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Abstract: This is a SARS-CoV-2 seroepidemiological study in a pediatric population (0-16 years)
during the BA.5 Omicron predominance period in the Athens metropolitan area. Serum samples were
tested for SARS-CoV-2 nucleocapsid antibodies (Abs-N), representing natural infection during three
periods of BA.5 predominance: 1 May 2022-31 August 2022 (period A), 1 September 2022-31 Decem-
ber 2022 (period B), and July 2023 (period C). Epidemiological data were also collected. Additionally,
in period C, Abs-N-seronegative samples were tested for SARS-CoV-2 spike antibodies (Abs-S). A
total of 878 children were tested (males: 52.6%), with a median age (IQR) of 96 (36-156) months;
the number of cases of seropositivity during the three periods were as follows: A: 292/417 (70%),
B: 288/356 (80.9%), and C: 89/105 (84.8%), with p < 0.001. SARS-CoV-2 seropositivity increased from
period A to C for children 0-1 year (p = 0.044), >1—4 years (p = 0.028), and >6-12 years (p = 0.003).
Children > 6-12 years had the highest seropositivity rates in all periods (A: 77.3%, B: 91.4%, and
C: 95.8%). A significant correlation of monthly median Abs-N titers with monthly seropositivity
rates was detected (rs: 0.812, p = 0.008). During period C, 12/105 (11.4%) Abs-S-seropositive and
Abs-N-seronegative samples were detected and total seropositivity was estimated at 96.2% (101/105).
The findings of this study indicate a high SARS-CoV-2 exposure rate of children during the BA.5
predominance period and suggest that in future seroepidemiological studies, both antibodies should
be tested in Abs-N-seronegative populations.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly contagious
virus which caused the global coronavirus disease 2019 (COVID-19) pandemic [1]. This
virus mainly affects the respiratory system, by binding to a receptor called Angiotensin-
converting enzyme 2 (ACE2), which is present in specific type 2 alveolar epithelial cells,
leading to severe illness and high rates of mortality worldwide [2].

The rapid evolution of the SARS-CoV-2 virus has resulted in distinct variants which
are characterized by increased transmissibility and immune invasion strategies [3]. The
number of laboratory-confirmed COVID-19 cases has significantly increased, especially
following the emergence of BA.1, BA.2, BA .4, and BA.5 Omicron sublineages [4]. BA.5,
which was first identified in April 2022 by the World Health Organization, is the most
contagious strain of Omicron and is characterized by increased humoral immunity evasion
and decreased vaccine effectiveness, while the presence of certain BA.5 gene mutations
result in significant decreases in non-BA.5 Omicron antibody-neutralizing activity [5].
Therefore, the impact of BA.5 on SARS-CoV-2 seropositivity compared to other variants of
concern is important.
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SARS-CoV-2 can be transmitted through household, educational, and community
settings by children of any age [6]. Transmission may occur from both symptomatic and
asymptomatic children [7]. The majority of pediatric cases were caused by exposure in
the household, with an adult typically as the index subject, especially during increased
transmissibility variants predominance periods [8]. There have also been reports of health
care-associated outbreaks and cases of transmission among students and between students
and educational personnel in the school setting, particularly among unvaccinated indi-
viduals [7-9]. However, transmission by children and adolescents in the school context
was more common when strict multiple public health measures were lifted and during the
predominance period of more contagious SARS-CoV-2 variants of concern [10].

SARS-CoV-2 confirmed cases in children younger than 18 years old have exceeded
16 million, according to the American Academy of Pediatrics [11]. Although viral trans-
mission rates have been documented in various activities, including educational settings,
children are most typically infected by close contact with an infected family member within
the same household [12].

Conventional approaches to acute disease surveillance fail to encompass the exact
burden of COVID-19 due to factors such as asymptomatic, undetected or unreported cases,
especially in pediatric populations and especially after Omicron emergence [11]. Early
studies in 2020 support that the SARS-CoV-2 asymptomatic infection ratio in children
ranges between 15 and 40% [13]. A study from the United States in 2022 showed that
SARS-CoV-2 asymptomatic infections in children during 2020 and 2021 reached 65% [14].

Despite the predominance of different SARS-CoV-2 sublineages, antibody detection
remains the most accurate test to confirm a previous SARS-CoV-2 infection. Serologic tests
have limited utility for acute SARS-CoV-2 infection diagnosis [15]. Antibody responses com-
prise the initial production of immunoglobulin M (IgM), which is subsequently followed
by an increased circulation of IgA and IgG [16]. The presence of IgG antibodies is typically
detectable 16-20 days following infection in the majority of patients [17]. A comprehensive
analysis of 38 studies examining the accuracy of serologic testing in COVID-19 patients
based on the duration of symptoms revealed that IgM antibodies were identified in 23%
of cases within one week, 58% within two weeks, and 75% within three weeks. Similarly,
IgG antibodies were detected in 30%, 66%, and 88% of cases, respectively [18]. IgG against
the SARS-CoV-2 nucleocapsid protein are produced only after natural infection, while
IgG against the SARS-CoV-2 spike protein are produced both after natural infection and
vaccination, since the SARS-CoV-2 spike protein is the major antigenic target of currently
available SARS-CoV-2 vaccines [19]. Seroprevalence studies based on SARS-CoV-2 natural
infection antibodies help determine a more accurate COVID-19 proportion in pediatric
populations and offer valuable public health surveillance evidence [20].

SARS-CoV-2 seropositivity was prospectively investigated in an Athens metropolitan
area pediatric population by our research group and the results highlighted the increase in
SARS-CoV-2 seropositivity in children from the Wuhan strain (1.4%) to Alpha (17.6%), Delta
(29.7%), and pre-BA.5 Omicron predominance periods (48.5%) [21,22]. In these studies,
the possible role of sex, age, nationality, and hospitalization in different departments
in SARS-CoV-2 natural infection seropositivity and antibody levels was evaluated. The
predominance period of the BA.5. Omicron sublineage in Europe, including Greece, was
estimated to begin in May 2022 [23].

In the current SARS-CoV-2 seroepidemiological study, we aim to investigate SARS-
CoV-2 natural infection seropositivity and antibody levels during distinct BA.5 Omicron
predominance periods and the association with epidemiological parameters.
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2. Materials and Methods
2.1. Study Design and Participants

This is an observational, population-based prospective seroepidemiological cohort
study (based on the STROBE criteria checklist—Supplementary Table S1) conducted at
“Aghia Sophia” Children’s Hospital, the largest (750-bed) pediatric hospital in Greece and
also a pediatric COVID-19 reference center for the Athens metropolitan area.

The research timeframe was divided into three periods which corresponded to the
predominance of the SARS-CoV-2 BA.5 variant in Greece: period A: 1 May 2022-31 August
2022, period B: 1 September 2022-31 December 2022, and period C: July 2023.

Children aged 0-16 years old who were admitted to the hospital or presented to
the emergency department for any reason other than confirmed SARS-CoV-2 infection
were included in the study. The exclusion criteria were as follows: 1. children who were
admitted to the departments of oncology, bleeding disorders, or 3-thalassemia because of
possible interference with antibody detection due to immunocompromised conditions or
transfusions and 2. children readmitted to the hospital on multiple occasions during the
study period who had positive antibody test results, in which only the initial positive result
was included in the analysis.

