(0.45,0.71) 6.40
Li (2021) - E 0.13(0.11,0.15) 833
Rasch (2021) —‘:—0—- 0.32 (0.17, 0.46) 599
Singh (2021) ° 0.08 (0.08, 0.09) 8.38
Troncone (2021) :ho— 0.30 (0.25, 0.36) 7.92
Akkus (2020) —— E 0.16 (0.09, 0.22) 7.81
Baltar (2020) — E 0.13 (0.05, 0.20) 7.55
Barlass (2020) —o—g 0.17 (0.09, 0.25) 7.49
Wang (2020) —+—f— 0.17 (0.07, 0.28) 7.02
Overall (I-squared = 98.9%, p = 0.000) @ 0.24 (0.18,0.31) 100.00
i
NOTE: Weights are from random effects analysis '
o 2 5 1
FIGURE 2 | Effect size analysis for the prevalence of PE elevation in COVID-19 patients.

9% (95% CI: 2%-15%), with a high degree of heterogeneity (I* =
93.2%) (Supplementary Figure 1).

Analysis of PE Elevation and Mortality

Ten studies (13, 14, 16, 21-23, 25-27, 29) reported the mortality
associated with elevated PE. A total of 2,4207 participants
including 3,142 participants in the elevated PE group, of which
760 participants died, and 2,1065 participants in the normal PE
group, of which 2,033 participants died were included in the
analysis. The mortality ranged from 10.0 to 79.3%. PE elevation
was significantly related to the mortality of COVID-19 patients
(OR = 2.5, 95% CI: 1.7-3.6), with substantial heterogeneity
(I2 = 89.5%) (Figure 3).

Since the heterogeneity was significant, we performed a
sensitivity analysis to explore the impact of each study. The result
showed that two studies (13, 23) affected the pooled OR (odds
ratio) of mortality (Supplementary Figure 2). After removing
any one of the two studies, the I did not decrease significantly
(78.6-87.7%). After removing both studies simultaneously, the
heterogeneity became acceptable (I> = 13.3%), and the pooled
OR was 1.7 (95% CI: 1.5-1.9) (Supplementary Figure 3).

Subsequently, we performed a subgroup analysis based on
the definition of PE elevation and data sources. Ten studies
were divided into the 1-3 ULN group (13, 14, 21, 23, 26, 29)

and the >3x ULN group (13, 14, 21, 23, 25, 26, 29) (six
studies (13, 14, 21, 23, 26, 29) reported the two conditions).
The 1-3 ULN group involved 1,330 participants, of which 424
died, and the >3x ULN group involved 1,754 participants,
of which 308 died. The result of subgroup analysis showed
that PE elevated to both 1-3 ULN (OR= 2.3, 95% CI: 1.5-
35) and >3x ULN (OR = 44, 95% CI. 2.1-9.4) were
significantly related to mortality, and the pooled OR of the
1-3 ULN group was similar to that before grouping (OR =
2.5, 95% CI: 1.7-3.6) (Supplementary Figure 4). Considering
two studies with obvious heterogeneity, we also performed
subgroup analysis after removing these two studies (Table 2)
(Supplementary Figure 4). Consistent with the previous result,
after removing the heterogeneous studies, the pooled OR of the
1-3ULN group (OR = 1.7, 95% CI: 1.3-2.1) was basically the
same as that of all eight studies (OR = 1.7, 95% CI: 1.5-1.9).

Based on the different sources of data and removing the
heterogeneous studies, we categorized eight studies into the
single-center group (21, 22, 26, 27) and the multi-center group
(14, 16, 25, 29). Compared with the pooled OR of all eigth studies
(OR = 1.7, 95% CI: 1.5-1.9) and four multi-center studies (OR=
1.6, 95% CI: 1.4-1.8), it was worth noting that the pooled OR
of single-center group seemed to be higher (OR = 2.4, 95% CI:
1.4-4.2) (Table 2) (Supplementary Figure 4).
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Study %
ID OR (95% Cl) Weight
Ahmed (2021) —— 1.58 (1.19, 2.09) 12.76
Bacaksiz (2021) —— 5.08 (3.89, 6.64) 12.86
Benias (2021) —— 1.60 (1.20, 2.14) 12.72
Caruso (2021) — E 1.53 (1.10, 2.12) 12.47
Ding (2021) - 3.51(1.04, 11.84) 5.75
Li (2021) i — 5.31 (3.54, 7.98) 11.88
Singh (2021) —— 1.60 (1.34, 1.90) 13.34
Troncone (2021) —.—+— 3.40 (1.88, 6.14) 10.33
Akkus (2020) + 2.86 (0.49, 16.79) 3.49
Baltar (2020) - 1.57 (0.35, 7.04) 4.40
Overall (I-squared = 89.5%, p = 0.000) <> 2.45 (1.67, 3.59) 100.00
NOTE: Weights are from random effects analysis E

T T T T T 1

Al 5 1
—
Decreased risk of mortality

FIGURE 3 | Effect size analysis for mortality in COVID-19 patients with PE elevation.

10 1520

—_—
Increased risk of mortality

Analysis of PE Elevation and

PE elevation (12days, IQR: 3.3-20 days), the median ICU LOS for
patients with elevated PE (19 days, IQR: 7.5-33.5 days) increased

Hospitalization

Six studies (14, 16, 21, 26-28) reported PE elevation was
associated with ICU admission in COVID-19 patients. A total
of 1,783 participants including 520 participants in the elevated
PE group, of which 147 were admitted to the ICU, and 1,263
participants in the normal PE group, of which 138 were admitted
to the ICU were included in the analysis. As is shown in Figure 4,
PE elevation was significantly associated with ICU admission in
COVID-19 patients (OR = 4.4, 95% CI: 2.8-6.8), with acceptable
heterogeneity (I> = 36.8%).

Three studies reported that PE elevation was related to the
length of stay (LOS). Ahmed et al. (14) reported that the median
LOS for patients with elevated PE was 15 days (IQR: 8.3-30 days),
and that for patients with normal PE was 11 days (IQR: 5.5-20.5
days). Akkus et al. (27) found that the median LOS for patients
with elevated PE was 11.5 days (range: 3-41 days), and that for
patients with normal PE was 8 days (range: 0-38 days). Benias
et al. (29) reported that the LOS for patients with normal PE,
1-3 ULN PE, and >3x ULN PE was 11.19, 15.08, and 24.20
days respectively. Compared with normal PE, the median LOS
for COVID-19 patients with elevated PE increased by about 40%.

In addition, Ahmed et al. (14) found that patients with
elevated PE had longer ICU LOS. Compared with those without

by about 60%. Ding et al. (22) (20.7% vs. 47.8%) and Li et al.
(23) (76.5% vs. 94.5%) found that patients with elevated PE had
a lower discharge rate respectively. Singh et al. (25) reported that
patients with or without PE elevation did not show significant
difference in rehospitalization (42.0% vs. 42.8%).

Analysis of PE Elevation and Complications
Six studies (13, 22-26) reported complications in PE elevation
patients. Among them, kidney injury (KI) was the most common
complication. The meta-analysis suggested that elevated PE
was significantly associated with the increased risk of KI
(OR= 3.5, 95% CI: 1.6-7.4), with significant heterogeneity (I?
= 95.0%) (Supplementary Figure 5). There were two studies
each reporting respiratory failure (23, 25) and liver failure
(24, 26). The pooled OR of respiratory failure in COVID-
19 patients with elevated PE was 2.0 (95% CI: 0.5-8.7)
(Supplementary Figure 5), and the pooled OR of liver failure
was 2.3 (95% CI: 1.4-3.9) (Supplementary Figure 5). In addition,
the reported complications included acute heart failure, cardiac
injury, sepsis, and disseminated intravascular coagulation as
well (23).
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TABLE 2 | Subgroup analysis on the association between of pancreatic enzymes elevation and mortality in COVID-19 patients.

Subgroups Number of studies Sample size (n) OR 95% CI 12 (%) P-value
Definition of PE elevation
1-3 ULN 6 (13, 14, 21, 23, 26, 29) 1330 2.3 1.5-3.5 87.5 < 0.001
>3 ULN 7 (13, 14, 21, 23, 25, 26, 29) 1754 4.4 2.1-9.4 92.9 < 0.001
Reference 10 3142 25 1.7-3.6 89.5 < 0.001
1-3 ULN* 4 (14, 21, 26, 29) 892 1.7 1.3-2.1 411 0.165
>3 ULN* 5(14, 21, 25, 26, 29) 1680 1.9 1.3-2.6 61.1 0.036
Reference* 8 2630 1.7 1.5-1.9 13.3 0.326
Data source
Single-center* 4(21, 22, 26, 27) 470 2.4 1.4-4.2 54.4 0.087
Multi-center* 4 (14, 16, 25, 29) 3554 1.6 1.4-1.8 0.0 1.000
Reference* 8 2630 1.7 1.5-1.9 13.3 0.326
*After removing the two heterogeneous studies (13, 23).
Cl, confidence interval; OR, odds ratio; PE, pancreatic enzyme; ULN, upper normal limit.
Study %
ID OR (95% CI) Weight
'
Ahmed (2021) —_— 252 (1.28,4.97) 22.56
1
1
Caruso (2021) —— 4.40 (2.78, 6.98) 31.84
'
1
Troncone (2021) - 7.16 (3.61, 14.20) 22.34
1
Akkus (2020) ———— 3.39 (1.10, 10.50) 11.54
1
1
Baltar (2020) L 3.02 (0.71, 12.86) 7.71
'
Barlass (2020) : -+ 27.18 (3.34,221.18) 4.02
1
Overall (I-squared = 36.8%, p = 0.162) @ 4.39 (2.83, 6.80) 100.00
1
i
1
NOTE: Weights are from random effects analysis '
T T T 1
5l 5 10 50 100 200
- _—
Decreased risk of ICU admission Increased risk of ICU admission
FIGURE 4 | Effect size analysis for ICU admission in COVID-19 patients with PE elevation.

Publication Bias

Egger’s test revealed that, there was no significant
publication bias for studies reporting mortality (P =
0.463), ICU admission (P = 0.647), and KI (P =
0.523) associated with PE elevation, except for PE

prevalence (P = 0.006). Supplementary Figure 6 for visual
funnel plots.

DISCUSSION

To the best of our knowledge, this is the latest and most
comprehensive systematic review and meta-analysis on the
prevalence and clinical outcomes of PE elevation in COVID-
19 patients. Our study demonstrated that, overall, PE elevation
was common in COVID-19 patients. The pooled prevalence of
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PE elevation was 24%, which was significantly higher than that
of the previous mate-analysis by Goyal et al., and the risk of
developing severe COVID-19 in patients with hyperlipasemia
in their study was higher than that of adverse outcomes in
our study (17). This is understandable because their meta-
analysis included fewer and earlier studies. In addition, we
also found that about 9% of patients with elevated PE >
3x ULN eventually developed AP, which was also higher
than that of a previous meta-analysis on the prevalence and
clinical outcomes of AP in COVID-19 patients reported by
Yang et al. (31). In their study, the pooled prevalence of AP
complicated by COVID-19 was about 3.1%, of which about 18.5%
eventually died. COVID-19 patients with pancreatic injury often
had poor clinical outcomes. According to the revised Atlanta
classification of acute pancreatitis 2012, the diagnosis of AP
included abdominal pain, the elevated PE > 3x ULN, and
characteristic findings of AP on imaging. However, it cannot
be denied that patients did not meet the diagnostic have no
potential pancreatic injury and potential risk of poor prognosis.
In this systematic review and meta-analysis, we extensively
searched and included existing studies on PE elevation in patients
with COVID-19 and included more participants to reveal the
association between elevated PE and the clinical outcomes of
COVID-109 patients.

At present, the cause of PE elevation was still unclear. In
the autopsy of patients with severe acute respiratory syndrome,
SARS-CoV was found to be present in pancreatic tissue (32).
Due to the similarity of the two viruses and the ACE II receptors
highly expressed in the pancreas, pancreatic injury caused by the
direct invasion of SARS-CoV-2 was one of the potential causes
of PE elevation. In the case report by Schepis et al., SARS-CoV-2
RNA was detected for the first time in a pancreatic pseudocyst
fluid sample from a COVID-19 patient (33). In addition, a
Chinese pathology study found that COVID-19 patients had a
small amount of pancreatic islet cell degeneration (34). Although
the above studies seemed to verify the possibility of direct damage
by SARS-CoV-2, in critically ill patients, PE elevation often
occurred. The most widely accepted explanation for PE elevation
with non-viral causes was pancreatic ischemia (15, 35, 36). When
the patient had severe infection, hypoperfusion and shock, the
pancreas was insufficiently perfused, which will lead to pancreatic
injury. In addition, non-pancreatic causes such as intestinal
inflammation (37), diabetes (38), acidosis (39), and renal failure
(38, 40, 41) can also lead to PE elevation. Although a variety
of causes, including pancreatic injury, can lead to PE elevation,
it was undeniable that when the above symptoms appeared in
COVID-19 patients, it often indicated the occurrence of poor
clinical outcomes.

Our meta-analysis and systematic review found that PE
elevation in COVID-19 patients was significantly associated with
the increase of mortality, ICU admission, LOS, and clinical
complications as KI, respiratory failure and liver failure. In the
analysis of mortality, the pooled OR without two heterogeneous
studies (13, 23) was 1.7, which was significantly lower than
the pooled OR of 2.5 for all studies. In these two studies, we
found that 50.1% of the patients were diagnosed with severe
COVID-19 and 43% with severe pneumonia, respectively. In
a meta-analysis involving 30 studies, the proportion of severe

COVID-19 was about 26% (42). In addition, studies have shown
that severe COVID-19 and more comorbidities were the risk
factors for higher clinical mortality (43, 44). Although the severity
of COVID-19 was not clearly reported in other included studies,
we believed that the heavier condition of patients contributed
to the higher mortality, resulting in the overestimation of the
risk of pooled mortality. Compared with the existing discovered
risk factors for mortality of COVID-19 patients such as gender
(45, 46), age (43, 45-47), diabetes (45, 48), history of COPD (45),
and chronic cardiac disease (49), we found that PE elevation had a
similar risk for mortality. Therefore, PE elevation may also serve
as a risk indicator of mortality for patients with COVID-19.

In the subgroup analysis of mortality based on different
definition of PE elevation, we found that patients with elevated
PE of >3x ULN had a higher risk of death. In addition, it
was also interesting that regardless of including or excluding the
heterogeneous studies, the pooled OR of mortality in the 1-3
ULN group did not change a lot (2.3 vs. 2.5, 1.7 vs. 1.7), which
indicated that a slight increase in PE, even if it did not satisfy
the diagnostic criterion of AP, will have a hazardous effect on
the clinical outcomes of COVID-19 patients. In other words, it is
possible that PE is a sensitive marker for predicting the mortality
in COVID-19 patients.

In the subgroup analysis on mortality based on different data
sources, the pooled OR of mortality in single-center studies was
higher than that of multi-center studies (2.4 vs. 1.6). Among the
included multi-center studies, one was a database study (25), one
study was based on two tertiary hospitals and four community
hospitals (16), and two studies was based on several major tertiary
medical systems (14, 29). Since the time of data recorded and
the methods of measurement and testing in public databases
were difficult to ensure consistency (50), and the conditions of
patients in community hospitals were different from those in
tertiary medical institutions, we believed that the existing multi-
center studies may underestimate the real risk of mortality in
COVID-19 patients with elevated PE. Therefore, we hoped that
prospective studies based on several tertiary medical institutions
can be carried out to explore the real risk of hospital mortality
related to PE elevation in COVID-19 patients. And on this
basis, further explore the specific sources and risk factors of
PE elevation.

In addition, it is worth noting that Ahmed et al. (14) tried
to explore the relationship between PE elevation, D-dimer
and mortality, ICU admission. Existing studies have proved
that laboratory factors including D-dimer levels, demographic
factors, patient history factors, physical examination factors,
and clinical scores were significantly related to the severity
and poor prognosis of COVID-19 patients (51). Since the
COVID-19 patients often underwent various examinations
during hospitalization, which generated rich medical records, it
will be a meaningful attempt to predict the clinical outcomes
of COVID-19 patients through using these multi-dimensional
data. At present, machine learning algorithm has been widely
used in the prediction tasks of complications, mortality, etc.
in COVID-19 (52-54). We hoped that future studies can
develop similar predictive models based on multi-omics clinical
data including PE elevation to predict the clinical outcome of
COVID-19 patients.
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This systematic review and meta-analysis also had certain
limitations. First, we only searched articles in English, which may
lead to potential bias of publication. Second, due to the limited
number of articles included, the results showed significant
heterogeneity. Although we attributed it to the differences in
the severity of COVID-19, there may also be other potential
factors that we overlooked. Third, although we tried to perform
a subgroup analysis to explore the impact of PE elevation on
specific clinical outcomes, due to the few studies reporting
detailed complications, the result of our analysis was unstable
and needed to be validated by including more studies in
the future.

CONCLUSION

In conclusion, our research found that PE elevation was a risk
factor for poor clinical outcomes in patients with COVID-
19. Compared with patients with normal PE, patients with
elevated PE had a higher risk of mortality, ICU admission, and
complications. In addition, future studies are still needed for
further analysis of more impacts of PE elevation in COVID-
19 patients.
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The COVID-19 pandemic revealed the disproportionate risk of poor clinical outcomes
among population subgroups. The study investigates length of stay (LOS), intensive
care unit (ICU) admission, and in-hospital death across age, sex, and race among
patients hospitalized with COVID-19. A pooled cross-sectional study analyzed hospital
discharge data of state-licensed hospitals in Texas from April to December 2020. Of
98,879 patients, males accounted for 52.3%. The age distribution was 31.9% for the
65-79 age group, 29.6% for those aged 50-64, and 16.3% for those older than 79.
Whites constituted the largest proportion (42.6%), followed by Hispanics (36.2%) and
Blacks (13.1%). Higher in-hospital death rates were found among patients aged 80
and over (Adjusted Risk Ratio (@aRR) 1.12, 95%CI 1.11-1.13) and patients aged 65-79
(@RR 1.08, 95%CI 1.07-1.09) compared to patients aged 19 and below. Hispanics (aRR
1.03, 95%CI 1.02-1.03) and other minorities (aRR 1.02, 95%CI 1.02-1.03) exhibited
higher in-hospital death rates than whites, and these patients also had longer LOS
and higher ICU admission rates. Patients aged 65-79, 50-64, and 80 and over all had
longer hospital stays and higher ICU admission rates. Males experienced poor health
outcomes in all assessed outcomes. Findings showed that disparities in clinical outcomes
among population subgroups existed and remained throughout 2020. While the nation
has to continue practicing public health measures to minimize the harm caused by the
novel virus, serious consideration must be given to improving the health of marginalized
populations during and beyond the pandemic.

Keywords: COVID-19, clinical outcomes, age, race, sex

INTRODUCTION

Ever since the first case of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was
confirmed in the United States, the COVID-19 pandemic has disrupted the lives of every American.
One troubling feature of the public health crisis caused by the pandemic is the excess harm posed to
marginalized and vulnerable populations, which has punctuated the national awareness of health
disparities between population subgroups (1).

The unprecedented global pandemic has revealed the disproportionate risk of poor clinical
outcomes among population subgroups. Age has been suggested as a strong predictor of
mortality—that is, the risk of mortality from COVID-19 increases with age (2, 3). Older
adults have been identified as the most vulnerable group to the effects of the pandemic.
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Also, studies have reported that males are at a disproportionate
risk of severe conditions and death caused by COVID-19 (4, 5).
In the middle of the pandemic, the country was also exposed to
racial/ethnic health disparities, which prompted a harsh national
public health discourse. Studies, including Louisiana reports,
have found significantly higher hospital admissions, intensive
care unit (ICU) admission or severe illness, and in-hospital
mortality among racial minorities compared to their white
counterparts (6-9).

So far, studies on hospitalized patients often relied on data
from a single or a few healthcare systems. Previous studies
may exhibit a limitation in interpreting findings to a larger
group of the patient population hospitalized with COVID-19.
This study uses data on hospitalized patients with COVID-19
from all state-licensed hospitals in Texas except those that are
statutorily exempt from reporting requirements. The inclusion
of a large number of hospitals furthers representative evidence
of hospitalized patient population and improves generalizability.
Second, less is known about changing clinical outcomes across
population subgroups. This study provides insight into the
changes in clinical outcomes over the three quarters of 2020
across key demographic characteristics among patients with
COVID-19. Also, Texas, one of the states hardest hit by COVID-
19, has unique demographics, with a larger Hispanic or Latino
population (39.7%) compared to the national average (18.5%).
The study enhances the understanding of clinical outcomes in
Texas, and how they vary from national trends.

The aim of the study is to investigate differences in length of
stay (LOS), intensive care unit (ICU) admission, and in-hospital
death across age, sex, and race/ethnicity and to examine how
the variations change over time in 2020 using Texas inpatient
discharge data.

METHODS
Study Design and Data

The pooled cross-sectional study used the de-identified public-
use data of Texas hospital discharge for the last three quarters in
2020. The hospital discharge data from all state-licensed hospitals
in Texas except those that are exempt from the reporting
requirement contains patients demographics and healthcare
information related to hospitalization. The three quarterly
inpatient discharge files were merged and then were linked with
the 2013 Urban-Rural Classification Scheme from the National
Center for Health Statistics using patients’ residential county.
The study patients were identified through confirmed COVID-
19 (U07.1) using the International Classification of Disease, 10th
revision, Clinical Modification (ICD 10-CM) diagnosis code,
following the US Centers for Disease Control and Prevention’s
Official Coding and Reporting Guidelines (10). The analysis
included 98,879 patients after excluding missing (2.8%) on any
variables in the study.

Measurement

Outcomes

In-hospital death was a primary outcome of interest, capturing
patients’ expiration at the hospital. LOS and ICU admission were

also outcomes of interest. In-hospital death and ICU admission
were dichotomized, and LOS was treated as a count variable.

Independent Covariates

Age, sex, and race/ethnicity were key independent variables
based on the literature review (7, 11). Age was categorized:
below 20, 20-34, 35-44, 45-55, 55-64, 65-79, 80 and over. Sex
was male and female. Patients’ self-reported race/ethnicity was
constructed using race and ethnicity variables: non-Hispanic
whites, non-Hispanic blacks, Hispanics, and non-Hispanic other
racial/ethnic minorities. Health insurance types of payment, type
of admission, rural-urban classification, and comorbidity were
included (7,12, 13). The Elixhauser index was calculated for
the comorbidity measure, using the International Classification
of Disease, Tenth Revision, Clinical Modification (ICD-10 CM)
diagnosis code.

Statistical Analysis

In the descriptive analysis, the patients’ characteristics and the
bivariate relationship between the patients’ clinical outcomes and
key demographic covariates, such as age, sex, and race/ethnicity,
were examined. Graphical descriptions of the quarterly trends in
LOS, ICU admission, and in-hospital death by the key covariates
were created. After an unadjusted Poisson regression model
was fitted for key outcomes, multivariable models were run to
estimate the adjusted risk ratios (aRR), accounting for secondary
covariates, including the type of admission, health insurance type
as a payment method, urban-rural classification, and provider
and quarter fixed effect. Subsequent regression models further
controlled for patients’ comorbidity. Analysis was also conducted
for the association between key outcomes and age, sex, and
race/ethnicity, stratified by each quarter to examine the trend
of their relationship over the study period. Additionally, as a
sensitivity analysis, multivariable regression was performed for
LOS and ICU admission after excluding patients who expired
at the hospital. While Poisson regression is a suggested analytic
approach for the risk of dichotomous outcomes, the errors of the
estimation tend to be overestimated. The variance was rectified
using robust standard errors so that adjusted test statistics can
be used for the statistical significance of estimates (14, 15). This
study used public-use hospital discharge data released from the
Texas Department of State Health Services, and the information
in the database could not be identified. Therefore, institutional
review board approval was not required for the present study
based on the US Title 45 Code of Federal Regulations, Part 46.
All tests were two-tailed, and the statistical significance was set
to P < 0.05. All analyses were performed using the R statistical
software (version 4.1.2).

RESULTS

Patient Characteristics

Of a total 98,879 patients with COVID-19, males accounted for
52.3% as shown in Table 1. The age distribution was as follows:
31.9% for the 65-79 age group, 29.6% for those aged 50-64,
16.3% for those aged 80 or older, 16.0% for ages 35-49, 5.1%
for ages 20-34, and 1.1% for those aged 19 and below. Whites
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TABLE 1 | Characteristics of patients hospitalized with COVID-19.

Variable N % or mean (sd)
98,879 100
Age
<19 1,114 11
20-34 5,031 5.1
35-49 15,821 16.0
50-64 29,273 29.6
65-79 31,507 31.9
>80 16,133 16.3
Sex
Male 47,127 52.3
Female 51,752 47.7
Race
White 42,088 42.6
Black 12,960 13.1
Hispanic 35,751 36.2
Other 8,080 8.2
Insurance
Private 50,628 51.2
Medicare 32,343 32.7
Medicaid 4,210 4.3
Other 11,698 11.8
Type of admission
Emergency 79,637 80.4
Urgent 11,980 121
Elective 7,079 7.2
Other 283 0.3
Urban-Rural classification
Large central metro 38,559 39.0
Large fringe metro 14,764 14.9
Medium metro 19,641 19.9
Small metro 8,681 8.8
Micropolitan 9,635 9.7
Non-core 7,599 7.7
Quarter
2nd quarter 13,202 13.4
3rd quarter 37,492 37.9
4th quarter 48,185 48.7
Comorbidity 98,879 3.4 (2.0

constituted the largest proportion (42.6%), followed by Hispanics
(36.2%), Blacks (13.1%), and other minorities (8.2%). More than
half of the patients were covered by private insurance (51.2%);
and the rest were covered by Medicare (32.7%), Medicaid (4.3%),
and other sources (11.8%). Most patients were admitted through
emergency (80.4%) and were from various metro areas, such as
large central (39.0%), large fringe (14.9%), and medium (19.9%).

Descriptive LOS, ICU Admission, and
In-hospital Death

The bivariate analysis revealed that the patients mean LOS
was 7.4 days (sd 7.9), and the median LOS was 5 days

TABLE 2 | Summary of LOS, ICU admission, and in-hospital death by age, sex,
and race/ethnicity among patients hospitalized with COVID-19.

