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Introduction: More than 3years into the pandemic, there is persisting
uncertainty as to the etiology, biomarkers, and risk factors of Post COVID-19
Condition (PCC). Serological research data remain a largely untapped resource.
Few studies have investigated the potential relationships between post-acute
serology and PCC, while accounting for clinical covariates.

Methods: We compared clinical and serological predictors among COVID-19
survivors with (n = 102 cases) and without (n = 122 controls) persistent symptoms
>12 weeks post-infection. We selected four primary serological predictors (anti-
nucleocapsid (N), anti-Spike, and anti-receptor binding domain (RBD) IgG titres,
and neutralization efficiency), and specified clinical covariates a priori.

Results: Similar proportions of PCC-cases (66.7%, n = 68) and infected-controls
(71.3%, n=87) tested positive for anti-N IgG. More cases tested positive for
anti-Spike (94.1%, n=96) and anti-RBD (95.1%, n =97) I1gG, as compared with
controls (anti-Spike: 89.3%, n=109; anti-RBD: 84.4%, n=103). Similar trends
were observed among unvaccinated participants. Effects of IgG titres on PCC
status were non-significant in univariate and multivariate analyses. Adjusting
for age and sex, PCC-cases were more likely to be efficient neutralizers (OR
2.2, 95% Cl 1.11-4.49), and odds was further increased among cases to report
deterioration in quality of life (OR 3.4, 95% CI 1.64-7.31). Clinical covariates
found to be significantly related to PCC included obesity (OR 2.3, p=0.02),
number of months post COVID-19 (OR 1.1, p<0.01), allergies (OR 1.8, p = 0.04),
and need for medical support (OR 4.1, p <0.01).
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Conclusion: Despite past COVID-19 infection, approximately one third of PCC-
cases and infected-controls were seronegative for anti-N IgG. Findings suggest
higher neutralization efficiency among cases as compared with controls, and
that this relationship is stronger among cases with more severe PCC. Cases
also required more medical support for COVID-19 symptoms, and described
complex, ongoing health sequelae. More data from larger cohorts are needed
to substantiate results, permit subgroup analyses of 1gG titres, and explore for
differences between clusters of PCC symptoms. Future assessment of IgG

subtypes may also elucidate new findings.
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Introduction

Post COVID-19 Condition (PCC), also known as Long COVID
or Post-acute sequelae of COVID-19 (PASC), is a major public health
concern with severe and pervasive impacts on physical and mental
health (1-6). More than 3years into the pandemic, continued
disparities as to the definition, presumed etiology, and prevalence of
PCC deter efforts to detect and manage this condition (6-8). Recent
findings suggest that 10-20% of adults infected by COVID-19 will
develop long-term symptoms (4, 6, 9). These estimates tend to
be higher in studies on patients hospitalized in the acute phase of
illness and/or preceding the Omicron era (4, 6, 9, 10). Also, knowledge
of how COVID-19 vaccination and infection/reinfection by SARS-
CoV-2 Variants of Concern (VOCs) impact PCC onset, manifestations,
and longevity continues to evolve (1, 11-14). There is an enduring
need for rigorous, interdisciplinary efforts to examine multi-domain
risk and protective factors of PCC onset, severity, and longevity, and
its impacts on the healthcare system and economy (3-5, 15).

Efforts to understand potential PCC predictors have largely relied
on clinical records and self-reports of demographics, health history,
and initial disease sequelae (16-18). These studies have highlighted a
number of potential clinical predictors (including age; sex; ethnicities;
comorbidities, namely asthma, obesity, immune deficiency, lung
disease, heart disease, kidney disease, and diabetes; severity, type,
number, and duration of acute symptoms; need for hospitalization;
lower socioeconomic status; stress; allergies; and smoking) (5, 6, 8,
17-19), but are often bereft of variations in humoral response profile,
which may be driven by severity and trajectory of COVID-19 infection
and sequelae. There is a need to explore whether the inclusion of
serological data can improve prediction of PCC, as compared with
models based solely on clinical predictors. Also, if people with PCC
are less likely to elicit a robust and sustained serological response post-
infection, as compared to people without PCC, a blind reliance on
serological evidence to diagnose COVID-19 infection may lead to
underestimates of prevalence, and potentially exclude many people
with PCC from participation in research studies, and qualifying for
access to needed supports and services (3, 5, 16, 20, 21).

Studies on COVID-19 survivors comparing post-acute
serological response between those with and without persistent
symptoms have yielded highly mixed results (16, 20, 22-29). Some
reports suggest that people with PCC are more likely to have lower
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titres post-infection, as compared with survivors of COVID-19
without persistent symptoms. Non-detectable levels of antibodies
post-infection may indicate need for testing strategies other than
serological analysis. For example, Krishna et al. found evidence of
persistent SARS-CoV-2-specific T cell responses in seronegative
(negative for both anti-Spike and anti-N SARS-CoV-2 IgG) patients
with PCC (21). Conversely, other studies have found higher post-
infection antibody titres to be associated with PCC, or no difference
in humoral response in relation to persistent symptoms.
Interpretation of these conflicting results is further complicated by
differences in study populations, sample sizes, type of assay, number
and type/subtype of target antigens, collection procedures, timing of
sampling, and definition/assessment of PCC (5).

In this report, we summarize baseline findings for people found
to have previous COVID-19 infection in a large Canadian prospective
cohort study. We aimed to (1) describe clinical and serological
characteristics among those with and without symptoms persisting
>12weeks post COVID-19, and (2) estimate associations between
serological markers and PCC, accounting for clinical covariates.
Among PCC-cases, we also described symptom characteristics,
severity, and impact on quality of life.

Materials and methods
Study population

The present analysis relates to a subgroup of participants from
the Stop the Spread Ottawa (SSO) cohort study. Briefly, the SSO
study on COVID-19 immune response recruited over 1,000 adults
in the Ottawa region from September 2020 to September 2021. All
adults >18 years of age in the Ottawa region (1) at heightened risk
of COVID-19 exposure/infection due to occupation or health
condition, or (2) with any history of COVID-19 infection,
confirmed by positive PCR test and/or serology, were eligible to
participate. Starting in October 2020, participants provided
monthly blood and saliva samples over a 10-month period.
Enrolment closed September 2021. Conduct of this study was
reviewed and approved by The Ottawa Health Science Network
Hospital Research Ethics Board (2020-0481). All participants
provided informed and written consent.

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1276391
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Collins et al.

Selection of PCC-cases and
infected-controls

AL SSO participants who reported a pre-baseline positive PCR test
(external to study) and/or tested positive by serology at baseline (signal-
to-cutoff ratio — S/CO >1.0 for anti-N IgG and S/CO >1.0 for either
anti-S IgG or anti-RBD IgG) were considered for inclusion. Further
inclusion criteria were that participants had contributed >1 blood
specimen, and been assessed for persistent symptoms >12 weeks post
initial positive PCR test (or, in the absence of positive test, due to which
infection date could not be discerned, >12 weeks post baseline visit).
Participants meeting these inclusion criteria were defined to
be PCC-cases if they reported any persistent symptoms, or infected-
controls if they reported no persistent symptoms >12weeks post-
positive COVID-19 test/baseline visit. Participants who reported the
presence or absence of persistent symptoms <12 weeks post-infection
and then left the study were excluded. Though we included participants
regardless of vaccination status, less than a quarter of participants
(23.2%, n=>52) received >1 COVID-19 vaccines >14days prior to
baseline visit, and few participants (2.2%, n=>5) received >1 vaccines
>14days prior to COVID-19 infection date.

Serological predictors

At baseline, one (5mL) tube with a separator gel with clot activator
for serum and two (10mLx2) tubes with EDTA for lymphocyte
isolation were drawn. Serological testing included main isotypes IgA,
IgM, IgG against COVID-19N, RBD, and Spike antigens. Neutralizing
efficiency against the SARS-CoV-2 Spike protein was also assessed.
Full methods were published previously (30).

We examined the relationship between PCC and (1) anti-Spike,
anti-N, and anti-RBD IgG titres (scaled luminescent units - SLU); and
(2) % efficient neutralizers (>85% inhibition against SARS-CoV-2
Spike protein). The cut-off for neutralization efficiency was determined
by the study team to develop the in-house made surrogate
neutralization enzyme-linked immunosorbent assay (snELISA) used
for SSO serological analysis (31).

Collection of data on clinical covariates
and PCC descriptors

Participants in the study responded to questions at baseline, and
three- and 10- months post baseline via an electronic survey with the
following categories: demographics and health history; severity of
COVID-19 signs and symptoms; risks of exposure; and socioeconomic
and psychosocial impacts of the pandemic. Responses in all categories
were compared between PCC-cases and infected-controls. All
participants were asked to complete the 10-item Kessler Psychological
Distress Scale (K10), an internationally validated tool for the screening
and assessment of psychological distress (32). Participants who
reported a pre-baseline positive PCR test also completed the 15-item
Impact of Event Scale (IES), used to assess for post-traumatic stress
(PTS) symptoms (33).

Dates of COVID-19 positive tests and vaccines were self-reported
by participants and verified where possible through use of medical and
laboratory records, including Eastern Ontario Regional Laboratory
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Association (EORLA) reports and The Ottawa Hospital COVID-19
Registry to identify SARS-CoV-2. We reported the small numbers of
PCC-cases and infected-controls without any lab-confirmed evidence
of past infection (where self-reported PCR test could not be verified by
laboratory record, and with negative serology at baseline).

Participants reporting persistent symptoms at time of survey
completion were asked to self-rate severity of chronic symptoms, and
impact of symptoms on quality of life (QoL). PCC descriptors
(symptom type and severity of symptoms) and need for healthcare/
medical supports were compared between cases who did and did not
report worsening QoL due to PCC symptoms.

Statistical analysis

Descriptive analyses included frequency tables (categorical) and
measures of center or spread (continuous). Bivariate analyses were
conducted between each predictor and outcome, and among predictors
using the chi-square/Fisher’s exact test (categorical) and Wilcoxon-Rank
Sum test (continuous) at alpha level 0.05. We constructed a series of
logistic regression models to assess the relationship between each primary
serological predictor (anti-Spike, anti-N, and anti-RBD IgG levels, and
neutralizing efficiency) and PCC, respectively. All covariates considered
for inclusion were identified a priori. We assessed each model for
confounding, collinearity, and outliers. Given few missing data (<5% per
variable), we decided to use complete case analysis. In each model,
we tested for interactions between the primary predictor, and sex or time
post-infection. Age, number of months post COVID-19, and IgG titres
were fit with restricted cubic splines (RCS, 3 knots at the 10th, 50th and
90th percentiles) to account for potential non-linearities (34), using the
rms R package. For each primary predictor, we compared a minimally
adjusted model (age and sex) with the best performing fully adjusted
model. We used the Bayesian information criterion (BIC) to inform the
selection of covariates for the fully adjusted model. We reported
unadjusted and adjusted odds ratios with 95% confidence intervals (Cls)
and goodness-of-fit using the C-statistic (34). We presented receiver
operating characteristic (ROC) curves and plotted results for
RCS-transformed predictors by sex. We used sensitivity analyses to assess
effects from removing (1) outliers, (2) receipt of >1 pre-infection
COVID-19 vaccines; (3) receipt of >2 pre-baseline COVID-19 vaccines,
and (4) baseline serology collected <14 days or > 365 days post COVID-19
infection, or where days post COVID-19 could not be determined given
no record of infection prior to study blood sampling. All analyses were
conducted with SAS9.4 and R, 4.2.1.

Results

Comparisons of serological and clinical
predictors

Demographics and health history

We identified 102 PCC-cases and 122 infected-controls meeting
study criteria. Figure 1 displays the selection procedures of study
participants. Baseline characteristics are summarized in Table 1.
Participants ranged in age from 21 to 75years old. There were less
males among PCC-cases (35.3%, n=36), than infected-controls
(42.6%, n=>52). Few participants were non-white (12.1%, n=27). Over
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| Completed study questionnaire (n=1026) |

!

| Completed baseline visit (n=987) |

!

| At least one serum result available (n=955) |

!

Pre-baseline COVID-19 infection
(PCR test or serology result) (n=239)

}

Confirmed persistence of symptoms (Yes/No) at = 12
weeks post COVID-19 infection, or evidence found in
clinical chart (n=224)

FIGURE 1
Selection of study participants from the Stop the Spread Ottawa
study. Of 1,026 participants, 239 had a pre-baseline COVID-19
infection, attended baseline visit, and had >1 serology result
available. Of these, 224 participants had evidence (documented in
study questionnaires and/or clinical charts) confirming persistence
(n=102) or no persistence (n = 122) of symptoms >12 weeks post-
infection.

75% of participants were employed at time of baseline visit (1=176),
and about 26% (n=58) reported annual household income before
taxes as $150,000 or more. PCC-cases had higher rates of pre
COVID-19 obesity (25.5%, n=26); asthma (13.7%, n=14); and
diabetes (8.8%, n=9), as compared to infected-controls (obesity —
13.1%, n=16; asthma - 6.6%, n=8; diabetes — 4.1%, n=5).

COVID-19 infection and vaccination history

Most participants reported a pre-baseline PCR test (89.7%,
n=201), of which we were able to verify 92.5% (n = 186) by laboratory
or clinical record. Of the 7.5% (n=15) we were not able to verify, only
two participants had negative serology at baseline. Participants who
did not report a pre-baseline PCR test and had serological markers of
infection at baseline (10.3%, n=23) were also included so long as they
were assessed for symptoms persisting >12 weeks. Approximately 23%
of PCC-cases (n=24) and infected-controls (n=28) received >1
vaccines >14 days prior to baseline visit, while 10.9% of cases (n=11)
and 17.2% of controls (n=21) received >2 vaccines >14 days before
baseline visit (Table 1). Results for unvaccinated and vaccinated
participants are presented in Supplementary Tables SI1A.B,
respectively. Among the 201 participants who reported a pre-baseline
PCR test, (81.6%, n=164) were infected in Waves 1 and 2 (March 2020
- February 2021) when the Wild type SARS-CoV-2 strain was
dominant in Ontario, Canada, while 37 (18.4%) were infected during
Wave 3 (March 2021 - August 2021), when the Alpha variant/B1.1.17
was dominant in Ontario, Canada [Table 1; (35, 36)]. No participants
reported more than one infection prior to study assessment. Few
PCC-cases (11.8%, n=12) and infected-controls (0.8%, n=1) were
hospitalized for COVID-19. However, half of PCC-cases (n=>51)
reported seeking medical attention for COVID-19 symptoms other
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than hospitalization, as compared to infected-controls (19.7%, n=24).
Among controls, 10.7% (n=13) were asymptomatic while all cases had
symptoms during acute illness. PCC-cases also self-rated the severity
of overall symptoms higher (median of 7.5/10, IQR 3.5) on the worst
day of acute illness, as compared to controls (median of 6.0/10 IQR
3.0). Participants to test positive by serology only, with no self-report
of positive PCR test at baseline, were not asked to self-rate symptom
severity and date of onset is often indeterminable. PCC-cases had a
significantly longer follow-up time (median 186days, IQR 183)
between pre-baseline PCR and baseline serological sampling, as
compared with infected-controls (median 115 days, IQR 149, p<0.01).

Anti-N, anti-spike, and anti-RBD IgG titres

Similar proportions of cases (66.7%, n=68) and controls (71.3%,
n==87, p=0.47) tested positive for anti-N IgG. Cases tended to have
higher IgG titres (anti-N, anti-Spike, and anti-RBD), but differences
were non-significant. Findings were similar upon restricting to
unvaccinated participants (Supplementary Table S1A) and varying
post-infection time intervals (Supplementary Tables S2A-C;
14-365 days; 14-180 days; and 14-90 days post COVID-19 infection).
Unvaccinated PCC-cases had higher anti-Spike IgG levels (median
1.45, IQR 0.79) than unvaccinated infected-controls (median 1.29,
IQR 0.86, p=0.14). Among participants who attended baseline
14-365days, 14-180, or 14-90days post-infection, IgG titres
remained consistently higher among cases, except for anti-RBD
assessed 14-90 days post-infection (PCC-cases — median anti-RBD
0.92, IQR 1.17; infected-controls - 1.03, IQR 1.40, p=0.04).

Neutralizing efficiency

More cases (25.5%, n=26) than controls (13.1%, n=16) were
efficient neutralizers (>85% neutralizing efficiency). As expected,
most efficient neutralizers had received >1 COVID-19 vaccines prior
to baseline serology sampling (Supplementary Table S1B). However,
median neutralization efficiency was somewhat higher among
non-vaccinated cases (7.17, IQR 20.35), as compared to
non-vaccinated controls (3.62, IQR 17.40, p =0.45), despite the former
having a significantly longer median time interval (cases - 205, IQR
163 days; controls - 84, IQR 152, p<0.01) between COVID-19 onset
and baseline visit (Supplementary Table S1A). Among 52 (23.2%)
participants to receive >1 vaccines >14days prior to baseline visit
(Supplementary Table S1B), cases had somewhat higher neutralizing
efficiency (median 98.69, IQR 4.62), than controls (median 87.96, IQR
35.28, p=0.06). Similar trends were observed when limiting to
different post-infection time intervals (Supplementary Tables S2A-C).

Socioeconomic and psychosocial impacts of the
pandemic and COVID-19 infection

The majority of participants reported no change in employment or
ability to meet essential needs due to the COVID-19 pandemic (Table 1).
Differences in annual household income were non-significant. Somewhat
more PCC-cases (37.3%, n=38) reported one or more lost days of work
due to respiratory illness and a higher number of days lost (median 14,
IQR 118), than infected-controls (median 10, IQR 33, p=0.28). Cases had
a higher mean K10 (Kessler Psychological Distress Scale) score (20.2, SD
7.6) as compared to controls (16.0, SD 6.3, p<0.01), and more cases were
likely to have mild (25.3%, n=25), moderate (8.1%, n=8), and severe
(15.2%, n=15) mental disorder, than controls (mild disorder - 8.5%,
n=10; moderate disorder - 5.9%, n="7; and severe disorder - 5.9%, n="7),
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TABLE 1 Baseline characteristics of PCC-cases with symptoms persisting >12 weeks and infected-controls without persistent symptoms.

Cases (n=102)° Controls (n =122)° p value®

Median age, years (IQR) 50 (21) 45 (25) 0.14
Sex, male (%) 36 (35.3) 52 (42.6) 0.28
Race, white (%) 92 (90.2) 105 (86.1) 0.34
Born in Canada (%) 91 (89.2) 104 (85.2) 0.31
Lives with >1 other person (%) 92 (90.2) 108 (88.5) 0.83
Allergies, any (%) 57 (55.9) 51 (41.8) 0.04
Smoker, former (%) 29 (28.4) 24 (19.7) 0.71
Smoker, current (%) 3(29) 3(2.5) 0.12
Employed at time of baseline visit (%) 79 (79.0) 97 (80.8) 0.93
Status of employment before the pandemic (%) - --- -
Permanent 67 (67.7) 76 (62.8) REF
Contract/temporary 8(8.1) 12 (9.9) 0.57
Self-employed 7(7.1) 9(7.4) 0.81
No paid employment but seeking work 2(2.0) 1(0.8) 0.51
No paid employment and not seeking paid work 13 (13.1) 22(18.2) 0.30
Median hours of work per week before the pandemic (IQR) 37.5(10.0) 37.5(18.0) 0.57
Annual household income before taxes in past 12 months (%) --- --- ---
$0 - $29,999 6 (6.0) 3(2.5) 0.23
$30,000 - $59,999 11 (11.0) 13 (10.7) 0.98
$60,000 to $89,999 14 (14.0) 16 (13.1) 0.57
$90,000 to $119,999 13 (13.0) 15(12.3) REF
$120,000 to $149,999 10 (10.0) 7(5.7) 0.49
$150,000 or more 32(32.0) 26 (21.3) 0.43
Prefer not to answer 12 (12.0) 9(7.4) 0.37
Do not know 2(2.0) 0(0) ---
Median number of people supported by annual income (IQR) 2(2.0) 2(2.0) 0.46
Change in employment due to the COVID-19 pandemic (%) - - ---
Lost job 3(3.0) 3(2.5) 0.64
Reduced income/h 16 (16.0) 12 (9.8) 0.10
No change 64 (64.0) 95 (77.9) REF
Increased income/h 16 (16.0) 12 (9.8) 0.10
Lost days of work due to infectious respiratory illness (%) 38(37.3) 32(26.2) 0.08
Median number of days work lost to respiratory illness (range) --- --- -

14 (2-120) 10 (2-35) 0.28
Impact of pandemic on ability to meet essential needs and financial - - -
commitments (%) --- --- ---
Not at all 74 (74.0) 94 (77.7) REF
Can still meet most of essential/financial needs 20 (20.0) 22(18.2) 0.68
Can still meet some of essential/financial needs 5(5.0) 5(4.1) 0.71
Unable to meet most of essential/financial needs 2(2.0) 0(0.0) 1.00
Current level of education (%) - - -
Elementary school 0(0.0) 1(0.8) 1.00
High school 5(5.1) 11 (9.2) 0.44
Trade, technical or vocation school 4 (4.0) 5(4.2) 0.88
Diploma from community college 29 (29.3) 17 (14.2) 0.02
University certificate before Bachelor’s 3(3.0) 4(3.3) 0.96

(Continued)
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Cases (n=102)° Controls (n=122)° p value®
Bachelor’s degree 33(33.3) 46 (38.3) REF
Graduate degree 21(21.2) 32(26.7) 0.81
Prefer not to answer 5(5.1) 3(2.5) 0.27
Pre COVID-19 comorbidities (%) --- - ---
Pregnancy 1(1.0) 0(0) 1.00
Cancer 4(3.9) 2(1.6) 0.42
Diabetes 9(8.8) 5(4.1) 0.17
HIV 1(1.0) 3(2.5) 0.63
Other immune condition 6(5.9) 3(2.5) 0.31
Obesity 26 (25.5) 16 (13.1) 0.02
Heart condition 8(7.8) 6(4.9) 0.42
Asthma 14 (13.7) 8 (6.6) 0.11
Lung disease 4(3.9) 3(2.5) 0.70
Liver disease 0(0) 4(3.3) 0.13
Kidney disease 1(1.0) 2(1.6) 1.00
Hematological condition 2(2.0) 2 (1.6) 1.00
Neurological condition 7(6.9) 4(3.3) 0.23
Organ/bone marrow transplant 0(0) 1(0.8) 1.00
Other health condition 50 (49.0) 50 (41.7) 0.27
Receiving treatment that suppresses immune system 6(5.9) 3(2.5) 0.31
COVID-19 vaccination and infection history --- - ---
Received >2 COVID-19 vaccines >14 days prior to - --- ---
baseline visit (%) 11 (10.9) 21(17.2) 0.17
Received >1 COVID-19 vaccine >14 days prior to --- --- ---
baseline visit (%) 24 (23.8) 28 (23.0) 0.92
Received >1 COVID-19 vaccine >14 days prior to --- --- ---
infection (%) 0(0.0) 5(4.1) <0.01
Days between first pre-baseline vaccine and baseline visit, - - -
median (IQR)' 65.0 (59.5) 102.0 (76.0) 0.12
Days between second pre-baseline vaccine and baseline visit, - - -
median (IQRY 62.0 (42.0) 63.0 (29.0) 0.81
History of positive pre-baseline PCR test* (%) 99 (97.1) 102 (83.6) <0.01
Date of initial infection, range (month/year) Mar 2020 - Aug 2021 Mar 2020 - Aug 2021 -
Wave of initial infection* (%) - --- -
Wave 1, March 2020 - August 2020 50 (50.5) 35(34.3) 0.07
Wave 2, September 2020 - February 2021 34 (34.3) 45 (44.1) 0.80
Wave 3, March 2021 - August 2021 15(15.2) 22(21.6) REF
Sought medical attention for COVID-19 symptoms (%) 51 (50.0) 24 (19.7) <0.01
Hospitalized for COVID-19 (%) 12 (11.8) 1(0.8) 0.05
Days between baseline visit and pre-baseline PCR, --- - ---
median (IQR) 186 (153) 115 (149) <0.01
Days between baseline visit and pre-baseline PCR test, range 12-414 13-384 -
Days between pre-baseline PCR and first assessment of - - -
persistent symptoms (>12 weeks post COVID-19), - - -
median (IQR) 255 (183) 153 (161) <0.01
Days between baseline visit and first assessment of persistent --- - ---
symptoms (>12 weeks post COVID-19), median (IQR) 70.0 (95.0) 84.5 (74.0) 0.48
(Continued)
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Cases (n=102)° Controls (n=122)° p value®

Asymptomatic (%) 0(0.0) 13 (10.7) <0.01
Severity of acute illness, self-rated, median (IQR)® 7.5 (3.5) 6.0 (3.0) <0.01
Kessler Psychological Distress Scale (K10), mean (SD) 20.2 (7.6) 16.0 (6.3) <0.01
K10, range 10-40 10-38 -

Likely to be well (10-19), (%) 51 (51.5) 94 (79.7) REF
Likely to have mild mental disorder (20-24), (%) 25(25.3) 10 (8.5) <0.01
Likely to have moderate mental disorder (25-29), (%) 8(8.1) 7 (5.9) 0.17
Likely to have severe mental disorder (30-50), (%) 15 (15.2) 7 (5.9) <0.01
Impact of Event Scale (IES), mean (SD) 18.5 (17.7) 10.1 (13.7) <0.01
IES, range 0-65 0-56 -

Subclinical range (0-8) 39 (40.6) 56 (48.7) REF
Mild range (9-25) 21 (21.9) 26 (22.6) 0.68
Moderate range (26-43) 21(21.9) 10 (8.7) 0.01
Severe range (44+) 12 (12.5) 3(2.6) <0.01
Baseline serology results® - - -

Positive call for anti-Spike IgG, SCO"> 1.0 (%) 96 (94.1) 109 (89.3) 0.24
Positive call for anti-RBD IgG, SCO"> 1.0 (%) 97 (95.1) 103 (84.4) 0.02
Positive call for anti-N IgG, SCO"> 1.0 (%) 68 (66.7) 87 (71.3) 0.47
Median anti-N IgG (IQR) 0.96 (1.25) 0.90 (1.04) 0.82
Anti-N IgG, range 0.03-2.04 0.06-2.01 -

Median anti-Spike IgG (IQR) 1.50 (0.61) 1.42 (0.73) 0.20
Anti-Spike IgG, range 0.01-2.57 0.01-2.58 -

Median anti-RBD IgG (IQR) 1.25 (1.17) 1.16 (1.35) 0.67
Anti-RBD IgG, range 0.00-3.20 0.00-2.80 -

Median %Neutralization (IQR) 11.3 (85.1) 11.6 (60.0) 0.22
Neutralizing efficiency (%) - - -

Neutralization <30% (weak to negative response) 64 (62.7) 79 (64.8) REF
>30% Neutralization <85% 12 (11.8) 27 (22.1) 0.12
>85% Neutralization (efficient neutralizers) 26 (25.5) 16 (13.1) 0.05

99 cases and 102 controls reported pre-baseline PCR test. Other cases (1= 3) and controls (n=20) had laboratory-confirmed history of infection by serology at baseline visit only.
"Number missing for variables, Cases: Employed 2; Status 3; Hours before 4; Income 2; Number of people supported 3; Change due to pandemic 2; Education 3; Impacted 2; Severity of COVID

3; K10 3; IES 6; Vaccination dates 1.

‘Number missing for variables, Controls: Other condition 2; Employment 2; Status 1; Hours before 7; Income 1; Number of people supported 3; Education 2; Impacted 1; Severity of COVID 7;

K10 4; IES 7.

4P value <0.05: chi-squared and Fisher’s exact tests used for categorical variables; Wilcoxon Rank Sum test used for continuous variables.

“All participants had baseline serology collected, % neutralization was not missing for any samples.

#Participants asked: “On a scale of 1 to 10, 10 being the worst you have ever felt, how would you rate your symptoms overall on this day?”.

hSignal-to-cutoff ratio.

'Among participants to receive >1 pre-baseline COVID-19 vaccines (n=52) >14days prior to baseline visit.
iAmong participants to receive >2 pre-baseline COVID-19 vaccines (n=32) >14 days prior to baseline visit.
*From March 2020 - August 2021, the dominant SARS-CoV-2 strains in Ontario, Canada were Wild type (Waves 1 and 2) and Alpha variant/B1.1.17 (Wave 3).

using K10 cut-offs established previously (32). PCC-cases also had a
higher mean IES (Impact of Event Scale) score (18.5, SD 17.7) than
infected-controls without PCC (10.1, SD 13.7, p<0.01). Applying
previously applied IES cut-offs (33), more PCC-cases had moderate
(21.9%, n=21) and severe (12.5%, n=12) distress than infected-controls
(moderate distress — 8.7%, n=10; severe distress — 2.6%, n=3).

Descriptors of post COVID-19 condition
Table 2 delineates the number and type of persistent symptoms

among all PCC-cases (n=102), those cases who reported worsened
QoL post COVID-19 (n=65), and those who did not (n=37). The
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three most frequent symptoms described by PCC-cases with
worsened QoL were fatigue (73.8%, n=48); shortness of breath
(64.6%, n=42); and difficulties with thinking/concentrating (60.0%,
n=39). Among PCC-cases who did not report worsened QoL
(36.3%, n=37), the most common symptoms were loss of smell
(n=14, 37.8%); loss of taste (n=9, 24.3%); and fatigue (n=12;
32.4%). The majority of cases (89.2%, n=91) reported ongoing
symptoms for a median of 255 days (IQR 183; range 75-451 days) at
time of first assessment for PCC. Among these cases, those who
reported worsened QoL self-rated severity of persisting symptoms
higher (median 4.0, IQR 4.0) than the other cases (median 2.0, IQR
2.0) on a scale of 1-10 (Table 2). PCC-cases endorsing worsened
QoL also reported a higher number of post COVID-19 symptoms
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TABLE 2 Persisting symptoms (>12 weeks post COVID-19 onset) and baseline serology of PCC-cases who did (n = 65) and did not (n = 37) report
worsened quality of life.

All (n=102) Worsened quality of life Quality of life not worsened
post COVID-19 (n = 65) post COVID-19 (n = 37)

Median days post COVID-19 (IQR)* 255.0 (183.0) 246.0 (181.0) 255.5 (189.0)
Range, days post COVID-19° 75-451 79-451 75-343
Date of initial infection, range (month/year) Mar 2020 - Aug 2021 Mar 2020 - June 2021 Mar 2020 - Aug 2021
Wave of initial infection® (%) - - -
Wave 1, March 2020 - Aug 2020 50 (50.5) 30 (47.6) 20 (55.6)
Wave 2, Sept 2020 — Feb 2021 34 (34.3) 24 (38.1) 10 (27.8)
Wave 3, March 2021 - Aug 2021 15 (15.2) 9(14.3) 6(16.7)
Symptoms ongoing at time of assessment (%) 91 (89.2) 63 (96.9) 28 (75.7)
If ongoing, median severity of symptoms on - - -
day of assessment* (IQR) 4.0 (3.0) 4.0 (4.0) 2.0 (2.0)
Symptoms - - -
Median number of persistent symptoms (IQR) 4.0 (6.0) 6.0 (9.0) 2.0 (3.0)
Fatigue (%) 60 (58.8) 48 (73.8) 12 (32.4)
Shortness of breath (%) 49 (48.0) 42 (64.6) 7 (18.9)
Cough (%) 24 (23.5) 19 (29.2) 5(13.5)
Joint pain (%) 24 (23.5) 22(33.8) 2(5.4)
Muscle pain (%) 31(30.4) 24 (36.9) 7 (18.9)
Chest pain (%) 27 (26.5) 22 (33.8) 5(13.5)
Headache (%) 33(32.4) 28 (43.1) 5(13.5)
Dizziness (%) 24 (23.5) 22(33.8) 2(5.4)
Loss of smell (%) 37 (36.3) 23(35.4) 14 (37.8)
Loss of taste (%) 33(32.4) 24 (36.9) 9(24.3)
Fast or pounding heartbeat (%) 28 (27.5) 23(35.4) 5(13.5)
Irritability (%) 22 (21.6) 21(32.3) 1(2.7)
Difficulties with thinking/concentrating (%) 44 (43.1) 39 (60.0) 5(13.5)
Memory loss (%) 32(31.4) 29 (44.6) 3(8.1)
Confusion (%) 27 (26.5) 16 (24.6) 12.7)
Difficulty sleeping (%) 31(30.4) 26 (40.0) 5(13.5)
Rash (%) 9(8.8) 7(10.8) 2(5.4)
Hair loss (%) 20 (19.6) 14 (21.5) 6(16.2)
Nausea (%) 9 (8.8) 9(13.8) 0(0)
Loss of appetite (%) 6(5.9) 6(9.2) 0(0)
Diarrhea (%) 9(8.8) 9(13.8) 0(0)
Other (%) 11 (10.8) 5(7.7) 6(16.2)
Worsened quality of life post COVID (%)* --- --- ---
Yes 65 (63.7) 65 (100.0) ---
No 31(30.4) - 31 (83.8)
Other* 6(5.9) 6(16.2)
Baseline serology results® --- --- ---
Positive call for anti-Spike IgG, SCO"> 1.0 (%) 96 (94.1) 61 (93.8) 35 (94.6)
Positive call for anti-RBD IgG, SCO'> 1.0 (%) 97 (95.1) 61(93.8) 36 (97.3)
Positive call for anti-N IgG, SCO"> 1.0 (%) 68 (66.7) 45 (69.2) 23(62.2)
Median anti-N IgG, (IQR) 0.96 (1.25) 1.10 (1.24) 0.86 (1.25)
Anti-N IgG, range 0.03-2.04 0.03-2.04 0.06-1.93
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All (n=102) Worsened quality of life Quality of life not worsened
post COVID-19 (n = 65) post COVID-19 (n = 37)

Median anti-Spike IgG (IQR) 1.50 (0.61) 1.54 (0.51) 1.45 (0.66)

Anti-Spike IgG, range 0.01-2.57 0.01-2.57 0.02-2.19

Median anti-RBD IgG (IQR) 1.25(1.17) 1.29 (1.28) 1.07 (1.10)

Anti-RBD IgG, range 0.00-3.20 0.00-3.20 0.08-2.85

Median %Neutralization (IQR) 11.3 (85.1) 17.2 (92.8) 8.0 (38.2)
Neutralizing efficiency (%) - - -

Neutralization <30% (weak to negative - - -

response) 64 (62.7) 37 (56.9) 27 (73.0)

>30% Neutralization <85% 12 (11.8) 7 (10.8) 5(13.5)

>85% Neutralization (efficient neutralizers) 26 (25.5) 21(32.3) 5(13.5)

99 cases and 102 controls reported pre-baseline PCR test. Other cases (n=3) and controls (1 =20) had laboratory-confirmed history of infection by serology at baseline visit only.

"From March 2020 - August 2021, the dominant SARS-CoV-2 strains in Ontario, Canada were Wild type (Waves 1 and 2) and Alpha variant/B1.1.17 (Wave 3).

“Participants asked “On a scale of 1 to 10, 10 being the worst you have ever felt, how would you rate your symptoms overall today?”.

“Participants asked “Do you believe the quality of life you have now is worse than the quality of life you had before experiencing symptoms that were/may have been caused by COVID-19?”
“Responses to “Other”: loss of smell but not impactful (1 =2); palpitations but made lifestyle changes that improved symptoms (= 1); difficult to determine as broke wrist due to COVID

vertigo (n=1); mild symptoms but not back to baseline (1 =2).
fSignal-to-cutoff ratio.

TABLE 3 Crude ORs (95%Cls) for Post COVID-19 symptoms: variables considered for analysis prior to modeling.

Variable Reference® Estimate Standard error P value Odds Ratio  CI (95%)
Age NA 0.01 0.01 0.24 1.0 0.99, 1.03
Sex Female —0.31 0.28 0.26 0.7 0.43,1.26
Time post infection, months NA 0.07 0.02 0.00 1.1 1.03,1.11
History of asthma No asthma 0.82 0.47 0.08 23 0.91, 5.64
Condition/treatment that may suppress | None 0.11 0.42 0.79 1.1 0.49, 2.57
immune system

Diabetes No diabetes 0.82 0.57 0.16 23 0.73, 6.99
Smoking No smoking 0.48 0.31 0.12 1.6 0.88,2.98
Obesity No obesity 0.82 0.35 0.02 23 1.14,4.51
Household income, $60,000 - $199,999 | > $120,000 —0.27 0.31 0.38 0.8 0.41, 1.41
Household income, $0 - $59,999 > $120,000 —0.19 0.37 0.61 0.8 0.40, 1.72
Allergies, any No allergies 0.57 0.27 0.04 1.8 1.04, 3.00
Sought medical help or hospitalized for = Did not seek help/not 1.41 0.30 <0.01 4.1 2.26,7.38
COVID-19 symptoms hospitalized

% Neutralization, efficient neutralizers | <85% 0.82 0.35 0.02 23 1.14, 4.51
Anti-IgG titres (Spike) NA 0.35 0.24 0.14 14 0.89,2.26
Anti-IgG titres (RBD®) NA 0.08 0.17 0.64 1.1 0.77, 1.52
Anti-IgG titres (N°) NA 0.07 0.23 0.77 1.1 0.69, 1.66

“Reference for categorical variables.

"Spike protein receptor binding domain; cNucleocapsid protein.

(median 6.0, IQR 9.0), than cases not reporting worsened QoL
(median 2.0, IQR 3.0).

Univariate analyses—serological and clinical
predictors of PCC

Table 3 presents crude odds ratios (ORs) with 95% Cls for all
variables specified a priori and considered for model inclusion (age,
sex, time post-infection (months), asthma requiring medication,
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conditions/treatments which may suppress the immune system
(cancer, HIV, chronic kidney or liver disease, diabetes, organ or bone
marrow recipient, other immune deﬁciency, or receiving treatment
that weakens immune system), obesity, smoking, income, allergies,
and hospitalization or need for medical attention for COVID-19
symptoms). Unadjusted odds of PCC were 2.3 (95% CI 0.91-5.64)
given asthma; 2.3 (95% CI 0.73-6.99) given diabetes; 1.8 (95% CI
1.04-3.00) given any allergies; 1.6 (95% CI 0.88-2.98) given history
of smoking; and 0.7 (95% CI 0.43-1.26) given male sex. Not
accounting for covariates, participants to have been hospitalized/
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FIGURE 2

(A-C) Effect of anti-N (A), anti-Spike (B), and anti RBD (C) IgG titres on odds of Post-COVID-19 Condition. Models on the left are minimally adjusted
(adjusted for sex and age) and models on the right are fully adjusted (adjusted for age, sex, allergies, hospitalization or sought medical assistance for
COVID-19 symptoms, and time (months) since infection). IgG titres were transformed with restricted cubic splines (k = 3, percentiles = 10, 50, 90).

sought medical attention for COVID-19 symptoms were over four
times more likely to have PCC (OR 4.1, 95% CI 2.26-7.38). Crude
ORs for anti-Spike, anti-RBD, and anti-N titres were non-significant.
Unadjusted odds of PCC for efficient neutralizers was 2.3 (95% CI
1.14-4.51), as compared to non-efficient neutralizers. Comparing
only PCC-cases to report reduced QoL due to symptoms (1 =65)
with infected-controls (n=122), the crude odds of PCC given
efficient neutralization further increased to 3.2 (95% CI 1.53-6.62),
while negligible increases were observed for other serological
predictors (anti-Spike — OR 1.5, 95% CI 0.88-2.56; anti-N - OR 1.2,
95% CI 0.69-1.92; anti-RBD - OR 1.1, 95% CI 0.74-1.58).

Multivariate analyses—serological
predictors of PCC accounting for clinical
covariates

Figure 2 compares the effect of IgG titres transformed with
restricted cubic splines (k =2, percentiles =10, 50, 90) on odds of
PCC in minimally adjusted (covariates — sex and age) and fully
adjusted (covariates - sex, age, time since COVID-19 infection,
sought medical help/required hospitalization for COVID-19
symptoms, and allergies) models. Using the 10th percentile as the
referent and adjusting for age, females tended to have elevated
odds of PCC, as compared with males (Figure 2). Inter-sex
differences in adjusted odds of PCC were reduced in fully adjusted
models. Upon testing for pre-specified interactions (each
serological predictor and sex; each serological predictor and time
post-infection), none were significant.

Supplementary Tables S3A-D present the multivariable model
output. Nonlinear relationships between PCC and RCS-transformed
predictors were found to be non-significant, with the exception of time
post-infection. Area under the curve (AUC) was 0.58-0.59 for
minimally adjusted models and 0.73 for fully adjusted models
(Supplementary Figure S1). Adjusted odds of PCC given changes in IgG
titres remained non-significant. Efficient neutralization was a significant
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predictor of PCC, accounting for age and sex (OR 2.2, 95% CI 1.11-
4.49), and odds was further increased upon restricting to cases to report
reduced quality of life (OR 3.4, 95% CI 1.64-7.31). In the fully adjusted
model, odds of PCC given neutralizing efficiency >85% was 2.0 (95%
CI0.89-4.54). