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Introduction: Serologic testing can provide a safe and fast approach for assessing SARS-CoV-2 antibodies. These
tests can be utilized as a complementary method in diagnosis and patients' follow-up, and can also be helpful
in epidemiological studies. This study aimed to describe temporal changes in the incidence of COVID-19 IgM
and IgG antibodies in emergency medical technicians (EMTs) within a specified time period.
Methods: All EMTs working for Tehran Emergency Medical Service (EMS) center duringMay to September 2020
were eligible for this study. Those EMTs who were suspected/probable/confirmed cases of COVID-19, based on
WHO defined criteria and were willing to participate, entered the study. The EMTs underwent serology testing
four weeks after the occurrence of exposure (in suspected cases) or onset of their symptoms (in probable/con-
firmed cases). Cases were further confirmed by RT-PCR and/or lung CT, and antibody testing was performed
for the second and third time with 12-week intervals. Finger-stick blood sampling was utilized for the specimen
collection in three different phases. Samples were then analyzed by a commercial immunochromatography-
based kit for qualitative measurement of serum IgM and IgG antibodies against the COVID-19 S-protein antigen.
Results: Two hundred eighty-four participants met the inclusion criteria; their mean age was 35.9 (SD = 7.6)
years and consisted of 244 (85.9%)males. COVID-19was confirmed in 169 out of 284 participants. Subsequently,
142 and 122 participants were included in phases 2 and 3 of the study, respectively. The number of seronegative
patients exceeded seropositive ones in all three phases. At baseline, 162 (57%) patients were seronegative, 27
(9.5%) were only positive for IgG, 3 (1.1%) were only positive for IgM, and 92 (32.4%) were positive for both an-
tibodies; Seventy-eight (54.9%) were seronegative, and 31 (21.8%) were positive for both antibodies in the sec-
ond phase; These values were 85 (69.6%) and 8 (6.6%) for the third phase, respectively. Among the people who
were positive IgG in the first phase (80 people), 56.3% were still positive in the second phase and 27.5% in both
subsequent phases.
Conclusion: The results of our study show that there is a significant reduction in COVID-19 antibody seropositivity
over time.

© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Since the emergence of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) in November 2019, it has affected many countries
[1,2]. Health care workers (HCWs) are more vulnerable to the disease
ncy Medicine, Sina Hospital,

aberian),
than the general population [3]; and emergency medical technicians
(EMTs) are among HCWs frequently in contact with probable, con-
firmed and even undiagnosed COVID-19 patients [4]. Considering that
EMTs are at constant risk of exposure, they are a population of interest,
and their immunity over time has a special importance [5,6].

Seroconversion and serum antibody trends over time in COVID-19
patients have received special attention recently [7-9]. SARS-CoV-2
and its related genus, beta-coronavirus, generally consist of four major
proteins: spike glycoprotein (S), nucleocapsid protein (N), small enve-
lope glycoprotein (E), and membrane glycoprotein (M). S protein
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plays a major role in viral attachment [10]. The receptor-binding
domain (RBD) in the S1 subunit of S protein is responsible for
interacting with ACE2 receptors and facilitating the virus entry into
human cells. Thus antibodies against S protein make a vital area for re-
search [10,11]. Serologic testing can provide a safe and fast means for
assessing SARS-CoV-2 antibodies. These tests can be utilized as a comple-
mentary method in diagnosis and patient follow-ups and can be helpful
in epidemiological studies [12,13]. The possibility of seroreversion and a
decline in the serum antibody level over time is an important potential
problem regarding COVID-19, which might lead to decreased immunity.
Although several papers have assessed the persistence of post-recovery
COVID-19 antibodies, the exact temporal course of the antibodies in
more extended periods is not clear yet [14-16]. Specially, misguided be-
liefs about the length of time a SARS-CoV-2 infection confers immunity
lead some to believe they do not need the vaccine [17,18]. This study
aimed to describe temporal changes in the incidence of COVID-19 IgM
and IgG antibodies in EMTs within a specified time period.

