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a b s t r a c t

A compartmental, epidemiological, mathematical model was developed in order to analyze
the transmission dynamics of Delta and Omicron variant, of SARS-CoV-2, in Greece. The
model was parameterized twice during the 4th and 5th wave of the pandemic. The 4th wave
refers to the period during which the Delta variant was dominant (approximately July to
December of 2021) and the 5th wave to the period during which the Omicron variant was
dominant (approximately January to May of 2022), in accordance with the official data from
the National Public Health Organization (NPHO). Fitting methods were applied to evaluate
important parameters in connection with the transmission of the variants, as well as the
social behavior of population during these periods of interest. Mathematical models
revealed higher numbers of contagiousness and cases of asymptomatic disease during the
Omicron variant period, but a decreased rate of hospitalization compared to the Delta
period. Also, parameters related to the behavior of the population in Greece were also
assessed. More specifically, the use of protective masks and the abidance of social distancing
measures. Simulations revealed that over 5,000 deaths could have been avoided, if mask
usage and social distancing were 20%more efficient, during the short period of the Delta and
Omicron outbreak. Furthermore, the spread of the variants was assessed using viral load
data. The data were recorded from PCR tests at 417 Army Equity Fund Hospital (NIMTS), in
Athens and the Ct values from 746 patients with COVID-19 were processed, to explain
transmission phenomena and disease severity in patients. The period when the Delta variant
prevailed in the country, the average Ct value was calculated as 25.19 (range: 12.32e39.29),
whereas during the period when the Omicron variant prevailed, the average Ct value was
calculated as 28 (range: 14.41e39.36). In conclusion, our experimental study showed that
the higher viral load, which is related to the Delta variant, may interpret the severity of the
disease. However, no correlation was confirmed regarding contagiousness phenomena. The
results of the model, Ct analysis and official data from NPHO are consistent.
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1. Introduction

Until May of 2022, 3.6 million confirmed cases and, approximately, 30 thousand deaths due to COVID-19 were recorded, in
Greece (Worldometer.info, 2022). In Fig. 1, daily cases and deceased individuals are presented from day zero until May of
2022. During the last months of 2021 and the beginning of 2022 a sharp rise in numbers of daily cases and deaths from the
disease was noted (Fig. 1). During this period the dominant variant was Delta (known as B.1.617.2), followed by Omicron
(B.1.1.529) (4th and 5th wave) and Omicron sub variants. The main non-pharmaceutical intervention (NPI) measures that
were adopted to limit the spread of the virus were the mandatory use of masks, the recommendation for adequate distancing
and vaccination. Based on this urgent medical situation, a variety of monoclonal antibodies (mAbs) and vaccines derived from
different platforms such as, DNA plasmid based and innovative nucleoside-modified viral messenger RNA encapsulated
within nanoparticles. More specifically, lipid ones (LNPs) which had already been developed and commercially exposed
worldwide (Tsiambas et al., 2021).

Briefly, it is known that the spike protein of the Delta variant makes it more contagious than the previous variants, with
higher viral loads and reduced efficacy of vaccines (Shiehzadegan et al., 2021). The Omicron variant is even more contagious
than Delta, despite of the milder severity of the disease. Moreover,it appears that two doses of vaccination are not sufficient
enough for adequate protection (Vitiello et al., 2022). Interestingly, differences in mutation/deletion equilibrium in SARS-
CoV-2 defined variants e especially Delta and Omicron e which seems to affect the biological behavior of this infectious
disease, modifying the corresponding infectivity andmortality rates (Papanikolaou et al., 2022). The purpose of this work is to
estimate the parameters related to transmission phenomena and disease severity in patients with Delta and Omicron vari-
ants, in Greece, through mathematical methods.

Too many mathematical models had been developed, during the pandemic all over the world, aiming to find the most
accurate approximations of infection dynamics. Compartmental models (SEIR), as well as phenomenological models
(regression models) and individual-level models (network models), are the main approaches to transmission dynamics of
COVID-19 (G. Chowell et al., 2016; Lotfi et al., 2022). Developing a mathematical model is a difficult process due to complex
relations between the variables and the unknown parameters which describe them. Some vital factors for valid predictions
are the amount of available data, the estimation of the parameters, the factor of re-infection in the immunized population, the
multiple mutations of the virus, the undetected cases and asymptomatic population (AlArjani et al., 2022). Models are useful
tools to understand the underlying situation, to speculate scenarios and predict the future.