Demographic data on sex, age, nationality (Greek or non-Greek), hospitalization sta-
tus, and hospital department [pediatric departments, emergency department, neonatal
intensive care unit (NICU), pediatric intensive care unit (PICU), and surgical departments
(surgery, orthopedics, otorhinolaryngology, ophthalmology, urology, cardiothoracic surgery,
neurosurgery, and plastic surgery departments)] were also prospectively collected from
the hospital medical laboratory analysis system and medical history documents and were
included in analysis. Children of all ages were involved in the study and were classified as
neonates and infants (0-1 year), toddlers (>1—4 years), pre-school-age children (>4—6 years),
school-age children (>6-12 years), and adolescents (>12-16). Children included in period
C were also asked for their COVID-19 immunization status. During the study period, no
follow-up antibody testing was performed, and the current SARS-CoV-2 study’s seroepi-
demiological results were based on a single, random antibody measurement.

To prospectively evaluate SARS-CoV-2 infection seropositivity and antibody levels,
approximately 100 leftover sera per month were randomly collected from the Department
of Biochemistry of “Aghia Sophia” Children’s Hospital. Serum samples were collected
and stored at —70 °C until laboratory analysis. Serum sample laboratory processes were
performed anonymously using a unique individual identification code which was given to
the patients upon hospital admission.

2.2. SARS-CoV-2 Antibody Detection

All serum samples were analyzed for total (IgM, IgA, and IgG) SARS-CoV-2 nucleo-
capsid protein antibodies (Abs-N) using Elecsys® Anti-SARS-CoV-2 (Roche Diagnostics,
Basel, Switzerland) reagent on a Cobas e 411 immunoassay analyzer according to the
manufacturer’s instructions. Values of >1 cut-off index (COI) were considered positive.

Serum samples collected in the last period (July 2023) which were negative for Abs-N
were also analyzed for SARS-CoV-2 spike protein antibodies (Abs-S; IgM, IgA, and IgG).
Abs-S was detected using Elecsys® Anti-SARS-CoV-2 S (Roche Diagnostics, Basel, Switzer-
land) reagent on a Cobas e 411 immunoassay analyzer according to the manufacturer’s
instructions. Antibody values > 0.8 U/mL were characterized as positive.

The principle of electrochemiluminescence immunoassay (ECLIA) for antibody detec-
tion is based on a double SARS-CoV-2 specific antigen (nucleocapsid or spike) sandwich
enzyme-linked immunosorbent assay (ELISA). The ECLIA method is a highly efficient
approach, with an estimated sensitivity of 99.5% (14 days after symptoms appear) and a
specificity of 99.8%. According to a study by Riester et al. which recruited 191 pediatric
samples, Elecsys® Anti-SARS-CoV-2 specificity is estimated as >99.9% in children [24].
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2.3. Statistical Analysis

Statistical analysis was performed using Statistical Package for the Social Sciences
SPSS version 25.0 (IBM Corp., Armonk, NY, USA, Released 2017). Graphs were created
using GraphPad Prism 10 (San Diego, CA, USA). Absolute and relative frequencies (%)
were used for the description of qualitative variables (sex, age group, nationality, hospital-
ization status, and hospital department). The assumption of normality was evaluated with
kurtosis and skewness and verified with Kolmogorov-Smirnov and Shapiro-Wilk tests.
The median and interquartile range (IQR) were applied for quantitative variables after
the assumption of normality was evaluated. X2 tests were applied to assess distinctions
among qualitative variables. Differences between qualitative and quantitative variables in-
volved the application of two nonparametric tests: the Mann-Whitney test (qualitative with
2 categories) and the Kruskal-Wallis test (qualitative with >2 categories). The effect size for
the Chi-square test was estimated with Cramer’s V. The effect size for the Mann-Whitney
test was estimated by 2 = 72 /n, where r is the effect size, Z is the standardized test statistic,
and # is the total number of observations. The effect size for the Kruskal-Wallis test was the
eta squared based on the H-statistic: eta2[H] = (H — k + 1)/(n — k), where H is the value
obtained in the Kruskal-Wallis test, k is the number of groups, and # is the total number
of observations. Correlations between quantitative variables were assessed by using the
Spearman r correlation coefficient. A multiple linear regression model was performed in
order to estimate the SARS-CoV-2-seropositive antibody titers in children (quantitative
dependent variable) taking into account the simultaneous interaction of study period, age,
sex, nationality, and hospitalization (independent variables), and a 95% confidence interval
was used. Statistical significance was set at a p < 0.05 level.

2.4. Ethical Approval

The study protocol was in accordance with the 1964 Declaration of Helsinki and was
approved by the scientific and bioethics committee of “Aghia Sophia” Children’s Hospital
(No. 25609). Written informed consent for participation in this study was obtained from
the children’s parents.

3. Results
3.1. Study Population

Serum samples from 878 children with a median age of 96 (IQR = 36-156) months were
included in this study. Males represented 462 /878 (52.6%). Dividing the population into
age groups, 140 (15.9%) were 0-1 year old, 160 (18.2%) were >1—4 years old, 77 (8.8%) were
>4-6 years old, 270 (30.8%) were >6-12 years old, and 231 (26.3%) were >12-16 years old. In
the study population, 671/878 (76.4%) were of Greek nationality and 617/878 (70.3%) were
hospitalized. The majority of children [477/878 (54.3%)] were hospitalized in the pediatric
departments of the hospital. The number of serum samples tested in each study period
were 417 /878 (47.5%) in period A, 356/878 (40.5%) in period B, and 105/878 (12.0%) in
period C.

The serums were tested for SARS-CoV-2 Abs-N and a total of 669/878 (76.2%) SARS-
CoV-2-seropositive children were detected, having a median age of 108 months
(IQR = 36-156 months). Among the 669 seropositive children, 343/669 (51.3%) were males,
502/669 (75%) were of Greek nationality, 459/669 (68.6%) were hospitalized, and 352 /669
(52.6%) were hospitalized in the pediatric departments. Detailed demographic and epi-
demiological characteristics of the study population for each study period are presented in
Table 1.
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Table 1. A comparison of SARS-CoV-2 seropositivity rate (%) for each demographic and epidemio-
logical parameter among the three study periods.