LOS (days) ICU admission In-hospital death
Mean (sd)/ Median % %

Overall 7.4(7.97/5 45.3 9.9
Age

<19 4.3(6.0)/3 38.5 0.4
20-34 5.4 (6.4)/4 41.8 2.0
35-49 6.3(7.3)/4 431 3.6
50-64 7.78.8)/5 46.2 7.5
65-79 8.1(8.2)/5 47.2 13.0
>80 72(6.4)/5 44.0 17.6
Sex

Male 7.7(8.2)/5 47.2 111
Female 7.1(7.6)/5 43.4 8.6
Race

White 7.2(7.4)/5 43.6 10.3
Black 6.9(7.5)/5 44.3 6.9
Hispanic 7.8(8.5)/5 47.4 10.7
Other 75(8.2)/5 475 9.7

(Table 2). About 45.3% of the patients were admitted to the
ICU, and 9.9% expired at the hospital. Hispanics (10.7%),
whites (10.3%), and other racial minorities (9.7%) had higher
in-hospital death rates than blacks (6.9%). Older adults,
particularly those aged 80 and over (17.6%) and those aged
65-79 (13.0%) had a significantly higher in-hospital death
rate than patients below 20 years old (0.4%). LOS, ICU
admission, and in-hospital death rates across demographic
characteristics were largely consistent over the last three quarters
of 2020 (Figure 1).

Differences in LOS From Multivariable

Analysis

Compared to the youngest group (those aged 19 and below),
patients, including those aged 65-79 (aRR 1.73, 95%CI 1.60-
1.88; p < 0.000), 50-64 (aRR 1.70, 95%CI 1.57-1.84; p < 0.000),
80 and over (1.56, 95%CI 1.43-1.69; p < 0.000) all had longer
LOS in Table 4. Males showed extended LOS relative to females
(aRR 1.10, 95%CI 1.09-1.12; p < 0.000). Hispanics (aRR 1.14,
95%CI 1.12-1.16; p < 0.000) and other racial minorities (aRR
1.09, 95%CI 1.06-1.12; p < 0.000) had longer hospital stays,
but blacks had shorter hospital stays (aRR 0.94, 95%CI 0.93-
0.96; p < 0.000) than whites. From April through June, the
LOS of Hispanics did not differ significantly from that of whites.
However, in later months, Hispanics had a significantly longer
LOS than whites, whereas blacks consistently showed a shorter
LOS than whites (Figure 2 and Supplementary Table 1). The
variation in LOS between males and females slightly decreased
in the fourth quarter, while the variations in age remained mostly
the same.
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FIGURE 1 | Trends in LOS, ICU admission, and In-hospital death by age, sex, and race/ethnicity.

Differences in ICU Admission From

Multivariable Analysis

The multivariable analysis showed that those aged 35-49 (aRR
1.04, 95%CI 1.01-1.07; p < 0.012), 50-64 (aRR 1.05, 95%CI,
1.02-1.08; p = 0.001), 65-79 (aRR 1.05, 95%CI 1.02-1.08; p <
0.000), and 80 and over (aRR 1.03, 95%CI 1.01-1.06; p = 0.040)
had an increased risk of ICU admission compared to younger
patients (Table 4 and Supplementary Table 2). While other age
groups compared to patients <19 years old did not show
differences in the first two quarters, they had significantly higher
ICU admission in the fourth quarter. Over the three quarters,
Hispanics and other minorities had consistently higher ICU
admission rates than their white counterparts (Figure 2). Males
experienced more frequent ICU admissions than females (aRR
1.03, 95%CI 1.03-1.04; p < 0.000), and this pattern remained
over time.

Differences in In-hospital Death From

Multivariable Analysis
Consistent with the unadjusted model (Table 3), the adjusted
analysis demonstrated that the oldest group (those aged 80 and

over) had the highest risk of in-hospital death (aRR 1.13, 95%CI
1.11-1.14; p < 0.000). The 65-79 (aRR 1.08, 95%CI 1.07-1.09;
p < 0.000) and 50-64 (aRR 1.04, 95%CI 1.03-1.05; p < 0.000)
age groups also suffered higher mortality rates than those aged
19 and below (Table 4 and Supplementary Table 3). These age
differences in in-hospital deaths continued over time, with only
slight changes (Figure 2). Males had a higher in-hospital death
rate than females (aRR 1.03, 95%CI 1.02-1.03) although the
difference slightly diminished over the three quarters. Hispanics
(aRR 1.03, 95%CI 1.02-1.03; p < 0.000) and other minorities
(aRR 1.02, 95%CI 1.01-1.03; p < 0.000) exhibited higher in-
hospital death rates than whites, and the differences remained
over quarters. In contrast, blacks had a lower in-hospital death
rate than whites in later quarters. The results from sensitivity
analysis with exclusion of patients who expired at the hospital
were similar to the primary results (Supplementary Table 4).

DISCUSSION

This study examined age, sex, and racial/ethnic differences in
LOS, ICU admission, and in-hospital death among patients
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TABLE 3 | Unadjusted association between key outcomes and age, sex, and race.

Unadjusted
LOS ICU admission Death
RR (95%Cl) P RR (95%Cl) P RR (95%Cl) p
Age
<19 Ref. Ref.
20-34 1.25(1.14,1.36) <0.000 1.02 (1.00,1.05) 0.044 1.02 (1.01,1.02) <0.000
35-49 1.46 (1.34,1.58) <0.000 1.08(1.01,1.06) 0.003 1.03(1.03,1.04) <0.000
50-64 1.79 (1.65,1.94) <0.000 1.06 (1.03,1.08) <0.000 1.07 (1.07,1.08) <0.000
65-79 1.88(1.73,2.04) <0.000 1.06 (1.04,1.09) <0.000 1.13(1.12,1.13) <0.000
>80 1.67 (1.53,1.81) <0.000 1.04 (1.02,1.06) <0.000 1.17 (1.16,1.18) <0.000
Sex
Female Ref. Ref.
Male 1.09 (1.07,1.10) 1.03 (1.02,1.03) <0.000 1.02 (1.02,1.03) <0.000
Race
White Ref. Ref.
Black 0.96 (0.94,0.98) 0.001 1.00 (1.00,1.01) 0.162 0.97 (0.96,0.97) <0.000
Hispanic 1.09 (1.08,1.11) <0.000 1.08(1.02,1.03) <0.000 1.00 (1.00,1.01) 0.082
Other 1.06 (1.03,1.08) <0.000 1.03 (1.02,1.04) <0.000 0.99 (0.99,1.00) 0.124
TABLE 4 | Adjusted association between key outcomes and age, sex, and race.
Model 1 Model 2
(Model 1 + comorbidity)
LOS ICU admission Death LOS ICU admission Death

RR (95%Cl) P RR (95%ClI) P RR (95%Cl)

aRR (95%Cl) P aRR (95%Cl) P aRR (95%Cl) P

Age

<19 Ref. Ref. Ref. Ref. Ref. Ref.

20-34  1.54 (1.40, 1.70) <0.000 1.06 (1.03, 1.09) <0.000 1.05 (1.04, 1.06) <0.000 1.34 (1.24, 1.46) <0.000 1.03 (1.00, 1.06) 0.033 1.01 (1.01, 1.02) 0.002
35-49  1.81(1.65, 1.99) <0.000 1.08 (1.05, 1.11) <0.000 1.06 (1.05, 1.07) <0.000 1.49 (1.38, 1.62) <0.000 1.04 (1.01, 1.07) 0.012 1.02 (1.01, 1.03) <0.000
50-64  2.23(2.03, 2.44) <0.000 1.11(1.08, 1.15) <0.000 1.10 (1.09, 1.11) <0.000 1.70 (1.57, 1.84) <0.000 1.05 (1.02, 1.08) 0.001 1.04 (1.03, 1.05) <0.000
65-79  2.41(2.19,2.64) <0.000 1.13(1.10, 1.16) <0.000 1.16 (1.15, 1.17) <0.000 1.73 (1.60, 1.88) <0.000 1.05 (1.02, 1.08) <0.000 1.08 (1.07, 1.09) <0.000
>80 2.22 (2.02,2.43) <0.000 1.11(1.08, 1.15) <0.000 1.22 (1.21, 1.23) <0.000 1.56 (1.43, 1.69) <0.000 1.03 (1.01, 1.06) 0.040 1.13(1.11, 1.14) <0.000
Sex

Female Ref. Ref. Ref. Ref. Ref. Ref.

Male 1.08 (1.06, 1.09) <0.000 1.02 (1.02, 1.03) <0.000 1.03 (1.02, 1.03) <0.000 1.10 (1.09, 1.12) <0.000 1.03 (1.03, 1.04) <0.000 1.03 (1.02, 1.03) <0.000
Race

White Ref. Ref. Ref. Ref. Ref. Ref.

Black  0.99(0.97,1.02) 0.621 1.00(1.00, 1.01) 0.621 1.00(1.00, 1.01) 0.394 0.94 (0.93, 0.96) <0.000 0.99 (0.99, 1.00) 0.051 0.99 (0.98, 1.00) 0.004
Hispanic 1.12 (1.10, 1.14) <0.000 1.02 (1.02, 1.02) <0.000 1.02 (1.02, 1.03) <0.000 1.14 (1.12,1.16) <0.000 1.03 (1.02, 1.03) <0.000 1.03 (1.02, 1.03) <0.000
Other  1.05(1.03, 1.08) <0.000 1.02 (1.01, 1.03) <0.000 1.01 (1.00, 1.02) 0.002 1.09 (1.06,1.12) <0.000 1.03 (1.02, 1.03) <0.000 1.02 (1.01, 1.03) <0.000

hospitalized with COVID-19. Overall, ICU admission decreased
over time, consistent with previous reports (16). In contrast,
rates of LOS and in-hospital mortality remained over the
study period. The study findings showed that the assessed
demographic characteristics were important predictors of LOS,
ICU admission, and in-hospital death, and these associations
were largely consistent throughout 2020.

Earlier investigations reported significant variations in health
outcomes between age groups during the COVID-19 pandemic
(2, 7). Consistent with previous findings, this study found that
age was a strong predictor of higher mortality and ICU admission
rates as well as longer hospital stays. While the overall ICU
admission rate had decreased over time as revealed in the
descriptive analysis, the adjusted analysis showed significant
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differences between age groups. Patients aged 80 and over and
those aged 65-79 had the highest mortality rates; this pattern
persisted from April to December 2020. The adjusted ICU
admission rate was also significantly higher among the older
age groups (ages 50-64, 65-79, and 80 and over), similar to
the findings in previous studies, suggesting severe conditions
disproportionally among older adults (3, 17).

The COVID-19 pandemic has shed light on racial health
disparities. This study found that Hispanics and other racial
minorities including Asian and Pacific Islanders had an increased
risk of ICU admission and in-hospital mortality compared to
whites, similar to earlier findings (8, 11, 18, 19). When stratified
by quarters, the present study found continued racial variations
in assessed health outcomes. These persistent disparities were
also reported in multiple studies (8, 20); They suggested higher
ICU admission and in-hospital mortality in Hispanics and Asian
or Pacific Islanders over time. Although another study tended
to show an increased risk in the assessed outcomes among
racial minorities compared to whites over a period of time,
the results were not statistically significant (16). While some
variations across studies exist, the findings of the present study
using a large database of the inpatient population strengthen
the knowledge base and highlight significant health disparities
among Hispanics and minorities (8, 11, 18). Moreover, there
was also evidence of a significantly higher risk of prolonged
hospital stays among Hispanic subgroups from the third quarter
of 2020 in this study. The soaring risk of lengthy hospital stays
in this group relative to the white group in later quarters may be
driven by a lack of early testing and diagnosis of the coronavirus,
leading to rapid deterioration of health conditions and so high
mortality later (21). Markedly, Hispanic patients were the most
vulnerable to in-hospital mortality and the intensified risk of
death continued throughout the year. Although reasons for the
poor clinical health outcomes are to be further explored in terms
of both socio-economic or environmental and physiological
factors, preexisting social and health inequities that a historically
underserved minorities experience may have contributed to
severe health conditions associated with COVID-19 (19, 22).

Conversely, blacks tended to show a lower likelihood of ICU
admission and in-hospital mortality compared to their white
counterparts. Overall, the findings of the present study are
comparable with what has been reported from previous studies
conducted in health care settings—blacks had either a lower or
similar risk of ICU admission and hospital mortality compared
to whites (7, 12, 16, 22). Although one study found higher ICU
admission among blacks compared to whites, this pattern did
not remain when the analysis was stratified by a certain time
period (16). Notably, these findings contradict those from studies
of the general population that showed more severe conditions in
black persons (7, 8). The contrasting results between hospitalized
patients and general populations may attribute to a number of
factors. A lower or similar risk of severe conditions among black
persons in the general population may be due to barriers to access
to health care that blacks experience because of either a lack of
insurance or underinsurance (23). Their poor access may cause
exacerbated health conditions and increased deaths outside the
hospital and, therefore, a higher overall mortality rate. On the

other hand, undiagnosed cases due to asymptomatic infections
and delayed diagnosis may lead to severe health conditions and
later be recognized as deaths caused by COVID-19 (24). The
findings of this study with those of previous studies suggest that,
while the poor health outcomes are more marked among blacks
outside of a hospital, once admitted, blacks may have an equal or
lower likelihood of experiencing severe conditions compared to
whites (12).

This study found that males had an increased risk of
longer hospital stays, ICU admission, and in-hospital death
compared to females. These results are consistent with prior
reports on both hospitalized patients and the general population
(7, 8, 25). Despite the slight decrease over time, these
sex differences in the assessed clinical outcomes largely
remained. While the drivers of these differences are still
uncertain, the varying clinical outcomes might be driven
by behavioral differences between males and females, such
as the higher prevalence of smoking and drinking among
males (5). Furthermore, biological pathways and immune
responses have been suggested as likely explanations for the
significant sex differences in clinical outcomes associated with
COVID-19 (26, 27).

The study has several limitations. First, given the nature of
the observational study, unmeasured patient information may
remain. Also, as the database used for this study included
mainly patients’ data associated with hospitalization, unobserved
information with respect to the cross-hospital variations may
exist and confound the observed association between exposure
and outcome. Although the multivariable analysis that adjusted
for study covariates and a provider identifier as fixed effects
would improve the unmeasured issues, the potential bias due
to unmeasured confounding may still affect the estimation and
undermine the study findings. Second, one of the strengths
of the present study is the inclusion of all state-licensed
hospitals in Texas with a few exceptions, which provides
more robust and representative evidence of health outcomes
among the inpatient population hospitalized with COVID-19.
However, given the Texas context, a caution is still needed
in interpreting the study findings in other contexts. Third,
despite the adjusted regression models being performed to
control for various patient characteristics, the analysis was
not designed to assess causality given the nature of the
observational study. Fourth, while analysis using months rather
than quarters is more desirable, the study did not examine
monthly analysis as only quarter indicators were available.
Despite several limitations, this study documents important
evidence of differential risks in clinical outcomes associated with
COVID-19 across patient demographics.

CONCLUSIONS

The COVID-19 pandemic is one of the most disturbing public
health challenges in the history of human disease. This study
revealed the trend of clinical outcomes associated with COVID-
19, showing population subgroups, such as older adults, males,
and racial/ethnic minorities, disproportionately affected. The
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pandemic has raised our awareness not only of the danger of
infectious disease but also of the amplified health disparities.
While the nation has to continue practicing public health
measures to minimize the harm caused by the novel virus and
its variants, serious consideration must be given to improving
the healthcare and health of the marginalized and vulnerable
populations during and beyond the pandemic.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study.
This data can be found here: The de-identified datasets
for this study can be obtained from the Texas Health and
Human Services https://www.dshs.texas.gov/thcic/hospitals/
Inpatientpudf.shtm.

REFERENCES

. Roth GA, Emmons-Bell S, Alger HM, Bradley SM, Das SR, de Lemos,
et al. Trends in patient characteristics and COVID-19 in-hospital
mortality in the United States during the COVID-19 pandemic.
JAMA Netw Open. (2021) 4:¢218828. doi: 10.1001/jamanetworkopen.20
21.8828

. Finelli L, Gupta V, Petigara T, Yu K, Bauer, K, Puzniak LA. Mortality among
US patients hospitalized with SARS-CoV-2 infection in 2020. JAMA Netw
Open. (2021) 4:€216556. doi: 10.1001/jamanetworkopen.2021.6556

. Rosenthal N, Cao Z, Gundrum J, Sianis J, Safo S. Risk
factors associated with in-hospital mortality in a US national
sample of patients with COVID-19. JAMA Netw Open. (2020)
3:€2029058. doi: 10.1001/jamanetworkopen.2020.29058

. Griffith DM, Sharma G, Holliday CS, Enyia OK, Valliere M, Semlow AR,
et al. Men and COVID-19: a biopsychosocial approach to understanding
sex differences in mortality and recommendations for practice and policy
interventions. Prev Chronic Dis. (2020) 17:E63. doi: 10.5888/pcd17.200247

. Marchi KS, Dove MS, Heck KE, Fan C. The affordable care act
and changes in women’s health insurance coverage before, during,
and after pregnancy in California. Public Health Rep. (2021) 136:70-
8. doi: 10.1177/0033354920962798

. Escobar GJ, Adams AS, Liu VX, Soltesz L, Chen YI, Parodi SM, et al.
Racial disparities in COVID-19 testing and outcomes: retrospective cohort
study in an integrated health system. Ann Intern Med. (2021) 174:786-
93. doi: 10.7326/M20-6979

. Price-Haywood EG, Burton ], Fort D, Seoane L. Hospitalization and mortality
among black patients and white patients with Covid-19. N Engl ] Med. (2020)
382:2534-43. doi: 10.1056/NEJMsa2011686

. Acosta AM, Garg S, Pham H, Whitaker M, Anglin O, O’Halloran A,
et al. Racial and ethnic disparities in rates of COVID-19-associated
hospitalization, intensive care unit admission, and in-hospital death in the
United States from March 2020 to February 2021. JAMA Netw Open. (2021)
4:€2130479. doi: 10.1001/jamanetworkopen.2021.30479

. Artiga S, Corallo B, Pham O. Racial disparities in COVID-19: key findings

from available data and analysis. Kaiser Family Foundation (2020). Available

online at: https://www.kff.org/racial-equity-and-health-policy/issue-brief/
racial-disparities- covid- 19-key- findings-available- data-analysis/  (accessed

December 24, 2021).

US Centers for Disease Control and Prevention. ICD-10-CM official

coding and reporting guidelines, April 1, 2020 through September 30,

2020. Available online at: https://www.cdc.gov/nchs/data/icd/COVID-19-

guidelines- final.pdf (accessed May 31, 2020).

Jacobson M, Chang TY, Shah M, Pramanik R, Shah SB. Racial and

ethnic disparities in SARS-CoV-2 testing and COVID-19 outcomes in

10.

11.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

ACKNOWLEDGMENTS

The author thanks to the Texas Health and Human Services for
data access.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2022.850536/full#supplementary-material

a medicaid managed care cohort. Am ] Prev Med. (2021) 61:644-
51. doi: 10.1016/j.amepre.2021.05.015
Azar KMJ, Shen Z, Romanelli RJ, Lockhart SH, Smits K, Robinson
S, et al. Disparities In outcomes among COVID-19 patients in a
large health care system in California. Health Aff. (2020) 39:1253-
62. doi: 10.1377/hlthaff.2020.00598
Jeffery MM, D’Onofrio G, Paek H, Platts-Mills TFE, Soares WE III,
Hoppe JA, et al. Trends in Emergency department visits and hospital
admissions in health care systems in 5 states in the first months of the
COVID-19 pandemic in the US. JAMA Intern Med. (2020) 180:1328-
33. doi: 10.1001/jamainternmed.2020.3288
Zocchetti C, Consonni D, Bertazzi
rate ratios from cross-sectional data.
24:1064-7. doi: 10.1093/ije/24.5.1064
Zou G. A modified poisson regression approach to prospective studies with
binary data. Am ] Epidemiol. (2004) 159:702-6. doi: 10.1093/aje/kwh090
Yu Y, Gu T, Valley T, Mukherjee B, Fritsche L. Changes in COVID-19-related
outcomes, potential risk factors and disparities over time. Epidemiol Infect.
(2021) 149:E192. doi: 10.1017/50950268821001898
Garg S, Patel K, Pham H, Whitaker M, O’Halloran A, Milucky J, et al.
Clinical trends among U.S. adults hospitalized with COVID-19, March to
December 2020: a cross-sectional study. Ann Intern Med. (2021) 174:1409-
19. doi: 10.7326/M21-1991
. Renelus BD, Khoury NC, Chandrasekaran K, Bekele E, Briggs WM, Ivanov A,
et al. Racial disparities in COVID-19 hospitalization and in-hospital mortality
at the height of the new York City pandemic. J Racial Ethn Health Disparities.
(2021) 8:1161-7. doi: 10.1007/s40615-020-00872-x
. Macias Gil R, Touzard-Romo FE Sanchez MC, Pandita A, Kalligeros
M, Mylona EK, et al. Characteristics and outcomes of Hispanic/Latinx
patients with coronavirus disease 19 (COVID-19) requiring hospitalization
in Rhode Island: a retrospective cohort study. Ann Epidemiol. (2021) 58:64-
8. doi: 10.1016/j.annepidem.2021.03.003
Song Z, Zhang X, Patterson L], Barnes CL, Haas DA. Racial and ethnic
disparities in hospitalization outcomes among medicare beneficiaries
during the COVID-19 pandemic. JAMA Health Forum. (2021)
2:€214223. doi: 10.1001/jamahealthforum.2021.4223
Reitsma MB, Claypool AL, Vargo ], Shete PB, McCorvie R, Wheeler WH,
et al. Racial/ethnic disparities in COVID-19 exposure risk, testing, and
cases at the subcounty level in California. Health Aff. (2021) 40:870-
8. doi: 10.1377/hlthaff.2021.00098
Williams DR, Cooper LA. Reducing racial inequities in health: using what
we already know to take action. Int J Environ Res Public Health. (2019)
16:606. doi: 10.3390/ijerph16040606
Kalish H, Klumpp-Thomas C, Hunsberger S, Baus HA, Fay MP, Siripong
N, et al. Undiagnosed SARS-CoV-2 seropositivity during the first 6 months

PA. Estimation of prevalence
Int ] Epidemiol. (1995)

20.

21.

22.

23.

Frontiers in Medicine | www.frontiersin.org

126

May 2022 | Volume 9 | Article 850536


https://www.dshs.texas.gov/thcic/hospitals/Inpatientpudf.shtm
https://www.dshs.texas.gov/thcic/hospitals/Inpatientpudf.shtm
https://www.frontiersin.org/articles/10.3389/fmed.2022.850536/full#supplementary-material
https://doi.org/10.1001/jamanetworkopen.2021.8828
https://doi.org/10.1001/jamanetworkopen.2021.6556
https://doi.org/10.1001/jamanetworkopen.2020.29058
https://doi.org/10.5888/pcd17.200247
https://doi.org/10.1177/0033354920962798
https://doi.org/10.7326/M20-6979
https://doi.org/10.1056/NEJMsa2011686
https://doi.org/10.1001/jamanetworkopen.2021.30479
https://www.kff.org/racial-equity-and-health-policy/issue-brief/racial-disparities-covid-19-key-findings-available-data-analysis/
https://www.kff.org/racial-equity-and-health-policy/issue-brief/racial-disparities-covid-19-key-findings-available-data-analysis/
https://www.cdc.gov/nchs/data/icd/COVID-19-guidelines-final.pdf
https://www.cdc.gov/nchs/data/icd/COVID-19-guidelines-final.pdf
https://doi.org/10.1016/j.amepre.2021.05.015
https://doi.org/10.1377/hlthaff.2020.00598
https://doi.org/10.1001/jamainternmed.2020.3288
https://doi.org/10.1093/ije/24.5.1064
https://doi.org/10.1093/aje/kwh090
https://doi.org/10.1017/S0950268821001898
https://doi.org/10.7326/M21-1991
https://doi.org/10.1007/s40615-020-00872-x
https://doi.org/10.1016/j.annepidem.2021.03.003
https://doi.org/10.1001/jamahealthforum.2021.4223
https://doi.org/10.1377/hlthaff.2021.00098
https://doi.org/10.3390/ijerph16040606
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Lee

COVID-19 Clinical Outcomes

24,

25.

26.

27.

of the COVID-19 pandemic in the United States. Sci Transl Med. (2021)
13:eabh3826. doi: 10.1126/scitranslmed.abh3826

Nguyen NT, Chinn J, De Ferrante M, Katharine AK, Hohmann
SE Amin Alpesh. Male gender is a predictor of higher mortality
in  hospitalized adults with COVID-19. PLoS ONE. (2021)
16:€0254066. doi: 10.1371/journal.pone.0254066

Gebhard C, Regitz-Zagrosek V, Neuhauser HK, Morgan R, Klein SL. Impact
of sex and gender on COVID-19 outcomes in Europe. Biol Sex Differ. (2020)
11:29. doi: 10.1186/513293-020-00304-9

Sharma G, Volgman AS, Michos ED. Sex differences in mortality from
COVID-19 pandemic: are men vulnerable and women protected?
JACC  Case Rep. (2020) 2:1407-10. doi: 10.1016/j.jaccas.2020.
04.027

Takahashi T, Ellingson MK, Wong P, Israclow B, Lucas C, Klein J,
et al. Sex differences in immune responses that underlie COVID-19
disease outcomes. Nature. (2020) 588:315-20. doi: 10.1038/s41586-020-
2700-3

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Lee. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

127

May 2022 | Volume 9 | Article 850536


https://doi.org/10.1126/scitranslmed.abh3826
https://doi.org/10.1371/journal.pone.0254066
https://doi.org/10.1186/s13293-020-00304-9
https://doi.org/10.1016/j.jaccas.2020.04.027
https://doi.org/10.1038/s41586-020-2700-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

& frontiers | Frontiers in

MINI REVIEW
published: 19 May 2022
doi: 10.3389/fpubh.2022.844333

OPEN ACCESS

Edited by:
Roger Nlandu Ngatu,
Kagawa University, Japan

Reviewed by:

Robert Paulino-Ramirez,
Universidad Iberoamericana,
Dominican Republic

*Correspondence:
Srikanth Umakanthan
Srikanth.Umakanthan@sta.uwi.edu

Specialty section:

This article was submitted to
Infectious Diseases - Surveillance,
Prevention and Treatment,

a section of the journal

Frontiers in Public Health

Received: 28 December 2021
Accepted: 19 April 2022
Published: 19 May 2022

Citation:

Umakanthan S, Bukelo MM and
Gajula SS (2022) The Commonwealth
Caribbean COVID-19: Regions
Resilient Pathway During Pandemic.
Front. Public Health 10:844333.

doi: 10.3389/foubh.2022.844333

Check for
updates

The Commonwealth Caribbean
COVID-19: Regions Resilient
Pathway During Pandemic

Srikanth Umakanthan ™, Maryann M. Bukelo? and Somu Sekhar Gajula’®

" Department of Para-Clinical Sciences, Faculty of Medical Sciences, The University of the West Indiies, St. Augustine,
Trinidad and Tobago, ? Department of Anatomical Pathology, Eric Williams Medical Sciences Complex, North Central
Regional Health Authority, Mount Hope, Trinidad and Tobago, ¢ Forensic Science Centre, St. James, Trinidad and Tobago

The coronavirus disease (COVID-19) has created severe humanitarian and socio-
economic constrains in the world. The health crises caused by COVID-19 has focused
on consistent co-operation and strong bonding between the developed, developing and
the under-developed countries to overcome this challenging pandemic.

Keywords: COVID-19, caribbean, economic, regional healthcare, financial institutions

BACKGROUND

The Caribbean region has been exposed to numerous natural disasters and tropical diseases in the
previous decade. The region formed several councils, agencies, and organizations to manage the
evolving tropical infectious diseases and to maintain a stable economic platform. It was considered
that the experiences gained from these calamities would motivate the Caribbean region to shield
any future alarming health and financial debacles.

As COVID-19 hit the Caribbean region, the high-risk island nations had to compose adequate
hospital infrastructure to tackle the roaring COVID-19 epidemic in the Caribbean. The smaller
islands were prioritized to cater high standard COVID-19 care units to avoid the impetus of a
devastating outcome. An increase in Intensive Care Units (ICUs) capacity would require increase
in the number of fully trained hospital staff and hospital equipments, including mechanical
ventilators. Apart from health care sector, COVID-19 has hit the tourism, industry, education,
and labor.

The Caribbean region has high prevalence of chronic diseases, and these diseases are the major
causes of mortality and morbidity. The economically challenged population solely depend on the
regional health facility for their health care and check-ups, resulting in a prolonged waiting period
in the hospitals clinics. The significance of a robust health care strategy and healthcare programs
should be pivotal in managing the regions epidemic.

In this commentary, we discuss the role of Commonwealth Caribbeans healthcare in combatting
the ongoing COVID-19 crises, and how the region has been active in forming active healthcare and
financial organizations between the regions island nations to fight the pandemic.

The COVID-19 pandemic was slow to affect the twin-Caribbean Island of Trinidad and Tobago
(1). This Caribbean nation has a population of 1-395 million people and a Human Development
Index (HDI) of 0.79, positioning it as the wealthiest Caribbean country. Trinidad and Tobago
had reported around 130 cases of COVID-19 till July 16th, 2020. The situation was contrasting
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in Northern Caribbean Island, Haiti, where the COVID-19 cases
surged from 85 cases in May 2020 to 8,161 cases in August 2020
(2). Haiti has an HDI of 0.51 and is positioned at 170 out of 189
countries in the World. The Haitian crisis is due to the ongoing
tumultuous social and political breakdown causing a further
humanitarian crisis. Other Caribbean islands (Jamaica, Aruba,
Bahamas, Saint Vincent) experienced community transmission
of COVID-19 during 2020 and were vigilantly monitored by the
Caribbean Public Health Agency (CARPHA) by issuing frequent
weekly situational reports. CARPHA was legally established in
2011 and is driven by its objective toward surveillance and
management of disease by providing strategic directions to its
member states (2).

Caribbean island reported its first COVID-19 case on March
10th, 2020, a lag period of almost 3 months since COVID-19
emerged in China. During this period, CARPHA, along with the
Pan American Health Organization (PAHO) and the Caribbean
Association of Medical Councils (CAMC), initiated swift regional
epidemic control preparedness, activated incident management
teams, issued updated situational reports, and statistical analysis,
and developed rigid travel guidelines (2, 3). In April- May 2020,
most of the Caribbean countries imposed strict border control
measures and national lockdown. The control measures had
a serious impact on the region’s tourism sector, which forms
the core of the country’s economic resource in Aruba, Antigua,
Bahamas, Barbados, and Dominica. COVID-19 wave caused
a serious financial recession, with Aruba experiencing a GDP
downfall of —13.7% in 2020. The household economic status also
witnessed a serious drought as many people lost employment
due to the closure of non-essential services within the Caribbean
nations. Trinidad, Guyana, Suriname, and Cuba were financially
surviving on their natural oil and mineral resources (4).

By June 2020, the regions health councils, in coordination
with the various Caribbean national government has facilitated
the individual island countries to transfer medical aids and
to expand existing health care infrastructure by constructing
new COVID-19 dedicated health care facility clinics, converting
large public utility spaces into makeshift health care centers,
increase in-hospital COVID-19 beds and ICU capacities, and
medevac patients to tertiary care hospitals within the region. The
CAMC, an independent non-profitable medical organization,
conducted webinars to share clinical experiences within the
region and receive updated COVID-19 treatment protocols
from the USA and Europe, allowing access to high-standard of
health care delivery within the region (5). The control measures
undertaken by the Commonwealth Caribbean nations levied a
heavy burden on the already stuttering region’s economy. The
World Bank stated that the region’s economy is contracted
by 7.2%, with a cumulative loss of 1.02 trillion dollars during
the pandemic period of 2020-21. The region’s economic crisis
initiated the launch of the Caribbean Economic Recovery
and Transformation plan. The economic relief provided by
international financial councils (International Monetary Fund,
G20’s Debt Service suspension) and the perseverance of the
“blue economy” has allowed the Caribbean region to sustain
and safeguard its financial state during the COVID-19 pandemic
era (4).

In 2021, the Caribbean nation’s citizens experienced COVID-
19 induced fatigue, which provoked the public to let their
guard down, get involved in family gatherings, attend religious
ceremonies, conduct election rallies, and travel around the island.
The region also began to re-open its borders in a phased
manner with strict regulations. The visitors were allowed into
the island countries only after producing a negative RT-PCR
result and a proper self-paid state quarantine to avoid further
COVID-19 spikes. Jamaica created a resilient tourist corridor,
providing a fort-like boundary between the locals and the
tourists (6). The COVID-19 confirmed cases in the Caribbean
region as of December 2021 is 2,193,737 with a case fatality
rate (CFR) of 1-34%, seen in Figures1 and 2 (2). Antigua
and Barbuda is a Caribbean nation in the Lesser Antilles
island chain with the countries GDP maintained by tourism,
investment banking and financial-services corporations. The
Bahamas constitutes 97% of the Lucayan Archipelago’s land area
with strong bilateral relationships with the United Kingdom and
the United States of America (4, 5). The Bahamas is one of the
richest countries in the Americas with its financial resilience
attained by tourism, banking, agriculture, and manufacturing
industries. The economy of Barbados is mixed with moderately
high standards of living. The economic status of the country
has waxed and waned over the years, but due to its resilient
financial plan and firm trading bonds with Canada, United states
of America and United Kingdom, it has been able to reduce
the unemployment rate. The literacy rate in Barbados is close
to 100% and the health sector is strengthened by its numerous
polyclinics (6).

The role of vaccination has been the foremost global defense
strategy for the fight against COVID-19. The vaccine combat
against COVID-19 across the Caribbean region is initiated
by exceptional collaboration by the CARPHA- Caribbean
Regulatory System with the WHO and PAHO. This uniform
solidarity provided timely WHO-approved vaccine supplies
to the Caribbean people (7). As of the COVID-19 vaccine
updated supplement provided by CARPHA, eight WHO-
approved vaccines are recommended to the member states,
and 14 Caribbean countries have received vaccines through
the COVAX facility. The Caribbean region’s average percentage
of the fully vaccinated population is 29-68% (ranging from
3-8% in Jamaica to 68% in the Cayman Islands) compared
to the global average of 12:7% (8). The UK has provided
many AstraZeneca vaccines to its overseas territories (Anguilla,
the British Virgin Islands, the Cayman Islands, Montserrat,
and the Turks and Caicos Islands). The Netherlands also
provides the same vaccine facility to its Caribbean counterpart
(Aruba, Curagao, and Saint Martin) (9, 10). Other nations
of the Caribbean region are dependent on either bilateral
deal with the vaccine-producing countries or have joined the
COVAX (COVID-19 Vaccines Global Access) joint initiative.
The vaccine situation remained grim in Haiti until recently,
as there was no available vaccine for their citizens until
COVAX delivered 500,000 doses to the nation. This inequitable
severe distribution of the vaccine in the Caribbean region
has often been highlighted globally and by the WHO press
conferences. The pathway for successful vaccination also
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FIGURE 1 | The Caribbean region COVID-19 deaths as of December 2021.
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FIGURE 2 | The Caribbean regions case fatality rate as of December 2021.
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depended on the pivotal role of information technology within
the individual islands for conducting vaccination drives and
awareness programs among the public to encourage vaccination
(11, 12).

CONCLUSION

The Caribbean region’s ability to identify community-specific
requirements, recognizing self-reliance, coordinate political
health care policies, and a sustainable, comprehensive health
care approach has proved to be successful combat against

the COVID-19 to date. Implementing rigid long-term health
care and strategic financial plan using the region’s COVID-
19 experiences for future epidemic strikes seems to be the top
priority in many Caribbean Island nations.
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Background: Currently, promoted vaccinations against SARS-CoV-2 are being given
out globally. However, the occurrence of numerous COVID-19 variants has hindered the
goal of rapid mitigation of the COVID-19 pandemic by effective mass vaccinations. The
real-word effectiveness of the current vaccines against COVID-19 variants has not been
assessed by published reviews. Therefore, our study evaluated the overall effectiveness
of current vaccines and the differences between the various vaccines and variants.

Methods: PubMed, Embase, Cochrane Library, medRxiv, bioRxiv, and arXiv were
searched to screen the eligible studies. The Newcastle-Ottawa scale and the Egger
test were applied to estimate the quality of the literature and any publication bias,
respectively. The pooled incident rates of different variants after vaccination were
estimated by single-arm analysis. Meanwhile, the pooled efficacies of various vaccines
against variants were evaluated by two-arm analysis using odds ratios (ORs) and vaccine
effectiveness (VE).

Results: A total of 6,118 studies were identified initially and 44 articles were included.
We found that the overall incidence of variants post first/second vaccine were 0.07
and 0.03, respectively. The VE of the incidence of variants post first vaccine between
the vaccine and the placebo or unvaccinated population was 40% and post second
vaccine was 96%, respectively. The sub-single-arm analysis showed a low prevalence
rate of COVID-19 variants after specific vaccination with the pooled incidence below 0.10
in most subgroups. Meanwhile, the sub-two-arm analysis indicated that most current
vaccines had a good or moderate preventive effect on certain variants considering that
the VE in these subgroups was between 66 and 95%, which was broadly in line with the
results of the sub-single-arm analysis.

Conclusion: Our meta-analysis shows that the current vaccines that are used globally
could prevent COVID-19 infection and restrict the spread of variants to a great extent.
We would also support maximizing vaccine uptake with two doses, as the effectiveness
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of which was more marked compared with one dose. Although the mRNA vaccine was
the most effective against variants according to our study, specific vaccines should be
taken into account based on the local dominant prevalence of variants.

Keywords: COVID-19, SARS-CoV-2, variant, vaccine, effectiveness, meta-analysis

HIGHLIGHTS

What We Already Know About This Topic
COVID-19 has not been fully controlled yet, which has placed a
substantial burden on health-care systems and imposed profound
negative effects on the economy and society.

A universal SARS-CoV-2 vaccination campaign plays the
most critical role in controlling the highly transmissible and
pathogenic SARS-CoV-2 infection.

The hope for a rapid mitigation of the COVID-19 pandemic
through effective mass vaccination has been dampened by the
emergence of numerous SARS-CoV-2 variants worldwide.

The real-word effectiveness of the current COVID-19 vaccines
against SARS-CoV-2 variants has not been assessed by a
published systematic review and meta-analysis.

What This Article Tells Us That Is New

Reassuringly, we confirmed the efficacy of vaccines against
COVID-19 variants and proved the importance of the booster
inoculation after the prime inoculation for the variants, because
maximizing vaccine uptake with two doses showed more marked
effectiveness than with one dose.

Despite the fact that we found a downward tendency among
the effectiveness of vaccines against the newly emerging evolution
of SARS-CoV-2 variants in our study, the current vaccines that
are used globally could prevent the infection and restrict the
transmission of SARS-CoV-2 variants to a great extent.

A two-dose regimen of the mRNA vaccine was the most
effective against COVID-19 variants compared to the traditional
viral vector vaccine and inactivated vaccine against the placebo
group or unvaccinated populations.

The mRNA vaccine was found to be the most effective against
variants in our study, however, specific vaccines should be taken
into account based on the local dominant prevalence of variants.

INTRODUCTION

In the past 2 years since December 2019, COVID-19, caused by
the etiological agent of SARS-CoV-2, has evolved into a global
pandemic and a public crisis event, which caused the world to
experience a life-changing transition (1, 2). Up to 5:08 pm on

Abbreviations: OR, Odds ratio; VE, Vaccine effectiveness; CI, Confidence
intervals; COVID-19, Coronavirus disease 2019; SARS-CoV-2, Severe acute
respiratory syndrome coronavirus 2; RNA, Ribonucleic acid; WHO, World Health
Organization; EUL, Emergency use listing; PQ, Prequalification; VOIs, Variants of
interest; VOCs, Variants of concern; CDC, The Centers for Disease Control and
Prevention; PRISMA, The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses; MOOSE, Meta-analyses of Observational Studies in Epidemiology;
PICOS, Population, intervention/exposure, comparator, outcome, and study; C.Ts,
Comparative trials; C.Ss, Cohort studies; O.Ss, Observational studies; SD, Standard
deviation; RBD, Receptor-binding domain; mAbs, Monoclonal antibodies.

10 March 2022, Central European Time, there were 450,229,635
confirmed cases of COVID-19 and 6,019,085 deaths, according
to WHO (3). The considerable morbidity and mortality have
brought a heavy economic burden on health-care systems of
most countries worldwide and the SARS-CoV-2 virus continues
to impose profound negative effects on the economy and society
due to measures implemented to control the pandemic. COVID-
19 has not been fully controlled yet. Therefore, mask wearing,
cleaning our hands, quarantining, ensuring good ventilation
indoors, social distancing, avoiding crowds, and therapeutic
interventions for treatment are still imperious measures to
prevent COVID-19 infection for the foreseeable future. However,
an extensive vaccination program for SARS-CoV-2 that shows
safety, effectiveness, and cost-efficiency, which is generally
thought to be the most promising intervention to eventually
end the COVID-19 pandemic by establishing herd immunity
among populations, plays the most critical role in controlling
the highly transmissible and pathogenic SARS-CoV-2 infection
(4, 5).

As a game-changing tool, clinically available COVID-19
vaccines are undergoing unprecedented development by private
and public institutions. As of 8 March 2022, 147 vaccine products
were in clinical development and another 195 were in the pre-
clinical stage (6). Based on traditional and novel technology
platforms, these COVID-19 vaccines in clinical development can
be divided into at least 10 categories, among which the top five
were protein subunit vaccines (48.33%), RNA vaccines (25.17%),
viral vector vaccines (non-replicating and replicating, 25, 17%),
inactivated vaccines (21.14%), and DNA vaccines (16, 11%)
according to the quantity and percentage (7). As of 3 June 2021,
WHO proclaimed that some COVID-19 vaccines manufactured
by AstraZeneca/Oxford, Pfizer/BioNTech, Moderna, Johnson
and Johnson, Sinopharm/Sinovac etc. had reached the required
standards of safety and efficacy (8). According to the data of
WHO up to now, at least 10 kinds of COVID-19 vaccines,
represented by Ad26.COV2.S, BNT162b2, ChAdOx1, mRNA-
1273 etc., have been granted WHO Emergency Use Listing (EUL)
and prequalification (PQ) (9). A few vaccines in the COVID-19
pandemic have been approved for Emergency Use Authorization
(EUA) and/or conditional marketing in several countries, such as
Sputnik V; a viral vector vaccine in Russia which was approved
on 11 August 2020; BNT162b2, an mRNA vaccine approved in
the USA, UK, Canada, and the European Union; an inactivated
vaccine produced by Sinopharm in China that was approved on
30 December 2020; and the mRNA-1273 vaccine manufactured
by Moderna in the United States (10-12). It is not vaccines
that will stop the pandemic, it is vaccination. With the further
promotion in the research, development, and application of
COVID-19 vaccines by WHO and the regulatory authorities
mentioned above, mass SARS-CoV-2 vaccination programs are
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being widely implemented all over the world. As a result, the
global rollout of vaccines offers a glimmer of hope toward
terminating COVID-19.

Because SARS-CoV-2 is a class of ribonucleic acid (RNA)
coronavirus, its genome changes over time (13). Although most
of these changes have little or no influence on the properties of
SARS-CoV-2, some may affect the virus’ transmission, severity,
or how COVID-19 is diagnosed and treated. Since the end of
2020, the occurrence of numerous variants of SARS-CoV-2 has
brought a growing threat to global public health. WHO have
defined the concepts of variants of interest (VOIs) and variants of
concern (VOCs), which could prompt monitoring and research
into the variants of global concern (14). Currently, the Centers
for Disease Control and Prevention (CDC) are monitoring the
four most significant variants (P.1, B.1.1.7, B.1.351B.1.617.2, and
B.1.1.529), which may lead to more cases, more hospitalizations,
and potentially more deaths than other variants (15). New
outbreaks, even in some regions where the virus was initially
controlled, and variant strains discovered in multiple countries,
either community transmitted or imported, reduced the chance
of a rapid termination of the pandemic.

The incidence of variants after vaccination and the
effectiveness of vaccines against specific variants of SARS-
CoV-2 have always been of interest to WHO, experts, national
authorities, institutions, researchers, professionals, common
people, and medical workers, however, the conclusions are
controversial due to insufficient data. To date, no published
systematic reviews or meta-analyses have so far been proved
relevant conclusively, therefore, we searched for relevant
studies and conducted the present meta-analysis to obtain
more precise conclusions on the pooled incidence of variants
after vaccination and the vaccine effectiveness (VE) of vaccines
against variants compared with placebo. Our systematic review
and meta-analysis will offer a few critical guidelines for vaccine
selection and promotion, and assist in the current clinical work
for preventing and treating COVID-19 variants.

MATERIALS AND METHODS

Search Strategy and Articles Selection
The protocol of our article was according to the PRISMA and
MOOSE reporting guidelines (16, 17). We searched PubMed,
Cochrane Library, and Embase from 30 December 2019 to 8
March 2022. We also queried medRxiv, bioRxiv, and arXiv for
preprints about SARS-CoV-2 variant prevalence after vaccination
and the effectiveness of various vaccines against variants. The
search terms included (“SARS-CoV-2” OR “COVID-19” OR
“2019-nCoV”) AND “vaccin®” AND (“varian*” OR “mutat™”).
Key words, subject words, or free words were adjusted according
to different requirements of these databases. The references of
previously published reviews and articles included in our study
were also browsed to acquire more relevant clinical publications.
The records were browsed and all irrelevant papers were
removed according to the titles and abstracts by two independent
authors from a team of ten. Then, another two authors reviewed
the remaining papers to screen potentially eligible ones. Finally,

disputes in the process were resolved by discussion of the research
group until an agreement was reached for each article.

Inclusion/Exclusion Criteria
We took into account articles which assessed the prevalence
of any type of COVID-19 variant or the efficacy of any type of
vaccine against the variants. We evaluated the eligibility criteria
of studies using the PICOS (population, intervention/exposure,
comparator, outcome, and study) principle (18), which could
offer structured approaches to identify relevant data from each
paper included. The PICOS principle is as follows: Population—
people participating in research associated with vaccines against
variants of SARS-CoV-2; intervention/exposure—COVID-
19 vaccination; comparator(s)—placebo or unvaccinated
population or not applicable due to the single-arm analysis
in this study; outcomes—prevalence of SARS-CoV-2 variants
after vaccination and/or vaccine effectiveness for prevention or
treatment of SARS-CoV-2 variants were evaluated; and study
designs—randomized controlled trials, non-randomized studies,
comparative trials (C.Ts), cohort studies (C.Ss), observational
studies (O.Ss), commentaries, and also letters to the editor were
eligible for evaluation, however, editorials, personal opinions,
reviews, meta-analyses, conference abstracts, and animal studies
were dismissed. We also tried to contact the relevant authors to
gain the unpublished data which were required in our study.
The following inclusion criteria were also used to screen all
appropriate articles: (1) Articles in English, (2) at least one of the
observation indicators was the effectiveness of vaccines against
a SARS-CoV-2 variant, (3) studies consisting of at least five
patients, and (4) studies with extractable data. The exclusion
criteria were as follows: (1) Duplicate studies or study population
completely overlapped by other studies, (2) non-accessible full
texts, (3) a sample size less than five, (4) studies about pregnant
women or neonates, and (5) corresponding outcome parameters
that could not be acquired or separated even by contacting the
corresponding author.

Data Extraction

Two relevant authors fetched data from the included articles.
The following items were extracted from each article: The first
author, publish date, study design, sample size, involved countries
or regions, mean or median ages, sex ratio, vaccine name,
dose, vaccine type, vaccine developer, comparator, characteristics
of vaccine recipients, number of scheduled doses (time of
inoculations), study duration, and types of variants. The third
author reviewed extracted data at random and disagreements
were determined by discussion in the group until a consensus
was established.

Quality Assessment

The Newcastle-Ottawa Scale (NOS) was applied to estimate
the quality of the included literature from three points: Patient
selection, comparability between groups, and objectivity of
results (19). Each aspect received up to 4, 2, and 3 points,
respectively and the possible maximum score was 9 points.
If the scores were above 4 points, the articles included were
considered to have a low or moderate risk of bias. However,
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studies with points of 4 or fewer were considered to have a high
risk of bias and subsequently excluded from our meta-analysis.
Two authors independently used NOS to evaluate the quality
of the included articles. If they differed in any respect in the
quality assessment, other authors offered their opinions to resolve
the inconsistencies.

Statistical Analysis

We used the I (inconsistency indexes) statistical parameter to
estimate the heterogeneity between studies included. The value
of I? assesses the proportion of heterogeneity of all the observed
variations and an I?> 50% is the level of heterogeneity that is
attributed to between-study variance. We conducted a fixed-
effect model when > < 50%, but a random-effect model when
I > 50% in the testing of heterogeneity. We performed the
Egger test to objectively assess the publication bias of the included
studies which were considered to not have publication bias if p
> 0.05.

The pooled prevalence rate outcomes were evaluated by
the incidence rate of a COVID-19 variant after vaccination
in single-arm analysis. Meanwhile, the pooled efficacy of
vaccines against a SARS-CoV-2 variant was assessed by an odds
ratio (OR) and vaccine effectiveness (VE) through comparing
the differences of variant cases of SARS-CoV-2 between the
vaccination group and placebo or unvaccinated population in
two-arm analysis. We calculated the pooled vaccine effectiveness
as (1-odds ratio)x100%, where the odds ratio was equal to
the odds of the vaccination population divided by the odds of
unvaccinated group.

We also conducted subgroup analyses with delimited and
sufficient data based on various vaccines/variants and different
doses. If the data of the single-arm analysis were consistent with
those of the two-arm analysis in one group, only the two-arm
meta-analysis was conducted. All statistical analysis were carried
out by R software (version 3.6.1). 95% confidence intervals (CIs)
were applied to present the outcomes and a two-tailed p<0.05
indicated statistical significance.

RESULTS

Literature Selection and Characteristics of
Studies Included

In our preliminary retrieval, we obtained 6,118 studies from
PubMed (687), Embase (873), the Cochrane Library (103),
medRxiv (2,287), bioRxiv (2072), and arXiv (20). According to
the eligible criteria above, 2,639 studies remained after duplicates
were initially excluded. Then, 2,411 studies were excluded by
title and abstract for the following reasons: Irrelevant articles (n
= 1,783), post-hoc analysis (n = 72), pre-clinical studies (n =
85), animal studies (n = 34), and reviews/ personal opinions/
meta-analysis/ conference abstracts/ editorials (n = 437). After
a full-text review, 184 studies without relevant or clear data were
further excluded; Consequently, 44 studies (21-64) were finally
brought into this systematic review and meta-analysis. The flow

diagram summarizing the literature selection process is presented
in Figure 1.

Of these studies, 42 were officially published (21-33, 36-64),
and two were published on the preprint platform which had not
yet been certified by peer review (34, 35). A total of four were
blinded, randomized, placebo-controlled trials (21, 22, 42, 55);
one was a multicenter, single-blind, randomized phase II/III
trial (30); two were multicenter, randomized, placebo-controlled
trials (36, 48); 14 were test-negative and case-control trials
(23-25, 38, 44, 45, 47, 51, 53, 54, 56, 59, 61, 62); three were
matched multicenter or case-control trials (46, 57, 60); two
were cross-sectional trials (26, 28); one was a prospective
cohort trial (27); three were case-control trials (32, 33, 37);
and 14 were observational cohort trials (29, 31, 34, 35, 39—
41, 43, 49, 50, 52, 58, 63, 64). These included studies
contained eight kinds of COVID-19 vaccines: ChAdOxl
(21, 25, 30, 36, 37, 40, 46, 47, 54, 63), ChAdOx1-S (49), NVX-
CoV2373 (22, 42, 55), CoronaVac (23, 35, 45, 56), BBV152
(51), BNT162b2 (24-29, 31-34, 37-41, 43, 44, 48, 50, 52, 57—
64), mRNA-1273 (38, 40, 48, 52, 53, 57), and JNJ-78436735
(52). All of which could be classified into viral vector
vaccines, subunit vaccines, inactivated vaccines, and mRNA
vaccines, respectively, on the basis of different technology
platforms. The variants involved in the studies included B.1.1.7
(Alpha), B.1.351 (Beta), P.1/P.1.1/P.1.2/B.1.1.28 (Gamma),
B.1.617.2 (Delta), B.1.427/B.1.429 (Epsilon), P.2 (Zeta), B.1.525
(Eta), B.1.526/B.1.526.1/B.1.526.2 (Iota), B.1.617.1 (Kappa),
B.1.621/B.1.621.1 (Mu), B.1.1.529/BA (Omicron), R.1, B.1, and
B.1.1.33. Among them, four studies were conducted in South
Africa (21, 22, 36, 62), seven in the USA (28, 32, 34, 48, 52,57, 61),
seven in the UK (27, 30, 40, 42, 49, 53, 63), five in Brazil
(23, 35, 46, 54, 56), four in Israel (29, 33, 60, 64), four in
Qatar (24, 38, 44, 59), three in India (25, 47, 51), three in Italy
(26, 39, 41), three in France (31, 37, 50), 1 in China (45), 1 in
Korea (43), 1 in the USA and Mexico (55), and 1 in French
Guiana (58). The baseline characteristics of the literature are
presented in Supplementary Table 1.