In this study, a SEIR epidemic model was developed to simulate the evolution of the pandemic in Greece. Fitting methods
were applied to specify the parameters related to mask usage and observance of social distancing and to analyze scenarios
concerning the evolution of the pandemic dependence on these parameters. Model simulations were conducted to calculate
hospitalized or deceased individuals depending on adopted or possible NPI measures. These predictions are even more
important for countries with a burdened healthcare system, like Greece (Kousi et al., 2021; Siettos et al., 2021). To add,
parameters related to Delta and Omicron mutation, such as effective contact rate, hospitalization rate and the possibility of
asymptomatic disease were estimated to compare the two variants’ behavior, through a mathematical modeling approach.
Fig. 1. Number of daily cases (left axe) and new deaths (right axe) from day zero of pandemic in Greece.
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2. Material and methods

2.1. Description of the model

Themodel is an extended SEIRmodel which is based on the different behaviors of the fully vaccinated population, in terms
of how they participate in transmission and their likelihood of hospitalization, compared to the unvaccinated population. The
probabilities were calculated using data from the NPHO of Greece when the mutation Delta and Omicronwere predominant.
In the model, parameters related to the behavior of the population, regarding mask usage and the observance of social
distancing were integrated, in order to get more accurate and robust predictions (Wagner et al., 2022).

The population is divided into 11 classes and some subclasses. First class: S (susceptible) class includes people who have
not been vaccinated yet and people who have recovered from the disease more than 6 months prior and are again able to
infect and be infected (force of infection ls). Second class: LS (less susceptible) class includes the vaccinated individuals and
those who have acquired natural immunity, during the last 6 months (Levin et al., 2021). Individuals in this class can infect
and be infected (force of infection lu), with reduced probability of illness and hospitalization and also reduced ability to
transmit. Third class: E (exposed) class includes exposed individuals in SARS-CoV-2, who are in the incubation period and can
transmit the infection. In E class, two subclasses have been created (Е1, Е2) to differentiate and parameterize the reduced
ability of LS class to infect or become infected compared to S class. Fourth class: Idetected or Id (infected and isolated) class
includes all individuals who have symptoms and have been isolated immediately, on onset of symptoms, as well as
asymptomatic individuals who have been detected with the disease. Also, in Id class, the subclasses Id,1 and Id,2 have been
created to separate the hospitalization rate between unvaccinated (S/E1/Id,1) and vaccinated or natural immunized in-
dividuals (LS/E2/Id,2). Fifth class: A (asymptomatic) class includes the infectious asymptomatic individuals or undetected
infected individuals with no obvious or mild symptoms. A class consists of A1 and A2, based on the aforementioned reasoning.
Sixth class: H (hospitalized) class includes hospitalized individuals. Hospitalized individuals move to R or to D class. Seventh
class: R (recovered) includes the recovered individuals. Finally, eight class: D (deceased) includes individuals who have
passed away. A simplified flow diagram of the model is described in Fig. 2.

Amongst the population who is isolated, the cases of infected individuals with obvious symptoms (Id) (without the
symptoms that cause secondary infections (p)), the proportion of asymptomatic individuals who have been detected with the
virus (kA) and the hospitalized individuals (H) have been taken into account.

Thus, the force of the infection for susceptible (lsÞ and less susceptible (lu) individuals is given by the equations:

ls ¼ bð1� pdistÞð1� εmaskpmaskÞðE þ ð1� kÞnaAþ pІdetectedÞ
N � ðð1� pÞI þ klAþ H þ εvacLSÞ

lu ¼ð1� εvacÞls

dS

dt

¼L� lsSþ juLS� vS� mS

dLS

dt

¼ �luLS� juLSþ vS� mLS

dE1

dt

¼ lsS� suE1 � mE1

dE2

dt

¼ luLS� suE2 � mE2

E¼ E1 þ E2
Fig. 2. Flow diagram of the COVID-19 transmission model.
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dІdetected;1
dt

