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a b s t r a c t 

Objectives: Seroprevalence studies can provide a measure of SARS-CoV-2 cumulative incidence, but a 

better understanding of spike and nucleocapsid (anti-N) antibody dynamics following infection is needed 

to assess the longevity of detectability. 

Methods: Adults aged ≥18 years, from households enrolled in the Virus Watch prospective community 

cohort study in England and Wales, provided monthly capillary blood samples, which were tested for 

spike antibody and anti-N. Participants self-reported vaccination dates and past medical history. Previous 

polymerase chain reaction (PCR) swabs were obtained through Second Generation Surveillance System 

linkage data. The primary outcome variables were seropositivity and total anti-N and spike antibody lev- 

els after PCR-confirmed infection. 

Results: A total of 13,802 eligible individuals provided 58,770 capillary blood samples. A total of 537 of 

these had a previous positive PCR-confirmed SARS-CoV-2 infection within 0-269 days of antibody sample 

date, among them 432 (80.45%) having a positive anti-N result. Median anti-N levels peaked between 

days 90 and 119 after PCR results and then began to decline. There is evidence of anti-N waning from 

120 days onwards, with earlier waning for females and younger age categories. 

Conclusion: Our findings suggest that anti-N has around 80% sensitivity for identifying previous COVID-19 

infection, and the duration of detectability is affected by sex and age. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ntroduction 

Antibodies produced following natural infection with SARS- 

oV-2, the virus which causes COVID-19, are known to provide 

ome protection against reinfection for at least 6 months in the 

arly stages of the pandemic ( Hansen et al., 2021 ). The propor- 

ion of infected individuals who are N-antibody (anti-N) and S- 

ntibody (anti-S) positive and the stability of the antibody re- 

ponse over time are not well established ( Siggins et al., 2021 ). In

he United Kingdom, surveillance has been largely through symp- 

omatic testing with reverse transcriptase polymerase chain re- 

ction (RT-PCR) assays or asymptomatic testing through lateral 

ow device tests. In large-scale population surveys for the Of- 

ce for National Statistics COVID Infection Study and the REal- 

ime Assessment of Community Transmission (REACT) study, and 

K Health Security Agency (formerly Public Health England) blood 

onation surveys, monitoring through seroprevalence is being car- 

ied out ( Public Health, 2021 ; Coronavirus (COVID-19) 2022 ; Riley 

t al., 2021 ). Meta-analyses of the proportion of infections that are 

symptomatic show that approximately one-third of cases do not 

evelop symptoms at any point during acute infection ( Beale et al., 

020 ). 

Seroprevalence studies can provide a measure of cumulative in- 

idence that accounts for asymptomatic infections, but more infor- 

ation on antibody waning is needed to aid the interpretation of 

hese studies. The widespread use of COVID-19 vaccines in Eng- 

and and Wales (e.g., Pfizer, AstraZeneca, and Moderna) that only 

timulate anti-S means that distinguishing antibodies derived from 

atural infection from those derived through vaccination requires 

easurement of both anti-N and anti-S ( Favresse et al., 2021 ). A 

hallenge with seroprevalence studies is that it is still unclear how 

ong anti-S and anti-N remain in circulation after infection. The du- 

ation of which antibodies are detectable can also inform model- 

ng approaches guiding the pandemic response, especially in coun- 

ries where vaccine rollout is in the early stages. Much of the cur- 

ent evidence on antibody response or duration of detection is fo- 

used on specific occupational or institutional subgroups, with a 

eversion of anti-N at 242 days (e.g., healthcare, university, nurs- 

ng homes) ( Krutikov et al., 2022 ; Shrotri et al., 2021 ; Vusirikala

t al., 2021 ). Assessing longer-term antibody responses across the 

opulation is critical to evaluate immune protection at the popu- 

ation level. Furthermore, anti-S are produced in response to both 

accination or previous infection and are therefore not an accu- 

ate measure of previous infection in countries that have rolled 

ut widespread COVID-19 vaccination programs. Anti-N, which is 

nly produced in response to SARS-CoV-2 infection or vaccines not 

vailable in the United Kingdom, may be a reliable option for sero- 

urveillance, but little is known about the timeline of serocon- 

ersion nor duration of detectable levels of antibodies ( Bochnia- 

ueno et al., 2022 ). 

To improve our understanding of the longevity of anti-N and 

nti-S responses over time, we evaluated both antibody detection 

nd titers to establish factors that contribute to seropositivity and 

aning after infection, defined by a previous positive PCR. Specifi- 

ally, we aimed to investigate: 

1. The proportion of individuals who are anti-N positive, within 

269 days of PCR-confirmed infection, and associated demo- 

graphic and clinical characteristics. 

2. Anti-N and anti-S detection and titers from 0-540 days since 

infection. 

3. Comparison of anti-N and anti-S detection and titers based on 

infection, vaccination, or both. 
105 
ethods 

tudy design and setting 

The Virus Watch study is a household community cohort of 

cute respiratory infections in England and Wales that started re- 

ruitment in June 2020 ( Hayward et al., 2021 ). As of August 31, 

021, 50,773 participants were recruited using various methods, in- 

luding posting on social media, SMS messages, and letters from 

heir general practice. Participants provided information on age, 

ex, ethnicity, household information (e.g., number of household 

embers, postcode), and medical history (e.g., underlying medi- 

al conditions, medication history). Participants were followed up 

eekly by email with a link to a survey that captured informa- 

ion about vaccination status and SARS-CoV-2 infection. Between 

ebruary and May 2021, invitations to participate in monthly anti- 

ody testing were sent to enrolled eligible households. Consenting 

articipants provided capillary blood samples on a monthly basis 

p until August 31,2021. 

amples 

Capillary blood samples (40 0-60 0 μl) were self-collected by 

articipants using an at-home kit manufactured by the company, 

hriva. Completed kits were returned by participants using pre- 

aid envelopes and priority postage boxes to United Kingdom 

ccreditation Service-accredited laboratories for serological test- 

ng using Roche’s Elecsys Anti-SARS-CoV-2 electrochemilumines- 

ence assays targeting total immunoglobulin to the nucleocapsid 

N) protein, or to the receptor binding domain in the S1 sub- 

nit of the spike protein (S) (Roche Diagnostics, Basel, Switzerland 

Public Health, 2020) . Results for anti-N were reported as numeric 

alues in the form of a cut-off index (COI). The detection limit is 

etermined by the ratio of the luminescence of the sample rela- 

ive to the predefined negative threshold. This threshold was deter- 

ined by calibrating against known negative samples ( Egger et al., 

020 ). At the manufacturer-recommended seropositivity thresholds 

 ≥1.0 COI for N and ≥0.8 units per milliliter [U/ml] for S), the N as-

ay has a sensitivity of 97.2-99.5% and specificity of 99.8%, whereas 

he S assay has a sensitivity of 97.9-98.8% and a specificity of 100%, 

ith a high agreement between the assays for samples from pre- 

iously infected individuals ( Ainsworth et al., 2020 ; Public Health 

ngland, n.d.; Riester et al., 2021 ). All samples processed between 

ebruary 24, 2021 (first samples) to August 31, 2021 were included 

n the analysis of anti-N and, depending on vaccination status, 

nti-S results. For anti-S levels, samples processed before July 1 

with the exception of a 2-day pilot) had an upper limit of 250 

/ml. After this date, if sample results exceeded the upper limit of 

he analytical measuring interval, they underwent dilution with a 

iluent universal of 1: 10 up to 1: 100, providing an upper limit of 

5,0 0 0 U/ml ( Roche Diagnostics GmbH, 2020 ) 

ovariates 

Age, sex, ethnicity, underlying health conditions, body mass in- 

ex, and whether participants were taking immunosuppressants 

ere self-reported during study registration. Age was grouped into 

he following categories: 18-34, 35-49, 50-64, 65-79, and ≥80 

ears. Ethnicity data were grouped into Black, White, South Asian, 

ther Asian, Mixed categories, and Other/missing. Sex was limited 

o male and female categories. Participants were asked to report 

pecific health conditions, which were grouped as part of the anal- 

sis (further details in Appendix Table 1 ). 
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Table 1 

Proportion of those with positive anti-N result, grouped by age, sex and vaccination status 

Anti-N Positive (n / N) Percentage Positive (%) 95% CI 

Age category 

18-34 58 / 79 73 •42% (63 •68, 83 •16) 

35-49 121 / 143 84 •62% (78 •7, 90 •53) 

50-64 151 / 193 78 •24% (72 •42, 84 •06) 

65-79 100 / 120 83 •33% (76 •66, 90) 

80 + 2 / 2 100% (100, 100) 

Sex 

Female 253 / 324 78 •09% (73 •58, 82 •59) 

Male 177 / 211 83 •89% (78 •93, 88 •85) 

Missing data 2 / 2 100% (100, 100) 

Vaccinated 

No 101 / 116 87 •07% (80 •96, 93 •18) 

Yes 308 / 396 77 •78% (73 •68, 81 •87) 

Missing data 23 / 25 92% (81 •37, 102 •63) 
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The primary source of data was the Virus Watch dataset linked 

o the Second Generation Surveillance System (SGSS), which con- 

ains SARS-CoV-2 PCR test results. The linkage period for SGSS en- 

ompassed data from April 2020 until August 2021 due to data 

vailability. The earliest positive test result was taken as the date 

or PCR antibody time analysis. We assumed that participants who 

id not have a positive PCR result in the SGSS never had virologi- 

ally confirmed SARS-CoV-2 infection and were therefore excluded 

rom the analysis. 

Vaccination status was collected through the weekly Virus 

atch questionnaire. This question was added to the weekly sur- 

eys on January 11, 2021, where individuals reported the dates of 

heir vaccination. Vaccination type was recorded in data collection 

nd used to establish the national licensure date for each type of 

accine (e.g., Pfizer December 2, 2020, AstraZeneca December 30, 

020, and Moderna January 8, 2021). Results were excluded from 

nalysis if the reported vaccination date preceded the national li- 

ensure date or if a second dose was reported but not a first dose. 

his was specifically relevant for comparison of anti-S and anti- 

 responses after infection among those who had not been vac- 

inated or provided a sample prevaccination. When analyzing the 

esponse to vaccination in those with no evidence of previous in- 

ection, only samples with negative anti-N were included. 

rimary outcome(s) 

The main outcome variable was the detection of anti-N, ex- 

ressed as a binary variable ( ≥1.0 COI), and anti-N level, expressed 

s the semiquantitative COI and subsequently log-transformed to 

ase 10. 

econdary outcomes 

The secondary outcome was a comparison of seropositivity to 

nti-S and anti-N and levels in relation to previous infection and 

accination. 

articipants 

Within the Virus Watch cohort, eligible households were de- 

ned as having at least one adult aged 18 years and older, a 

alid England or Wales postcode, and a complete postal address 

egistered ( Hayward et al., 2021 ). Individuals that were 18 years 

nd older within eligible households could consent to participate 

hrough the provision of valid electronic consent. Individuals were 

ncluded in this analysis if they had provided at least one finger- 

rick blood sample. Evidence of a previous infection was defined 

s seropositivity to the nucleocapsid protein (COI ≥1.0) among vac- 

inated individuals or seropositivity to either spike ( ≥0.8 U/ml) 
106 
r nucleocapsid protein among unvaccinated individuals. Samples 

ith void anti-N or void anti-S results were excluded from the 

nalyses. 

nalysis 

Analyses were carried out using two approaches: at the indi- 

idual level and at the sample level. At individual level, samples 

btained between 0-269 days after positive SARS-CoV-2 PCR were 

ggregated, selecting the sample with the first positive anti-N re- 

ult, if there was more than one sample per participant. Individual- 

evel data was used to compare age, sex, ethnicity, body mass in- 

ex, or underlying medical conditions and if taking immunosup- 

ressants. Proportions of individuals positive for anti-N or anti- 

 were calculated with 95% confidence intervals. To calculate the 

dds of seroconversion after infection, and explore which explana- 

ory variables influence this, univariable and multivariable logistic 

egression models were created using individual-level data from 

hose with a previous positive PCR result. The multivariable model 

as adjusted for age and sex at birth, when they were not the 

xplanatory variable being investigated. The explanatory variables 

ncluded age categories, sex at birth, conditions associated with 

evere COVID-19 infection, obesity, and whether they were taking 

ny immunosuppressants or not (see Supplementary files; Table 1 ). 

For antibody levels, as they are not normally distributed, me- 

ian values for each group were calculated with interquartile 

anges (IQRs). Due to the available assay platform and dilution ca- 

abilities, the dynamic range of the anti-S assay was limited to 0.4- 

50 U/ml for samples processed before between February and June 

021. Only samples that underwent further dilution from July 2021 

nwards were included in anti-S levels analysis. As dilution capa- 

ilities did not affect the threshold for a positive result, all anti-S 

amples were included when calculating the proportion of positiv- 

ty. For the analysis of antibody positivity and levels by days after 

CR-confirmed infection (e.g., 0-29, 30-59, 60-89, 90-119, 120-269, 

nd > 270 days after a positive PCR), all samples were included. 

he proportion of anti-N positive samples, with 95% confidence in- 

ervals, and median antibody levels were calculated for each time- 

eriod category. Anti-N positivity and levels over time were strati- 

ed by age groups (18-49 and > 50) and sex. Comparison of anti-N 

nd anti-S positivity levels were made for unvaccinated individuals 

r those who provided a sample before vaccination. 

Comparison of anti-N and anti-S positive levels were made be- 

ween those with a previous infection only (no vaccination) and 

hose who had both vaccination and previous infection. Further 

omparison was made on anti-S positivity over time for those with 

 previous infection only (no vaccination) and previous vaccina- 

ion only (no infection), using the date of the PCR test or vaccina- 

ion date as day 0. Antibody levels were not normally distributed; 
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Figure 1. Study inclusion flow diagram. 
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9  
herefore, nonparametric tests were used to compare groups: the 

ann-Whitney U (Wilcoxon rank sum) test for two groups and the 

ruskal-Wallis test for more than two groups, with Benjamini and 

ochberg correction. For the comparison of binary variables, the 

hi-square test was used. All analyses were carried out with R stu- 

io (R 4.0.5.) using packages: ‘tidyverse’, ‘ggplot2’, ‘flextable’, and 

rstatix’. 

esults 

A total of 15,534 participants consented and were eligible to 

articipate in the study, of whom 13,802 participants provided 

8,770 valid anti-N samples ( Figure 1 ). The median age of partici- 

ants was 63 (IQR 46, 80) years, and of 13,765 with a recorded sex 

t baseline survey, 57.07% (n = 7,856) were female. A total of 5,331 

amples from 1,479 individuals were anti-N positive. 

Of the 13,802 individuals with valid antibody results, 596 had a 

revious positive PCR result from the SGSS linkage data. Of those 

ho did not have a previous positive PCR result in the SGSS link- 

ge data, 8.2% (999/13,206) were positive for anti-N. A total of 537 

f those individuals had samples within 269 days (59 excluded) of 

heir PCR result and were therefore included in the individual-level 

nalysis. A total of 80.44% of individuals (432/537) were seropos- 

tive for anti-N after PCR-confirmed infection (see Table 1 for 

roups by age, sex, and vaccination status and Supplementary file 

able 2 and 3 for breakdown by medical conditions). A univari- 

ble logistic regression model showed no evidence for a difference 

n being seropositive by age, sex, or health condition. A multivari- 

ble logistic regression found higher odds of being seropositive if 

ged between 35 and 49 than 18 and 34 years (adjusted OR 1.98; 

 = 0.04), but no association was found for sex, obesity, conditions 

elated to severe COVID-19 infection, or if taking any immunosup- 

ressant (Supplementary file, Table 4). 

We examined anti-N positivity and titers over time after infec- 

ion, with PCR test date as day 0 ( Figure 2 ). The minimum and

aximum days after PCR were 1 day and 520 days (median 168.5 

ays, IQR 103.63-233.38), respectively. The proportion of samples 

ith detectable levels of anti-N increased from 42.6% at days 0- 

9 after PCR (66/155, 95% CI 35-50) to 76% at 30-59 days (95/125, 
107 
5% CI 69-83), and then remained relatively stable between 80-85% 

t 60-89, 90-119, 120-269, and > 270 days. Median anti-N titers 

eached a peak at around 60 COI between days 30 and 120, before 

eginning to decline. Patterns were similar in both sexes and dif- 

erent age groups, although with some evidence of a faster decline 

n younger adults (aged 18-49 years) and in women ( Figure 2 and 

 ). Men had a higher proportion of samples with detectable levels 

f anti-N on days 120-269 (91%, 95% CI 88-94) and 270 + (88%, 95% 

2-94) than women (80%, 95% CI 77-83 and 76%, 95% CI 70-82, re- 

pectively). Men also had higher median anti-N levels than in days 

20-269 (39.9, IQR 13.32-98.95) than women (30.6, IQR 3.01-116, 

 = 0.01). Those aged > 50 years had a higher proportion of sam- 

les, with detectable levels of anti-N on days > 270 (85.1%, 95% CI 

1-89) than those aged 18-49 years (65.4%, 95% CI 55-76). Median 

nti-N levels were higher on days 120-269 and > 270 for samples 

rom those aged > 50 years (48.6 COI, IQR 8.21-128, and 46.5 COI, 

QR 4.9-113.75, respectively) than those aged 18-49 years (18.8 COI, 

QR 3.08-65.98, P < 0.001, and 6.5 COI, IQR 0.18-31.79, P < 0.001, re- 

pectively). 

Of the 2,046 samples, 244 belonged to 124 individuals with 

nly a previous infection and no previous vaccination or with only 

 previous infection and were vaccinated after providing a capil- 

ary blood sample. At 0-29 days, 60% (95% CI 30-90%) of samples 

ad both detectable anti-S and anti-N, but anti-S detectability had 

 sharper increase than anti-N and remained above 90% during the 

ollow-up period ( Figure 4 ). 

Anti-N positivity was generally higher for samples from those 

ith no previous vaccination (N = 244) than samples from those 

ith vaccination before infection (N = 305), with the most notable 

ifference on days 90-119; 87.8% (95% CI 78-98) versus 55% (95% 

I 33-77, P = 0.011). Anti-N titers from samples from unvaccinated 

ndividuals had higher median levels than in samples from those 

ho had a previous vaccination (39.6 COI vs 6.53 COI, P < 0.0 0 01).

he proportion of anti-S positivity was generally higher for sam- 

les taken from individuals with a previous vaccination (N = 301) 

han those without a previous vaccination (N = 244), with the 

ost notable difference on days 0-29; 60% (95% CI 30-90) versus 

8.5% (95% CI 96-10 0), P < 0.0 0 01. The proportion of anti-S posi-
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Figure 2. Anti-N percentage positivity and levels, stratified by days post positive PCR test and age. Notes: 95% confidence intervals represented by vertical cross bars and 

anti-N levels underwent Log10 transformation with bars representing the logarithmic mean. PCR = polymerase chain reaction. 

Figure 3. Anti-N percentage positivity and levels by sex and days after positive PCR. Notes: 95% confidence intervals represented by vertical cross bars and anti-N levels 

underwent Log10 transformation with bars representing the logarithmic mean. PCR = polymerase chain reaction. 
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ivity was higher in samples from individuals with only a previous 

accination (N = 46,647) than those with infection only (N = 244), 

rom 0-269 days. There were no results for > 270 days after vacci- 

ation and therefore were not included in this section of the analy- 

is. The median age in the vaccination only group was higher than 

he infection only group (65 vs 43 years old, P < 0.0 0 01) ( Figure 5 ).

iscussion 

We present the findings of a large community cohort study, 

emonstrating anti-S and anti-N trends in participants with anti- 

ody results from 1-540 days since PCR-confirmed infection. Our 
108 
tudy found that approximately 4 of 5 individuals were seroposi- 

ive for anti-N at any point between 0 and 269 days after a PCR- 

onfirmed SARS-CoV-2 infection. Logistic regression models, both 

nivariable and multivariable, only showed higher odds of a posi- 

ive ant-N result for those aged 35-49 years than those aged 18- 

4 years. The peak proportion in positivity for anti-N and me- 

ian antibody levels was 120-269 days and 90-119, respectively, 

fter infection. The proportion of seropositivity and median an- 

ibody levels were significantly higher among men than women 

rom 120 days onwards, which was a similar pattern observed in 

hose aged ≥50 years compared with those aged 18-49 years. Sam- 

les of those who were vaccinated before PCR-confirmed infection 
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Figure 4. Percentage antibody positivity anti-N and anti-S among pre-vaccinated samples or samples taken from unvaccinated individuals, stratified by days post virological 

confirmed infection. Notes: 95% confidence intervals represented by vertical cross bars. 

Figure 5. Proportion of antibody positivity for anti-S and anti-N by days post virological confirmed infection, stratified by vaccination prior to infection. Notes: 95% confi- 

dence intervals represented by vertical cross bars. 
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ad a lower median anti-N and higher anti-S 30-269 days after in- 

ection. The proportion of anti-S positive samples were higher for 

accination only than infection only over time. 

Previous studies have found that anti-N positivity after PCR- 

onfirmed infection ranges from 84.7% at 28 days to 68.2% at 293 

ays, with proportions being highest among those with severe 

ymptom profiles ( Alfego et al., 2021 ; Thiruvengadam et al., 2021 ). 

ntibody positivity may be influenced by the viral load during in- 
109 
ection, with higher viral loads causing higher levels of antigen ex- 

osure and more severe symptoms ( Ali et al., 2021 ). As our data

re from a community cohort study, it can be assumed that the 

ymptom profiles may be less severe among our participants than 

n hospital-based longitudinal studies, therefore leading to lower 

ntibody levels. 

Increasing age and sex in some studies have been associated 

ith higher anti-S and anti-N immunoglobulin G responses ( Alfego 
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t al., 2021 ; Choudhary et al., 2021 ). The only factor independently 

ssociated with seropositivity in the logistic regression model was 

ge, with those aged 35-49 years more likely to be seropositive 

han those aged 18-34 years. Yet, when assessing anti-N response 

ver time, there was a difference between age categories 18-49 

nd > 50 on days 120-269 and > 270, with the former having an

arlier peak and earlier antibody waning. Older individuals have a 

igher frequency of comorbidities, putting them at higher risk of 

evere disease, which may explain longer duration of anti-N posi- 

ivity ( Zheng et al., 2020 ). This being said, there were no higher or

ower odds of being seropositive if individuals have medical con- 

itions associated with a higher risk of COVID-19-related mortal- 

ty or taking immunosuppressant therapy. This is likely due to the 

mall number of participants in these groups in our analyses (see 

upplementary file Table 5). Although limited to 269 days after 

nfection because of disparity in length of follow-up between in- 

ividuals, the time interval between PCR and anti-N results was 

ot accounted for in our models. Seropositivity has been shown to 

e affected by days since PCR, which may also explain why some 

ifferences were not found in our regression model ( Alfego et al., 

021 ). 

The proportion of seropositive anti-N samples was above 80% 

rom 30 days onwards, but only 42.6% of samples were positive 

etween days 0 and 29. Although this is lower than other stud- 

es, where seroconversion rates have been 84.7% at 10-28 days, re- 

pectively, these studies followed individuals who had been hospi- 

alized due to COVID-19 ( Thiruvengadam et al., 2021 ). When hos- 

italized individuals were stratified by symptom severity, the cu- 

ulative percentage of anti-N positive asymptomatic individuals 

as 60% at 22-28 days ( Thiruvengadam et al., 2021 ). Other stud- 

es on hospitalized individuals have also demonstrated that symp- 

om severity is associated with an earlier peak in anti-N titers 

s well as determining longer duration of anti-N positivity ( Feng 

t al., 2021 ; Van Elslande et al ., 2021 ). A difference in anti-N over

ime was seen when the data were disaggregated by sex, with 

arlier peak and waning in females. This may also be related to 

isk of disease severity, with a meta-analysis showing that men 

re 2.41 times more at risk of developing severe disease than 

omen ( MdA et al., 2020 ). Higher angiotensin-converting enzyme 

 expression, decreased B cell, and natural killer cell-specific tran- 

cripts in men are suggested to be the cause of higher viral loads 

nd therefore, more severe symptoms ( Bwire, 2020 ; Lieberman 

t al., 2020 ). Although we have not used symptom severity in our 

nalysis, because Virus Watch is a community cohort study, it can 

e assumed that in comparison, the symptom profiles are likely to 

e milder on average. This would explain a lower percentage of 

nti-N positive samples at 0-29 days but provides a more accurate 

epresentation of anti-N longevity in the community setting. 

After excluding postvaccination samples, there was evidence of 

nti-N waning in both proportions of detectable anti-N in samples 

nd median anti-N titers, which was not the case for anti-S. Ear- 

ier anti-N waning has also been observed in other studies, which 

onitored immunoglobulin G ( Alfego et al., 2021 ; Choudhary et al., 

021 ). A higher proportion of unvaccinated samples were anti-N 

ositive than samples from participants who had vaccination be- 

ore infection. This trend was also reflected in median anti-N and 

nt-S titers. This finding is important when considering the use 

f anti-N as an alternative to anti-S for seroprevalence studies in 

ighly vaccinated populations. The anti-S response seen between 

accinated and unvaccinated is in keeping with the immunological 

echanism of the vaccines, which induces an anti-S specific re- 

ponse. The proportion of anti-S positive results in the vaccination 

nly cohort was higher at days 120-269 than anti-S response in the 

nfection only group, indicating a more sustained anti-S response 

rom vaccination. Although anti-S levels may differ between these 

roups, this is not necessarily an indication of risk of future infec- 
110 
ion. Comparison of infection risk between vaccination and natural 

mmunity has provided conflicting information, with pooled results 

f randomized control trials showing no difference and observa- 

ional studies favoring natural immunity ( Choudhary et al., 2021 ). 

ur results may be the outcome of confounding, however, because 

he median age of the vaccine only group was higher than infec- 

ion only. 

The strengths of this study include a large sample size that 

pans various age groups and captures multiple underlying health 

onditions (see Supplementary file Table 6). We present serial 

ntibody measurements using a highly sensitive, widely used 

alidated commercial assay that provides quantitative readings 

Public Health, 2020) . There are limitations, however, because a 

arge proportion of the data is self-reported and therefore suscep- 

ible to reporting bias because participants may only volunteer in- 

ormation they feel is relevant or necessary. Self-reporting is also 

usceptible to data entry errors. This led to some samples being 

xcluded from any analyses based on erroneous reporting of vacci- 

ation status. Furthermore, a large proportion of the data in this 

nalysis (e.g., medical conditions, medications) is only collected 

t registration, so it did not account for changes in participant’s 

ealth or medications. The dates of PCR-confirmed infection, how- 

ver, were SGSS data, allowing accurate calculation of time be- 

ween infection and blood test. Those who did not have a pos- 

tive PCR-confirmed infection according to the linkage data were 

xcluded from the analysis, therefore further reducing the sample 

ize. The earliest positive PCR result was used in the analysis, and 

ubsequent PCR results were excluded. Therefore, we are unable 

o report on subsequent asymptomatic reinfections/re-exposure, 

hich may boost antibody levels ( Ali et al., 2021 ; Dispinseri et al., 

021 ). 

onclusion 

As only 4 in 5 participants with a previous PCR-confirmed in- 

ection were anti-N positive at any time point up to 269 days after 

nfection, seroprevalence studies on anti-N alone may underesti- 

ate the true cumulative incidence of infection. We have demon- 

trated a decline in anti-N levels from 120 days onwards, providing 

 better understanding of the limitations of seroprevalence studies. 

he duration of anti-N positivity is affected by age and sex; there- 

ore, serosurveillance may require a shorter time window of testing 

fter infection. 
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