Study Periods
Total A B C

1 (%) 1 (%) 1 (%) 1 (%) b

Seropositive 669/878 (76.2) 292 /417 (70.0) 288/356 (80.9) 89/105 (84.8) <0.001
Sex
Male 343/462 (74.2) 139/204 (68.1) 161/203 (79.3) 43/55 (78.2) 0.028
Female 326/416 (78.4) 153/213 (71.8) 127/153 (83.0) 46/50 (92.0) 0.002
1% 0.152 0.411 0.38 0.049
Age group (years)

0-1 86,/140 (61.4) 26/52 (50.0) 41/64 (64.1) 19/24 (79.2) 0.044
>1-4 113/160 (70.6) 32/55 (58.2) 59/79 (74.7) 22/26 (84.6) 0.028
>4-6 59/77 (76.6) 22/33 (66.6) 26/30 (86.7) 10/14 (71.4) 0.249

>6-12 228/270 (84.4) 109/141 (77.3) 96/105 (91.4) 23/24 (95.8) 0.003
>12-16 183/231 (79.2) 102/136 (75.0) 66/78 (84.6) 15/17 (88.2) 0.158
p <0.001 0.001 <0.001 0.293
Nationality
Greek 502/671 (74.8) 218/318 (68.6) 219/277 (79.1) 65/76 (85.5) 0.001
non-Greek 167/207 (80.7) 74/99 (74.7) 69/79 (87.3) 24/29 (82.8) 0.102
p 0.083 0.24 0.099 0.724
Hospitalized
Yes 459/617 (74.4) 199/291 (68.4) 192/247 (77.7) 68/79 (86.1) 0.002
No 210/261 (80.5) 93/126 (73.8) 96/109 (88.1) 21/26 (80.8) 0.023
1% 0.05 0.267 0.022 0.514
Department
Pediatrics 352/477 (73.8) 145/219 (66.2) 151/192 (78.6) 56/66 (84.8) 0.001
NICU 22/29 (75.9) 11/14 (78.6) 9/13 (69.2) 2/2 (100) 0.605
PICU 11/18 (61.1) 5/10 (50.0) 4/5 (80.0) 2/3(66.7) 0.52
Surgical 51/66 (77.3) 29/36 (80.6) 14/22 (63.6) 8/8 (100) 0.086
%‘Ziggg_ 23/27 (85.2) 9/12 (75.0) 14/15 (93.3) 0/0 (0) 0.183
1% 0.177 0.234 0.048 0.578

Study periods: period A =1 May 2022-31 August 2022, period B = 1 September 2022-31 December 2022, and
period C = July 2023. Statistically significant differences (p < 0.05) are marked in bold.

3.2. Seropositivity per Period and per Month

SARS-CoV-2 seropositivity significantly increased from 292/417 (70.0%) in period
A to 288/356 (80.9%) in period B and 89/105 (84.8%) in period C (p < 0.001) (Table 1).
SARS-CoV-2 seropositivity during each study month also varied significantly (p < 0.001)
and is presented in Figure 1. The highest seropositivity rate of the whole study period
was detected in July 2023 (84.8%; 89/105) and the lowest was detected in June 2022 (61.2%;
60/98) (Figure 1). No statistically significant correlations were identified between SARS-
CoV-2 monthly seropositivity rates and newly diagnosed COVID-19 confirmed cases per
month in the pediatric (rs: —0.209, p: 0.589) or total (rs: 0.092, p = 0.814) population
of Greece, respectively [data from European Centre for Disease Prevention and Control
(ECDQ)] [16].
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Figure 1. Monthly SARS-CoV-2 seropositivity rates according to antibody detection against SARS-
CoV-2 nucleocapsid protein in study population (n = 878) (period A: 1 May 2022-31 August 2022,
period B: 1 September 2022-31 December 2022, and period C: July 2023).

Twelve out of sixteen (75.0%) SARS-CoV-2 Abs-N-seronegative samples from non-
immunized children against COVID-19 (based on medical history data) from period C were
positive for SARS-CoV-2 Abs-S. Hence, these SARS-CoV-2 Abs-S-positive samples were
added to the seropositivity rate (12/105, 11.4%) and total seropositivity was estimated at
96.2% (101/105).

3.3. Association of SARS-CoV-2 Seropositivity with Demographic and Epidemiological Data

No significant differences were detected between seropositive males and females
(p-value = 0.152, Table 1). SARS-CoV-2 seropositivity rates significantly increased from
periods A to C for both sexes (p for males = 0.028 and females = 0.002). Females had higher
seropositivity rates than males in period C [(92%, 46/50) vs. (78.2%, 43/55), respectively,
p = 0.049] (Table 1), while no significant differences were detected in period A (p = 0.411)
and period B (p = 0.38) (Table 1). Seropositivity per month varied significantly for females
(p < 0.001) but not for males (p = 0.072). The highest SARS-CoV-2 monthly seropositivity
rates were detected in November 2022 for males [44/52 (84.6%)] and in August 2022
for females [48/55 (87.3%)]. The lowest SARS-CoV-2 monthly seropositivity rates were
detected in July 2022 for males [30/50 (60%)] and in May 2022 for females [27/48 (56.3%)].
In August 2022, SARS-CoV-2 seropositivity rates between sexes varied significantly [males:
27/41 (65.9%) vs. females: 48/55 (87.3%), p = 0.023]. No other significant differences in
SARS-CoV-2 monthly seropositivity rates between sexes were detected. SARS-CoV-2 Abs-S
seropositivity in period C was estimated at 92.7% (51/55) for males and 100% (50/50) for
females (p = 0.118).

No differences were detected between seropositive Greek and non-Greek children
included in this study (p = 0.083, Table 1) in different study periods (A: p = 0.24, B: p = 0.099,
and C: p = 0.724; Table 1). Seropositivity in Greek children was significantly increased from
periods A to C (p = 0.001), but not for non-Greek children (p = 0.102) (Table 1). Seropositivity
per month varied significantly for Greek children (p = 0.001) but not for non-Greek children
(p = 0.092). The highest SARS-CoV-2 monthly seropositivity rates were detected in July 2023
for Greek children [65/76 (85.5%)] and in September 2022 for non-Greek children [21/22
(95.5%)]. The lowest SARS-CoV-2 monthly seropositivity rates were detected in June 2022
for Greek children [46/79 (58.2%)] and in May 2022 for non-Greek children [14/23 (60.9%)].
SARS-CoV-2 Abs-S seropositivity in period C was estimated at 98.7% (75/76) for Greek
children and 89.7% (26/29) for non-Greek children (p = 0.304).
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SARS-CoV-2 seropositivity rates significantly increased from periods A to C for both
hospitalized (p = 0.002) and non-hospitalized children (p = 0.023). Non-hospitalized children
had significantly higher SARS-CoV-2 seropositivity rates compared to hospitalized children
(80.5%, 210/261 vs. 74.4%, 459/617; p = 0.05) (Table 1). Monthly SARS-CoV-2 seropositivity
rates differed significantly in hospitalized children (p < 0.001) but not in non-hospitalized
children (p = 0.25). The highest SARS-CoV-2 monthly seropositivity rates were detected
in July 2023 for hospitalized children [68/79 (86.1%)] and in December 2022 for non-
hospitalized children [8/9 (88.9%)]. The lowest SARS-CoV-2 monthly seropositivity rates
were detected in June 2022 for hospitalized children [35/64 (54.7%)] and in May 2022 for
non-hospitalized children [21/29 (72.4%)]. SARS-CoV-2 Abs-S seropositivity in period
C was estimated at 89.9% (71/79) for hospitalized children and 88.5% (23/26) for non-
hospitalized children (p = 0.57).

SARS-CoV-2 seropositivity rates significantly increased from periods A to C in general
pediatric departments (p = 0.001). No significant differences were reported in SARS-CoV-2
seropositivity among different hospital departments (p = 0.177, Table 1). Monthly SARS-
CoV-2 seropositivity rates differed significantly in general pediatric departments (p = 0.001).
SARS-CoV-2 Abs-S seropositivity in period C was estimated at 87.9% (58/66) in pediatrics
departments, 100% (2/2) in the NICU, 100% (3/3) in the PICU, 100% (8/8) in surgical
departments, and 0% in cardiology/neurology departments, respectively (p = 0.659).