¼ f1suE1 � f2shId;1 �ð1� f2ÞgiІd;1 þ klsaA1 � mId;1

dІdetected;2 0 � 0�

dt

¼ f1suE2 � f2shId;2 � 1� f2 giІd;2 þ klsaA2 � mId;2

Іdetected ¼ Іd;1 þ Іd;2
dA1
dt
¼ð1� f1ÞsuE1 �gaA1 � klsaA1 � mA1

dA2
dt
¼ð1� f1ÞsuE2 �gaA2 � klsaA2 � mA2

A¼A1 þ A2
dH 0

dt

¼ f2shId;1 þ f2shId;2 �adhH�ð1�aÞghН � mH

dR � 0�

dt

¼ð1� f2ÞgiІd;1 þ 1� f2 giІd;2 þgaAþð1�aÞghН � mR

dD

dt

¼ adhН
2.2. Main assumptions of the model

Assumption 1:How long the immunity lasts and to what extent is not fully known (Havervall et al., 2022), but estimations
are reported in literature(Andrews et al., 2022; Chemaitelly et al., 2022; Levin et al., 2021). Themodel does not incorporate the
gradual weakening of immunity of vaccinated and recovered individuals, but assumes that recovered individuals have natural
immunity for 6months, and after this period they are considered to be susceptible to get infected again (Goldberg et al., 2022;
Levin et al., 2021; Thomas et al., 2021). This assumption does not particularly affect the simulation, due to the short-term
forecasts.

Assumption 2:We assume that detected infected individuals (Id), hospitalized (H), a proportion of asymptomatic (kA), and
a proportion of less susceptible individuals (vaccinated or recently recovered, εvac LS) are isolated and do not contribute to
human to human transmission.

Assumption 3: We assume that the infected individuals are isolated from the onset of symptoms and thus do not spread
the virus. The groups of the population that spread the virus are a proportion of asymptomatic individuals who are not
detected ((1-k)A), infected individuals that cause secondary infections (pI) and exposed individuals (E) during the incubation
period. Thus, the possibility of someone being infected is from groups E, (1-k)A, pI and the environment, which is not taken
into account in this study.

According to the lemmas in (Acheampong et al., 2022; Deressa & Duressa, 2021), it can be proven that the model has a
unique, positive and bounded solution.
2.3. Calculated and fixed parameters

Demographic parameters: The population of Greece in 2021 was 10,370,744 (Macrotrends.net, 2022c). Influx rate (L) in
our model includes the birth and migration rate in 2021, according to statistics data. The birth rate in Greece, in 2021, was
7.294 per 1,000 population and the migration rate is �1.074 per 1,000 population, so the influx rate is calculated at about 176
individuals per day (Macrotrends.net, 2022a). Because the average lifespan in Greece is approximately 82 years
(Macrotrends.net, 2022b), the natural death rate is m ¼ 1/(82$365) per day.

Mask parameters: To calculate the efficacy of face masks, it has been considered that 3 types of masks are used daily: cloth
masks, surgical masks and N95 masks. Cloth masks efficacy varies (Sharma et al., 2020) depending on the material and the
way they are constructed, but few studies have been performed to determine their efficacy in COVID-19 transmission (Nanda
et al., 2021). The review of (Rizki & Kurniawan, 2020) states that the efficacy of cloth masks ranges between 50 and 95%.
Surgical masks and KN95 are generally more effective against virus infection (probably over 95%) (Yuxin Wang et al., 2021).
Cloth masks probably offer inferior protection than surgical and N95 masks. A side study reveals that the average efficacy of
all type of masks is 79% (Yu Wang et al., 2020) and this value is set to parameterize the model.