Quality Assessment and Publication Bias
All the 44 studies were quality-assessed based on NOS. Among
them, 18 studies had nine points (21, 22, 30, 37, 38, 40, 42, 44,
47, 48, 51-56, 60, 61), five had 8 points (31, 33, 36, 46, 59),
seven had 7 points (24, 25, 32, 39, 45, 57, 62), 10 had 6 points
(23, 26, 28, 34, 41, 43, 50, 58, 63, 64), and four had 5 points
(27, 29, 35, 49). There were relatively high risks of bias in the
literature of Hall et al. (27), Haas et al. (29), de Faria et al. (35),
and Williams et al. (49) in which “selection of the non-exposed
patients” and “comparability between groups” were the two most
important deduction items. The summary and figures of risk bias
in the eligible studies are shown in Table 1.

The p values derived from Eggers test indicated the
inexistence of publication bias in most meta-analyses. High
probabilities of publication bias existed in the following subgroup
meta-analyses: Incidence of variants post second vaccine,
incidence of the B.1.1.7 (Alpha) variant post first vaccine,
incidence of the B.1.1.7 (Alpha) variant post second vaccine,
incidence of the B.1.1.7 (Alpha) variant post first mRNA vaccine,
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FIGURE 1 | PRISMA flow diagram of the study selection process.

incidence of the B.1.351 (Beta) variant post second vaccine,
incidence of the B.1.351 (Beta) variant post second mRNA
vaccine, incidence of the B.1.617.2 (Delta) variant post first
vaccine, incidence of the B.1.617.2 (Delta) variant post first viral
vector vaccine, efficacy of vaccines against variants post second
dose, efficacy of vaccines against the B.1.1.7 (Alpha) variant
post second dose, and efficacy of an mRNA vaccine against the
B.1.1.7 (Alpha) variant post second dose. The publication bias
of these sub-analyses (incidence of variants post second protein
subunit vaccine, incidence of variants post second inactivated
vaccine, incidence of the B.1.1.7 (Alpha) variant post second
protein subunit vaccine, incidence of the B.1.351 (Beta) variant
post second viral vector vaccine, incidence of the B.1.351 (Beta)
variant post second protein subunit vaccine, incidence of the
P.1 (Gamma) variant post second viral vector vaccine, incidence
of the B.1.427 (Epsilon) variant post second mRNA vaccine,
incidence of the P.2 (Zeta) variant post second vaccine, incidence
of the B.1.526 (Iota) variant post second vaccine, incidence of the

B.1.526 (Iota) variant post second mRNA vaccine, efficacy of a
subunit vaccine against the B.1.1.7 (Alpha) variant post second
dose, efficacy of a viral vector vaccine against the P.1 (Gamma)
variant post second dose, efficacy of vaccines against the B.1.427
(Epsilon) variant post first dose, efficacy of an mRNA vaccine
against the B.1.427 (Epsilon) variant post first dose, efficacy of
an mRNA vaccine against the B.1.427 (Epsilon) variant post
second dose, efficacy of vaccines against the P.2 (Zeta) variant
post second dose, and efficacy of mRNA vaccines against the
B.1.526 (Iota) variant post second dose) could not be evaluated
for fewer studies were included in each subgroup. The results of
the Egger’s test are summarized in Supplementary Table 2.

Meta-Analyses Results

There was substantial heterogeneity (I*> 50%, p < 0.05) in most
of the groups, hence, the random effects model was conducted
in most of these meta-analyses. However, the fixed effects models
were used in these analyses as follows: Incidence of the B.1.351
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TABLE 1 | Quality evaluation of eligible studies based on the Newcastle-Ottawa Scale.

References Selection Comparability Outcomes Total
scores
Representativeness Selection of the Ascertainment of Demonstration that Comparability of Assessment of Was follow-up long Adequacy of
of the exposed non-exposed exposure outcome of interest  cohorts on the outcome enough for follow-up of
cohort cohort was not present at basis of the design outcomes to cohorts
start of study or analysis occur?
Madhi et al. (21) 1 1 1 1 2 1 1 1 9
Shinde et al. (22) 1 1 1 1 2 1 1 1 9
Hitchings et al. (23) 1 Nil 1 Nil 1 1 1 1 6
Abu-Raddad et al. (24) 1 1 1 Nil 1 1 1 1 7
Lopez Bernal et al. (25) 1 1 1 Nil 1 1 1 1 7
Sansone et al. (26) 1 Nil 1 Nil 1 1 1 1 6
Hall et al., (27) 1 Nil 1 Nil Nil 1 1 1 5
Jacobson et al., (28) 1 Nil 1 1 Nil 1 1 1 6
Haas et al. (29) 1 Nil Nil 1 Nil 1 1 1 5
Emary et al. (30) 1 1 1 1 2 1 1 1 9
Bailly et al. (31) 1 1 1 1 1 1 1 1 8
Cavanaugh et al. (32) 1 1 1 1 1 1 Nil 1 7
Kustin et al. (33) 1 1 Nil 1 2 1 1 1 8
Magalis et al. (34) 1 Nil 1 1 Nil 1 1 1 6
de Faria et al. (35) 1 Nil Nil 1 Nil 1 1 1 5
Irfan et al. (36) 1 1 1 1 2 1 Nil 1 8
Grant et al. (37) 1 1 1 1 2 1 1 1 9
Tang et al. (38) 1 1 1 1 2 1 1 1 9
Rovida et al. (39) 1 1 Nil 1 1 1 1 1 7
Pouwels et al. (40) 1 1 1 1 2 1 1 1 9
Trunfio et al. (41) 1 1 Nil 1 1 1 1 1 6
Heath et al. (42) 1 1 1 1 2 1 1 1 9
Yietal. (43) 1 Nil 1 1 Nil 1 1 1 6
Chemaitelly et al. (44) 1 1 1 1 2 1 1 1 9
Lietal. (45) 1 1 1 1 1 1 Nil 1 7
Clemens et al. (46) 1 1 1 1 1 1 1 1 8
Thiruvengadam et al. (47) 1 1 1 1 2 1 1 1 9
Tenforde et al. (48) 1 1 1 1 2 1 1 1 9
Williams et al. (49) 1 Nil Nil 1 Nil 1 1 1 5
Lefevre et al. (50) 1 Nil 1 1 Nil 1 1 1 6
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TABLE 1 | Continued

References Selection Comparability Outcomes Total
scores
Representativeness Selection of the Ascertainment of Demonstration that Comparability of Assessment of Was follow-up long Adequacy of
of the exposed non-exposed exposure outcome of interest  cohorts on the outcome enough for follow-up of
cohort cohort was not present at basis of the design outcomes to cohorts
start of study or analysis occur?
Desai et al. (51) 1 1 1 1 2 1 1 1 9
Duerr et al. (52) 1 1 1 1 2 1 1 1 9
Bruxvoort et al. (53) 1 1 1 1 2 1 1 1 9
Hitchings et al. (54) 1 1 1 1 2 1 1 1 9
Dunkle et al. (55) 1 1 1 1 2 1 1 1 9
Ranzani et al. (56) 1 1 1 1 2 1 1 1 9
Dickerman et al. (57) 1 1 1 1 Nil 1 1 1 7
Vignier et al. (58) 1 Nil 1 1 Nil 1 1 1 6
Abu-Raddad et al. (59) 1 1 1 1 1 1 1 1 8
Reis et al. (60) 1 1 1 1 2 1 1 1 9
Olson et al. (61) 1 1 1 1 2 1 1 1 9
Collie et al. (62) 1 1 1 1 1 1 Nil 1 7
Eyre et al. (63) 1 Nil 1 1 1 1 Nil 1 6
Mor et al. (64) 1 Nil 1 1 1 1 Nil 1 6
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(Beta) variant post second viral vector vaccine, incidence of the
B.1.427 (Epsilon) variant post second mRNA vaccine, incidence
of the P.2 (Zeta) variant post second vaccine, efficacy of a subunit
vaccine against the B.1.1.7 (Alpha) variant post second dose,
efficacy of vaccines against the B.1.351 (Beta) variant post first
dose, efficacy of an mRNA vaccine against the B.1.351 (Beta)
variant post first dose, efficacy of an mRNA vaccine against the
P.1 (Gamma) variant post first dose, efficacy of vaccines against
the B.1.427 (Epsilon) variant post first dose, efficacy of vaccines
against the B.1.427 (Epsilon) variant post second dose, efficacy of
an mRNA vaccine against the B.1.427 (Epsilon) variant post first
dose, efficacy of an mRNA vaccine against the B.1.427 (Epsilon)
variant post second dose, and efficacy of vaccines against the P.2
(Zeta) variant post second dose. The I? and p values of which were
all <50% and >0.05, respectively. The results of the heterogeneity
test are shown in Supplementary Table 2.

The Pooled Incident Rates of COVID-19 Variants After
Vaccination

In the meta-analysis, we found that the overall incidence of
variants post first vaccine was 0.07 [95%CI: 0.01, 0.15] and
post second vaccine was 0.03 [95%CIL: 0.02, 0.04]. According
to the types of vaccines/variants and the first/second dose, the
subgroup meta-analyses were divided into 37 categories. The
results of subgroup analyses (incidence of variants post first
vaccine, incidence of variants post second vaccine, incidence
of variants post first mRNA vaccine, incidence of variants post
second mRNA vaccine, incidence of variants post second viral
vector vaccine, etc.) revealed a significant protective effect of
the vaccines against COVID-19 variants with the fact that the
pooled incident rates were below 0.10 (pooled incidence=0.07,
95%CI: 0.01, 0.15; 0.02, 95%CI: 0.00, 0.13; 0.07, 95%CI: 0.00, 0.21;
0.06, 95%CI: 0.04, 0.09; 0.02, 95%CI: 0.01, 0.02, etc., respectively).
However, the results of the remaining seven subgroup analyses
(incidence of variants post second inactivated vaccine, incidence
of the B.1.1.7 (Alpha) variant post first mRNA vaccine, incidence
of the B.1.351 (Beta) variant post first vaccine, incidence of the
B.1.351 (Beta) variant post first mRNA vaccine, incidence of the
P.1 (Gamma) variant post first vaccine, incidence of the B.1.617.2
(Delta) variant post first vaccine, and incidence of the B.1.526
(Iota) variant post second mRNA vaccine) presented a moderate
protective effect of the vaccines against COVID-19 variants
considering that the pooled incident rates were over 0.10 (pooled
incidence= 0.37, 95%CI:0.19, 0.57; 0.16, 95%CI: 0.15,0.16; 0.35,
95%CI: 0.04, 0.66; 0.30, 95%CI: 0.14, 0.50; 0.36, 95%ClI: 0.26, 0.46;
0.14, 95%CI: 0.11, 0.18; 0.12, 95%CI: 0.01, 0.59, respectively). The
details of the meta-analysis results are shown in Table 2, Figure 2,
Supplementary Table 2, and Supplementary Figure 1.

The Pooled Efficacy of Vaccines Against SARS-CoV-2
Variants

Generally, we observed that the vaccine effectiveness (VE) of
incidence of variants post first vaccine between the vaccine and
the placebo or unvaccinated population was 0.40 [95%CI: 0.38,
0.42] and post second vaccine was 0.96 [95%CI: 0.93, 0.98]
in the meta-analysis. We also conducted 30 subgroup meta-
analyses according to the classifications mentioned above. The

results of 20 subgroup (efficacy of an mRNA vaccine against
variants post second dose, efficacy of vaccines against the B.1.1.7
(Alpha) variant post second dose, efficacy of an mRNA vaccine
against the B.1.1.7 (Alpha) variant post second dose, efficacy
of a subunit vaccine against the B.1.1.7 (Alpha) variant post
second dose, efficacy of a viral vector vaccine against the B.1.1.7
(Alpha) variant post second dose, etc.) analyses implied that
some vaccines had a better preventive and therapeutic effect on
certain variants among those cases following the vaccination,
placebo, or unvaccinated populations, considering that the VE in
these subgroups was between 60% and 95% (VE= 0.85, 95%CI:
0.28, 0.97; 0.90, 95%CI: 0.79, 0.95; 0.89, 95%CI: 0.74, 0.95; 0.89,
95%CI: 0.80, 0.94; 0.94, 95%CI: 0.30, 1.00, etc., respectively).
Besides, the remaining results of another 10 subgroup analyses
(efficacy of vaccines against the B.1.351 (Beta) variant post
first dose, efficacy of vaccines against the P.1 (Gamma) variant
post first dose, efficacy of an mRNA vaccine against variants
post first dose, efficacy of vaccines against the B.1.351 (Beta)
variant post second dose, efficacy of a viral vector vaccine against
the P.1 (Gamma) variant post second dose, efficacy of a viral
vector vaccine against the P.1 (Gamma) variant post second
dose, etc.) showed a passable protective effect of some vaccines
against certain COVID-19 variants in view that the VE in these
subgroups was between 16% and 57% (VE=0.16, 95%CI: 0.11,
0.20; 0.35,95%CI: 0.05, 0.56; 0.35, 95%CI: 0.13, 0.51; 0.42, 95%CI:
0.00, 0.70; 0.57, 95%CI: 0.25, 0.75, etc., respectively). All details
of the meta-analysis results are shown in Table 2, Figure 3,
Supplementary Figure 2, and Supplementary Table 2.

DISCUSSION

The emergence of COVID-19 variants and their mutations,
especially those identified in the UK (B1.1.7, Alpha), South
Africa (B1.351, Beta; B.1.1.529, Omicron), Brazil (P.1, Gamma;
P.2, Zeta), India (B.1.617.2, Delta; B.1.617.1, Kappa), the
USA (B.1.427/B.1.429, Epsilon; B.1.525, Eta; B.1.526, Iota),
the Philippines and Japan (P.3, Theta), the South American
region (C.37, Lambda), and Columbia (B.1.621, Mu), highlight
the conspicuous abilities of SARS-CoV-2 to rapidly generate
new gene variants, which have raised concerns about the
possibility that these mutants may evade vaccines (65, 66).
At present, the lack of understanding of pathogenic and
immunologic mechanisms and duration of immunity of vaccines
are still the main challenges against combatting the variants
of SARS-CoV-2 (67). Although these variants have been
demonstrated to dramatically reduce the neutralization by
specific antibodies or sera elicited by vaccination against SARS-
CoV-2 in several studies recently (68-71), multiple works have
verified that vaccine-induced human antibodies could protect
against emerging SARS-CoV-2 variants and mitigate the vaccine
resistance caused by the current VOCs (72-74). Indeed, the
process of neutralizing vaccine-induced antibodies in vivo could
not mirror the complicated interaction and cross-talk between
SARS-CoV-2 and humans in vivo. Furthermore, the results
of real-world clinical trials were controversial in terms of the
conclusions about the effectiveness of vaccines against variants
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TABLE 2 | Results of the meta-analysis.

Variants Overall B.1.1.7 B.1.351 P.1 B.1.617.2 B.1.427 P.2 B.1.526
vaccines Variants (Alpha) (Beta) (Gamma) (Delta) (Epsilon) (Zeta) (lota)
variant variant variant variant variant variant variant
Overall vaccines 0.07 [0.01; 0.15] 0.07 [0.05; 0.35 [0.04; 0.66]* 0.14[0.02; 0.14[0.11; 0.18]) 0.00 [0.00; 0.04] NA NA
0.10 0.34]
0.03 [0.02; 0.04]t 0.04 [0.03; 0.09 [0.03; 0.19]t 0.09 [0.06; 0.08 [0.05; 0.11]t 0.00 [0.00; 0.01]t 0.00 [0.00; 0.22]t 0.01 [0.00; 0.80]t
0.05]t 0.16]t
0.40[0.38, 0.42]§ 0.66 [0.36; 0.16 [0.11; 0.20]§ 0.35 [0.05; 0.38[0.15; 0.55]§ 0.78 [0.54; 0.90]§ NA NA
0.82]§ 0.56]§
0.96 [0.93; 0.98]1 0.90 [0.79; 0.42 [0.00; 0.70]1 0.61 [0.50; 0.68 [0.57; 0.76]1 0.95[0.87; 0.98]1 0.69 [0.55; 0.78]1 0.71[0.00; 0.96]1
0.95]1 0.7011
mRNA vaccine 0.07 [0.00; 0.21] 0.16 [0.15; 0.30 [0.14; 0.501* 0.09 [0.00; 0.09 [0.03; 0.18] 0.00 [0.00; 0.04] NA NA
(BNT162b2/mRNA- 0.16]* 0.26]*
1273/JNJ-78436735)
0.06 [0.04; 0.09]t 0.09 [0.06; 0.10[0.083; 0.22]t 0.06 [0.01; 0.09 [0.05; 0.14]t 0.00 [0.00; 0.04]t NA 0.12[0.01; 0.59]t
0.14]t 0.16]t
0.35[0.13; 0.51]§ 0.64 [0.00; 0.16 [0.11; 0.20]§ 0.57 [0.05; NA 0.78 [0.54; 0.90]§ NA NA
0.87]§ 0.81]§
0.85[0.28; 0.97]1 0.89 [0.74; 0.40 [0.00; 0.72]1 0.68 [0.00; 0.74[0.62; 0.82]1 0.95 [0.86; 0.98]1 NA 0.62 [0.00; 0.98]1
0.95]1 0.95]1
Viral vector vaccine NA 0.10[0.07; NA NA 0.06 [0.02; 0.14]* NA NA NA
(ChAdOx1/ChAdOx1-S) 0.14)
0.02 [0.01; 0.02]t 0.00 [0.00; 0.02 [0.02; 0.03]t 0.05 [0.00; 0.08 [0.00; 0.09]+ NA NA NA
0.01]t 0.67]t
NA NA NA NA 0.50 [0.35; 0.61]§ NA NA NA
0.66 [0.51; 0.77] 0.94 [0.30; NA 0.57 [0.25; 0.62 [0.31; 0.79]1 NA NA NA
1.001 0.75]1
Protein subunit vaccine NA NA NA NA NA NA NA NA
(NVX-CoV2373)
0.03 [0.00; 0.03]t 0.00 [0.00; 0.00 [0.00; 0.02]t NA NA NA NA NA
0.001t
NA NA NA NA NA NA NA NA
NA 0.89 [0.80; NA NA NA NA NA NA
0.94]9
Inactivated vaccine NA NA NA NA NA NA NA NA
(CoronaVac/BBV152)
0.37 [0.19; 0.57]t NA NA 0.36 [0.26; NA NA NA NA
0.46]t
NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA

" Incidence of variants post first vaccine (95% Cl).

T Incidence of variants post second vaccine (95% Cl).
§ Vaccine effectiveness post first vaccine (95% Cl).

9] Vaccine effectiveness post second vaccine (95% Cl).
NA, not applicable; Cl, confidence interval.
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Study Events Total Proportion 95%—CI
Laith et al.(BNT162b2) 2284 5042 - 0.45 [0.44; 0.47]
Bernal et al.(BNT162b2) 399 7036 | =~ 0.06 [0.05; 0.06]
Bernal et al.(ChAdOx1)* 1367 25667 0.05 [0.05; 0.06]
Hall et al.(BNT162b2) 71 87278 0.00 [0.00; 0.00]
Jacobson et al.(BNT162b2) 42 22729 0.00 [0.00; 0.00]
Tenforde et al.(BNT162b2/mRNA-1273) 39 354 e 0.11 [0.08; 0.15]
Bruxvoort et al.(mMRNA-1273) 112 2442 i VH 0.05 [0.04:; 0.05]
A 150548 |
Random effects model _ 0.07 [0.01; 0.15]
Heterogeneity: /2 = 100%, t2 = 0.0351, p = 0 f T T 1

0.1 0.2 0.3 0.4

Study Events Total Proportion 95%-CI
Madhi etal.(ChAdOx1) 42 1467 ~ 0.03 [0.02; 0.04]
Shinde etal.(NVX-CoV2373) 57 3787 + 0.02 [0.01;0.02]
Hitchings et al.(CoronaVac) 776 2797 o 0.28 [0.26; 0.29]
Laith et al.(BNT162b2) 229 1392 - 0.16 [0.15;0.19]
Bernal et al.(BNT162b2) 41 6412 0.01 [0.00; 0.01]
Bernal et al.(ChAdOx1)* 60 2071 + 0.03 [0.02; 0.04]
Tiraboschi et al.(BNT162b2) 5 6904 0.00 [0.00; 0.00]
Hall et al.(BNT162b2) 9 20978 0.00 [0.00; 0.00]
Jacobson et al.(BNT162b2) 14 22729 0.00 [0.00;0.00]
Haas et al.(BNT162b2) 3442 4714932 0.00 [0.00; 0.00]
Emary et al.(ChAdOx1) 27 4244 0.01 [0.00; 0.01]
Bailly et al.(BNT162b2) 13 26 —_—— 0.50 [0.30;0.70]
Cavanaugh et al.(BNT162b2) 22 127 et 0.17 [0.11;0.25]
Kustin et al.(BNT162b2) 346 496 — 0.70 [0.66;0.74]
Magalis et al.(BNT162b2) 5 399 + 0.01 [0.00; 0.03]
Faria et al.(CoronaVac) 67 142 — 0.47 [0.39; 0.56]
Irfan et al.(ChAdOx1) 19 1013 + 0.02 [0.01;0.03]
Clemens et al.(ChAdOx1) 7474 4772 0.02 [0.01;0.02]
Tenforde et al.(BNT162b2/mRNA-1273) 24 475 + 0.05 [0.03;0.07]
Duerr et al.(BNT162b2/mRNA-1273/JNJ-78436735) 58 76 — 0.76 [0.65; 0.85]
Bruxvoort et al.(mRNA-1273) 599 13378 0.04 [0.04;0.05]
Dunkle et al.(NVX-CoV2373) 14 17312 0.00 [0.00; 0.00]
B 4825929
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FIGURE 2 | Meta-analysis for the overall incidence of various COVID-19 variants post first vaccine (A) and post second vaccine (B).* indicates the second arm in the
study of Bernal et al. Cl, confidence interval.

(21-23, 30, 31, 34, 36). On account of the fact that the current
vaccines’ efficacy has not yet been comprehensively discussed,
many unsubstantiated claims have been made by popular media
and politicians, which often negatively affect real-world mass
vaccination campaigns. Therefore, we mainly focused on existing
and available studies and strived to provide a systematic and
comprehensive review regarding the incidence of variants after
vaccination and the efficacy of vaccines against variants if possible
in the meta-analysis.

Based on the consequences of the meta-analysis, we found
that the overall incidence of variants post first vaccine was
0.07 [95%CI: 0.01, 0.15] and post second vaccine was 0.03
(95%CI: 0.02, 0.04). The definition of “incidence” in our study
indicated the number of cases with any specific variants but
other variants detected in the same patients were not repeatedly
included. Although SARS-CoV-2 mutates all the time, the
newly emerging variants could be predicted and probably be
identified by all sequenced genomes. In a neutralizing trial

about human monoclonal antibodies induced by vaccines against
variants of SARS-CoV-2, Schmitz et al. reported that the escaped
variants accounted for <0.008% of sequenced clinically isolated
viruses through all publicly available SARS-CoV-2 genome
sequences (72). Currently, breakthrough infections in partial or
full vaccination populations have been reported but the initial
findings indicated that these cases (PVSCs) were uncommon (75,
76). In a cross-sectional study conducted in northern California,
Jacobson et al. reported that the incidence of COVID-19 after
vaccination was about 0.83% (189/22,729) and the incidence of
VOCs (B.1.427 and B.1.429) was only about 0.19% (43/22,729)
(28). Our results basically aligned with the conclusions in real-
word clinical trials (22, 25, 27, 29, 30). Hence, the estimation in
the meta-analysis for the incidence of variants post vaccination
was reliable and the relatively low overall incidence confirmed
the efficacy of vaccines against COVID-19 variants. Based on
the two-arm meta-analysis, the overall vaccine effectiveness (VE)
against variants post first vaccine was 0.40 [95%CI: 0.38, 0.42]

Frontiers in Medicine | www.frontiersin.org

141

May 2022 | Volume 9 | Article 820544


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Wang et al.

Vaccines’ Effectiveness Against SARS-CoV-2 Variants

Experimental Control
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FIGURE 3 | Meta-analysis for the overall efficacy of vaccines against COVID-19 variants post first vaccine (A) and post second vaccine (B). * indicates the second
arm in the study of Bernal et al. Cl. confidence interval; OR, odds ratio.

and post second vaccine was 0.96 [95%CI: 0.93, 0.98]. Regarding
the effectiveness of current vaccines against COVID-19, several
reviews and meta-analyses have been published, which did not
make a distinction between wild-type SARS-CoV-2 and variants
(77-79). In a meta-analysis about vaccines of COVID-19 in
phase III trials, Cheng et al. concluded that overall vaccines
currently had a good protective effect against COVID-19 among
patients after vaccination with an efficiency of 83% (95%CI: 0.68—
0.91) (77). In another meta-analysis of randomized clinical trials,
Pormohammad et al. found that the pooled efficiency of vaccines
based on different technical platforms was from 80.2 to 94.6%
(79). Therefore, we have reason to think that there are not many
differences in vaccines’ ability to elicit immune responses when
they confront COVID-19 and its variants.