3.4. Seropositivity in Different Age Groups

SARS-CoV-2 seropositivity per age group significantly varied in period A (p < 0.001)
and period B (p < 0.001), but no differences were detected in period C (p = 0.293) (Figure 2).
SARS-CoV-2 seropositivity rates progressively increased from period A to C for all age
groups, except for children >4-6 years (p = 0.249, Table 1) and >12-16 years (p = 0.158,
Table 1). Children > 6-12 years had the highest seropositivity rates during the whole
study period (84.4%, 228/270) and per period [A: 109/141 (77.3%), B: 96/105 (91.4%), and
C: 23/24 (95.8%); p = 0.003]. Among age groups, the lowest SARS-CoV-2 seropositivity
rates were detected in 0-1-year-old children for the three study periods (61.4%, 86/140)
(Figure 2).
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Figure 2. SARS-CoV-2 seropositivity rates per study period (period A: 1 May 2022-31 August
2022, period B: 1 September 2022-31 December 2022, and period C: July 2023) for neonates—infants
(0-1 year), toddlers (>1-4 years), pre-school children (>4—6 years), school-age children (>6-12 years),
and adolescents (>12-16 years). *: p < 0.05; **: p < 0.01.

In period A, SARS-CoV-2 seropositivity rates per age group varied significantly in
May 2022 [0-1 year: 5/16 (31.3%) vs. >1-4 years: 13/22 (59.1%) vs. >4-6 years: 2/3 (66.7%)
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vs. >6-12 years: 16/21 (76.2%) vs. >12-16 years: 28/40 (70%); p = 0.05]. In period B,
SARS-CoV-2 seropositivity rates per age group also varied significantly in September 2022
[0-1 year: 8/15 (53.3%) vs. >1-4 years: 15/21 (71.4%) vs. >4-6 years: 8/9 (88.9%) vs.
>6-12 years: 25/27 (92.6%) vs. >12-16 years: 24/26 (92.3%); p = 0.008].

Total SARS-CoV-2 seropositivity (Abs-S and Abs-N) in period C was estimated at 91.7%
(22/24) in children of 0-1 year, 96.2% (25/26) in >1-4 years, 78.6% (11/14) in >4-6 years,
100% (24/24) in >6-12 years, and 100% (17/17) in >12-16 years, respectively (p = 0.262).

3.5. Association of SARS-CoV-2 Abs-N with Demographic and Epidemiological Data

The median value of SARS-CoV-2 Abs-N of the 669 SARS-CoV-2-seropositive children
was 31.1 COI (IQR: 9.1-102.5 COI) and did not significantly vary among the three study
periods [A: 35.52 COI (IQR: 11.04-112.7 CQOI) vs. B: 26.48 COI (IQR: 7.87-97.28 COI) vs.
C:27.91 COI (IQR: 6.14-81.12 COI), p = 0.119] (Figure 3A), but varied significantly per
month (p = 0.003). The median value of SARS-CoV-2 Abs-N per month significantly
correlated with SARS-CoV-2 monthly seropositivity rates (rs: 0.812, p = 0.008).
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Figure 3. Median values of SARS-CoV-2 Abs-N per study period (Panel (A)) and per age group
(0-1, >1-4, >4-6, >6-12, and >12-16 years) (Panel (B)) of the 669 SARS-CoV-2-seropositive children
from period A (1 May 2022-31 August 2022), period B (1 September 2022-31 December 2022), and
period C (July 2023). Bold horizontal lines represent median antibody titer values and non-bold
horizontal lines represent interquartile range (IQR) values. COI, cut-off index; Abs-N: antibodies for
SARS-CoV-2 nucleocapsid protein.
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The median values of SARS-CoV-2 Abs-N per age group were estimated at 20.63 COI
(IQR: 4.82-94.15 COI) in 0-1-year-old children, 43.5 COI (IQR: 10.05-113.1 COI) in >1-4-year
olds, 28.38 COI (IQR: 6.7-108.8 COI) in >4-6-year olds, 29.29 COI (IQR: 8.27-82.47 COI)
in >6-12-year olds, and 33.46 COI (IQR: 11.42-119.1 COI) in >12-16-year olds (p = 0.08)
(Figure 3B). The median values of Abs-N did not correlate significantly with age either
during the whole study period (rs: 0.064, p = 0.098) or in any of the study periods (period
A: g 0.057 and p = 0.336, period B: rs: 0.023 and p: 0.696, and period C: rs: 0.125 and
p = 0.243, respectively).

Non-Greek children had significantly higher median values of Abs-N compared to
Greek children [39.58 COI (IQR: 10.46-126.5 COI) vs. 27.42 (IQR: 8.4-93.31 COI), p = 0.031].
There were significant differences regarding the median values of SARS-CoV-2 Abs-N
among different departments of the hospital (p = 0.026). The median values of SARS-CoV-2
Abs-N were higher in children who presented to the emergency department compared to
children hospitalized in the NICU [41.30 (IQR: 9.08-113.5 COI) vs. 6.07 (IQR: 2.61-48.72
CQlI), p = 0.036] and higher in the surgical departments compared to the NICU [41.50
(IQR: 14.87-110.7 COI) vs. 6.07 (IQR: 2.61-48.72 COI), p = 0.017].

No significant differences were detected regarding the median values of SARS-CoV-2
Abs-N per sex [27.22 COI (IQR: 8.11-95.02 COI) in males vs. 35.12 COI (IQR: 10.18-109.88
COQJ) in females, p = 0.266] and per hospitalization status [27.87 COI (IQR: 9.06-94.68 COI)
in hospitalized children vs. 41.31 COI (IQR: 9.07-113.5 COI) in non-hospitalized children,
p =0.154].

3.6. Multiple Linear Regression Model by Study Period

A multiple linear regression analysis was conducted with the independent variables
of study period, age, sex, nationality, and hospitalization and with the dependent variable
of SARS-CoV-2 natural disease antibody titers in all SARS-CoV-2-seropositive children
(n =669). A statistically significant model was revealed (p = 0.031, R? = 0.011), with a
significant predictor being the nationality parameter (3 = 15.073, p = 0.009). The results of
the multiple linear regression analysis for the entire study are presented in Supplementary
Table S2.

4. Discussion

In the present study, we investigated SARS-CoV-2 seropositivity and antibody levels
during the BA.5 predominance period in Athens in a pediatric population taking into
consideration epidemiological parameters. This is a follow-up study from previous inves-
tigations starting from the beginning of the pandemic in March 2020, showing a gradual
increase in seropositivity rates in our area from 4% to 52.6% [21,22]. A further increase in
SARS-CoV-2 Abs-N seropositivity during the BA.5 predominance period from 62.7% in
May 2022 to 84.8% in July 2023 was detected. SARS-CoV-2 seropositivity increased for all
age groups, for both sexes, regardless of nationality or hospitalization status, and in all
different hospital departments, including emergency departments.

The prospective acquisition of routine leftover residual serum samples from the bio-
chemistry department presents a viable approach for assessing SARS-CoV-2 serosurveil-
lance in children and provides the advantage of avoiding additional blood sampling for
pediatric patients. Similar previous studies were also based on the testing of routine leftover
residual serum samples, avoiding additional blood sampling for pediatric patients, and this
method has successfully been implemented in other seroprevalence studies as well [25-28].