Vaccination parameters: In Greece, 4 types of vaccines are available AstraZeneca-University of Oxford, Pfizer-BioNTech,
Moderna and Johnson & Johnson (J&J). The effectiveness against variant Delta after complete vaccination is lower in com-
parison with previous variants (Tregoning et al., 2021) according to a study which reveals that the effectiveness of Pfizer-
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BioNTech vaccine against the infection is about 88% and AstraZeneca about 67% (Lopez Bernal et al., 2021). Also a study, in
Minnesota, reveals that Moderna and Pfizer-BioNtech vaccine effectiveness against infection is significantly reduced (Puranik
et al., 2021). J&J vaccine is effective against the Delta variant, but few studies have been done to estimate its effectiveness
(Evans & Jewell, 2021). After continuous mutations of the virus, the protection from the vaccines is not as high as expected
(Edara et al., 2021; Pegu et al., 2021). Nevertheless, the available vaccines are more efficient in reducing hospital admissions
(Mahase, 2021). Since more studies are needed to clarify vaccines efficiency, in our simulation the effectiveness against
infection is assumed to be 0.75. Vaccine effectiveness against severe COVID-19 was even lower for the Omicron variant
(Higdon et al., 2022; Sohan et al., 2022). Studies reveal that the effectiveness ranged between 55 and 70% (Collie et al., 2021;
Kodera et al., 2022). For the simulation, the effectiveness is set, optimistically, at 0.7.

In Greece, Delta variant prevailed during the 4th wave of the epidemic (approximately from mid-summer to the end of
2021) followed by the Omicron variant for the following months. According to official data from NPHO, until 07/03/2021,
3,917,016 people were fully vaccinated (38% of total population) and the rate of vaccinationwas 2$10�4 per day, after the strict
measures that were implemented by the government. At the end of 2021, when the Omicron variant was provoking the next
wave, 7,006,801 people had been fully vaccinated (66% of population), while the vaccination rate remained practically
constant (data.gov.gr).

Testing parameters: Parameter l is incorporated to represent the sensitivity of detection tests, in asymptomatic population.
Self-tests, Rapid Ag tests and PCR tests are available for the detection of the disease and it is assumed that the first two are
most frequently used. From 07/03/2021 until 12/27/2021 (Delta period) 32,482,034 Rapid Ag tests and 40,499,614 Self-tests
had been performed. That entails about 400,000 tests per day. From 12/28/2021 until 04/18/2022 (Omicron period)
29,341,040 Rapid Ag and 39,293,686 Self-tests were performed. That translates into approximately 620,000 tests per day, an
increase of 55% from the previous period. Rapid Ag tests were performed in the mobile units of NPHO and in diagnostic
centers, on a daily basis, whereas, it was recommended to use Self tests twice a week. The rate sa is set at 1 to simplify the
calculations. Studies reveal that antigen tests have significantly higher sensitivity (70e93%) in detecting the Delta variant
compared to the Omicron variant (49e78%) (Bayart et al., 2022; Bekliz et al., 2022; Cocherie et al., 2022; Sun et al., 2022). In
the simulations, the highest sensitivity value of each variant is assumed.

Recovery/Death rate: During the five-month period in which the Delta mutation prevailed, there were 40,469 hospital
admissions of patients with COVID-19, in the country. 3,963 of those patients were intubated, with 913 of them being dis-
charged, while the rest perished. The total deceased individuals due to COVID-19 during that period was 6,446 people so it
turns out that the disease induced death rate of hospitalized patients was 0.17, multiplying by average day of hospitalization.
Correspondingly, the recovery rate for hospitalized individuals is 0.83. The percentage remained the same during the Omicron
period. Data for Greece was collected from the NPHO and European Center for Disease Prevention and Control (ECDC) (ECDC;
NPHO).

The incubation period of the virus is 5.8 days on average, in variant D, thus the rate su at which exposed individuals
become infectious is 1/5.8 per day. In Delta variant the hospitalization rate is 10 times higher among unvaccinated adolescents
than among fully vaccinated ones, so f2΄ ¼ f2/10 (Delahoy et al., 2021). Also, the secondary attack rate (SAR) of asymptomatic
COVID-19 index cases was 19% and the SAR of symptomatic index cases was 25%. So, it follows that the reduction of infec-
tiousness from asymptomatic population is 24%, so na ¼ 0.76 (Krieg et al., 2022). The calculated and fixed parameters are
given in Table 1.