Most vaccines currently in use require two doses and this
two-step vaccination process is called “prime-boost”. Generally,
individuals were deemed to be fully vaccinated 14 days or longer
after acquiring their second dose in a two-vaccination procedure
with a mean interval time over 2 weeks (75, 76, 80). Whereas,
single-dose vaccination is more feasible and contributes to a
higher acceptance of vaccination for the mass population in

the real world (80, 81). Both the pressure from the vaccine
supply chain and the vaccine hesitation in the public caused
by the concern over safety inevitably impede full vaccination
(82, 83). Most studies showed that two-dose vaccination had
better immunogenicity and efficacy compared with a single-dose
regimen for most vaccines. Kow et al. found that the pooled
protective rate of the BNT162b2 mRNA vaccine after the first
dose was 82%, which was lower than the efficacy of 95% after
the second dose (78). Pormohammad et al. concluded that there
were no differences among the effectiveness of some COVID-
19 vaccines after the first and second dose, such as adenovirus-
vectored vaccines (97.6 vs. 99.9%), inactivated vaccines (91.3
vs. 94%), and pro-subunit vaccines (87.3 vs. 95.6%) (79).
Nevertheless, they also admitted that this efficacy was estimated
according to the amount of neutralizing antibodies but not
the incidence rate, which could not substitute the protection
rate in the real world. However, the author emphasized that
the introduction of the second dose of vaccine could produce
more reliable results, because the variation in the efficacy after
the second dose was more notable (79). Saad-Roy et al. built
a model of immuno-epidemiology and explored whether a
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one-dose vaccine policy generally protected individuals against
COVID-19 in the short run but that partial vaccination inevitably
promoted antigenic evolution (84). Our results showed that the
vaccines reduced the incidence rate of variants by 71.4% and
increased the efficacy against the variants of concern by 140%
after the second dose relative to after the first dose, which again
proved the importance of the booster inoculation after the prime
inoculation, especially for the COVID-19 variants. The theory we
suspected may be that if the vaccines train the immune system to
recognize a virus repeatedly, then, the immune response might
become more durable and broader which could help to screen
for SARS-COV-2 with slightly less virulent variants. Moreover,
Jacobson et al. reported that the majority of breakthrough cases
occurred <2 weeks after the first/second dose of vaccine and
emphasized that excellent vaccine effectiveness usually appeared
> 2 weeks after the second vaccine (28). Therefore, we suggest
that the public should be vaccinated as soon as possible with
two doses to build up full immunity against variants of SARS-
CoV-2 and highlight the necessity to build strict preventive
measures until herd immunity is established after 14 days post
the second dose.

When the breakthrough patients began to increase in the
early summer of 2021, the necessity of a third dose of COVID-
19 vaccine was being comprehensively discussed and analyzed,
which still warrants intensive scientific interest and practical
importance. In view that our study suggested a second dose
of vaccine is more effective in protecting individuals against
COVID-19 variants compared with receiving only one dose, it is
reasonable to presume that a higher level of protection could be
observed in those who completed the three-dose vaccine regime.
Admittedly, it is indeed a valid point that a third booster could
relieve potential waning vaccine-induced humoral and cellular
immunity, possibly increasing immune escape and reducing
the effectiveness of vaccines against SARS-CoV-2 variants over
time. The findings of Barda et al. demonstrated that a third
dose of the BNT162b2 vaccine could address severe COVID-
19-related outcomes compared with the standard two-dose
strategy (85). In a study of heterologous vaccination, health-care
workers in Thailand who received a third dose of ChAdOx1
after completing a two-dose CoronaVac vaccine regime elicited
higher neutralizing activity against all variants of concern (86).
Thompson et al. emphasized that all unvaccinated adults should
get vaccinated with a third dose of an mRNA vaccine as soon as
possible when considering that the mRNA vaccine effectiveness
was 90 and 82% >14 days after dose 3 during the Delta
and Omicron predominant periods, respectively (87). Moreover,
a booster third dose is necessary for cancer patients, organ
transplant recipients, people aged >60 years, etc., whose immune
responses are inadequate (88-90). Nevertheless, a third vaccine
dose may seem like a luxury and nothing could be more urgent
than the elimination of vaccine discrimination and vaccine
inequity. Firstly, worldwide vaccine campaigns remain extremely
unfair. Numerous industrialized countries such as the UK and
the USA have managed to fully vaccinate >60% or covered 50%
of their populations, whereas some countries in African have
shockingly low vaccination coverage in their population. The
administration of a third booster dose is expected to further

damage the disequilibrium and it has become an ethical issue
(91). Secondly, it remains unclear whether there is an upper
limit of mutation, beyond which SARS-COV-2 would not evolve
in respect to transmission, virulence, or immune evasion (92).
When the ceiling is overcome, for example, a hyperexponential
increase in the transmissibility, the need of a third dose
and the implementation of Draconian measures are much
more valuable (93). Last but not least, vaccine discrimination
and vaccine inequity will encourage viral epidemic relapses,
even in developed countries with broad vaccination coverage.
People should be aware that in an infected individual without
vaccination the virus is more prone to mutations than in a
vaccinated person (94), and the viral mutation potential is higher
in countries that have lower vaccination coverage (95). Thus,
we think that the two-dose vaccine schedule could achieve the
initial target to prevent COVID-19 variant infection, but in the
meantime, a third booster dose is necessary for patients with
inadequate immune responses or people who need to safeguard
against Omicron immune escape.

For the subgroup-analyses according to different types of
vaccines, we found that the incidence of overall variants and
the efficacy of a specific vaccine post first mRNA vaccine
(BNT162b2/mRNA-1273/JNJ-78436735) were 0.07 and 35%, and
post second dose were 0.06 and 85%, respectively; the incidence
of overall variants and the efficacy of a specific vaccine post
second viral vector vaccine (ChAdOx1/ChAdOx1-S) were 0.02
and 66%, respectively; the efficacy of a specific vaccine post first
inactivated vaccine (CoronaVac) was 37%. As the results showed,
a two-dose regimen of an mRNA vaccine was more effective
against COVID-19 variants than a traditional viral vector vaccine
and inactivated vaccine compared with the placebo group or
unvaccinated populations. As a gene-based vaccine, BNT162b2
became an mRNA vaccine candidate and went from concept to
clinical development in <3months, a rate unprecedented in the
history of vaccine development (20). Phase III clinical trials and
real-world data showed that a two-dose procedure of BNT162b2
could effectively prevent individuals across all age groups from
infections with or without COVID-19 symptoms, and in the
meantime significantly reduce the incidence of hospitalizations
and decrease the rate of severe disease and death caused by
COVID-19 infections (24, 25, 28, 29, 96). mRNA vaccines could
elicit broad immune responses against a wide range of SARS-
CoV-2 variants, including neutralizing antibodies combined with
CD4" and CD8' T cells, which may be responsible for the
significant efficacy of BNT162b2/mRNA-1273/JNJ-78436735 (38,
40, 48, 52, 53, 57, 97). Viral vector vaccines and inactivated
vaccines are both based on traditional platforms. ChAdOx1
contains the replicated defective adenovirus gene encoding
the spike protein of SARS-CoV-2. Although several studies
confirmed that ChAdOx1 could elicit specific neutralizing
antibodies and an immune response mediated by T cells
against SARS-CoV-2, the pooled efficacy of ChAdOxl was
lower than mRNA vaccines (80.2 vs. 94.6%) (30, 98, 99).
CoronaVac/BBV152, as a vaccine containing inactivated SARS-
CoV-2 that could be suitable for mass production and stably
express antibodies with good immunologic tolerant, had fine
effectiveness against COVID-19 confirmed by PCR (23, 51, 100).
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However, it is worth noting that some studies demonstrated
that the efficacy of CoronaVac was only 50.39% and it could
not induce immune memory (35, 101). Unfortunately, data
for the Pro-Subunit and other types of vaccines were not
available, hence, the analysis of these vaccines was not included
in our study. Just from the respect of efficacy, we recommend
mRNA vaccines as the “first-order” promising candidate against
COVID-19 variants.

B.1.1.7, containing D614G and eight other spike mutations,
was first detected in the UK on 14 December 2020 (66). This
variant could enhance transmissibility up to 71% and caused
mortality to increase substantially compared with previous
mutations (66, 102). We found that the incidence of B.1.1.7 and
the effectiveness of vaccines against B.1.1.7 post a second vaccine
were 0.04 and 90%, respectively. This moderate effectiveness
may be the proof that B.1.1.7 did not demonstrate enhanced
immune escape capability. In addition, the efficacy of an mRNA
vaccine and vector vaccine against B.1.1.7 post second dose were
89 and 94%, respectively. The difference in the efficacy against
B.1.1.7 between BNT162b2 and ChAdOxl1 is well grounded
in neutralization tests and clinical trials. Muik et al. found
the immune sera induced by BNT162b2 generally retained
immunocompetence against B.1.1.7 even though there was a
slight reduction (73), but Gavin et al. reported that the sera-
neutralizing titers induced by ChAdOx1 showed a 2.1-2.5-fold
reduction against B.1.1.7 (103). In the real-world setting, the
studies of Hall et al. (27), Abu-Raddad et al. (24), and Munitz
et al. (74) concluded that the mRNA vaccine of BNT162b2
could prevent the infection of SARS-COV-2 when B1.1.7 was
the dominant variant, whereas, Emary et al. (30) found that the
efficacy of ChAdOx1 against symptomatic B.1.1.7 patients was
70.4%, which was obviously lower than for non-B.1.1.7 infections
(81.5%). B.1.351, containing D614G and nine other spike
mutations, was first identified on 18 December 2020 in South
Africa (66). This variant caused much greater concern because
the diminished protective effectiveness of the current vaccines
meant that the South African vaccination strategy completely
shifted (104). Our results showed that the incidence of B.1.351
and the effectiveness of vaccines against B.1.351 post second
vaccine were 0.09 and 42%, respectively, which indicated that
the vaccines provided a less effective protection against B.1.351
than against B.1.1.7. Moreover, the incidence of the B.1.351
variant post second BNT162b2 dose and the effectiveness of the
mRNA vaccine against B.1.351 were 0.10 and 40%, respectively,
which also demonstrated that the prevention ability of BNT162b2
against B.1.351 decreased significantly when compared with
B.1.1.7. The downward tendency among the neutralizing abilities
of vaccines against B.1.351 and B.1.1.7 was consistent with our
findings. The study by Gavin et al. showed that the decline in
the neutralizing abilities against B.1.351 was 7.6-fold but against
B.1.1.7 was only 3.3-fold (105). Furthermore, results from Wang
et al. revealed that the average loss in neutralization titers against
B.1.1.7/B.1.351 was 2/6.5-fold, respectively (68). Liu and Xie
et al. (106, 107) believe the drop in neutralization titers against
B.1.351 in sera induced by the vaccine could be mainly due to
E484K mutation, which is located at the region of the receptor-
binding domain (RBD). Our results could also be confirmed

by the real-world condition reported by Abu-Raddad et al. (24)
who performed a cohort study in Qatar and found that the
effectiveness of BNT162b2 was estimated to be 87.0% against
B.1.1.7 and 72.1% against the B.1.351. P.1 (Gamma) variant.
This variant, which harbors 17 nonsynonymous mutations, was
detected in Brazil, and first reported in the USA, showed a 2.6
times more transmissible capacity and significantly increased
the risk of hospitalization and ICU admission (66). Similar
to the results of B.1.351, the efficacy of vaccines against P.1,
including mRNA and viral vector vaccines, were abolished in
our study and fall in line with the results of a nationwide study
by Wibmer et al. in France which showed that the effectiveness
of the mRNA vaccine was estimated at 77% [95% CI:0.63, 0.86]
(108). Although the neutralization of convalescent plasma and
vaccine sera was reduced by 3.8-4.8-fold during the P.1 epidemic
(109), we perceived that the threat posed by P.1 could not be
as severe as previous variants in view that the diminution of
vaccine protection against P.1 was not as great as B.1.351 and
others. The B.1.617.2 (Delta) variant with 10 mutations in the
spike protein was initially considered a VOI (variant of interest),
but was rapidly classified as a VOC by WHO in view of its
sharp rise in infections and mortality. It appears that the ongoing
vaccines still offer substantial protection against the B.1.617.2
(Delta) variant, at slightly higher levels compared with P.1 on the
basis of the findings in our study. Our results could also be further
reproduced in several meta-analyses and neutralization tests,
which reported that the B.1.617.2 variant could be neutralized
by post-vaccination sera and convalesced successfully with only a
mild decrease in its neutralization sensitivity and confirmed that
current vaccines could offer higher protection against B.1.617.2
in real-world settings (110, 111). B.1.427 (Epsilon), first identified
in California, increased transmissibility by approximately 20%
and exhibited moderate resistance to neutralization when using
convalescent and post-vaccination sera. However, the efficacy of
pooled vaccines against B.1.427 was 95% and, thus we considered
the completion of a two-dose vaccine schedule to have a favorable
protective effect which helped explain why B.1.427 was classified
as a VOC only in the USA but a VOI in other countries (15). Due
to the lack of sufficient data about other types of vaccines such as
Pro-Subunit and inactivated vaccines and other types of variants
such as P.2 and B.1.526, it is regrettable that only a few incidences
of some specific vaccines post one or two specific doses could be
pooled, which were hard to explain and verify by neutralization
tests and clinical trials in a real-world setting.

Yet, there are, at the moment, limited data to systematically
evaluate the effectiveness of the existing vaccines against
B.1.1.529 (Omicron), which is the fifth VOC categorized by
WHO and has become the most widely distributed variant
since December 2021. It is suggested that the viral infectivity of
Omicron increases 2.8-fold compared to B.1.617.2 which could
contribute to the explosive rise in cases (112). Mutations in
Omicron, which are responsible for more vaccine breakthroughs
and have an overwhelmingly disruptive effect, could substantially
reduce or impair the neutralization by monoclonal antibodies
(mAbs), convalescent plasma, and vaccine sera compared
to mutations in predecessor variants (113-115). Importantly,
SARS-CoV-2 may not have reached the top of its evolution and
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Omicron is perceived to have opened up the broadly untapped
potential for future mutations, which may possess more virulent
strains and severely affect the global population (116). In this
present scenario, it is unlikely that the ongoing vaccines will
completely fail against Omicron, considering the findings in
our study that the previous VOCs (Alpha, Beta, Gamma, and
Delta) have been curbed by COVID-19 vaccines. Dejnirattisai
et al. reported that the sterilizing immunity against Omicron
induced by vaccines may be diminished, however, cell-mediated
immunity might be less affected and ensure that vaccines
are still useful in terms of containing infection progression,
etc. (113). Most neutralization assays about Omicron were
performed in vivo which did not fully quantify the immune
response in vivo. The booster third dose of vaccines, including
mRNA, viral vector, and inactivated vaccines, could significantly
enhance the neutralizing activity against Omicron both in vivo
and in vivo (85-90, 117, 118). Hence, we perceived that the
impact of Omicron has not yet threatened global conformational
alterations, and vaccines may still protect people from COVID-19
variants until further information is available.

The strength of this meta-analysis lies in its rapid analysis
of the incidence of variants in the COVID-19 pandemic and
the efficacy of current vaccines against these variants, which
could provide useful insight for the implementation of COVID-
19 vaccination in the setting of numerous variants. In the
meantime, we must acknowledge that the results of our study
should be interpreted with a very cautious approach because it
was subject to certain limitations that warrant mention. Firstly,
most of the included articles were cohort studies or observational
studies, which could not provide the sufficient statistical power
of randomized controlled trials (RCTs). Besides, high statistical
heterogeneity existed for some subgroup analyses and must be
considered when interpreting the outcomes. Secondly, some
studies included insufficient or inexact numbers of participants
or variants, which suggested there was a contingent risk of
misestimation of the incidence of variants or the efficacy of the
vaccines. Thirdly, up to now, most of the included vaccines
and variants were mRNA vaccines or vector vaccines and
B.1.1.7, B.1.351, etc., respectively. Some current vaccines and
variants were not brought into the present study because of the
incomplete data. Thus, the summaries of the clinical trials may
not coincide with the real world reality, and the generalizability
of our findings is unknown. Last but not least, the safety or the
adverse events of COVID-19 vaccines and the ability to spread or
virulence of the variants were not evaluated in our study, which
might lead to one-sidedness in a comprehensive understanding
of COVID-19 vaccines against variants.

In this study, we first presented the
conclusions about the results of the
against the emerging variants. According to the situation,

preliminary

current vaccines

scientists around the world are focusing on learning
more about whether the current authorized vaccines
will protect people from infection caused by SARS-

CoV-2 variants in the real world. The next generation
of vaccines, such as a bivalent vaccine by Johnson &
Johnson, a booster vaccine by Moderna, mRNA multivalent
vaccines by GlaxoSmithKline and CVNV, etc., might play

a pivotal role in preventing and controlling the variants of
SARS-CoV-2 worldwide.

CONCLUSION

Our meta-analysis shows that the current vaccines that are
used globally could restrict the spread and prevent infection of
SARS-CoV-2 variants to a great extent. We would also support
maximizing vaccine uptake with two doses as the most effective
compared to only one dose. Although the mRNA vaccine was
found to be the most effective against variants in our study,
specific vaccines should be taken into account based on the local
dominant prevalence of variants. Furthermore, the conclusions
should be used cautiously in consideration of the limited data.
In the future, we emphasize the importance of continued testing
and case management which will be further elucidate whether
vaccines play a protective role against the ongoing evolution of
SARS-CoV-2 variants.
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B.1.351 (Beta) variant post second viral vector vaccine (Q), B.1.351 (Beta) variant
post second protein subunit vaccine (R), P.1 (Gamma) variant post first vaccine
(S), P.1 (Gamma) variant post second vaccine (T), P.1 (Gamma) variant post first
mRNA vaccine (U), P.1 (Gamma) variant post second mRNA vaccine (V), P.1
(Gammea) variant post second inactivated vaccine (W), P.1 (Gamma) variant post
second viral vector vaccine (X), B.1.617.2 (Delta) variant post first vaccine (Y),
B.1.617.2 (Delta) variant post second vaccine Zz), B.1.617.2 (Delta) variant post
first MBRNA vaccine (AA), B.1.617.2 (Delta) variant post second mRNA vaccine
(BB), B.1.617.2 (Delta) variant post first viral vector vaccine (CC), B.1.617.2
(Delta) variant post second viral vector vaccine (DD), B.1.427 (Epsilon) variant
post first vaccine (EE), B.1.427 (Epsilon) variant post second vaccine (FF),
B.1.427 (Epsilon) variant post first mMRNA vaccine (GG), B.1.427 (Epsilon) variant
post second mRNA vaccine (HH), P.2 (Zeta) variant post second vaccine (ll),
B.1.526 (lota) variant post second vaccine (JJ), and B.1.526 (lota) variant post
second MRNA vaccine (KK). * and ** indicate the second and third arm in the
corresponding studies, respectively. Cl, confidence interval; OR, odds ratio.

Supplementary Figure 2 | Subgroup analysis for the pooled efficacy of mMRNA
vaccine against variants post first dose (A), mMRNA vaccine against variants post
second dose (B), viral vector vaccine against variants post second dose (C),
vaccines against the B.1.1.7 (Alpha) variant post first dose (D),vaccines against
the B.1.1.7 (Alpha) variant post second dose (E), mRNA vaccine against the
B.1.1.7 (Alpha) variant post first dose (F), mRNA vaccine against the B.1.1.7
(Alpha) variant post second dose (G), subunit vaccine against the B.1.1.7 (Alpha)
variant post second dose (H), viral vector vaccine against the B.1.1.7 (Alpha)
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Background: The purpose of this study was to assess the level of knowledge, attitude
and practice of COVID-19 among staff in China-Guinea Friendship Hospital, and to
confirm the effect of nosocomial infection management.

Methods: This cross-sectional study was conducted in December 2021. Information
on socio demographic data, knowledge, attitude and practices related to COVID-19 was
collected through a self-administered questionnaire.

Results: A total of 143 employees participated in the survey, with a response rate of
99.31% and a vaccination rate of 95.10%. The average knowledge score of COVID-19
was 8.39 + 1.3 points (10 points in total), without significant differences between
subgroups with different demographic variables (P > 0.05); more than 80% of the
participants had a positive attitude, and 72.03-93.01% of the participants could take
appropriate preventive practices in different environments such as hospital, outdoor
or home.

Conclusion: The staff of the China-Guinea Friendship Hospital has good knowledge of
COVID-19, a positive attitude and appropriate preventive practices. It can be concluded
that the current nosocomial infection management is active and effective. Therefore,
this study suggests that comprehensive activities such as training, promotion and
supervision of COVID-19-related knowledge and countermeasures should be widely
and continuously implemented in healthcare facilities, which will continuously improve
the overall KAP level of hospital staff and play an important role in curbing the
COVID-19 pandemic.

Keywords: COVID-19, hospital staff, knowledge, attitude, practice, Guinea (Conakry)

INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a novel highly contagious respiratory disease caused
by a novel coronavirus. It was first detected in Wuhan, China in December 2019. World Health
Organization (WHO) declared COVID-19 was a global pandemic disease on March 11th, 2020 (1).
As of February 25th, 2022, over 432 million confirmed cases and about 6 million deaths have been
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reported globally. According to the Guinean Ministry of Health
and Security, the first case was confirmed on March 14th, 2020.
Guinea reported 36,393 confirmed cases and 440 deaths on
March 25th, 2022 (2).

People’s knowledge, attitude and practice (KAP) toward
COVID-19 are fairly crucial and critical to ensuring successful
disease control (3, 4). In the KAP assessment of COVID-19,
knowledge usually refers to the level of mastery of biomedical
concepts (5). Typical questions for knowledge assessment include
causes and symptoms of COVID-19. Attitude is expressed in
people’s beliefs, emotions and tendencies. Practice refers to the
lifestyle related to preventing COVID-19.KAP studies provide
baseline information for identifying interventions (6), and can
be used to assess the appropriateness of existing interventions
(7). Hospital staff, who are on the front lines of the COVID-
19 pandemic, are more vulnerable to infection. If they have
insufficient knowledge about COVID-19 and/or inappropriate
preventive behavior, treatment will be delayed and COVID-19
will spread rapidly (8, 9). Therefore, hospital staff have been an
important population for assessing the KAP of COVID-19. In
addition to relying on information and resources from WHO and
governments, appropriate nosocomial infection management
also plays an important role in improving KAP levels in
healthcare workers (10).

The China-Guinea Friendship Hospital is located in Conakry,
the capital of Guinea, and is one of the many hospitals jointly
built by China and African countries. In March 2021, the 28th
Chinese Medical Aid Team to Guinea and the hospital jointly
established the Nosocomial Infection Management Committee,
and subsequently carried out a series of nosocomial infection
prevention and control work. To assess the effects of these
interventions and provide a basis for adjusting interventions, a
KAP questionnaire survey toward COVID-19 among hospital
staff was conducted in December 2021.

MATERIALS AND METHODS
Study Design and Subjects

This cross-sectional study was conducted among all staff at the
China-Guinea Friendship Hospital in Conakry, Guinea, during
December 2021. A self-administered questionnaire was used to
assess subjects’ KAP levels related to COVID-19. Participants
gave informed consent to be included in the study, and the study
protocol was approved by the ethics committee of China-Guinea
Friendship Hospital.

Those employees who were working at the hospital at that
time and had a direct employment relationship with the hospital
were included in the study, with no exceptions.

Questionnaire

The questionnaire consisted of four parts. The first part
included questions about the demographic characteristics of
the participants (age, gender, the specific department, working
years, specific job categories and whether vaccinations were
administered, etc.). The other three parts in the questionnaire
were COVID-19-related KAP questions. There were 10 questions
in each part (For the knowledge part, each question was assigned

1 point, a total of 10 points). The questions of knowledge
included the etiology, epidemiology, pathogenesis of COVID-
19. The information collected by the attitude questions included:
the degree of concern and worry about the epidemic, the degree
of concern for one’s own health, the confidence in curbing
its spread, the satisfaction with the cleaning, disinfection and
material supply of the hospital, as well as the satisfaction of
training and information exchange of the hospital, etc. The
questions of practice included the participants’ self-protection in
different scenarios, such as outdoors, workplace and home.

For the convenience of participants, the questionnaire was
in French.

Statistical Analysis

Descriptive statistics were used to present demographic data,
participants’ knowledge scores, and the frequency of COVID-19
knowledge, attitude and preventive practice. The 95% confidence
intervals (95% CI) were compared with or without crossover
to determine the differences in values between subgroups with
different characteristics. For continuous variable (such as age,
working years), if it is a normal distribution, it is divided into two
groups by the mean; if it is a skewed distribution, it is divided into
two groups by the median; the specific departments were grouped
into three big sectors: medical sector, medical technology sector,
administrative and logistic sector; in addition, the specific
positions were divided into medical-related positions and non-
medical-related positions. Data were coded and analyzed by SAS
software (version 19.0; SAS Institute Inc., Cary, NC).

RESULTS

Participants’ General Characteristics

A total of 143 participants completed the questionnaire with
a response rate of 99.31% (143/144), except for one logistics
staff member, who was unable to participate due to intellectual
problems. Of all respondents, 58.74% (84/143) were males,
75.52% (108/143) were in medical-related positions, with a mean
age 0f42.86 & 11.60 years, ranging from 22 to 65 years. Regarding
the sector of work, 65.03% (93/143) were in the medical sector,
17.48% (25/143) in the medical technology sector, and 17.48%
(25/143) in the administrative and logistic sector. The range of
participants’ working years was 1-39 years, with a Quartile (P25,
P75) of 9 (4, 16) years. And the vaccination rate of participants
was 95.10% (136/143).

Participants’ Knowledge Toward COVID-19
The overall accuracy rate was 83.92% for the knowledge. More
than 90% knew the main sources of COVID-19 transmission,
the main symptoms, the incubation period of the disease, the
effectiveness of the vaccine, and the role of chlorine-containing
disinfectants. The proportion of people who correctly understood
the knowledge of the transmission route, infectivity, susceptible
population, and the presence of seasonal patterns of the virus
varied between 54.55 and 79.72% (Table 1).

The COVID-19 knowledge scores in this study were normally
distributed, with an average of 8.39 £ 1.3 points. At the level of
a = 0.05, there were no significant differences in which between
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TABLE 1 | Participants’ correct responses to questions bordering on knowledge
of COVD-19 (n = 143).