2. Methods

2.1. Study design and setting

Iran was among the most affected countries by the COVID-19 pan-
demic and its capital city, Tehran, was among the cities with a very
high incidence rate of the disease. During a six month period, from 20
March 2020 until 21 September 2020, 1,301,896 calls weremade to Teh-
ran Emergency Medical Services (EMS) dispatch center, lead to 333,374
missions by the EMTs; 10,187 (3.06) out of the performedmissionswere
related to COVID-19 patients. All EMTs working for Tehran EMS center
during May to September 2020 were eligible for participation in this
study. The studyproposalwas approvedby the ethical committee of Teh-
ran University of Medical Sciences (IR.TUMS.MEDICINE.REC.1399.1160).
All subjects gave written informed consent prior to participation.

2.2. Study population

The sample collection was done in three different phases. At first, all
EMTs who were suspected/probable/confirmed cases of COVID-19,
based onWHOdefined criteria [19], andwere willing to participate, en-
tered the study. All eligible EMTs who fulfilled the inclusion criteria
were registered in a list.

Based on the literature, IgG antibodies reach their highest levels al-
most 4 weeks after the onset of COVID-19 symptoms [20-22]. Mean-
while, it was reported that antibodies were still detectable 3–6 months
after onset of the disease symptoms [23-25]. Considering the content of
literature and using experts' opinion we made a scheduled process for
serology testing. The EMTs underwent serology testing four weeks
after the occurrence of exposure (in suspected cases) or onset of their
symptoms (in probable/confirmed cases). Thereafter, we re-checked
the antibodies for the second and third times with almost 12 weeks
gap between each test. At the second phase (12 weeks after first test)
just confirmed cases (positive findings of RT-PCR and/or lung CT scan)
were tested again for antibodies.

2.3. Data collection

A checklist was distributed among participants to record their de-
mographic data and several variables that might potentially affect the
serum antibody trend. The checklist included age, sex, height and
weight, cigarette smoking, and chronic underlying diseases.

2.4. Antibody assessment tool

Finger-stick blood samplingwas utilized for the specimen collection. Our
samples were then analyzed by a commercial immunochromatography-
based rapid test kit made by Karmapharmaco co. Iran. The kit was used for
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qualitative measurement of serum IgM and IgG antibodies against
the COVID-19 S-protein antigen. The tests were performed according
to the manufacturer's instructions and its accuracy was confirmed in a
study [6].

2.5. Statistical analysis

The collected data were added to SPSS software (IBM SPSS Statistics
for Windows, Version 25.0. Armonk, NY: IBM Corp) and analyzed using
descriptive statistics for the baseline and demographic variables. The
quantitative data were reported as mean and standard deviation (SD)
and qualitative data were described with frequency and percentage.
The distribution and changes of qualitative data, like any potential
changes of antibody frequencies in the study phases, were assessed
with Chi-square or Fisher's Exact test, as appropriate based-on test as-
sumption. We also used the independent t-test to compare means of
qualitative date in two groups. A p-value of <0.05was considered statis-
tically significant.

3. Results

Almost 1800 EMTs were working for Tehran EMS center, of whom
284 (15.8%) EMTs were considered as probable/confirmed COVID-19
patient during the study period. The mean age of our study population
was 35.9 (SD = 7.6) years consisting of 244 (85.9%) male and 40
(14.1%) female patients. The mean BMI of the participants was 23.5
(SD = 3.9). Based on the findings, of 284 EMTs, 4.2% were cigarette
smokers and 18% had at least one chronic medical disease. There was
no significant difference between the IgM or IgG positive and negative
participants regarding age, medical history, or cigarette smoking
(p > 0.05).

In the first phase of the study, these 284 EMTs that all met the inclu-
sion criteria were tested for COVID-19 antibodies. Albeit, out of 284
EMTs participating in the first phase, 169 were positive for COVID-19
based on RT-PCR test or lung CT scan. Subsequently, 142 and 122
EMTs were included in phases 2 and 3 of the study, respectively.

The number of seronegative patients exceeded seropositive ones in
all three phases. At the baseline, 162 (57%) patients were seronegative,
27 (9.5%)were only positive for IgG, 3 (1.1%)were only positive for IgM,
and 92 (32.4%) were positive for both antibodies. Similarly, among the
participants who were included in the subsequent phases, 78 (54.9%)
were seronegative, and 31 (21.8%) were positive for both antibodies in
the second phase; these figures were 85 (69.6%) and 8 (6.6%) for the
third phase, respectively (Table 1).

Comparison of first versus second phases (p< 0.001), second versus
third phases (p < 0.001) and also, first and third phases (p = 0.025)
showed that seropositivity declined significantly over the study period.

An evaluationof the seronegativity trendbetweenphases (Tables 2-4)
revealed that most patients who were negative for both antibodies re-
mained negative in the latter phases. Of the total number of IgM and
IgG negative patients in the first phase who participated in the second
phase, 33 (76.7%) remained seronegative. This value was 54 (85.7%) and
30 (78.9%) for phase 2 to 3 and phase 1 to 3, respectively. On the other
hand, the results demonstrated a considerable decline in seropositivity
over time. Of the total number of patients who tested positive for both
antibodies in the first phase and engaged in the second phase, 22
(28.9%) remained positive for both antibodies, 25 (32.9%) resulted posi-
tive only for IgG, and 29 (38.2%) turned negative. In a similar manner,
the study revealed that in the period between the second and third
phase, 2 (8%) patients remained positive for both antibodies, 9 (36%)
turned positive only for IgG, and 14 (56%) were negative. Likewise,
between first and third phase 6 (8.8%) remained positive, 18 (26.5%)
were only positive for IgG, and 44 (64.7%) turned negative.

During the period between the first and second phase, 10 (23.3%)
patients seroconverted; 3 of them only tested positive for IgG, and
others were positive for both antibodies. Between phase two and



Table 1
Frequency distribution of Tehran EMTs' antibody test results in all three phases of the study.

Findings First phase (n = 284) Second phase (n = 142) Third phase (n = 122)

n (% in total) % in participated n (% in total) % in participated

Negative for both Antibodies 162 (57.0%) 78 (27.5%) 54.9% 85 (29.9%) 69.6%
Positive for IgM 3 (1.1%) 2 (0.7%) 1.4% 3 (1.1%) 2.5%
Positive for IgG 27 (9.5%) 31 (10.9%) 21.8% 26 (9.2%) 21.3%
Positive for both antibodies 92 (32.4%) 31 (10.9%) 21.8% 8 (2.8%) 6.6%
Non-attendance – 27 (9.5%) – 50 (17.6%) –
Exclusion – 115 (40.5%) – 112 (39.4%) –

Table 2
Frequency distribution and changes in first vs. second phase antibody test results. (p < 0.001)

Second phase
Total

Negative for both Antibodies Positive for IgM Positive for IgG Positive for both antibodies

First phase Negative for both Antibodies Count 33 0 3 7 43
% within P.1 76.7 0.0 7.0 16.3 100.0
% within P.2 42.3 0.0 9.7 22.6 30.3

Positive for IgM Count 0 2 0 0 2
% within P.1 0.0 100.0 0.0 0.0 100.0
% within P.2 0.0 100.0 0.0 0.0 1.4

Positive for IgG Count 16 0 3 2 21
% within P.1 76.2 0.0 14.3 9.5 100.0
% within P.2 20.5 0.0 9.7 6.5 14.8

Positive for both antibodies Count 29 0 25 22 76
% within P.1 38.2 0.0 32.9 28.9 100.0
% within P.2 37.2 0.0 80.6 71.0 53.5

Total Count 78 2 31 31 142
% within P.1 54.9 1.4 21.8 21.8 100.0
% within P.2 100.0 100.0 100.0 100.0 100.0

P: phase.

Table 3
Frequency distribution and changes in second vs. third phase antibody test results. (p < 0.001)

Third phase Total

Negative for both Antibodies Positive for IgM Positive for IgG Positive for both antibodies

Second phase Negative for both Antibodies Count 54 2 5 2 63
% within P.1 85.7 3.2 7.9 3.2 100.0
% within P.2 66.7 66.7 20.0 25.0 53.8

Positive for IgM Count 1 1 0 0 2
% within P.1 50.0 50.0 0.0 0.0 100.0
% within P.2 1.2 33.3 0.0 0.0 1.7

Positive for IgG Count 12 0 11 4 27
% within P.1 44.4 0.0 40.7 14.8 100.0
% within P.2 14.8 0.0 44.0 50.0 23.1

Positive for both antibodies Count 14 0 9 2 25
% within P.1 56.0 0.0 36.0 8.0 100.0
% within P.2 17.3 0.0 36.0 25.0 21.4

Total Count 81 3 25 8 117
% within P.1 69.2 2.6 21.4 6.8 100.0
% within P.2 100.0 100.0 100.0 100.0 100.0

P: phase.
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three, nine (14.3%) patients seroconverted; two of them only tested
positive for IgM, five for IgG, and the other two were positive for both.

In the same way, the seroreversion rate was analyzed, indicating a
substantial reduction in antibody levels. During the period between
the first and second phase, 45 patients seroreverted, including 16
(76.2%) out of 21 patients who were IgG positive and 29 (38.2%) out
of 76 patients whowere positive for both antibodies. Similarly, between
the second and third phase, 27 patients seroreverted, including 1 (50%)
of IgM positive participants, 12 (44.4%) of IgG positive ones, and 14
(56%) of those who were positive for both antibodies.
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Fig. 1 shows a summary of seroconversion in our study patients. Out
of the total, 117 EMTs participated in all 3 phases of the study. Among
these individuals, 80 EMTs (68.4%) were positive for IgG in the first
phase and this percentage was 44.4% and 28.2% for the second and
third phases, respectively. Out of 117 EMTs, 91 were positive for IgG
in at least one of the three phases and 22 (18.8%) were positive for
IgG in all three phases (Fig. 1). In other words, among the people who
were positive IgG in the first phase (80 people), 56.3%were still positive
in the second phase and 27.5% in both subsequent phases (second and
third).



Table 4
Frequency distribution and changes in first vs. third phase antibody test results. (p 0.025)

Third phase Total

Negative for both Antibodies Positive for IgM Positive for IgG Positive for both antibodies

First phase Negative for both Antibodies Count 30 0 6 2 38
% within P.1 78.9 0.0 15.8 5.3 100.0
% within P.2 35.3 0.0 23.1 25.0 31.1

Positive for IgM Count 1 1 0 0 2
% within P.1 50.0 50.0 0.0 0.0 100.0
% within P.2 1.2 33.3 0.0 0.0 1.6

Positive for IgG Count 10 2 2 0 14
% within P.1 71.4 14.3 14.3 0.0 100.0
% within P.2 11.8 66.7 7.7 0.0 11.5

Positive for both antibodies Count 44 0 18 6 68
% within P.1 64.7 0.0 26.5 8.8 100.0
% within P.2 51.8 0.0 69.2 75.0 55.7

Total Count 85 3 26 8 122
% within P.1 69.7 2.5 21.3 6.6 100.0
% within P.2 100.0 100.0 100.0 100.0 100.0

P: phase.

Fig. 1. The distribution and prevalence of positive IgG in emergency medical technicians
which participated in all 3-phases of study (n = 117).
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There was one EMT who interestingly had positive IgG in all three
phases that was diagnosed with re-infection during the study period.
4. Discussion

Humoral immune responses are the most important arm of the im-
mune system against re-infection and strongly associated with protec-
tion [26]. Neutralizing antibodies neutralize viruses that enter the
body and prevent them from reaching receptor-containing cells, or at
least reduce the number of viruses that reach cells or receptors [27].

Previous works have stated that SARS-CoV-2 IgM can be applied
as a marker for acute-phase infection. However, it has been re-
ported that COVID-19 IgM antibodies can persist for months post-
infection [28]. Antibody seroconversion is reported about 12 days
after the onset of symptoms, and most people have neutralizing an-
tibodies 14 to 20 days after the onset [29]. The level of neutralizing
antibodies is directly related to age, male gender and disease sever-
ity [29,30]. However, these antibodies have been reported to de-
cline in the first few months post-infection. This raises concerns
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about the quality and quantity of cell and humoral immunity
against COVID-19 [31].

Although antibody responses have been identified in most patients
from COVID-19, studies on diversion and persistence of antibody re-
sponses are still under investigation [10,13,14,27,29]. Humoral immu-
nity against SARS-CoV-2 may not be long lasting in persons with mild
illness [32]. The results of our study show that there is a significant re-
duction in seropositivity over time, which is consistent with other stud-
ies. It is not truly possible to conclude beyond our study period because
it is likely that the decline in antibody titer will continue. We still need
to be cautious about antibody-based “immunity passports,” herd immu-
nity, and perhaps vaccine efficacy over time.

Discrepancies between prevalence reported in our study and the
others' data, may be caused bymethodological and technical differences
between studies [10,13,14,27,29]. One factor may have been the quality
of the kits used for serological testing [28]. The sensitivities and specific-
ities of the antibody detection kits used in different studies are variable;
sensitivities ranged from 75% to 100% and specificities were 80% or
higher [3].

Another issue especially in countries with a high burden of commu-
nity infection is the correlation of acquiring infection to working in a
hospital. Contact with patients (59%), infected coworkers (11%), and
community acquired infection (13%) were reported as main routes of
exposure among Health Care Workers (HCWs), however the opposite
results have been reported [33]. In a study, seroprevalence in personnel
working with non-COVID-19 patients was 8.6% and another study re-
ported 2.9% seropositivity [34,35]; whilst, much lower seroprevalence
was reported in HCWs caring for COVID-19 infected patients, with
most studies reporting 0–2%. In another study, the seropositivity rate
was 1.2% and 5.4% among HCWs treating COVID-19 and not treating
COVID-19 patients, respectively [36].

The pattern of seroconversion in our study highlighted the possibil-
ity of re-infection at various times after the primary infection, which
could be considered as a key point for establishing vaccination strate-
gies. Indeed, it should be emphasized that more vaccine boosters may
be needed for proper protection against the disease and future studies
should evaluate the necessity and timing of vaccines and boosters,
even in patients who were previously infected.

4.1. Limitations

A linear trend of seropositivity in our study against the expected ex-
ponential rate of transmission growth within people with close contact
may support the transmission via community-related exposure to
COVID-19, not by co-workers. In addition to technical issues, our sample
size is too small to conclude a definitive trend.
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The severity of the infection in the participants was not considered;
and, the interval between the onset of infection and the time of testing
was not exactly controlled. Also this is a qualitative study and the extent
of antibody titer reduction over the time is unknown. There was a 9.5%
and 17.6% non-attendance of subjects in 2nd and 3rd phases, respec-
tively, that may influence the analysis of the results to some extent.

5. Conclusion

Our research results indicate that there is a significant reduction in
COVID-19 antibody seropositivity over time. Although seropositivity
decreased during the study period, 24 weeks after the first test and in
the third phase, at least one-third of EMTs still had positive antibodies;
and except for one, none of the EMTs reported re-infection.

Authors' contribution

The conception and design of the work by PS, AB and PHS; Data ac-
quisition by PHS, MJ and ZA; Analysis and interpretation of data by FS,
AB and AA; Drafting the work by SF, AB and AA; Revising it critically
for important intellectual content by PS, PHS, MJ and ZA; All the authors
approved thefinal version to be published; ANDagree to be accountable
for all aspects of thework in ensuring that questions related to the accu-
racy or integrity of any part of the work.

Funding

This study was funded with a grant from Tehran EMS Center. The
project was commissioned by the organization and the cost was paid
to the contractor.

Declaration of Competing Interest

None declared.

Acknowledgments

We would like to express our commitment to the Prehospital and
Hospital Emergency Research Center affiliated to Tehran University of
Medical Sciences.

References

[1] Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, et al. A familial cluster of pneumonia
associated with the 2019 novel coronavirus indicating person-to-person transmis-
sion: a study of a family cluster. Lancet. 2020;395(10223):514–23.

[2] Vahidi E, Jalili M. Why COVID-19? Front Emerg Med. 2020;4(2s) e36-e.
[3] Gómez-Ochoa SA, Franco OH, Rojas LZ, Raguindin PF, Roa-Díaz ZM, Wyssmann BM,

et al. COVID-19 in health-careworkers: a living systematic review andmeta-analysis
of prevalence, risk factors, clinical characteristics, and outcomes. Am J Epidemiol.
2021;190(1):161–75.

[4] Jalili M. How should emergency medical services personnel protect themselves and
the patients during COVID-19 pandemic? Front Emerg Med. 2020;4(2s):e37.

[5] Jalili M. How should emergency medical services personnel protect themselves and
the patients during COVID-19 pandemic? Adv J Emerg Med. 2020;4(2s):e37.

[6] Saberian P, Mireskandari SM, Baratloo A, Hasani-Sharamin P, Babaniamansour S,
Aliniagerdroudbari E, et al. Antibody rapid test results in emergency medical ser-
vices personnel during COVID-19 pandemic; a cross sectional study. Arch Acad
Emerg Med. 2021;9(1):e2.

[7] Ou J, Tan M, He H, Tan H, Mai J, Long Y, et al. Study on the expression levels of anti-
bodies against SARS-CoV-2 at different period of disease and its related factors in
192 cases of COVID-19 patients. MedRxiv. 2020 https://europepmc.org/article/ppr/
ppr167097.

[8] Infantino M, Manfredi M, Grossi V, Lari B, Fabbri S, Benucci M, et al. Closing the se-
rological gap in the diagnostic testing for COVID-19: the value of anti-SARS-CoV-2
IgA antibodies. J Med Virol. 2021;93(3):1436–42.
63
[9] Muhsen K, Schwaber MJ, Bishara J, Kassem E, Atamna A, Na’amnih W, et al. Sero-
prevalence and sero-incidence of antibodies to SARS-CoV-2 in health care workers
in Israel, prior to mass COVID-19 vaccination. Front Med. 2021;8.

[10] Jiang S, Hillyer C, Du L. Neutralizing antibodies against SARS-CoV-2 and other human
coronaviruses. Trends Immunol. 2020;41(5):355–9.

[11] Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona O, et al. Cryo-EM
structure of the 2019-nCoV spike in the prefusion conformation. Science. 2020;
367(6483):1260–3.

[12] Safiabadi Tali SH, LeBlanc JJ, Sadiq Z, Oyewunmi OD, Camargo C, Nikpour B, et al.
Tools and techniques for severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2)/COVID-19 detection. Clin Microbiol Rev. 2021;34(3) e00228–20.

[13] Saberian P, Mireskandari SM, Baratloo A, Hasani-Sharamin P, Babaniamansour S,
Aliniagerdroudbari E, et al. Antibody rapid test results in emergency medical ser-
vices personnel during COVID-19 pandemic; a cross sectional study. Archives of
Acad Emerg Med. 2021;9(1).

[14] Iyer AS, Jones FK, Nodoushani A, Kelly M, Becker M, Slater D, et al. Persistence and
decay of human antibody responses to the receptor binding domain of SARS-CoV-
2 spike protein in COVID-19 patients. Sci Immunol. 2020;5(52):eabe0367.

[15] Kirkcaldy RD, King BA, Brooks JT. COVID-19 and postinfection immunity: limited
evidence, many remaining questions. Jama. 2020;323(22):2245–6.

[16] Rahmani S, Keikha S. Reinfection in COVID-19; gap between theory and reality. Front
Emerg Med. 2021;5(4):e37.

[17] Flodgren GM. Immunity after SARS-CoV-2 Infection, 1st Update–a Rapid Review;
2020.

[18] Sridhar D, Gurdasani D. Herd immunity by infection is not an option. Science. 2021;
371(6526):230–1.

[19] WHO COVID-19. Case Definitions. updated 16. Available from: https://www.who.
int/publications/i/item/WHO-2019-nCoV-Surveillance_Case_Definition-2020.2;
December 2020.

[20] Li L, Tong X, Chen H, He R, Lv Q, Yang R, et al. Characteristics and serological patterns
of COVID-19 convalescent plasma donors: optimal donors and timing of donation.
Transfusion. 2020;60(8):1765–72.

[21] Marklund E, Leach S, Axelsson H, Nyström K, Norder H, Bemark M, et al. Serum-IgG
responses to SARS-CoV-2 after mild and severe COVID-19 infection and analysis of
IgG non-responders. PLoS One. 2020;15(10):e0241104.

[22] Zhang G, Nie S, Zhang Z, Zhang Z. Longitudinal change of severe acute respiratory
syndrome coronavirus 2 antibodies in patients with coronavirus disease 2019. J
Infect Dis. 2020;222(2):183–8.

[23] Anand SP, Prévost J, Nayrac M, Beaudoin-Bussières G, Benlarbi M, Gasser R, et al.
Longitudinal analysis of humoral immunity against SARS-CoV-2 spike in convales-
cent individuals up to 8 months post-symptom onset. Cell Rep Med. 2021;100290.

[24] Staines HM, Kirwan DE, Clark DJ, Adams ER, Augustin Y, Byrne RL, et al. Dynamics of
IgG seroconversion and pathophysiology of COVID-19 infections. MedRxiv. 2020.

[25] Fu Y, Li Y, Guo E, He L, Liu J, Yang B, et al. Dynamics and correlation among viral
positivity, seroconversion, and disease severity in COVID-19: a retrospective study.
Ann Intern Med. 2021;174(4):453–61.

[26] Falahi S, Kenarkoohi A. COVID-19 reinfection: prolonged shedding or true reinfec-
tion? New Microb New Infect. 2020;38:100812.

[27] Carrillo J, Izquierdo-Useros N, Ávila-Nieto C, Pradenas E, Clotet B, Blanco J. Humoral
immune responses and neutralizing antibodies against SARS-CoV-2; implications in
pathogenesis and protective immunity. Biochem Biophys Res Commun. 2021;538:
187–91.

[28] Heyming TW, Sanger T, Tongol A, Schomberg J, Bacon K, Lara B. Provider antibody
serology study of virus in the emergency room (PASSOVER) study: special popula-
tion COVID-19 Seroprevalence. West J Emerg Med. 2021;22(3):565.

[29] Chvatal-Medina M, Mendez-Cortina Y, Patiño PJ, Velilla PA, Rugeles MT. Antibody
responses in COVID-19: a review. Front Immunol. 2021;12.

[30] Falahi S, Kenarkoohi A. Sex and gender differences in the outcome of patients with
COVID-19. J Med Virol. 2020;93(1):151–2.

[31] Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM, Schmitz AJ, et al. SARS-CoV-2
infection induces long-lived bone marrow plasma cells in humans. Nature. 2021;
1-5.

[32] Ibarrondo FJ, Fulcher JA, Goodman-Meza D, Elliott J, Hofmann C, Hausner MA, et al.
Rapid decay of anti–SARS-CoV-2 antibodies in persons with mild Covid-19. N Engl J
Med. 2020;383(11):1085–7.

[33] Psichogiou M, Karabinis A, Pavlopoulou ID, Basoulis D, Petsios K, Roussos S, et al.
Antibodies against SARS-CoV-2 among health care workers in a country with low
burden of COVID-19. PLoS One. 2020;15(12):e0243025.

[34] Piccoli L, Ferrari P, Piumatti G, Jovic S, Rodriguez BF, Mele F, et al. Risk assessment
and seroprevalence of SARS-CoV-2 infection in healthcare workers of COVID-19
and non-COVID-19 hospitals in southern Switzerland. The Lancet Reg Health-
Europe. 2021;1:100013.

[35] Scozzari G, Costa C, Migliore E, Coggiola M, Ciccone G, Savio L, et al. Prevalence,
persistence, and factors associated with SARS-CoV-2 IgG seropositivity in a large co-
hort of healthcare workers in a Tertiary Care University Hospital in Northern Italy.
Viruses. 2021;13(6):1064.

[36] Ko J-H, Lee JY, Kim HA, Kang S-J, Baek JY, Park S-J, et al. Serologic evaluation of
healthcare workers caring for COVID-19 patients in the Republic of Korea. Front
Microbiol. 2020;11:2935.

http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0005
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0005
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0005
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0010
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0015
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0015
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0015
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0015
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0020
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0020
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0025
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0025
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0030
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0030
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0030
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0030
https://europepmc.org/article/ppr/ppr167097
https://europepmc.org/article/ppr/ppr167097
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0040
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0040
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0040
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0045
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0045
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0045
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0050
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0050
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0055
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0055
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0055
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0060
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0060
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0060
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0065
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0065
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0065
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0065
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0070
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0070
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0070
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0075
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0075
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0080
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0080
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0085
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0085
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0090
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0090
https://www.who.int/publications/i/item/WHO-2019-nCoV-Surveillance_Case_Definition-2020.2
https://www.who.int/publications/i/item/WHO-2019-nCoV-Surveillance_Case_Definition-2020.2
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0100
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0100
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0100
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0105
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0105
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0105
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0110
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0110
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0110
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0115
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0115
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0115
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0120
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0120
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0125
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0125
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0125
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0130
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0130
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0135
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0135
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0135
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0135
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0140
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0140
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0140
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0145
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0145
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0150
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0150
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0155
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0155
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0155
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0160
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0160
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0160
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0165
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0165
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0165
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0170
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0170
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0170
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0170
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0175
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0175
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0175
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0175
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0180
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0180
http://refhub.elsevier.com/S0735-6757(21)00923-2/rf0180