2.4. Fitted parameters

The remaining parameters of the model were approximated by fitting methods, utilizing the real cumulative number of
deceased individuals, from NPHO. The number of deaths is more accurate than the number of infected individuals, so the
model is not threatened by the underreporting. Most of the fitted parameters are related to the behavior of the population and
cannot be fixed or assumed. Thus, genetic algorithmic methods were performed to define the range of these parameters.
Subsequently, lsqcurvefit together with Multistart functions were used to capture the global solution, based on least-squares
approach. The system of nonlinear differential equations was solved by using the ode45 function. All the above algorithms
were performed in Matlab R2020b. The fitting method for Delta period was applied during 08/01/2021-10/20/2021 and for
Omicron period during 12/19/2021-03/24/2022, as presented in Fig. 3. The corresponding errors are presented below each
graph. Errors were calculated by dividing the model value (fitted value) with the real data. Most errors are at 5%. The fitted
parameters are given in Table 2.

The calibration of the model is based on strategies that aim to reduce the relative errors and the covariance between the
unknown parameters. The quality of fitting is supported from the uniformly distribution of the residuals. Nevertheless, the
covariance matrices reveal correlation among the parameters that lead tomodel uncertainty. The uncertainty associated with
the parameter non - uniqueness could be calculated by the bootstrap method (Gerardo Chowell, 2017).

2.5. Viral load method

RT e PCR cycle threshold (Ct) values represent the number of amplification cycles required for the target gene to exceed a
threshold level (Bonacorsi et al., 2021). The current knowledge is that Ct cycle is negatively related to viral load and viral load
is positively correlated to transmission phenomena and also to the evolution of disease in the patient (Rabaan et al., 2021; Rao
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Table 1
Calculated and fixed parameters of the model.

Parameter Value Description Source

N 10,370,744 population (Macrotrends.net, 2022c)
L 176 per day influx rate (Macrotrends.net, 2022a)
ju 2$10�4 per day rate of vaccination (govgr)
sa 1 per day rate at which A are detected and revert to Id class assumed
m 1/(82$365) per

day
natural mortality rate (Macrotrends.net, 2022b)

emask 0.79 efficacy of mask (Yu Wang et al., 2020)
na 0.76 modification parameter that reduces

infectiousness from A
Krieg et al. (2022)

a 0.17 proportion of H that pass away (ECDC; NPHO)
v 1/140e180 per

day
rate at which LS revert to S due to immunity
weakens

(Andrews et al., 2022; Chemaitelly et al., 2022; Levin et al., 2021)

εvac 0.75 (Delta) 0.7
(Omicron)

effectiveness of vaccines or natural immunity (Collie et al., 2021; Evans & Jewell, 2021; Kodera et al., 2022; Lopez
Bernal et al., 2021; Tregoning et al., 2021)

su 1/5.8 per day rate at which E become infectious Kang et al. (2021)
sh 1/4 per day rate at which I become H Zhang et al. (2020)
ga 1/6 per day recovery rate of A (Rachaniotis et al., 2021; Sypsa et al., 2021)
gi 1/6 per day recovery rate of Id (Rachaniotis et al., 2021; Sypsa et al., 2021)
gi/di 1/12e18.5 per

day
recovery/disease induced death rate of H Zhao et al. (2021)

p 25% proportion/probability of quarantined infected
that cause secondary attack

Krieg et al. (2022)

l 93% (Delta) 78%
(Omicron)

sensitivity of self test diagnosis on asymptomatic
individuals

(Bayart et al., 2022; Bekliz et al., 2022; Cocherie et al., 2022; Sun et al.,
2022)

Fig. 3. Cumulative number of deceased individuals in period 08/01/21 to 10/20/21 (Delta variant) (a) and in period 12/19/21 to 03/24/21 (Omicron variant) (b).
Green symbols represent real data from NPHO, the magenta line is the fitted curve generated by the model. Below each curve fitting are presented the corre-
sponding errors.

Table 2
Fitted Parameters of the model.

Delta Variant Omicron Variant

Parameter Description Fitted Value 95% Confidence Interval Fitted Value 95% Confidence Interval

b effective contact rate 0.4974 0.4893e0.5054 0.8589 0.8561e0.8617
k proportion of A that are detected (test detection) 0.1726 0.1622e0.1830 0.6968 0.5190e0.8745
f1 proportion of E that become Id 0.3647 0.0145e0.7148 0.1921 0.1920e0.1922
pmask proportion who wear mask 0.4515 0.4466e0.4563 0.6344 0.6306e0.6382
pdist proportion who social distance 0.6222 0.6117e0.6328 0.6457 0.6389e0.6524
f2 proportion of Id1 that become H1 0.038 0.0270e0.0480 0.0218 0.0206e0.0229

S. Liossi, E. Tsiambas, S. Maipas et al. Infectious Disease Modelling 8 (2023) 794e805
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et al., 2020; Tom &Mina, 2020). Despite this, there are doubts about whether Ct cycle is a sufficient indicator to predict both
the transmission phenomena and disease evolution (Rabaan et al., 2021). In order to check the validity of the above proposal
in Greece, the Ct cycles from RT-PCRs of patients with COVID-19 at NIMTS hospital in Athens, were gathered, during the
period of October 2020 until May 2022, in the context of a retrospective study. The average Ct values, the number of positive
PCR's, the average intubated patients, the number of deceased individuals and the average positive rate during the first waves,
the fourth and the fifth wave of pandemic, are given in Table 3. Ct values during Delta and Omicron period are presented in the
box plot in Fig. 4. During this period, 894 positive RT-PCR tests were performed and Ct cycles were noted for each patient. RT-
PCR kits target regions in N and RdRp genes of SARS-COV-2, which have higher specificity and sensitivity (Mollaei et al., 2020).
In order to declare a test as positive, the upper value limit is 35. Approval for the study was acquired from the Bioethics and
Deontology Committee of the National and Kapodistrian University of Athens (Protocol number: 564).

3. Results

3.1. Results of the model fitting

Studies have revealed that the probability of hospitalization is significantly lower in the Omicron variant than in the Delta
variant (Peralta-Santos et al., 2022; Veneti et al., 2022; Vitiello et al., 2022).Our model calculated that the risk of hospitali-
zation is reduced by about 42% in the Omicron compared to the Delta variant with the corresponding probabilities of hos-
pitalization being about 2.2% (CI: 2.1e2.3) and 3.7% (CI: 2.7e4.8) respectively. This phenomenon is consistent with the results
from Ct values analysis. A meta analysis revealed that asymptomatic infection among the Omicron variant-positive in-
dividuals, is significantly higher thanwith the Delta (Yu et al., 2022). Our applied fitting method showed that 36% of exposed
individuals become symptomatically infected with the Delta variant and 19% with the Omicron variant. This implies an in-
crease of about 27% in asymptomatic disease caused by the Omicron variant. Furthermore, the proportion of asymptomatic
individuals that were detected during the Omicron period is more than 3 times bigger than those detected during the Delta
period. This can be explained by the rapid growth in the number of tests carried out. Moreover, effective contact rate is a
parameter related to the transmission of the virus. In the Delta variant, model fitting revealed that b was 0.4974 (CI:
0.4893e0.5054) and in the Omicron variant bwas 0.8589 (CI: 0.8561e0.8617). These values correspond to a 73% increase
during the Omicron wave. The above are in agreement with the positive rate that is presented in Table 3.

The next two parameters that were fitted are related to the behavior of the population. The pmask (proportion that wears
mask) was 0.4515 (CI: 0.4466e0.4563) and 0.6344 (CI: 0.6306e0.6382) in the Delta and Omicron period, respectively. The
higher percentage of people wearing mask (about 41%) is justified by the increased number of daily cases, which intensifies
the need for protection and maybe the seasonal differences in temperature. Last parameter is the pdist (proportion that
implements social distancing) which remained practically constant between the periods of study. The fitted values were
0.6222% (CI: 0.6117e0.6328) and 0.6457 (CI: 0.6389e0.6524) in the Delta and Omicron period, respectively.

3.2. Sensitivity analysis

The robustness of the model is evaluated using the sensitivity analysis method, as described by (Chitnis et al., 2008). The
method was performed twice, for Delta and Omicron variants on the data from Tables 1 and 2 The model parameters are
assessed based on their impact on the reproduction number (R0) and sensitivity indices are presented in Fig. 5. The most
impactful parameters identified include the proportion of those who practice social distancing (pdist), the proportion of those
whowear masks (pmask), the efficacy of masks (emask), the effective contact rate (b) and the rate at which the exposed become
infectious (su). So, pmask and pdist parameters should be targeted by intervention strategies.

3.3. Numerical simulations-3 different scenarios

In order to analyze how effectively the NPI measures performed during the prevalence of the Delta mutation, the potential
number of deceased individuals was calculated for different values of the parameters pmask and pdist. The aim of the simu-
lations is to assess the interventionmeasures of face mask usage and social distancing, separately and combined, during Delta
and Omicron period. The model was simulated for two different values of the fitted parameters (pmask and pdist), that are
Table 3
Ct values.

AverageCt
value

Number of positive
PCRs

Deaths Average of intubated
patients

Positive rateaverage
(range)

MarcheJuly 2021 27.26 n ¼ 321 6,436 503 per day 2.12% (0.09e6.65%)
August 2021-December 2021 4th wave-Delta

variant
25.44 n ¼ 118 7,605 438 per day 1.29% (0.36e5.85%)

January 2022-May 2022 5th wave-Omicron
variant

27.95 n ¼ 307 8,677 395 per day 3.34% (1.89e5.85%)
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Fig. 4. Boxplot for Ct values in Delta and Omicron variant.

Fig. 5. Sensitivity indices for Delta (red bars) and Omicron variants (green bars).
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related to population behaviour. In particular, the percentage of population that applies effectively the use of face masks
(Mask Usage Scenarios) and adheres to the social distancing guidelines (Social Distancing Scenarios), was set to be 20% more
or less than the fitted value. The real data have been used as the baseline scenario. The remaining parameters used in the
simulation are noted in the tables. The simulation results indicated that in the quarter during which the Delta variant pre-
vailed, if 20% more of the population used masks, about 610 deaths would have been avoided. If 20% more of the population
adhered to the social distancing measures, 1,241 deaths would have been avoided. Furthermore, if both parameters increased
simultaneously (Combined Scenarios), then 1,364 deaths would have been avoided. On the other hand, if mask usagewas 20%
lower, 965 more deaths would have been recorded. If social distancing was 20% lower, 4,504 more deaths would have been
recorded. If both measures were lower simultaneously, 8,171 more deaths would have been recorded.

Similarly, the corresponding scenarios were simulated for the next 3-month period, during which the Omicron variant
prevailed. The simulation results indicated that in the quarter when Omicron prevailed, if 20% more of the population used
mask, about 2,109 deaths would have been avoided. If 20% more of the population adhered to the social distancing measures,
3,072 deaths would have been avoided. If both parameters increased simultaneously, then 3,655 deaths would have been
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avoided. On the other side of the spectrum, if mask usage was 20% lower, then 2,842 more deaths would have been recorded.
If social distancing was 20% lower, then 5,183 more deaths would have been recorded. If both measures were lowered
simultaneously, 8,280 more deaths would have been recorded. The above are presented in Fig. 6.

3.4. Viral load comparison

The Ct cycle average from all tests, from the beginning of the pandemic until May 2022, was 27.52 (range: 12.32e39.91)
and standard deviation (SD) was 6.33. Drawing further observations about the behavior of the Delta and Omicron variants, we
focused on the periods when these variants prevailed in Greece. During the period of July ’21 to December ’21, that Delta
variant prevailed in the country, the average Ct value from 113 patients was 25.19 (range: 12.32e39.29). During the next
period, January ’22-May ’22, when the Omicron variant prevailed, the average Ct value from 303 patients was 28 (range:
14.41e39.36). Compared to the average of all Ct values, measured since the beginning of the pandemic at NIMTS Hospital, the
variant's Delta period recorded the lowest values, 2.33 units below the overall average. As for the Omicron variant, the average
Ct value was 0.48 units above the overall average. Ct valuewas significantly different for Omicron cases and Delta cases (25.44
for Delta variant and 27.95 for Omicron variant, p¼ 0.0005) (Fig. 4). Thus, the Delta variant is associated with higher viral load
than the Omicron variant. The conclusion is in agreement with recent publications (Cocherie et al., 2022; Laitman et al., 2022;
Sentis et al., 2022).