SARS-CoV-2 seropositivity in our area does not substantially differ from reported
seroepidemiological data from the USA, Latvia, Thailand, Guinea, and Cameroon, indicat-
ing increased SARS-CoV-2 seropositivity during the BA.5 Omicron period [27,29-31].

No differences in SARS-CoV-2 seropositivity rates between sexes were detected, which
is also the finding of the Greek National Public Health Organization COVID-19 Surveillance
System and other similar studies [23,26,27]. According to our previously published studies,
SARS-CoV-2 seropositivity rates between sexes also did not significantly differ either during
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Wuhan (females: 1.4% vs. males: 1.4%), Alpha (females: 14.6% vs. males: 19.7%), Delta
(females: 32.8% vs. males: 27.3%), or pre-BA.5 Omicron (females: 47.7% vs. males: 49.2%)
predominance periods, respectively [21,22].

In this study, SARS-CoV-2 infection seropositivity increased for all age groups and
was higher especially for school-age children (>6-12 years) and adolescents (>12-16 years).
Similar findings from the CDC report that children of 5-11 years, from May to October
2022 in the USA, had the highest SARS-CoV-2 natural infection seropositivity rates (93.5%),
followed by 12-17-year-old children (93%) [31]. According to our previously published
studies, SARS-CoV-2 natural infection seropositivity rates in Children > 6-12 years gradu-
ally increased from 0% in Wuhan to 14.4% in Alpha, 27.8% in Delta, and 56.5% in pre-BA.5
Omicron predominance periods [21,22]. Similarly, SARS-CoV-2 seropositivity rates in chil-
dren > 12-16 years increased from 0% in Wuhan to 16.9% in Alpha, 32.5% in Delta, and
51.8% in pre-BA.5 Omicron predominance periods, respectively [21,22].

A SARS-CoV-2 seropositivity study in Latvia from May 2022 to July 2022 with
173 children showed that children of 12-18 years had the highest seropositivity rates (94.3%)
when compared to those of 5-11 years (90.9%) and <5 years (77.8%) [29]. During the same
time period in this study, the highest SARS-CoV-2 seropositivity rates were detected in
Children > 6-12 years followed by adolescents. Seropositivity rate differences between the
two studies could possibly be attributed to different number of participants and age group
stratification. These findings may be attributed to the increased exposure of school-age
children in the Omicron period and the enhanced transmissibility of the BA.5 subvariant.

According to a recent meta-analysis, SARS-CoV-2 seropositivity is higher in children
in Asian and African regions [32]. These countries are also associated with increased
migration rates to Greece over the last few years. In the present study, children of non-
Greek nationality had similar seropositivity rates, in contrast with the findings from our
previously published data in 2021 and 2022 [21,22]. In our previous studies, SARS-CoV-2
seropositivity rates significantly differed between Greek and non-Greek children during
Wuhan (Greek: 1% vs. non-Greek: 2.4%) and Alpha (Greek: 14.3% vs. non-Greek: 25.6%)
but not during Delta (Greek: 29.3% vs. non-Greek: 31.5%) or pre-BA.5 Omicron (Greek:
48% vs. non-Greek: 49.7%) predominance periods, respectively [21,22]. However, in the
current study, children of non-Greek nationality had higher antibody titers compared to
Greek children. This finding could possibly indicate increased exposure that leads to
repeated infections among non-Greek underprivileged communities within the Athens
metropolitan area.

Due to high SARS-CoV-2 seropositivity rates for natural infection (Abs-N) in our area,
we decided to perform follow-up SARS-CoV-2 seroprevalence studies every six months
with additional Abs-S testing. From the additional testing, it was shown that even with
negative Abs-N, a significant percentage of the SARS-CoV-2 unvaccinated population
could have positive Abs-S. After detecting both antibodies, it was found that children of
6-16 years had 100% SARS-CoV-2 seropositivity. According to the CDC, these two pediatric
age groups are associated with the highest seroprevalence rates (97.1% for school-age
children and 98.9% for adolescents, respectively) and this agrees with the findings of
our study [31]. In Greece, where approximately half of the total country population
has had laboratory-confirmed COVID-19, SARS-CoV-2 vaccination rates with a complete
primary series reach 75% in adults and children [33]. Waning humoral immunity several
months following SARS-CoV-2 infection [34] supports that SARS-CoV-2 vaccination is
of vital importance to offer a surrogate of protection. The findings of this study suggest
that in future seroepidemiological studies, both antibodies should be tested in Abs-N-
seronegative populations.

In winter 2022 during the BA.5 predominance period, non-hospitalized children were
incommensurately affected by COVID-19 compared to hospitalized children, regardless of
being in different hospital departments. In contrast, hospitalized children in Greece were
found to have higher seropositivity rates during Alpha and Delta periods [21,22]. Those
differences could be explained as more children possibly visited the emergency department
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during Omicron for mild common cold symptoms due to SARS-CoV-2 reinfection but were
not detected as SARS-CoV-2-positive upon admission by molecular or rapid antigen testing.
This hypothesis could also explain the increased antibody titers of non-hospitalized children
compared to hospitalized children also reported in our study. According to the CDC, there
was an increasing trend of emergency department visits due to COVID-19 diagnosis during
2023 for both children and adults [35]. Therefore, SARS-CoV-2 seroprevalence studies in
different hospital departments, including emergency departments, could provide valuable
epidemiological data or possibly guide hospital measures.

The association of SARS-CoV-2 seropositivity and antibody levels with symptom
severity is of vital importance. Cohorts of immunocompromised children, including primary
or secondary immunodeficiencies such as antibody deficiencies and autoimmune disorders,
or those undergoing immunosuppressive medication treatment or impaired T-cell immune
responses are usually SARS-CoV-2-seronegative and have a greater incidence of severe
COVID-19 [36,37] in comparison to the general pediatric population. Not only seropositivity,
but also antibody levels play a significant role in SARS-CoV-2 symptom severity in children.
Lower levels of convalescent antibodies targeting the spike and nucleocapsid proteins are
indicative of the impact of disease severity on the antibody response. Specifically, children
with asymptomatic or mild infections have lower levels of these antibodies compared to
those who require hospitalization due to moderate COVID-19 [38,39]. Children with MIS-C
have been found to have elevated levels of neutralizing and total antibodies against the
spike protein in comparison to children with acute COVID-19 [40].

A limitation of the present study was that Abs-N, representing natural infection, was
analyzed for the total population and Abs-S, which could be also vaccine-induced, was
additionally analyzed only for the last period of the study. However, children with positive
Ab-S were not immunized against COVID-19. The limited number of participants in period
C and especially in the age group of >4-6 years could also result in potential bias in the
statistical analysis. The use of multiple statistical tests without adjustment for multiple
comparisons could increase the risk of type I errors (false positives); therefore, these results
should be interpreted with caution.

5. Conclusions

The increased SARS-CoV-2 seropositivity rate detected in the current seroepidemiol-
ogy study illustrates the high exposure of children during the BA.5 predominance period.
A key finding of this study is the positive association of SARS-CoV-2 seropositivity with
age in the pediatric population, with almost all school-age children and adolescents hav-
ing been exposed to SARS-CoV-2 during BA.5. Another key finding is that some SARS-
CoV-2-unvaccinated Abs-N-seronegative children were Abs-5 seropositive, thus having a
minimum surrogate of protection against future SARS-CoV-2 reinfection. A future study
for SARS-CoV-2 Abs-N kinetics in children with sex- or age-matched SARS-CoV-2 Abs-S
controls (control group) could assist in clarifying the difference between Abs-N and Abs-S
kinetics during BA.5 predominance in terms of seropositivity rates. Since most children
have been exposed to SARS-CoV-2, future studies should probably focus on neutralization
assays or T-cell immunity to new SARS-CoV-2 variants to guide public health decisions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics14101039/s1, Table S1: STROBE statement—checklist of
items that should be included in reports of cohort studies; Table S2: Multiple linear regression model
analysis of 669 SARS-CoV-2-seropositive children for whole study period (1 May 2022-31 December
2022 and July 2023), involving SARS-CoV-2 natural infection antibody titers as dependent variable
and period, sex, age, nationality, and hospitalization status as independent variables. Statistically
significant differences (p < 0.05) are marked in bold.


https://www.mdpi.com/article/10.3390/diagnostics14101039/s1
https://www.mdpi.com/article/10.3390/diagnostics14101039/s1

Diagnostics 2024, 14, 1039 12 of 14

Author Contributions: Conceptualization, A.M. (Athanasios Michos) and V.S.; methodology, A.M.
(Athanasios Michos), V.S., E.Z. and EF,; validation, EF, E.-B.T. and A.M. (Athanasios Michos);
formal analysis, F.F.; investigation, FF. and E.-B.T.; data curation, EF.,, M.-M.D. and A.M. (Alexandra
Margeli); writing—original draft preparation, EE,; writing—review and editing, A.M. (Athanasios
Michos), E.Z., V.S. and E.-B.T; supervision, A.M. (Athanasios Michos) and V.S.; project administration,
AM. (Athanasios Michos) and EF. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Hellenic Foundation for Research and Innovation (H.FR.L.)
under the 4th Call for Action ‘Science and Society’—Emblematic Action—Interventions to address
the economic and social effects of the COVID-19 pandemic’, grant number 4535.

Institutional Review Board Statement: The study protocol was in accordance with the 1964 Dec-
laration of Helsinki and was approved by the scientific and bioethics committee of “Aghia Sophia”
Children’s Hospital (No. 25609/25 November 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All relevant data are published within this paper.

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

References

1.

10.

11.

12.

13.

14.

15.

Zhu, N.; Zhang, D.; Wang, W.; Li, X,; Yang, B.; Song, ].; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727-733. [CrossRef] [PubMed]

Costa, L.B.; Perez, L.G.; Palmeira, V.A.; Macedo, E.; Cordeiro, T.; Ribeiro, V.T.; Lanza, K.; Simées, E.; Silva, A.C. Insights on
SARS-CoV-2 Molecular Interactions With the Renin-Angiotensin System. Front. Cell Dev. Biol. 2020, 8, 559841. [CrossRef] [PubMed]
Markov, P.V.; Ghafari, M.; Beer, M.; Lythgoe, K.; Simmonds, P; Stilianakis, N.I.; Katzourakis, A. The evolution of SARS-CoV-2.
Nat. Rev. Microbiol. 2023, 21, 361-379. [CrossRef] [PubMed]

Dhawan, M.,; Saied, A.A; Mitra, S.; Alhumaydhi, FA.; Emran, T.B.; Wilairatana, P. Omicron variant (B.1.1.529) and its sublineages:
What do we know so far amid the emergence of recombinant variants of SARS-CoV-2? Biomed. Pharmacother. 2022, 154, 113522.
[CrossRef] [PubMed]

Chatterjee, S.; Bhattacharya, M.; Nag, S.; Dhama, K.; Chakraborty, C. A Detailed Overview of SARS-CoV-2 Omicron: Its Sub-
Variants, Mutations and Pathophysiology, Clinical Characteristics, Immunological Landscape, Immune Escape, and Therapies.
Viruses 2023, 15, 167. [CrossRef]

McLean, H.Q.; Grijalva, C.G.; Hanson, K.E.; Zhu, Y.; Deyoe, ].E.; Meece, ].K.; Halasa, N.B.; Chappell, ].D.; Mellis, A.M.; Reed, C.;
et al. Household Transmission and Clinical Features of SARS-CoV-2 Infections. Pediatrics 2022, 149, €2021054178. [CrossRef]
Lopez, A.S.; Hill, M.; Antezano, J.; Vilven, D.; Rutner, T.; Bogdanow, L.; Claflin, C.; Kracalik, I.T.; Fields, V.L.; Dunn, A.; et al.
Transmission Dynamics of COVID-19 Outbreaks Associated with Child Care Facilities—Salt Lake City, Utah, April-July 2020.
MMWR Morb. Mortal Wkly. Rep. 2020, 69, 1319-1323. [CrossRef] [PubMed]

Madewell, Z.].; Yang, Y.; Longini, .M., Jr.; Halloran, M.E.; Dean, N.E. Household Secondary Attack Rates of SARS-CoV-2
by Variant and Vaccination Status: An Updated Systematic Review and Meta-analysis. JAMA Netw. Open. 2022, 5, €229317.
[CrossRef] [PubMed]

COVID-19 Guidance for Safe Schools and Promotion of In-Person Learning. Available online: https://www.aap.org/en/
pages/2019-novel-coronavirus-covid-19-infections/ clinical-guidance /covid-19-planning-considerations-return-to-in-person-
education-in-schools/ (accessed on 9 May 2024).

Goldstein, E.; Lipsitch, M.; Cevik, M. On the Effect of Age on the Transmission of SARS-CoV-2 in Households, Schools, and the
Community. J. Infect. Dis. 2021, 223, 362-369. [CrossRef]

Children and COVID-19: State-Level Data Report. Available online: https:/ /www.aap.org/en/pages/2019-novel-coronavirus-
covid-19-infections/children-and-covid-19-state-level-data-report/?_ga=2.86856984.1216052961.1702976577-307753667.17029
76577 (accessed on 19 December 2023).

Chua, G.T;; Wong, ].5.C.; Lam, L; Ho, PPK.; Chan, WH.; Yau, EY.S.; Rosa Duque, ].S.; Ho, A.C.C,; Siu, KK.; Cheung, TW.Y,; et al.
Clinical Characteristics and Transmission of COVID-19 in Children and Youths During 3 Waves of Outbreaks in Hong Kong.
JAMA Netw. Open. 2021, 4, €218824. [CrossRef] [PubMed]

Viner, RM.; Ward, ].L.; Hudson, L.D.; Ashe, M.; Patel, S.V.; Hargreaves, D.; Whittaker, E. Systematic review of reviews of
symptoms and signs of COVID-19 in children and adolescents. Arch. Dis. Child. 2020, 106, 802-807. [CrossRef] [PubMed]
Forrest, C.B.; Burrows, E.K.; Mejias, A.; Razzaghi, H.; Christakis, D.; Jhaveri, R.; Lee, G.M.; Pajor, N.M.; Rao, S.; Thacker, D.; et al.
Severity of Acute COVID-19 in Children <18 Years Old March 2020 to December 2021. Pediatrics 2022, 149, e2021055765.
Cheng, M.P,; Yansouni, C.P,; Basta, N.E.; Desjardins, M.; Kanjilal, S.; Paquette, K.; Caya, C.; Semret, M.; Quach, C.; Libman, M;
et al. Serodiagnostics for Severe Acute Respiratory Syndrome-Related Coronavirus 2: A Narrative Review. Ann. Intern. Med.
2020, 173, 450-460. [CrossRef]


https://doi.org/10.1056/NEJMoa2001017
https://www.ncbi.nlm.nih.gov/pubmed/31978945
https://doi.org/10.3389/fcell.2020.559841
https://www.ncbi.nlm.nih.gov/pubmed/33042994
https://doi.org/10.1038/s41579-023-00878-2
https://www.ncbi.nlm.nih.gov/pubmed/37020110
https://doi.org/10.1016/j.biopha.2022.113522
https://www.ncbi.nlm.nih.gov/pubmed/36030585
https://doi.org/10.3390/v15010167
https://doi.org/10.1542/peds.2021-054178
https://doi.org/10.15585/mmwr.mm6937e3
https://www.ncbi.nlm.nih.gov/pubmed/32941418
https://doi.org/10.1001/jamanetworkopen.2022.9317
https://www.ncbi.nlm.nih.gov/pubmed/35482308
https://www.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://www.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://www.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://doi.org/10.1093/infdis/jiaa691
https://www.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report/?_ga=2.86856984.1216052961.1702976577-307753667.1702976577
https://www.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report/?_ga=2.86856984.1216052961.1702976577-307753667.1702976577
https://www.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/children-and-covid-19-state-level-data-report/?_ga=2.86856984.1216052961.1702976577-307753667.1702976577
https://doi.org/10.1001/jamanetworkopen.2021.8824
https://www.ncbi.nlm.nih.gov/pubmed/33938934
https://doi.org/10.1136/archdischild-2020-320972
https://www.ncbi.nlm.nih.gov/pubmed/33334728
https://doi.org/10.7326/M20-2854

Diagnostics 2024, 14, 1039 13 of 14

16.

17.

18.

19.

20.

21.

22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Huang, A.T.; Garcia-Carreras, B.; Hitchings, M.D.T.; Yang, B.; Katzelnick, L.C.; Rattigan, S.M.; Borgert, B.A.; Moreno, C.A;
Solomon, B.D.; Trimmer-Smith, L.; et al. A systematic review of antibody mediated immunity to coronaviruses: Kinetics,
correlates of protection, and association with severity. Nat. Commun. 2020, 11, 4704. [CrossRef] [PubMed]

Wang, X.; Guo, X.; Xin, Q.; Pan, Y,; Hu, Y,; Li, J.; Chu, Y,; Feng, Y.; Wang, Q. Neutralizing Antibody Responses to Severe Acute
Respiratory Syndrome Coronavirus 2 in Coronavirus Disease 2019 Inpatients and Convalescent Patients. Clin. Infect. Dis. 2020,
71,2688-2694. [CrossRef]

Deeks, ].J.; Dinnes, J.; Takwoingi, Y.; Davenport, C.; Spijker, R.; Taylor-Phillips, S.; Adriano, A.; Beese, S.; Dretzke, J.; Ferrante di
Ruffano, L.; et al. Antibody tests for identification of current and past infection with SARS-CoV-2. Cochrane Database Syst. Rev.
2020, 6, CD013652.

Krammer, F. SARS-CoV-2 vaccines in development. Nature 2020, 586, 516-527. [CrossRef] [PubMed]

Kritsotakis, E.I. On the importance of population-based serological surveys of SARS-CoV-2 without overlooking their inherent
uncertainties. Public Health Pract. 2020, 1, 100013. [CrossRef] [PubMed]

Filippatos, F; Tatsi, E.B.; Dellis, C.; Efthymiou, V.; Margeli, A.; Papassotiriou, I.; Syriopoulou, V.; Michos, A. Seroepidemiology of
SARS-CoV-2 in pediatric population during a 16-month period prior to vaccination. J. Med. Virol. 2022, 94, 2174-2180. [CrossRef]
[PubMed]

Filippatos, F.; Tatsi, E.B.; Dellis, C.; Koukou, D.M.; Papagiannopoulos, C.; Margeli, A.; Siahanidou, T.; Kanaka-Gantenbein, C.;
Syriopoulou, V.; Michos, A. SARS-CoV-2 seroepidemiology in paediatric population during Delta and Omicron predominance.
Epidemiol. Infect. 2022, 150, €177. [CrossRef] [PubMed]

Tallei, T.E.; Alhumaid, S.; AlMusa, Z.; Fatimawali; Kusumawaty, D.; Alynbiawi, A.; Alshukairi, A.N.; Rabaan, A.A. Update on the
omicron sub-variants BA.4 and BA.5. Rev. Med. Virol. 2023, 33, €2391. [CrossRef] [PubMed]

Riester, E.; Findeisen, P.; Hegel, ] K.; Kabesch, M.; Ambrosch, A.; Rank, C.M.; Pessl, E; Laengin, T.; Niederhauser, C. Performance
evaluation of the Roche Elecsys Anti-SARS-CoV-2 S immunoassay. J. Virol. Methods 2021, 297, 114271. [CrossRef] [PubMed]
Download COVID-19 Data Sets. Available online: https://www.ecdc.europa.eu/en/covid-19/data (accessed on 25 January 2024).
Wachter, F.; Regensburger, A.P.; Antonia Sophia, P.; Knieling, F.; Wagner, A.L.; Simon, D.; Hoerning, A.; Woelfle, J.; Uberla, K,;
Neubert, A.; et al. Continuous monitoring of SARS-CoV-2 seroprevalence in children using residual blood samples from routine
clinical chemistry. Clin. Chem. Lab. Med. 2022, 60, 941-951. [CrossRef] [PubMed]

Suntronwong, N.; Vichaiwattana, P.; Klinfueng, S.; Puenpa, J.; Kanokudom, S.; Assawakosri, S.; Chansaenroj, J.; Srimuan, D.;
Thatsanatorn, T.; Songtaisarana, S.; et al. SARS-CoV-2 infection- induced seroprevalence among children and associated risk
factors during the pre- and omicron-dominant wave, from January 2021 through December 2022, Thailand: A longitudinal study.
PLoS ONE 2023, 18, €0279147. [CrossRef] [PubMed]

Sarmento, N.; Ico, L.C.; Sheridan, S.L.; Tanesi, M.Y.; Santos, C.G.; Barreto, I.; Gomes, N.; Oakley, T.; Draper, A.D.K.; Fancourt,
N.S.S.; et al. The use of residual serum samples to perform serological surveillance of severe acute respiratory syndrome
coronavirus 2 in Dili and regional areas of Timor-Leste. Trans. R. Soc. Trop. Med. Hyg. 2023, 117, 313-315. [CrossRef] [PubMed]
Sapronova, K.; Kake, R.; Pavare, ]J.; Gravele, D.; Sela, 1; Ergle, E.; Isarova, D.; Grinberga, Z.; Zavadska, D. SARS-CoV-2
seroprevalence among children in Latvia: A cross-sectional study. Medicine 2023, 102, e32795. [CrossRef] [PubMed]

Diallo, M.S.K.; Amougou-Atsama, M.; Ayouba, A.; Kpamou, C.; Mimbe Taze, E.D.; Thaurignac, G.; Diallo, H.; Lamare, N.B.;
Bouillin, J.; Soumah, A.K;; et al. Large Diffusion of Severe Acute Respiratory Syndrome Coronavirus 2 After the Successive
Epidemiological Waves, Including Omicron, in Guinea and Cameroon: Implications for Vaccine Strategies. Open Forum Infect. Dis.
2023, 10, ofad216. [CrossRef] [PubMed]

Nationwide Commercial Laboratory Seroprevalence Survey | Data | Centers for Disease Control and Prevention. Available online:
https:/ /data.cdc.gov/Laboratory-Surveillance /Nationwide-Commercial-Laboratory-Seroprevalence-Su/d2tw-32xv (accessed
on 10 November 2023).

Naeimi, R.; Sepidarkish, M.; Mollalo, A.; Parsa, H.; Mahjour, S.; Safarpour, F.; Almukhtar, M.; Mechaal, A.; Chemaitelly, H.; Sartip,
B.; et al. SARS-CoV-2 seroprevalence in children worldwide: A systematic review and meta-analysis. EClinicalMedicine 2023, 56,
101786. [CrossRef]

WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard with Vaccination Data. Available online:
https://covid19.who.int/ (accessed on 19 December 2023).

Stich, M.; Benning, L.; Speer, C.; Garbade, S.F,; Bartenschlager, M.; Kim, H.; Gleich, F,; Jeltsch, K.; Haase, B.; Janda, A_; et al.
Waning Immunity 14 Months After SARS-CoV-2 Infection. Pediatrics 2022, 150, €2022057151. [CrossRef] [PubMed]

CDC COVID Data Tracker: Trends in ED Visits. Available online: https://covid.cdc.gov/covid-data-tracker/#ed-visits_
separated_by_age_group (accessed on 25 January 2024).

Karakoc Aydiner, E.; Bilgic Eltan, S.; Babayeva, R.; Aydiner, O.; Kepenekli, E.; Kolukisa, B.; Sefer, A.P,; Yalcin Gungoren, E;
Karabiber, E.; Yucel, E.O,; et al. Adverse COVID-19 outcomes in immune deficiencies: Inequality exists between subclasses.
Allergy 2022, 77, 282-295. [CrossRef]

Delavari, S.; Abolhassani, H.; Abolnezhadian, F.; Babaha, F,; Iranparast, S.; Ahanchian, H.; Moazzen, N.; Nabavi, M.; Arshi, S.;
Fallahpour, M.; et al. Impact of SARS-CoV-2 Pandemic on Patients with Primary Immunodeficiency. J. Clin. Immunol. 2021, 41,
345-355. [CrossRef] [PubMed]

Meéndez-Echevarria, A.; Sainz, T.; Falces-Romero, I.; de Felipe, B.; Escolano, L.; Alcolea, S.; Pertifiez, L.; Neth, O.; Calvo, C.
Long-Term Persistence of Anti-SARS-CoV-2 Antibodies in a Pediatric Population. Pathogens 2021, 10, 700. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-020-18450-4
https://www.ncbi.nlm.nih.gov/pubmed/32943637
https://doi.org/10.1093/cid/ciaa721
https://doi.org/10.1038/s41586-020-2798-3
https://www.ncbi.nlm.nih.gov/pubmed/32967006
https://doi.org/10.1016/j.puhip.2020.100013
https://www.ncbi.nlm.nih.gov/pubmed/34171042
https://doi.org/10.1002/jmv.27608
https://www.ncbi.nlm.nih.gov/pubmed/35064572
https://doi.org/10.1017/S0950268822001601
https://www.ncbi.nlm.nih.gov/pubmed/36345855
https://doi.org/10.1002/rmv.2391
https://www.ncbi.nlm.nih.gov/pubmed/36017597
https://doi.org/10.1016/j.jviromet.2021.114271
https://www.ncbi.nlm.nih.gov/pubmed/34461153
https://www.ecdc.europa.eu/en/covid-19/data
https://doi.org/10.1515/cclm-2022-0037
https://www.ncbi.nlm.nih.gov/pubmed/35218170
https://doi.org/10.1371/journal.pone.0279147
https://www.ncbi.nlm.nih.gov/pubmed/37104299
https://doi.org/10.1093/trstmh/trac117
https://www.ncbi.nlm.nih.gov/pubmed/36482768
https://doi.org/10.1097/MD.0000000000032795
https://www.ncbi.nlm.nih.gov/pubmed/36820593
https://doi.org/10.1093/ofid/ofad216
https://www.ncbi.nlm.nih.gov/pubmed/37152188
https://data.cdc.gov/Laboratory-Surveillance/Nationwide-Commercial-Laboratory-Seroprevalence-Su/d2tw-32xv
https://doi.org/10.1016/j.eclinm.2022.101786
https://covid19.who.int/
https://doi.org/10.1542/peds.2022-057151
https://www.ncbi.nlm.nih.gov/pubmed/35953884
https://covid.cdc.gov/covid-data-tracker/#ed-visits_separated_by_age_group
https://covid.cdc.gov/covid-data-tracker/#ed-visits_separated_by_age_group
https://doi.org/10.1111/all.15025
https://doi.org/10.1007/s10875-020-00928-x
https://www.ncbi.nlm.nih.gov/pubmed/33263173
https://doi.org/10.3390/pathogens10060700
https://www.ncbi.nlm.nih.gov/pubmed/34199852

Diagnostics 2024, 14, 1039 14 of 14

39. Opygar, PD.; Ozsurekdi, Y.; Gurlevik, S.L.; Aykac, K.; Kukul, M.G.; Cura Yayla, B.C.; Ilbay, S.; Karakaya, J.; Teksam, O.; Cengiz,
A.B.; et al. Longitudinal Follow-up of Antibody Responses in Pediatric Patients With COVID-19 up to 9 Months After Infection.
Pediatr. Infect. Dis. . 2021, 40, €294-€299. [CrossRef] [PubMed]

40. Anderson, E.M.; Diorio, C.; Goodwin, E.C.; McNerney, K.O.; Weirick, M.E.; Gouma, S.; Bolton, M.].; Arevalo, C.P.; Chase, J.; Hicks,
P; et al. Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) Antibody Responses in Children With Multisystem
Inflammatory Syndrome in Children (MIS-C) and Mild and Severe Coronavirus Disease 2019 (COVID-19). |. Pediatr. Infect. Dis.
Soc. 2021, 10, 669-673. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1097/INF.0000000000003199
https://www.ncbi.nlm.nih.gov/pubmed/34250968
https://doi.org/10.1093/jpids/piaa161
https://www.ncbi.nlm.nih.gov/pubmed/33263756

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	SARS-CoV-2 Antibody Detection 
	Statistical Analysis 
	Ethical Approval 

	Results 
	Study Population 
	Seropositivity per Period and per Month 
	Association of SARS-CoV-2 Seropositivity with Demographic and Epidemiological Data 
	Seropositivity in Different Age Groups 
	Association of SARS-CoV-2 Abs-N with Demographic and Epidemiological Data 
	Multiple Linear Regression Model by Study Period 

	Discussion 
	Conclusions 
	References