Knowledge items N Proportion (%)
1. Infected persons (patients and asymptomatic 135 94.41
infected persons) are the main source of infection
2. Droplet transmission is its main mode of 114 79.72
transmission
3. The virus is not transmitted by aerosols or dirt 109 76.22
4. At the end of the incubation period is infectious, 109 76.22
and the infection is relatively strong in the first 2
days of the disease.
5. The elderly and children are not susceptible to 114 79.72
COVID-19
6. Some patients have fever, dry cough and 138 96.50
weakness as the main symptoms, some patients
have loss of smell and taste as the first
symptoms, a few patients have nasal
congestion, runny nose, sore throat,
conjunctivitis, myalgia and diarrhea, etc.
7. The incubation period of COVID-19 virus 132 92.31
infection is usually 1-14 days, mostly 3-7 days.
8. COVID-19 epidemic has a significant seasonality. 78 54.55
9. Vaccination can reduce morbidity. 138 96.50
10. The virus is sensitive to chlorine-containing 133 93.01
disinfectants.
Mean 120 83.92

subgroups with different characteristics (including department,
gender, age, years of work, and whether the position was related
to medicine).

Participants’ Attitude Toward COVID-19
Participants’ attitude toward COVID-19 is shown in Table 2. Of
all the respondents, 99.30% expressed “concern” and “worry”
about the pandemic; 100% were “concerned” about their own
health during the pandemic; 65.03% expressed “confidence” that
the pandemic would be overcome in the end; 92.31% and 86.71%
were “particularly satisfied” with the current environmental
cleanliness and disinfection of the hospital, respectively; 89.51%
thought that the current quantity and quality of the hospital’s
supply and stock of epidemic prevention materials could “meet
the needs”; 74.83% were “particularly satisfied” with the hospital’s
training in knowledge and techniques of COVID-19; and
84.62% were “particularly satisfied” with the hospital’s current
communication and delivery of information.

In addition, 35.97% expressed “not easy to say” or “no
confidence” or “Doesn’t matter” in overcoming the epidemic, and
they were widely distributed across departments, with the top
three departments being neurosurgery, abdominal surgery and
emergency department.

Participants’ Practice Toward COVID-19

The results of participants practices toward COVID-19 are
shown in Table 3. The proportion of wearing masks in public
places was 93.01%; 73.43% intentionally reduced unnecessary

outings (such as parties, meals, etc.); 72.03% of people were
careful to maintain a social distance of at least one meter;
96.5% washed their hands >3 times a day; 46.15% opened
windows >2 times a day; 79.72% disinfected the environment
and objects; 43.36% strengthened physical exercise; 82.52%
carried out garbage sorting; and 89.51% of staff wore disposable
medical masks at work. When there were symptoms of suspected
infection such as fever, fatigue, and dry cough, 97.90% of them
chose to seek medical treatment.

DISCUSSION

Today, every country in the world is facing the COVID-19
pandemic. At present, taking preventive measures is the only
effective way to copy with this infectious disease for which
there is no effective treatment. The preventive effect is largely
dependent on the KAP level of susceptible populations, and
particularly, the KAP level of hospital staft is more important in
controlling the spread of COVID-19 (10). Since the establishment
of the nosocomial Infection Management Committee of the
China-Guinea Friendship Hospital in March 2021, a series
of COVID-19 prevention and control measures have been
carried out in the hospital, including training in the knowledge
and techniques of COVID-19, developing a prevention and
control system, strengthening supervision and inspection, and
replenishing epidemic prevention materials through multiple
channels. The results of this study showed that most staff had
good knowledge, positive attitude and appropriate preventive
practices in the prevention and control of COVID-19, which
identify that nosocomial infection management measures are
active and effective.

The results of this study showed that the staff of the China-
Guinea Friendship Hospital had a good knowledge of COVID-
19, with an overall correct rate of 83.92%. This result is higher
than that of surveys in the general population (11, 12) and
some hospital workers (10, 13), whose overall correct knowledge
estimates ranged from 48.97 to 77.00%. There are also some
studies conducted among hospital staff (whose overall correct
rate of knowledge was estimated to be 80-90%) consistent with
our results (14-17). Of course, there are also some studies of
hospital workers that had higher results than ours, up to 90%
or more (18-21). It is worth noting that in addition to the
different survey populations, the results of each study may also
vary due to other factors, such as knowledge definition standards,
question design, survey methods, and the development stage of
the epidemic at the time of the survey.

In this study, although hospital staff had a level of knowledge
above 90% on the source of virus transmission, main clinical
symptoms, incubation period, vaccines and the effects of
chlorinated disinfectants, the level of knowledge on other issues
remained low, such as virus transmission route, virus infectivity,
susceptible population and whether there is seasonality, etc.,
their correct rate of was 53.96-79.86%. Because more scientific
knowledge is gradually enriched and proposed with the progress
of the epidemic, we need to continuously enrich and update
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TABLE 2 | Responses of the participants to the attitude items on the questionnaire (0 = 143).

Attitude items Categories N Proportion (%)
1. Degree of concern in information toward the COVID-19: Particularly concern 129 90.21
Concern 13 9.09
No concern 1 0.70
2. Degree of worry in information toward the COVID-19: Particularly worry 118 82.52
Worry 24 16.78
No worry 1 0.70
3. Degree of concern your own health during the pandemic: Particularly concern 126 88.11
concern 17 11.89
No concern 0 0.00
4. Confidence in the ability to overcome the COVID-19: Have confidence 93 65.03
Not easy to say a7 32.87
No confidence 2 1.40
Doesn’t matter 1 0.70
5. Degree of satisfaction with the current environmental cleanliness in the hospital: Particularly satisfy 132 92.31
Not sure 1 0.70
No satisfy 9 6.29
Doesn’t matter 1 0.70
6. Degree of satisfaction with the current environmental disinfection in the hospital Particularly satisfy 124 86.71
Not sure 10 6.99
No satisfy 8 5.59
Doesn’t matter 1 0.70
7. In terms of the number, the extent to which the current supply and stockpile of epidemic Particularly sufficient 49 34.27
prevention materials in the hospital meet the needs of the post: Tightly meet the needs only 79 55.24
Can’t meet the needs 9 6.29
Not sure 6 4.20
8. In terms of the type, the extent to which the current supply and stockpile of epidemic Particularly sufficient 50 34.97
prevention materials in the hospital meet the needs of the post: Tightly meet the needs only 78 54.55
Can’t meet the needs 8 5.59
Not sure 7 4.90
9. Degree of satisfaction with relevant knowledge and technical training within the hospital: Particularly satisfy 107 74.83
Not sure 10 6.99
No satisfy 15 10.49
Doesn’t matter " 7.69
10. Degree of satisfaction with the communication and delivery of information related to the Particularly satisfy 121 84.62
epidemic in the hospital: Not sure 8 559
No satisfy 6 4.20
Doesn’t matter 8 5.59

the relevant training for hospital staff and strengthen weak
knowledge points.

In terms of attitude, more than 80% of the staff of China-
Guinea Friendship Hospital had a positive attitude. This result
is higher than those of previous studies among medical staff
(those participants had a moderate or positive attitude rate
of 50.5-72.2%) (10, 22-24), and the reason may be related
to the higher rate of knowledge correctness (17, 23, 25).
Almost 65.03% of hospital staff believed that COVID-19 would
eventually be overcome in our study, which is similar to the
results of some previous studies (10). The staff of low-confidence
in this study were mainly concentrated in the emergency,

neurosurgery and abdominal surgery. There are two possible
reasons: on the one hand, there are a large number of staff
in these departments; on the other hand, as the front line
of the hospital’s prevention and control, these staff are under
great mental pressure. Therefore, it is necessary to strengthen
training, especially encourage and support these important
departments, so as to enhance their confidence in overcoming
the epidemic.

In the term of practice, ~72.03-93.01% of staff had
appropriate protective practices at different places, such as
workplace, outside or at home. The results are better than
the results of a systematic review and meta-analysis, which
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TABLE 3 | Responses of the participants to the practice items on the questionnaire (0 = 143).

Attitude items Categories N Proportion (%)
1. Do you wear a mask when you are in public places during an epidemic? Always 133 93.01
Occasionally 1 0.70
Never 0 0.00
2. Do you intentionally reduce on unnecessary outings (e.g., fewer parties, Always 105 73.43
meals, etc.) during the epidemic? Occasionally 35 24.48
Never 3 2.10
3. Are you careful to maintain a social distance of at least one meter during Always 103 72.03
the epidemic? Occasionally 37 25.87
Never 3 2.10
4. During the epidemic, how many times a day do you wash your hands? <3 times/day 5 3.50
>. times/day 13 9.09
>7 times/day 33 23.08
>10 times/day 92 64.34
5. During the epidemic, how many times do you open the windows in your 0 time/day 38 26.57
room (office or home) to ventilate? 1 time/day 39 27.07
2 times/day 22 15.38
>3 times/day 44 30.77
6. During the epidemic, do you pay attention to the disinfection of the Always 114 79.72
environment and goods? Occasionally 27 18.88
Never 2 1.40
7. During the epidemic, do you intend to be more physically active? Always 62 43.36
Occasionally 67 46.85
Never 14 9.79
8. Do you sort your garbage? Always 118 82.52
Occasionally 25 17.48
Never 0 0.00
9. What do you do when you feel fever, malaise, dry cough and other Seeking Medical Attention 140 97.90
suspected symptoms of infection during an outbreak? (Multiple choice Home isolation 29 20.28
possiole) Go to work normally 2 1.40
Concealment of illness and refusal to seek 1 0.70

medical attention

10. During the epidemic, what is your mode of protection during work? Wearing disposable caps 107 74.83
(Multiple choice possible) Wearing disposable medical masks 128 89.51
Wearing disposable non-medical masks 24 16.78
Wearing disposable gloves 113 79.02
Wear goggles and face screen 85 59.44
Wear a disposable barrier suit 91 63.64
Wear disposable protective clothing 63 44.06
No protective measures 1.40
Other 0.00

researched on globally practice studies of COVID-19 by 70%
[95% CI (66, 74%)], with Africa practice score lower than 60%
(11). Effective preventive measures, such as swearing masks, hand
hygiene, vaccinations, and maintaining safe social distancing,
can reduce the transmission of COVID-19, which is always
recommended by World Health Organization. And people’s
adherence to preventive measures is affected by their COVID-19
knowledge and attitude (25-27).

Based on the survey results, it is recommended to continue
to strengthen and enrich knowledge training associated with
COVID-19 in healthcare facilities, strengthen inspection,

supervision, encouragement and support focusing on front-
line departments to protect the health of hospital staff and
patients, which will play an important role in curbing the
COVID-19 pandemic.

LIMITATIONS

The major limitation of this study is the lack of the
control, resulting in a weak persuasive power. One more
methodological limitation is that the questionnaire was self-
administered by the respondents and was not based on
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objective observations, which resulted in a certain degree of
information bias.
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Background: The Algerian COVID-19 vaccination campaign, which started at the end
of January 2021, is marked by a slowly ascending curve despite the deployed resources.
To tackle the issue, we assessed the levels and explored determinants of engagement
toward the COVID-19 vaccine among the Algerian population.

Methods: A nationwide, online-based cross-sectional study was conducted between
March 27 and April 30, 2021. A two-stage stratified snowball sampling method was
used to include an equivalent number of participants from the four cardinal regions of
the country. A vaccine engagement scale was developed, defining vaccine engagement
as a multidimensional parameter (5 items) that combined self-stated acceptance and
willingness with perceived safety and efficacy of the vaccine. An Engagement score
was calculated and the median was used to define engagement vs. non-engagement.
Sociodemographic and clinical data, perceptions about COVID-19, and levels of
adherence to preventive measures were analyzed as predictors for non-engagement.

Results: We included 1,019 participants, 54% were female and 64% were aged 18-29
years. Overall, there were low rates of self-declared acceptance (26%) and willingness
(21%) to take the vaccine, as well as low levels of agreement regarding vaccine safety
(21%) and efficacy (30%). Thus, the vaccine engagement rate was estimated at 33.5%,
and ranged between 29.6-38.5% depending on the region (p > 0.05). Non-engagement
was independently associated with female gender (OR = 2.31, p < 0.001),
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low adherence level to preventive measures (OR = 6.93, p < 0.001), private-sector jobs
(OR = 0.53, p = 0.038), perceived COVID-19 severity (OR = 0.66, p = 0.014), and
fear from contracting the disease (OR = 0.56, p = 0.018). Concern about vaccine side
effects (72.0%) and exigence for more efficacy and safety studies (48.3%) were the most
commonly reported barrier and enabler for vaccine acceptance respectively; whereas
beliefs in the conspiracy theory were reported by 23.4%.

Conclusions: The very low rates of vaccine engagement among the Algerian population
probably explain the slow ascension of the vaccination curve in the country. Vaccine
awareness campaigns should be implemented to address the multiple misconceptions
and enhance the levels of knowledge and perception both about the disease and the
vaccine, by prioritizing target populations and engaging both healthcare workers and the
general population.

Keywords: COVID-19, vaccine, Algeria, acceptance, hesitancy, Middle-East and North African (MENA),
SARS-CoV-2, immunization
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Conclusion

The very low rates of vaccine engagement among the Algerian population probably explains the slow ascension
of the vaccination curve. Vaccine awareness campaigns should be implemented to address the multiple
misconceptions and enhance the levels of knowledge both about the disease and the vaccine.

GRAPHICAL ABSTRACT | Visual summary of the structure and main findings of the study.
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The Algerian COVID-19 vaccination campaign started in January 2021; yet it is marked by a slowly
ascending curve despite the deployed resources. To tackle the issue, we assessed the levels and
explored determinants of engagement towards the COVID-19 vaccine among the Algerian population.
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BACKGROUND

Amid the ongoing COVID-19 pandemic and the lack of
effective curative treatments, mass vaccination is perceived as
the only effective strategy to control the pandemic and reduce
its global impact on individuals and societies. Different types of
COVID-19 vaccines have been developed so far, using different
techniques including mRNA, adenovirus vector, adjuvanted
protein, or live-attenuated or inactivated virus vaccines. The
current evidence supports the efficacy of the majority of the
commercialized and recommended vaccines in eliciting robust
production of neutralizing antibodies in the short- and median-
term, correlating with a significant reduction in the incidence of
COVID-19 infection both in the clinical trial and real life (1-4).
As of February 2022, the number of vaccine doses that
have been administered globally was estimated at more than
10 billion, with nearly 60% of the world’s population being
fully vaccinated (5). However, there is a great discrepancy in
vaccination rates between the industrialized countries such as
Canada (212.6 doses per 100 population), the United Kingdom
(205 doses per 100 population), and the European countries,
and developing and low-income countries such as Algeria
(31.1 doses per 100 population), Egypt (69.7 doses per 100
population), and Sudan (13.0 doses per 100 population) (5, 6).
The COVID-19 Vaccines Global Access (COVAX) initiative’s
campaign efforts to finance and distribute the vaccine in poor
countries are limited by multiple factors including the difficulty
of providing all the needs of these countries and the limited
funding sources (7). On the other hand, the recent emergence
and spread of novel viral variants, notably the B.1.1.7 (Alpha),
B.1.351 (Beta), P.1 (Gamma), B.1.617 (Delta), B.1.617.2 (Delta-
plus), B.1.525 (Eta), B.1.429 (Epsilon), and B.1.1.529 (Omicron)
variants compromised the forecasted transition, in the short run,
to the pre-pandemic normal life (8-12). As a consequence, the
resolution of the issue depends on a three-fold concern, including
the success of the global mass immunization, the long-term
efficacy of the vaccines, and the dreaded scenario of resistance of
the emerging variants to the vaccine-induced immunity (13-15).
In addressing the determinants of success for this global
strategy, people’s engagement to local vaccination campaigns
constitutes a major determinant, besides the adherence to
prevention policies and recommendations. Although the modern
experience with mass vaccination proved to be effective in
controlling and eradicating outbreaks such as Polio, Smallpox,
and other diseases (16), vaccine hesitancy has long been
identified as one of the major threats facing global health
(17-19). Due to several factors, the COVID-19 vaccine is
subject to recurrent popular misconceptions and uncertainties,
which constitutes further barriers to public adherence to the
vaccination strategy (20). Such misconceptions are reported to be
particularly prevalent in developing countries and conservative

Abbreviations: AD, Algerian Dinars; KSA, Kingdom of Saudi Arabia; MENA,
Middle-East and North African; OR, Odds ratio; PRISMA, Preferred Reporting
Items for Systematic Reviews and Meta-Analyses; SD, standard deviation;
STROBE, Strengthening the Reporting of Observational Studies in Epidemiology;
UAE, United Arab Emirates.

societies, associated with high rates of vaccine hesitancy (21).
Consequently, substantial discrepancies have been observed in
vaccine acceptance rates across the different regions and cultures
(22), with remarkably higher vaccine hesitancy in Eastern
Europe, North Africa, the Middle-East, and Central Asia (23).

In Algeria, the largest African country and the 9th country
in Africa in terms of population size, the fight against the virus
has gone through successive phases since the first confirmed
case was declared on February 25, 2020. Since the early phase of
the pandemic, the Algerian government opted for broad travel
cancellations combined with the intermittent implementation
of restrictive and semi-restrictive measures locally, in addition
to the deployment of tremendous healthcare resources to treat
the infected population (24-26). As of 21 May 2021, date of
start of the current study, the country has recorded 126,434
confirmed cases and 3,405 deaths (27). In March 2022, date of
last revision of the paper, these figures have doubled with 265,346
confirmed cases and 6,860 deaths (28). The national vaccination
campaign started by the end of January 2021 and the current local
policy targets all vulnerable groups. However, the vaccination rate
remains remarkably low, reaching only 2.5 million doses by 14
July 2021, which represented a coverage rate estimated at 5.8% of
the population (6, 29). To date, i.e., 10 March 2022, the coverage
rate remains low with only 15% of the population being fully
vaccinated (28). This represents a concern, contrasting with the
country’s efforts to promote the vaccination.

In an attempt to explain this low vaccination rate, the
present study was designed to evaluate the levels of engagement
among Algerians toward the COVID-19 vaccine and to
analyze the associated sociodemographic factors. Additionally,
it explored the associated misconceptions and eventual barriers
and enablers of vaccine acceptance. Such data would assist the
decision-makers in implementing strategic amendments on the
vaccination policy and the related communication approaches.
We further conducted a systematic review on vaccine acceptance
in the Arab countries of the Middle-East and North African
(MENA) region.

METHODS

Cross-Sectional Study

Design & Population

A nationwide online-based cross-sectional study was conducted
among the general population of Algeria, between March 27
and April 30, 2021. It involved adult (aged 18 years and older)
males and females of all regions, who were permanently residing
inside the country during the study period. Since the study
aimed to understand the contribution of non-engagement to
vaccine in explaining the low vaccination rates, individuals who
had previously received the COVID-19 vaccine were excluded.
The study was approved by the institutional review board of
the University of Tlemcen [14/2021 EDCTU]. All participants
provided informed consent prior to their participation.

Algeria is a North African republic, on the Mediterranean Sea,
whose capital is Algiers. It has a population estimated at 45.2
million, 73% of them living in urban areas, mainly in the north
of the country. Algerian population is considered young with a
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median age of 28.5 years and a total fertility rate is estimated at
3.1 live births per women (30).

Sample Size and Sampling Technique

The sample size (N = 385) was calculated using the single
proportion sample size calculation formula, to detect an
unknown vaccine acceptance rate (P = 50%) with 95%
confidence interval (95%CI), 80% statistical power, and 5%
margin error, among the total Algerian population. According
to the WorldOMeter estimates, based on the United Nations
data, the Algerian population was 44,594,368 as of May
30,2021 (31).

A two-stage stratified, non-probability snowball sampling
method was used in this study. In Stage 1, Algeria was divided
into four cardinal regions (strata) including North/Center, East,
West, and South. In stage 2, participants who were directly
reached by the investigator were solicited to disseminate
the questionnaire among their acquaintances until reaching
a comparable number (~N/4) of participants in each
region (stratum).

Instrument Development and Validation

The questionnaire used in the present study was designed
based on previously published papers related to vaccine
acceptance (32-36). It was developed in English and translated
into the Arabic language by a native speaker, considering
the vocabulary specificities of the Algerian population
(Supplementary Material). The final questionnaire was
administered in Arabic and comprised the following 5
mandatory sections:

1) Sociodemographic data: including participant’s age, gender,
marital status, residency region, monthly income in Algerian
Dinars (AD), educational level, occupation, living mode
(alone or with family), children (yes or no), and living area
(rural or urban); and whether the participant has a chronic
disease or lives with someone with a chronic disease.

2) Health perception: including perceived health status (1 item)
and perception about COVID-19 as an illness (3 items)
including the perceived probability of contracting COVID-19
infection, level of fear of being infected, and perceived severity
of COVID-19.

3) Levels of adherence to government recommendations and
preventive measures against COVID-19: including 7 items,
such as social distancing, hand cleaning, care-seeking behavior
in case of suggestive symptoms, etc. Each of the 7 items was
formulated as a Likert-type agreement scale with 5 levels,
including “Strongly Disagree (score = 1) “Disagree (2),
“Neutral (3),” “Agree (4),” and “Strongly agree (5)”.

4) Attitudes and beliefs toward COVID-19 vaccination:
including the 5 following items: “I think that COVID-19
vaccination is effective’; “In principle, I accept to get the
COVID-19 vaccination”™; I will receive the COVID-19
vaccination as soon as possible whenever it is available”;
“I think that the best way to avoid the complications of
COVID-19 is by being vaccinated”; “I think that COVID-19
vaccination is safe”. A 5-score Likert-type agreement scale

was used to encode the answers from “Strongly disagree
(score = 1)” to “Strongly agree (score = 5).”

5) Barriers and enablers of COVID-19 vaccine acceptance:
including a predefined list of potential factors that may
negatively (barriers) or positively (enablers) impact the
participant’s decision to receiving the COVID-19 vaccine. The
list comprised 6 barriers such as concerns regarding vaccine’s
side effects, conspiracy theory beliefs, etc., and 6 enablers
such as vaccination enforcement policy, recommendation by
a physician, etc.

The questionnaire sections and items underwent face and
content validity by the research team members, with the
help of two public health and epidemiology experts. Further,
the questionnaire was administered in a pilot sample (n =
31) to assess the clarity and full understanding of questions
and items. Data collected from the pilot sample was not
used in the final analysis. A copy of the Arabic or English
questionnaire is available upon request from the first or
corresponding author.

Data Collection Procedure

The final, validated version of the questionnaire was edited as
an online survey in Google Forms, where all items were set
to “mandatory” mode. An introduction was embedded in the
first page of the survey consisting of the study description,
an informed consent agreement, and one question related to
previous COVID-19 vaccination history (eligibility criterion).
The online survey link was disseminated through social media
platforms including Facebook, WhatsApp, and Messenger.
Additionally, we distributed the survey link through specific
Facebook groups targeting healthcare workers and medical
students, both regarding their enrollment and to enhance the
snowball sampling. No incentive was offered for participation
or data collection. Data collection was anonymous and identity
collecting options of Google Forms were deactivated. We
followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement for reporting this
study (37).

Statistical Methods
Score Calculation and Outcome Definition
Engagement score, the primary outcome, was calculated by
summing the scores of the 5 items (Supplementary Table 1)
from efficacy, prevention of complications, safety, acceptance,
and willingness subscales; high scores indicated higher levels
of engagement to the vaccination. The use of an engagement
score was based on the assumption that actual engagement to
the vaccine is a multidimensional concept depending on the
participant’s perceptions and attitudes toward the vaccine safety,
efficacy, prevention from complications (items 1, 4, and 5), and
declared acceptance and willingness to receive it (items 2 and 3).
Adherence score (range 7—35) was calculated by summing
the scores of the 7 items (Supplementary Table2) from
the Adherence Level subscale; higher scores indicated higher
adherence levels to recommendations and preventive measures.
The variable related to adherence level was categorized into
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three subcategories (Low level, medium level, and high
adherence level).

Statistical Analysis

Categorical variables were presented as frequency and
percentage, while continuous variables were presented as
mean and standard deviation (SD) in the descriptive statistical
analyses. The Chi-square test was used to analyze the association
between categorical variables. Bivariate correlations between
numerical variables were tested using Pearson’s correlation.
Moreover, a multivariate logistic regression was used to analyze
the determinants of COVID-19 vaccine’s engagement. A p < 0.05
was indicative of statistical significance. Statistical analysis was
performed by means of IBM’s SPSS for Windows, Version 25.0
(SPSS Inc., Chicago, IL, USA).

Systematic Review

Database Search and Eligibility Criteria

We conducted a systematic review in compliance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) reporting guidelines (38). Medline was
searched through the PubMed database using the following
search strategy: (COVID-19 OR SARS-CoV-2) AND (vaccine
OR vaccination) AND (hesitancy OR acceptance) to retrieve
related studies published from the database inception to May
16th, 2021. Only studies targeting the general population and
reporting COVID-19 vaccination acceptance rate and studies

conducted in Arab countries of the MENA region were included.
Review articles, editorials, case reports, and case series were
excluded. Additionally, the reference list of included articles was
scrutinized to identify extra articles (Figure 1).

Study Selection

Two authors independently screened titles and abstracts of
retrieved articles against the inclusion/exclusion criteria. Full-
texts of potentially eligible articles were further assessed by
two authors for final decision. Discrepancies were resolved via
discussion. In the case of multiple reports from the same country,
the one containing the greatest amount of information (for
example, largest sample size) was included in the review.

Data Extraction

Three investigators extracted data from relevant articles using a
data extraction form. The collected data included the author’s
name, study country, study period, sampling method, sample
size, percentages of males and older age, acceptance rate, the
predictors for COVID-19 vaccine acceptance and avoidance.
A fourth experienced investigator double-checked all collected
evidence for accuracy.

Quality Assessment

The quality assessment of the included studies was performed
using to the National Institute of Health study quality assessment
tool (35).
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RESULTS

Sociodemographic Characteristics

A total of 1,019 respondents were included, with equal
distribution across the four cardinal regions in Algeria. Of these,
545 (54%) were female, 650 (64%) were aged 18-29 years, and 500
(49%) were in the healthcare sector including medical students
(36%) or healthcare professionals (13%). The majority were
single (70%) and had a high educational level (84%). Regarding
comorbidities, 136 (13.3%) had a chronic disease and 531 (52.1%)
were living with at least one family member having a chronic
disease. Otherwise, 87.0% of the participants rated their health
status to be good or excellent (Table 1).

History of and Perceptions Toward
COVID-19 Infection

The majority of participants (70.0%) declared fearing to contract
COVID-19, and 16.0% reported a positive history of COVID-
19 infection. On the other hand, only 263 (26.0%) perceived
the infection to be severe, while 43.0% believed the disease
had no severity. Regarding preventive measures, almost half the
participants (48.0%) had a moderate level of adherence, while
43.0% had a high level (Table 1).

Engagement Toward COVID-19 Vaccine
Overall, we observed low agreement levels regarding vaccine
safety (21%), effectiveness (30%), and efficiency to avoid
complications (32%). Likewise, a minority declared accepting
the COVID-19 vaccine (26%) or willing to take it (21%).
Paradoxically, there were lower levels of agreement regarding
vaccine safety (14% vs. 25% and 26%), as well as declared
acceptance (21% vs 28% and 31%) and willingness (15% vs. 24%
and 25%), among healthcare professionals compared with the
general population and medical students respectively (p < 0.001).
Using the engagement score 15 (median) as cutoff, two-thirds of
the participants had a low likelihood of engagement (engagement
score < 15, 66%) (Table 2).

Barriers and Enablers of COVID-19 Vaccine

Acceptance

The barriers and enablers of COVID-19 vaccine acceptance
are depicted in Figure 2. Concern about vaccine side effects
was the most commonly reported barrier to COVID-19
vaccine acceptance (72.0%), followed by skepticism regarding
vaccine efficacy in preventing the infection (29.0%) and
beliefs in the conspiracy theory (23.4%). Regarding enablers,
exigence for more efficacy and safety studies was the most
commonly reported (48.3%), followed by a condition that the
vaccine is recommended by the physician (16.3%) or become
mandatory (12.9%).

Factors Associated With COVID-19

Vaccine Non-engagement

In unadjusted models, younger age, female gender, unmarried
status, higher income, and higher perceived healthiness; were
associated with a higher likelihood for non-engagement to the
vaccine, by reference to their respective counterparts. On the

other hand, having children, being afflicted with a chronic
disease, highly perceived severity of COVID-19, and fear of
being infected were associated with a lower likelihood for non-
engagement to the vaccine, by reference to their respective
counterparts. Further, the level of adherence to preventive
measures was inversely associated with non-engagement to the
vaccine (Table 3).

The Adjusted model showed that the likelihood for non-
engagement was independently associated with female gender
(OR = 2.31; 95%CI: 1.68-3.18, p < 0.001), medium (OR =
2.07, 95%CI: 1.54-2.78, p < 0.001) and low adherence level to
preventive measures (OR = 6.93; 95%CI: 3.46-13.87, p < 0.001),
work in private sector (OR = 0.53; 95%CI: 0.29-0.97, p = 0.038),
high perceived COVID-19 severity (OR = 0.66; 95%CI: 0.47-
0.92, p = 0.014), and fear from contracting the disease (OR =
0.56; 95%CI: 0.35-0.91, p = 0.018) (Table 3, Figure 3).

COVID-19 Acceptance in Arab Countries
From MENA Region—Results of the

Systematic Review

A total of six studies were included in this systematic review, with
sample sizes ranging from 1,019 to15,087 participants. Eleven
studies were excluded, out of which six were not conducted
among the general population, and five studies from the same
countries comprised a smaller sample size as shown in Figure 1.
The included studies were conducted in the United Arab
Emirates (UAE), Kuwait, Qatar, Libya, Kingdom of Saudi Arabia
(KSA), and Jordan (Table 4). All studies were internet-based,
nationwide surveys; three studies (32-34) were conducted only
amongst the general population, while the remaining comprised
the general population and healthcare workers (31, 32, 36). The
quality ranking of the included cross-sectional studies across
different criteria is reported in the (Supplementary Table 3)
a green color for “yes” red for “no,” grey for not applicable
and yellow for “cannot determine” respectively. The overall
quality was considered as fair for all the studies. The highest
COVID-19 vaccine acceptance rate (75%) was reported in
UAE (32), followed by Kuwait (65%) (33), Qatar (61%) (35),
and Libya (61%) (36). Predictors of vaccine acceptance varied
between the studies, and included adherence to government
recommendations, married status, positive COVID-19 status,
having friends died or infected with COVID-19, high income,
fear of contracting COVID-19, perception of high severity,
and private-sector workers. History of flu vaccination was a
positive predictor of COVID-19 vaccination in three studies
by Alabdulla et al. (35), Alfageeh et al. (34), and El-Elimat
et al. (39). Female gender was a significant predictor for vaccine
avoidance in the study by Alfageeh et al. (34). Other vaccine
avoidance predictors that were reported comprised younger age,
self-employment, safety concerns, conspiracy theory, and low
and medium adherence to COVID-19 preventive measures.

DISCUSSION

This is the first nationwide study addressing the Algerian
population’s attitude toward the COVID-19 vaccine. Using
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TABLE 1 | Sociodemographic characteristics and answering patterns to different questionnaire scales in total population and by comparison between healthcare workers

vs. medical students vs. the general population.

Characteristics Total, General population, Healthcare workers, Medical students, P-value
n (%) n (%) n (%) n (%)

Total 1019 519 136 364

Age <0.001
More than 60 54 (05%) 52 (10%) 2 (01%) 0 (0%)
40-59 107 (11%) 99 (19%) 7 (05%) 1(0.2%)
30-39 208 (20%) 174 (34%) 32 (24%) 2 (1%)
18-29 650 (64%) 194 (37%) 95 (70%) 361 99%)

Gender <0.001
Males 474 (47%) 306 (59%) 42 (31%) 126 (35%)
Female 545 (54%) 213 (41%) 94 (69%) 238 (65%)

Region <0.001
Center 250 (25%) 146 (28%) 28 (21%) 76 (21%)
East 257 (25%) 107 (21%) 32 (24%) 118 (32%)
West 252 (25%) 112 (22%) 42 (31%) 98 (27%)
South 260 (26%) 154 (30%) 34 (25%) 72 (20%)

Area 0.651
Urban 825 (81%) 417 (80%) 114 (84%) 294 (81%)
Rural 194 (19%) 102 (20%) 22 (16%) 70 (19%)

Marital status <0.001
Ever married 307 (30%) 262 (50%) 38 (28%) 7 (02%)
Never married 712 (70%) 257 (60%) 98 (72%) 357 (98%)

House setting 0.001
With family 962 (94%) 477 (92%) 129 (95%) 356 (98%)
Alone 57 (6%) 42 (8%) 7 (5%) 8 (2%)

Income <0.001
>100K AD 199 (20%) 95 (18%) 33 (24%) 71 (20%)
50K—100K AD 347 (34%) 157 (30%) 62 (46%) 128 (35%)
<50K AD 473 (46%) 267 (51%) 41 (30%) 165 (45%)

Children <0.001
No 763 (75%) 296 (57%) 106 (78%) 361 99%)
Yes 256 (25%) 223 (43%) 30 (22%) 3 (1%)

Having chronic disease <0.001
No 883 (87%) 427 (82%) 120 (88%) 336 (92%)
Yes 136 (13%) 92 (18%) 16 (12%) 28 (08%)

Living with someone who has a chronic disease 0.863
No 488 (48%) 246 (47%) 68 (50%) 174 (48%)
Yes 531 (52%) 273 (53%) 68 (50%) 190 (52%)

Perceived health status 0.023
Below average 131 (13%) 439 (85%) 126 (93%) 323 (98%)
Good or excellent 888 (87%) 80 (15%) 10 (7%) 41 (11%)

Fear of getting the disease 0.011
No 144 (14%) 79 (15%) 9 (07%) 56 (15%)
Got the disease 164 (16%) 80 (15%) 33 (24%) 51 (14%)
Yes 711 (70%) 360 (69%) 94 (69%) 257 (71%)

Perception of COVID-19 severity 0.0183
Low 439 (43%) 244 (47%) 50 (37%) 145 (40%)
Moderate 317 (31%) 161 (31%) 50 (37%) 106 (29%)
High 263 (26%) 114 (22%) 36 (36%) 113 (31%)

Level of Adherence to preventive measures 0.024
Low 93 (9%) 50 (10%) 7 (05%) 36 (10%)
Moderate 491 (48%) 245 (47%) 56 (41%) 190 (562%)
High 435 (43%) 224 (43%) 73 (54%) 138 (38%)

AD, Algerian Dinar (1 AD = 0.0070 US$).
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TABLE 2 | Engagement toward COVID-19 vaccine in total population and by comparison between healthcare workers vs. medical students vs. the general population.

Item/agreement level Total, General population, Healthcare workers, Medical students, P-value
n (%) n (%) n (%) n (%)
| think that SARS-CoV-2 vaccination, whenever available, would be safe <0.001
Strongly disagree 193 (19%) 113 (22%) 14 (10%) 66 (18%)
Disagree 136 (13%) 73 (14%) 11 (08%) 52 (14%)
Neutral 473 (46%) 203 (39%) 75 (55%) 195 (54%)
Agree 184 (18%) 108 (21%) 29 (21%) 47 (13%)
Strongly agree 33 (3%) 22 (04%) 7 (05%) 4 (01%)
| think that SARS-CoV-2 vaccination is effective to prevent infection 0.008
Strongly disagree 150 (15%) 89 (17%) 14 (10%) 47 (13%)
Disagree 167 (16%) 95 (18%) 19 (14%) 53 (15%)
Neutral 399 (39%) 179 (34%) 56 (41%) 164 (45%)
Agree 266 (26%) 131 (25%) 41 (30%) 94 (26%)
Strongly agree 37 (4%) 25 (5%) 6 (4%) 6 (2%)
| think that the best way to avoid the complications of COVID-19 is by getting vaccinated 0.005
Strongly disagree 172 (17%) 101 (19%) 12 (09%) 59 (16%)
Disagree 196 (19%) 103 (20%) 9 (21%) 64 (18%)
Neutral 319 (31%) 156 (30%) 44 (32%) 119 (33%)
Agree 268 (26%) 118 (23%) 40 (29%) 110 (30%)
Strongly agree 64 (6%) 41 (8%) 11 (8%) 12 (3%)
In principle, | accept to get the SARS-CoV-2 vaccination <0.001
Strongly disagree 285 (28%) 170 (83%) 21 (15%) 94 (26%)
Disagree 190 (19%) 78 (15%) 32 (24%) 80 (22%)
Neutral 279 (27%) 123 (24%) 41 (30%) 115 (32%)
Agree 201 (20%) 104 (20%) 33 (24%) 64 (18%)
Strongly agree 64 (6%) 44 (8%) 9 (7%) 11 (3%)
| will receive the SARS-CoV-2 vaccination as soon as possible whenever it is available <0.001
Strongly disagree 326 (32%) 181 (35%) 5 (18%) 120 (33%)
Disagree 195 (19%) 79 (15%) 33 (24%) 83 (23%)
Neutral 280 (27%) 132 (25%) 43 (32%) 105 (29%)
Agree 157 (15%) 84 (16%) 29 (21%) 44 (12%)
Strongly agree 61 (6%) 43 (8%) 6 (4%) 12 (3%)
Likelihood of engagement 0.145
High (engaged) 342 (34%) 181 (35%) 52 (38%) 109 (30%)
Low (non-engaged) 677 (66%) 338 (65%) 84 (62%) 255 (70%)

a multidimensional model to measure the likelihood of
engagement to vaccination, our study revealed that only 34%
of the participants would be engaged to receive the COVID-
19 vaccines. The Adjusted regression analysis demonstrated
multiple predictors for non-engagement, including female
gender, and low/intermediate levels of adherence to preventive
measures, whereas a high perception of the disease severity and
fear of being infected predicted vaccine acceptance. Additionally,
the systematic review findings suggested that Algeria had the
lowest vaccine acceptance rate in comparison with other MENA
countries, where acceptance rates ranged from 37.4% in Jordan
(39) and 75% in the UAE (32). More recent data showed greater
disparity in vaccine acceptance rates in the MENA region (23).
In comparison with Europe, the lowest acceptance rate of 53.7%,
reported in Italy (40), was relatively higher than the acceptance
rate observed in our study.

The high perceived severity of COVID-19 was among the
independent risk factors for engagement; however, only 25.8%
of participants perceived the disease to be severe. Regardless of
the acceptability of the vaccine, the severity of the disease will
affect the vaccination intention. Perception about the disease
severity may be assimilated to a personal opinion or belief
regarding the level of hazard or exposure to the crisis and
the extent of its adverse impact on the individual (41). In the
case of COVID-19, but not specifically, the risk perception may
change over time and is further determined by the individual’s
awareness about and interpretation of the relationship between
the virus/pandemic and the observed undesirable effects—and
such interpretation may be biased or distorted by other opinions,
(mis)beliefs and (mis)conceptions. A theoretical approach by
Cori et al. (42), suggested that both risk perception and fear
of COVID-19 are determined by cognitive factors, and the
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A
“If more studies showed that the vaccine is safe and effective” 48.3%

“If my physician/doctor recommended it to me”

“If it was made mandatory by the Government of Algeria”

“If it was made mandatory by the company/institute where | work”

“If my friends or family get vaccinated”

“If there is a way other than injection”
B

“I am concerned about the vaccine's side effects”

“I don't believe that the vaccine will stop the infection”

“SARS-CoV-2 vaccine is a conspiracy”

“I don't need the vaccine because | am young, healthy and immune”

“I don't need the vaccine because I follow the preventive measures seriously”

“I am afraid of needles and injections”

FIGURE 2 | Enablers and barriers of COVID-19 vaccine acceptance in Algeria. Bars represent the percentage of participants who reported the given item as being a
determining enabler (A) or barrier (B) for acceptance of the COVID-19 vaccine uptake.

72.0%

12.7%

author mentioned four key factors including knowledge about
the disease/virus, visibility of the risk, trust in the authorities,
and healthcare institutions, and voluntary exposure to the
virus/infection. The aforementioned factors may be modified
by means of awareness-raising campaigns and authoritarian
corrective or restrictive measures, aiming at enhancing the
risk perception and ultimately increasing the vaccination rates.
Evidence from previous data suggests that risk perception about
COVID-19 increased in the lockdown phase and decreased in
the re-opening phases (43), which was positively associated with
the change in vaccine acceptance rate. At the time when the
present study was conducted, the country was in a post-re-
opening phase, which may explain the low engagement rates
observed. Another longitudinal study from the US assessed the
trend of people’s attitude toward the vaccine, between March and
August 2020, and showed heterogeneous results with perceived
severity of the disease being one of the determinants of the
vaccine acceptance. Furthermore, the authors demonstrated that
the trends in both risk perception and vaccine acceptance were

likely to be determined by the individual’s specific political
positions and exposure to media (44). Such observation supports
the importance of correcting the cognitive and behavioral factors
at the population’s level to enhance vaccine uptake.

Similar to other reports from the MENA region, including
Kuwait (33), Qatar (35), KSA (34), and Jordan (39), men were
more likely to accept the Covid-19 vaccine in Algeria. This can
be explained by the increased severity of the disease among men
and the higher mortality reported in the majority of countries
(45, 46). This statement was extensively mediatized and may
have played a role in men’s motive to vaccination, developing a
relatively more positive attitude toward the vaccine. While such
an explanation requires further evidence, notably the associated
levels of awareness about the specific health risks on males,
other factors may explain the less negative attitude among males
that was found in the present study. Among these factors, the
impact of the pandemic and restrictive measures on incomes
and businesses, which may be more perceived by males in some
societies. This explanation may be in line with the significant
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TABLE 3 | Factors associated with vaccine engagement levels.

Parameter/category Total (n = 1019) Engagement score Non-engagement (Engagement score<15)
N (%) Mean + SD Rate, N (%) Unadjusted OR (95%CI) P-value Adjusted OR (95%Cl)" P-value

Age

More than 60 y 54 (5.3%) 15.91 £6.77 23 (42.6%) Ref Ref

40-59y 107 (10.5%) 13.41 £5.96 66 (61.7%) 2.17 (1.12-4.22) 0.023 1.77 (0.82-3.83) 0.145

30-39y 208 (20.4%) 13.13 £ 6.08 134 (64.4%) 2.44 (1.33-4.49) 0.004 1.46 (0.68-3.13) 0.329

1829y 650 (63.8%) 13.41 £ 4.57 454 (69.8%) 3.12 (1.78-5.49) <0.001 1.39 (0.61-3.17) 0.432
Gender

Males 474 (46.5%) 13.90 £ 5.74 284 (59.9%) Ref Ref

Female 545 (53.5%) 13.13 +4.70 393 (72.1%) 1.73 (1.33-2.25) <0.001 2.31 (1.68-3.18) < 0.001
Region

Center 250 (24.5%) 13.27 £5.80 163 (65.2%) Ref -

East 257 (25.2%) 14.14 £ 5.06 158 (61.5%) 0.85 (0.59-1.22) 0.385

Ouest 252 (24.7%) 13.40 + 4.99 173 (68.7%) 1.17 (0.81-1.70) 0.411

South 260 (25.5%) 13.13 £4.98 183 (70.4%) 1.27 (0.87-1.84) 0.211
Area

Urban 825 (81%) 13.60 £ 5.19 542 (65.7%) Ref -

Rural 194 (19%) 12.98 £ 5.36 135 (69.6%) 1.20 (0.85-1.68) 0.302
Marital status

Ever married 307 (30.1%) 13.92 + 5.92 184 (59.9%) Ref Ref

Never married 712 (69.9%) 13.30 + 4.88 493 (69.2%) 1.51 (1.14-1.99) 0.004 1.10 (0.59-2.04) 0.76
Level of education

Low level 56 (5.5%) 12.20 £ 6.45 37 (66.1%) Ref -

Medium level 110 (10.8%) 18.27 £5.88 70 (63.6%) 0.89 (0.46-1.77) 0.757

High level 853 (83.7%) 13.60 + 5.03 570 (66.8%) 1.03 (0.58-1.83) 0.908
House setting

With family 962 (94.4%) 13.63 £5.17 642 (66.7%) Ref -

Alone 57 (5.6%) 12.68 £+ 6.04 35 (61.4%) 0.79 (0.46-1.37) 0.408
Living with someone who has a chronic disease

No 488 (47.9%) 13.26 £ 5.17 334 (68.4%) Ref -

Yes 531 (52.1%) 13.70 £ 5.26 343 (64.6%) 0.84 (0.65-1.09) 0.194
Having chronic disease

No 883 (86.7%) 18.34 £5.15 598 (67.7%) Ref Ref

Yes 136 (13.3%) 14.45 £ 5.57 79 (68.1%) 0.66 (0.46-0.96) 0.027 0.88 (0.56-1.38) 0.579
Job

Unemployed 144 (14.1%) 12.76 £ 5.86 100 (69.4%) Ref Ref

Healthcare sector 136 (13.3%) 14.66 + 4.61 84 (61.8%) 0.71(0.43-1.17) 0.177 0.60 (0.32-1.02) 0.057

Public sector 165 (16.2%) 13.60 £ 5.57 106 (64.2%) 0.79 (0.49-1.27) 0.334 0.80 (0.46-1.40) 0.438

Privat sector 122 (12%) 13.84 £ 6.24 70 (57.4%) 0.59 (0.36-0.98) 0.042 0.53 (0.29-0.97) 0.038

Student 364 (35.7%) 13.20 + 4.61 255 (70.1%) 1.03 (0.67-1.57) 0.892 0.67 (0.39-1.15) 0.147

Others 88 (8.6%) 13.34 £4.99 62 (70.5%) 1.05 (0.59-1.87) 0.871 1.07 (0.55-2.06) 0.851
Income

>100K AD 199 (19.5%) 14.69 + 5.22 117 (568.8%) Ref Ref

50K—100K AD 347 (34.1%) 18.48 £ 5.02 235 (67.7%) 1.47 (1.03-2.11) 0.036 1.47 (0.99-2.17) 0.051

<50K AD 473 (46.4%) 12.98 £5.29 325 (68.7%) 1.54 (1.09-2.17) 0.014 1.34 (0.92-1.95) 0.132
Children

No 763 (74.9%) 13.30 + 4.96 527 (69.1%) Ref Ref

Yes 256 (25.1%) 14.04 £5.92 150 (58.6%) 0.63 (0.47-0.85) 0.002 0.73(0.40-1.35) 0.315
Fear of getting the disease

No 144 (14.1%) 1112 £ 5.37 116 (80.6%) Ref Ref

(Continued)
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TABLE 3 | Continued

Parameter/category Total (n = 1019) Engagement score Non-engagement (Engagement score<15)
N (%) Mean + SD Rate, N (%) Unadjusted OR (95%Cl) P-value Adjusted OR (95%Cl)" P-value

Got the disease 164 (16.1%) 18.70 £ 4.58 114 (69.5%) 0.55 (0.32-0.94) 0.027 0.68 (0.38-1.21) 0.19

Yes 711 (69.8%) 13.92 £ 5.21 447 (62.9%) 0.41 (0.26-0.63) < 0.001 0.56 (0.35-0.91) 0.018
Perception of COVID-19 severity

Null 439 (43.1%) 12.36 £ 5.50 318 (72.4%) Ref Ref

Medium 317 (31.1%) 14.38 £ 4.79 194 (61.2%) 0.60 (0.44-0.82) 0.001 0.76 (0.52-1.09) 0.134

High 263 (25.8%) 14.30 £ 4.90 165 (62.7%) 0.64 (0.46-0.89) 0.007 0.66 (0.47-0.92) 0.014
Health perception

Below average 131 (12.9%) 1417 £ 5.67 76 (58.0%) Ref Ref

Good/excellent 888 (87.1%) 13.39 £5.15 601 (67.7%) 1.52 (1.04-2.20) 0.03 1.45 (0.94-2.24) 0.097
Level of Adherence to preventive measures

High level 435 (42.7%) 15.06 £ 5.24 243 (55.9%) Ref Ref

Medium level 491 (48.2%) 12.78 £ 4.79 352 (71.7%) 2.00 (1.52-2.63) <0.001 2.07 (1.54-2.78) <0.001

Low adherence 93 (9.1%) 9.86 + 4.74 82 (88.2%) 5.89 (3.05-11.36) < 0.001 6.93 (3.46-13.87) <0.001

95% Cl, 95% confidence interval; AD, Algerian dinar; N, number; OR, odds ratio; SD, standard deviation; y, years; *adjusted for age gender marital status having chronic disease job
income having children fear from getting the disease perception of severity of the disease health perception and level of adherence to preventive measures. Bold value indicates statistical

significance.

association of vaccine engagement with being married and having
children that were found in the unadjusted analysis in the present
study. Another potential factor explaining this gender disparity is
the belief that COVID-19 is part of a global conspiracy, which was
reportedly more common in women, thus explaining the higher
vaccine hesitancy of females in some populations (21, 47).

However, past research data showed conflicting results about
gender. A global survey including 13,426 individuals in 19
countries with a high COVID-19 burden showed that men
were relatively less likely to have a positive attitude toward
vaccination than women (48). Another study showed that women
in Russia and Germany had higher acceptance rates of the
COVID-19 vaccines than men (49). This phenomenon has
been named “the Covid-19 gender paradox” (50). This gender
difference can be explained by multidimensional psychological,
social, cultural, and environmental influences. Further research
may be required to determine the gender-specific factors
associated with acceptance or refusal of the vaccine, which would
enable designing targeted awareness campaigns with gender-
specific messages to enhance the vaccine acceptance rates in
both genders.

There is a remarkable similarity between the engagement
rates of the general population (35%) and healthcare workers
(38%) in the present study, which is an issue of big concern
as it may constitute a significant barrier to the national vaccine
campaign. Indeed, the practitioner’s vaccine hesitancy influences
the vaccination attitudes of the patients (51). When providers are
unsure of the safety of the vaccine, they are unable to recommend
it to the general population. Such an issue should be considered
at the critical level by the health authorities, and corrective
measures are warranted urgently to increase awareness among
health providers. Furthermore, this study showed comparable
patterns of safety concerns about the vaccine in the two
subgroups, i.e., health workers vs. the general population (75%
and 73%, respectively). This indicates the consistency of the

popular misconceptions about the COVID-19 vaccine across all
categories of the studied population and highlights the need for a
comprehensive awareness-raising campaign at the national scale.

Other notable factors of vaccine refusal include fear of the
side effects and concern about the efficiency of the vaccines.
Similar concerns have been reported in other countries such as
Jordan (39, 52) and the USA (52). Arguably, these concerns may
be comprehensible, considering the rapid vaccine development
process, the novelty of the mRNA technology used in some
vaccines, and the public mediatization of the vaccine side effects;
all exposing the population to massive misinformation notably in
the social media (53, 54). This could be related to the decreasing
acceptance rate over time in the MENA region as shown in the
systematic review part of the study. Hence there is a crucial
need to implement effective strategies to correct the popular
misconceptions regarding the vaccine’s safety.

This study also highlighted the positive association between
the level of adherence to preventive measures and vaccine
acceptability. This observation is in accordance with another
MENA region study in Kuwait (33), reporting that high
adherence to the governmental recommendations was an
important predictor for vaccine uptake. Both low adherence to
preventive measures and adverse attitudes toward vaccines could
reflect adherence to the conspiracy theory, and this was observed
among 23.4% of the avoidant group. Conspiracy theories have
been associated with vaccine hesitancy as a result of mistrust
between the public and the government policymakers (50).

STRENGTHS AND LIMITATIONS

One of the strengths of the present study is the use of a
multidimensional model to define vaccine engagement based
on a conceptual framework combining perceived vaccine
effectiveness and safety with self-declared acceptance and
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Odd ratios (95% ClI)
Age| More than 60 ref
40 - 59 1.77 (0.82 - 3.83) —O0—
30 -39 1.46 (0.68 - 3.13) — 00—
18-29 1.39 (0.61 - 3.17) — 0—
Gendf/lales ref
Female 2.31 (1.68 - 3.18)
Marital status| Ever married ref
Never married 1.10 (0.59 - 2.04) —O0——
Having chronic disease| No ref
Ees 0.88 (0.56 - 1.38) —O—
Joby Non-workers ref
Healthcare worker 0.60 (0.32 - 1.02) —0—
Other Public sector workers 0.80 (0.46 - 1.40) —0—
Other privat sector workers 0.53 (0.29 - 0.97) —O0—
Student 0.67 (0.39 - 1.15) —O0—
Others 1.07 (0.55 - 2.06) ——O0—
Income| > 100000 DA ref
50000 - 100000 DA 1.47 (0.99 - 2.17) —0—
< 50000 DA 1.34 (0.92 - 1.95) —0—
Children| No ref
Ees 0.73 (0.40 - 1.35) ——O0—
Fear of getting| |\ o ref
the diseas .
Got the disease 0.68 (0.38 - 1.21) —O0—
i;es 0.56 (0.35-0.91) ——0—
Perception of severi Null ref
Medium 0.76 (0.52 - 1.09) +—O0—
High 0.66 (0.47 - 0.92) —0—
Health perception| Below/average ref
Good/excellent 1.45 (0.94 - 2.24) —0—
Level of Adherence| High level ref
Fedium level 2.07 (1.54 - 2.78)
Low adherence 6.93 (3.46 - 13.87) —0—
0,1 1,0 10,0
Odd ratios (95% Cl)
FIGURE 3 | Predictors of nonengagement to COVID-19 vaccine in Algeria.

willingness. This combination is assumed to be more reliable
than using self-declared acceptance and willingness, as perceived
safety and efficacy are less subjected to social desirability bias. Yet,
the scale requires further validation to support this assumption.
On the other hand, there are no validated instruments to
assess attitudes toward the COVID-19 vaccines, and the relevant
studies principally used various formulations of self-declared
willingness or preparedness, which is limited by the high risk
of negative or positive social desirability bias. Future research
is recommended in this regard to design a validated scale to
measure vaccine acceptance based on a strong model, which will
enhance the quality and comparability of the findings. Another

strong point of this study is that participants were equally
distributed from the 4 regions of the country, which supports the
generalizability of the findings. Further, determinants of vaccine
acceptance and avoidance were highlighted for the first time
nationwide. Therefore, the findings of this study can have a high
impact on health authorities’ decisions for the management of
vaccination campaigns.

The major limitation of this study is the recruitment method
of the participants, which was restricted to those who have access
to the internet and an electronic device since the questionnaire
was shared online. This probably led to a selection bias, occulting
a non-negligible section of the population that may have distinct
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TABLE 4 | Characteristics of studies included from the MENA regions.

References Country Study Setting/ Sampling & Sample Males, Older age Acceptance Predictors for Predictors for
Period population recruitment size n (%) category, rate acceptance avoidance
n (%)
Mugattash et al. United Arab 04/07/2020 National, Snowball 1,109 309 (28%) >45y, 219 75% NA NA
(32) Emirates 04/08/2020 population- sampling, (20%)
based Web-based
AlAwadhi et al. Kuwait 16/05/2020 National, Convenient 5,651 1,321 (23%) >60y, 382 65% High adherence Female gender,
(33) 31/08/2020 population- sampling, (7%) to recommendations  Younger age,
based Web-based by the government. Ever married.
Alabdulla et al. Qatar 15/10/2020 National, Convenient 7,821 4,648 (59%) >65Yy, 325 61% Ever married, Flu Female gender,
(35) 15/11/2020 population- sampling, (4%) vaccination. Younger age,
based including Web-based Self-employment,
HCWs Safety concerns.
Elhadi et al. (36) Libya 01/12/2020 National, Snowball 15,087 6,227 (41%) =50y, 675 61% Currently infected Younger age,
18/12/2020 population- sampling, (5%) with COVID-19, Never married.
based including Web-based Having a friend
HCWs infected/died
from COVID-19.
Alfageeh et al. Saudi Arabia 08/12/2020 National, Snowball 2,137 1,227 (57%) >60y, 212 48% Fear from being Female gender.
(34) 14/12/2020 population- sampling, (10%) infected,
based Web-based High income, Flu
vaccination.
El-Elimat et al. Jordan 01/11/2020 National, Convenient 3,100 1,012 (33%) >35y, 1,060 37% Flu vaccination. Female gender,
(39) 01/12/2020 population- sampling, (84%) Younger age,
based including Web-based Employment,
HCWs Conspiracy theory,

Safety concerns.
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characteristics. One of these characteristics is the source of
information regarding COVID-19 disease and vaccine, which
may be radically different in the subpopulation of internet non-
users by reference to internet users. This may result in discrepant
opinions and attitudes toward the vaccine by reference to the
study population. Unfortunately, no data was collected about
sources of information about the vaccines, which would provide
an indication about the aforementioned issue. Nevertheless, a
study showed that individuals who get information from the
internet are less inclined to accept the COVID-19 vaccine
than those who get information from healthcare workers (55).
Another aspect of the selection bias is the overrepresentation of
medical students and healthcare providers, which was probably
due to the snowball sampling method and which limits the
generalizability of the findings.

CONCLUSION

Two-third of Algerians are likely to be non-engaged for COVID-
19 vaccine uptake, making them one of the least accepting
public for the voluntary vaccination in the MENA region. This
probably provides an explanation for the slow ascension of
the vaccination curve, which constitutes a great public health
concern. These findings and their interpretation should be
taken into consideration by the policymakers to acknowledge
and address the adverse attitude about the vaccine, notably
among healthcare providers who are the vectors and major
contributors of a successful vaccine policy. Vaccine awareness
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Objective: Starting 31 July 2021, a SARS-CoV-2 outbreak occurred in Yantai, Shandong
Province. The investigation showed that this outbreak was closely related to the epidemic
at Nanjing Lukou Airport. In view of the fact that there were many people involved in this
outbreak and these people had a complex activity area, the transmission route cannot be
analyzed by simple epidemiological investigation. Here we combined the SARS-CQOV-2
whole-genome sequencing with epidemiology to determine the epidemic transmission
route of Yantai.

Methods: Thirteen samples of SARS-CoV-2 outbreak cases from 31 July to 4
August 2021 were collected and identified by fluorescence quantitative PCR, then
whole-genome deep sequencing based on NGS was performed, and the data were
analyzed and processed by biological software.

Results: All sequences were over 29,000 bases in length and all belonged to B.1.617.2,
which was the Delta strain. All sequences shared two amino acid deletions and 9
amino acid mutations in Spike protein compared with reference sequence NC_045512.2
(Wuhan virus strain). Compared with the sequence of Lukou Airport Delta strain, the
homology was 99.99%. In order to confirm the transmission relationship between
patients, we performed a phylogenetic tree analysis. The results showed that patient
1, patient 2, and patient 9 belong to an independent branch, and other patients have a
close relationship. Combined with the epidemiological investigation, we speculated that
the epidemic of Yantai was transmitted by two routes at the same time. Based on this
information, our prevention and control work was carried out in two ways and effectively
prevented the further spread of this epidemic.

Keywords: analysis, transmission, SARS-CoV-2 Delta, Yantai, China

Frontiers in Medicine | www.frontiersin.org

172 May 2022 | Volume 9 | Article 842719


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.842719
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.842719&domain=pdf&date_stamp=2022-05-30
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:sunluyu1007@126.com
mailto:174678338@qq.com
mailto:wangji@ivdc.chinacdc.cn
https://doi.org/10.3389/fmed.2022.842719
https://www.frontiersin.org/articles/10.3389/fmed.2022.842719/full

Sun et al.

SARS-CoV-2 Delta VOC in Yantai, China

INTRODUCTION

SARS-COV-2 is a novel coronavirus first reported in Wuhan,
China in December 2019 which caused an epidemic of acute
respiratory syndrome (1, 2). Since then, the coronavirus disease
2019 (COVID-19) has spread quickly all over the world causing
great casualties and property losses (3, 4). By mid-March 2022,
nearly 460 million cases of COVID-19 were diagnosed with over
6 million deaths around the world (https://coronavirus.jhu.edu/
map.html). All viruses, including SARS-CoV-2, change over time.
Most changes have little to no effect on virus properties, but some
changes especially the mutation accumulation may affect the
propagation, pathogenicity, performance of vaccines, diagnostic
tools, and so on (5). In order to prioritize global monitoring
and research, and ultimately inform the ongoing response to
the COVID-19 pandemic, the world health organization (WHO)
classified important variants into two categories: variants of
concern (VOC) and variants of interest (VOI) (https://www.who.
int/en/activities/tracking-SARS-CoV-2-variants). VOC means
that the Virus strains have a wide range of influence, and
data supports it enhancing the transmissibility and detrimental
change or reduces the vaccine effectiveness and therapeutic
effect. VOI means that the Virus strains are predicted or
known to change characteristics, and have been found in
many countries with an increasing number of cases over time.
Given the continuous evolution of the virus and the constant
developments in our understanding of the impacts of variants,
these definitions may be periodically adjusted. Currently, there
are five designated VOCs (Alpha from the UK, Beta from South
Africa, Gamma from Brazil, Delta from India, and Omicron from
Multiple countries) and two VOIs (Lambda from Peru and Mu
from Colombia). Each strain contains its unique characteristic
mutation spectrum and also has the same mutation sites among
strains. Alpha, Beta, and Gamma have the same mutation N501Y
within the receptor-binding domain (RBD) of the spike protein,
which can increase the affinity to human angiotensin-converting
enzyme 2 (hACE2) (6, 7). This may play an essential role in
the higher transmission of these strains. Beta and Gamma have
another shared mutation, E484K, in their spike protein, this
mutation can not only enhance the receptor binding affinity but
also can escape the neutralization by vaccine-induced humoral
immunity or some therapeutic monoclonal antibodies (8-10).
Focusing on the mutations of the Delta strain, it hosts L452R
T478K P681R mutations in RBD, these can greatly improve
the transmission ability and immune system evasion (11, 12).
Since April 2021, Delta has expanded rapidly in the world
until the emergence of Omicron in December 2021. Omicron
contains more than 15 mutations in RBD, these mutations greatly
changed the structure of Spike protein, enhanced its binding
ability to ACE2, and invalidated many antibody binding sites
(13, 14). In addition, Omicron also got rid of the dependence
on cellular protease TMPRSS2 and made it reproduce rapidly
and massively in airway cells above the lungs that do not express
TMPRSS2, which not only increased the viral load but also
accelerated the transmission speed of the virus (15, 16). At
present, Omicron has almost completely replaced Delta all over
the world.

TABLE 1 | Details of patients involved in this study.

Patientno. Gender Age Date of diagnosis Location

Patient 1 Male 60 2021.07.31 Laishan district, Yantai
Patient 2 Male 62 2021.08.01 YEDA

Patient 3 Female 39 2021.08.02 YEDA

Patient 4 Male 28 2021.08.02 YEDA

Patient 5 Female 38 2021.08.03 YEDA

Patient 6 Male 29 2021.08.03 YEDA

Patient 7 Female 28 2021.08.03 YEDA

Patient 8 Female 26 2021.08.03 YEDA

Patient 9 Female 57 2021.08.03 Laishan district, Yantai
Patient 10 Female 26 2021.08.04 YEDA

Patient 11 Male 25 2021.08.04 YEDA

Patient 12 Female 33 2021.08.04 YEDA

Patient 13 Male 33 2021.08.04 YEDA

China was also troubled by the SARS-COV-2 Delta strain.
Since June 2021, it has been found in new outbreaks in Yunnan,
Guangdong, and Jiangsu. The outbreak started at Lukou Airport
of Nanjing with related epidemics in many provinces and cities.
Because of omissions in cleaning and disinfection of an inbound
Russian aircraft CA910 which arrived at Lukou Airport in
Nanjing from Moscow on July 10, the cleaning staff were infected
with SARS-COV-2 and then caused the spread of the infection.
The investigation showed that the SARS-COV-2 outbreak in
Yantai was also closely related to this source. The first Lukou-
related case in Yantai was diagnosed on 31 July 2021 and a total
of 13 patients were finally diagnosed in 5 days. It was worth
noting that the epidemiological investigation showed that the
transmission relationship among the 13 people was complex. So
in order to determine the virus strains type and the transmission
relationship between cases, we sequenced the whole genomic
nucleic acids of these 13 cases based on second-generation high-
throughput sequencing technology (NGS), analyzed the gene
characteristics and variation of the virus from the molecular level,
and traced the source of the virus.

METHODS AND MATERIALS

Sample Collection

Since 31 July 2021, a SARS-CoV-2 outbreak has occurred
in Yantai, Shandong Province. As of 4 August, a total of
13 novel coronavirus-positive cases have been detected. Their
nasopharyngeal swabs were collected to our laboratory for
testing before sending them to an infectious disease hospital
for treatment.

SARS-CoV-2 Nucleic Acid Diagnosis

Viral RNA was extracted from 140 pL clinical specimens using
a QIAamp viral RNA mini kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. The purified RNA was
eluted in a 50 pL elution buffer. Fluorescent qPCR was performed
using an In Vitro Diagnostic (IVD) reagent (Bioperfectus
Technologies, Jiangsu, China) prior to sequencing of the
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FIGURE 1 | Phylogenetic tree of the SARS-COV-2 sequences in Yantai with other reported sequences. Stars and triangles represent the two transmission routes of

L—— Gamma_Brazil EPI_ISL_833167 2020-12-16

PCR product. Open Reading Frame gene region (ORFla/b),
Nucleocapsid region (N) of SARS-CoV-2, and a positive
reference gene were used to evaluate the presence and the
quantity of SARS-COV-2. We followed kit instructions with
thermocycler protocol: 1 cycle 50°C 10 min; 1 cycle 97°C 1 min;
45 cycles 97°C 5s; 58°C 30s with fluorescence reading. The
circulation threshold (Ct) detection limit was 40 (350 copies/ml).
A Ctvalue <37 is considered positive. All samples’ Ct values were
<30, meaning that subsequent sequencing steps could be carried
out. All tests were conducted under strict biosafety conditions
and standard operating procedures.

Sequencing Strategies

In order to obtain the sequence of SARS-COV-2 specifically, an
amplicon-based enrichment method was used for sequencing
library preparation. Reverse transcription and amplification
steps were performed using ULSEN® 2019-nCoV Whole
Genome Kit (Micro-Future, Beijing, China). A measure of
16 nL of viral RNA was reverse-transcribed into the first
strand of ¢cDNA and the viral genome was amplified by

primer pools A and B. The PCR product was purified
with AMPure XP beads (Beckman Coulter, Brea, CA) and
diluted to 0.2 ng/pwL. Paired-end libraries were generated
with Nextera XT DNA Library Preparation Kit (Illumina,
San Diego, CA) following the reference guide. Samples were
multiplexed, using the Nextera XT index kit (Illumina, San
Diego, CA). For the quantification and validation of the
library, the Qubit 4.0 Fluorometer system (Life Technologies,
Carlsbad, CA) and 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA) were used. Library sequencing was performed
on Miseq using MiSeq Reagent Kit v2 (300-cycles; Illumina, San
Diego, CA).

Data Analysis

For raw data, we first calculated the quality of sequencing
reads by FastQC software (Babraham Institute, Cambridge,
UK), and clean data was generated after removing sequencing
adapters, reads containing poly-N and low quality reads
by trimmomatic software (17). All downstream analysis was
based on high-quality clean data. The reference genome
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TABLE 2 | Details of all sequences involved in this studly.

Virus name Collection date Location Accession ID Database Note
hCoV-19/England/QEUH-B12D90/2020 2020.11.02 England EPI_ISL_641612 GISAID -
hCoV-19/England/CAMC-B08C45/2020 2020.10.29 England EPI_ISL_643853 GISAID

hCoV-19/South Africa/KRISP-EC-K004574/2020 2020.11.11 South Africa EPI_ISL_660610 GISAID

hCoV-19/South Africa/KRISP-EC-K004576/2020 2020.11.12 South Africa EPI_ISL_660611 GISAID
hCoV-19/India/MH-NCCS-P1162000182735/2021 2021.02.27 India EPI_ISL_1544014 GISAID
hCoV-19/India/WB-1931300251103/2021 2021.03.25 India EPI_ISL_1589868 GISAID
hCoV-19/India/WB-1931501009078/2021 2021.03.29 India EPI_ISL_1589870 GISAID
hCoV-19/India/WB-1931501003695/2021 2021.03.27 India EPI_ISL_1589872 GISAID
hCoV-19/Brazil/AM-987/2020 2020.12.16 Brazil EPI_ISL_833167 GISAID
hCoV-19/Brazil/AM-989/2020 2020.12.23 Brazil EPI_ISL_833169 GISAID
hCoV-19/Russia/MOW-RII-MH27370S/2021 2021.06.28 Russia EPI_ISL_3007759 GISAID
hCoV-19/Jiangsu/NJ/2021 2021.07.10 China (Nanjing) EPI_ISL_7876604 GISAID
hCoV-19/Shandong/Yantai_01/2021 2021.07.31 Yantai EPI_ISL_8525417 GISAID Patient 1
hCoV-19/Shandong/Yantai_02/2021 2021.08.01 Yantai EPI_ISL_8525418 GISAID Patient 2
hCoV-19/Shandong/Yantai_03/2021 2021.08.02 Yantai EPI_ISL_8525419 GISAID Patient 3
hCoV-19/Shandong/Yantai_04/2021 2021.08.02 Yantai EPI_ISL_8525420 GISAID Patient 4
hCoV-19/Shandong/Yantai_05/2021 2021.08.03 Yantai EPI_ISL_8525421 GISAID Patient 5
hCoV-19/Shandong/Yantai_06/2021 2021.08.03 Yantai EPI_ISL_8525422 GISAID Patient 6
hCoV-19/Shandong/Yantai_07/2021 2021.08.03 Yantai EPI_ISL_8525423 GISAID Patient 7
hCoV-19/Shandong/Yantai_08/2021 2021.08.03 Yantai EPI_ISL_8525424 GISAID Patient 8
hCoV-19/Shandong/Yantai_09/2021 2021.08.03 Yantai EPI_ISL_8525425 GISAID Patient 9
hCoV-19/Shandong/Yantai_10/2021 2021.08.04 Yantai EPI_ISL_8525426 GISAID Patient 10
hCoV-19/Shandong/Yantai_11/2021 2021.08.04 Yantai EPI_ISL_8525427 GISAID Patient 11
hCoV-19/Shandong/Yantai_12/2021 2021.08.04 Yantai EPI_ISL_8525428 GISAID Patient 12
hCoV-19/Shandong/Yantai_13/2021 2021.08.04 Yantai EPI_ISL_8525429 GISAID Patient 13
SARS-CoV-2 2019.12 China NC_045512.2 NCBI Reference

(NC_045512.2) was downloaded directly from NCBI (National
Center for Biotechnology Information). Paired-end clean reads
were aligned to the reference genome using BWA-MEM
v0.7.17 (18). Mapped reads were sorted by name using
sambamba v0.6.8 (19). PCR duplications were processed by
GATK (Genome Analysis Toolkit) (20) v4.2.0.0. The full
length of virus sequences were obtained by ivar v1.3.1 (21),
sequencing depth <3, and uncovered areas were replaced with
“N.” For clade assignment and mutation calling, we imported
all sequences into Nextclade (https://clades.nextstrain.org/tree)
and the web-application Phylogenetic Assignment of Named
Global Outbreak Lineages (pangolin: https://pangolin.cog-uk.
io/). The full-length SARS-CoV-2 genome sequences were
aligned using ClustalW integrated in the MEGA X. The neighbor-
joining (NJ) phylogenetic tree was constructed by the program
MEGA X using the Kimura two-parameter model and 1,000
bootstrap samplings.

RESULTS
Epidemiological History Survey

Patient 1, a native of Laishan District, Yantai, was transferred
by plane to Nanjing Lukou Airport on 15 July 2021. He was
confirmed as the first positive case of the novel coronavirus

outbreak in Yantai on 31 July 2020. Patient 2, a migrant worker
in YEDA, was a close contact of patient 1, who was diagnosed
with a common case of COVID-19 on 1 August 2021. Patient3,
a worker of a beauty salon in YEDA, transshipped at Nanjing
Lukou Airport by plane on July 19, 2021. She returned to
Yantai on July 22 and was confirmed to be infected with
novel coronavirus on August 2. Patient 4, Patient 5, Patient
6, Patient 7, Patient 8, Patient 10, Patient 11, and Patient
13 were all employees of a beauty salon in YEDA and were
close contacts of Patient 3. Patient 9 was the wife and close
contact of Patient 1. Patient 12 was a close contact of Patient 4
(Table 1).

Nucleic Acid Test Results

Nasopharyngeal swabs were collected from all 13 patients,
viral RNA was extracted from a 140 pL sample using a
QIAamp viral RNA mini kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. The purified RNA was
eluted in a 50 pL elution buffer. Before sequencing, an In
Vitro Diagnostic (IVD) reagent (Bioperfectus Technologies,
Jiangsu, China) applying fluorescent PCR technology was used.
Internal quality control was evaluated using a group of positive
(confirmed case RNA) and negative (DEPC H,0O) controls.
Results showed that two specific targets (ORFlab, N gene) of
SARS-CoV-2 from 13 cases, standard kit, and positive internal
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FIGURE 2 | The mutation spectrum of 13 SARS-COV-2 sequences in Yantai. These mutation sites are based on the alignment between the whole genome sequence
of the virus and the reference genome. All sites were sorted according to their positions in the genome. The location represents the position of the mutation site in the
genome. The pale green box represents SNV, the orange box represents DEL and the white box represents no mutation at this site. The red box contains three

quality control were positive, and an ideal logarithmic curve
was obtained.

Next-Generation Sequencing Results

NGS was used to complete the whole genome sequencing of 13
cases, and a total of 13 novel coronavirus genome sequences
were obtained. The fastA sequences of the whole genome were
assembled successfully, all of which were over 29,000 bases
in length. Through the web-application pangolin, we got the
information that the novel coronavirus genome sequences of the
above cases all belong to branch B.1.617.2 (Delta) strain.

Homology Analysis and Gene Traceability

Analysis

In order to confirm the close relationship of the epidemic
between Yantai and Nanjing Lukou Airport, we aligned our
sequences with one SARS-COV-2 sequence from the confirmed
case (EPTISL 7876604) in CA910, and the homology was 99.99%.
Due to the fact that the CA910 took off from Moscow, we also
aligned our sequences with all SARS-COV-2 sequences from
Russia from 20 June to 20 July from the GISAID database.
One sequence (EPI_ISL_3007759) collected from Moscow on
June 28 2021 was highly homologous with our sequence.
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This evidence could support that the Yantai epidemic belongs
to the transmission chain of the Lukou epidemic. To infer
the transmission relationship between all patients, we built a
Neighbor-Joining phylogenetic tree based on the whole SARS-
COV-2 genome of 13 sequences in Yantai and 12 genomes
available on GISAID including the sequence from Russia, and
the reference sequence download from NCBI (https://www.
ncbi.nlm.nih.gov/sars-cov-2/; Figure 1). Details of all sequences
were shown in Table2. The result showed that patient 1,
patient 2, and patient 9 belong to an independent branch, and
other patients have a close relationship. Combined with the
epidemiological investigation, we speculated that the epidemic
in Yantai was transmitted by two routes at the same time. To
confirm this speculation, we analyzed their mutation information
(Figure 2). A total of 41 mutations were found in the 13
sequences compared to the reference sequence (NC_045512.2).
The mutation spectrum of patient 1, patient 2, and patient 9
were the same and included two specific mutations (G23311T in
Spike protein, C28748T in N protein), it could be concluded that
they belong to the same route and that patient 1 was the source
of transmission. There were some differences in the mutations
of others, patient 3 had the least number of mutations and
had been to Lukou Airport. So patient 3 was the source of
transmission of another route, and mutations occurred during
passage. Compared with patient 3, patient 8 carried a unique
mutation G27990T in ORF8 protein and no other patients had
this mutation, which showed that the virus carried by patient
8 had not spread again. Compared with patient 3 and patient
8, patient 4, patient 5, patient 6, patient 7, patient 10, patient
11, patient 12, and patient 13 had the same mutation C27527T
in ORF7a protein, we can make sure that the virus had spread
between these patients, but we cannot determine the order
of transmission.

DISCUSSION

Delta VOC was first identified in October 2020 and has become
a major variant globally since April 2021. According to WHO
research, the transmission rate of the Delta virus has increased
by nearly 100% compared to other strains not listed as “of
concern,” and a recent study of the transmission dynamics of
the Delta variant virus that caused the COVID-19 outbreak in
Guangdong, China, also suggests that it is twice as infectious as
previous pandemic strains (22). The Delta variant also spread
faster than other strains. In the past, the incubation period
of the Novel Coronavirus has been 5-6 days, and that of
the Novel Coronavirus Delta variant is 4 days. The passage
interval used to be 4 or 5 days, but now it is about 3 days
(23, 24).

Thirteen cases of this outbreak, caused by a Delta variant
in Yantai have been locally transmitted. During the study
period, the local government implemented an epidemiological
follow-up, and we sequenced all confirmed patients. This
provides an opportunity for our study to understand its
transmission characteristics.

In this outbreak, we found that patient 1 has been to YEDA
and infected one close contact, there may be track crossing with
other cases in YEDA. So only investigating the track of the
action could not determine the transmission relationship of this
epidemic. At this time, whole-genome sequence information may
provide evidence for genotyping and phylogenetic analysis which
help us to resolve this difference (25, 26), of course, this must also
be based on a certain basis: their sequences must have enough
differences. Fortunately, the virus transmitted this time meets
this prerequisite. Through sequence analysis, we determined that
this epidemic situation had two transmission routes (Figure 1)
and obtained the mutation spectrum (Figure 2) of each virus.
Based on this information, the prevention and control work
was carried out in two ways immediately and simultaneously.
By the end of this epidemic, there were only 13 cases, which
was a great achievement for a city with 3 million people.
Like other similar studies, it fully illustrates the importance
of rapid virus genome analysis in epidemic prevention and
control (27-30).

As SARS-CoV-2 continues to spread around the world,
the dynamics of virus evolution and mutation are still
changing, and new viruses are constantly acquiring new
mutations in their genomes. Although some mutations
provide the virus with the advantage of resisting human
immune response, these mutations may lead to changes in
pathogenicity and virulence (31). Therefore, future prevention
and control work should strengthen screening of close
contacts, investigation of infection sources, investigation
of clusters of outbreaks, and active detection of people in
high-risk areas.
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