During these periods we observe the highest numbers of hospitalizations, intubations and deaths, in the country. The
number of daily cases is not a reliable marker to explain transmission phenomena (Irons & Raftery, 2021), so the positive rate
is chosen to investigate disease transmission in relation with Ct values. According to ECDC data (Table 3), during the Delta
variant period, the lowest Ct value and positive rate were recorded (25.44 and 1.29 respectively). Thus, we are not able to
confirm a correlation between Ct values and transmission phenomena, as discussed by literature (Che-Kamaruddin et al.,
2022).

However, we might confirm the correlation between Ct value and disease severity. During the Delta variant period, the
positive rate declined about 40% but the number of deceased individuals increased about 18%, which is related to the severity
of the disease. During the Omicron period, the positive rate was increased by 159%, but the number of deceased individuals
was increased only by 14%. This phenomenon could be explained by viral load fluctuation. Lower Ct values or higher viral load
led to more deaths. Statistical analyses were performed with R Studio.

Τhe above conclusions are simple observations from data collected only at NIMTS hospital and not from the entire country,
therefore larger scale studies are required to confirm them. Also, the reader must take into account Ct cycle measurement
uncertainties, regarding the collection technique, the type of specimen, the sampling time, the age of the patient etc. (Ade
et al., 2021).

4. Discussion

A mathematical model was developed for the transmission dynamics of the Delta and the Omicron variant, in Greece. The
model took into account the proportion of vaccinated population, individuals with natural immunity, the secondary attack
rate and parameters related to the behavior of population, such as the use of masks and social distancing, in order to simulate
mitigation measures to reduce the spread of the variants. Fitting methods were applied to determine important parameters
and numerical simulations were carried out to assess the effect of NPI measures on mortality, during the Delta and the
Omicron periods.

Our modeling results suggest that during the Omicron period the effective contact rate increased about 73%, the rate of
hospitalization decreased by 42% and the possibility of asymptomatic disease increased by 27%. Furthermore, parameters
related to the behavior of the population in Greece were also assessed, in particular regarding mask usage and the obedience
of social distancing measures. It was estimated that the use of masks was increased by 40% during the period of the Omicron
variant, while no significant change was observed in the social distancing parameter. Model simulations revealed that if the
percentage of population who used masks and abided by social distancing measures was 20% higher or more efficient, then
1,364 and 3,655 deaths could have been avoided, in just one 80-day period, while Delta and Omicron mutations prevailed.

Significantly increased Ct values were measured during the Delta period compared to the Omicron period, from a total of
746 patients who participated in the study. The period during which the Delta variant prevailed in the country, the average Ct
value was calculated as 25.19 (range: 12.32e39.29), whereas during the period when the Omicron variant prevailed, the
average Ct value was calculated as 28 (range: 14.41e39.36). During the Delta period, the case fatality ratio (1.1%) was about 3
times higher than the Omicron period (0.4%) and the highest Ct values that were noted throughout the pandemic. So, the Ct
statistical analysis did not confirm a correlation between Ct values and transmission phenomena but may indicate a corre-
lation between Ct values and disease severity.

The COVID-19 pandemic has led to the evolution of the modeling of infectious diseases, and in particular of the
compartmental models, which are some of the most important types of models. The availability of data is necessary to
develop or add compartments for better predictions, despite the impact on the complexity of the model. Assuming that the
available data on the population and the pathogen used are correct, this study has developed a model which simulates the
transmission dynamics of the Delta and Omicron mutations, in Greece. Data were collected for each mutation separately and
the model was parameterized twice for better predictions. Data from NPHO and the retrospective study at NIMTS were used
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Fig. 6. Baseline scenario represents the real number of deceased individuals. (a) Two scenarios have been simulated, with increase and decline in mask usage
(pm) by 20%, in Delta and Omicron variants. (b) Two scenarios have been simulated, with increase and decline in social distancing (pdist) by 20%, in Delta and
Omicron variants. (c) Optimistic scenario corresponds to a 20% increase in pm and pdist. Pessimistic scenario corresponds to a 20% decline in pm and pdist

parameters.
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to evaluate the model's results. Future work could include data collection on a larger scale, for more unbiased and accurate
results.
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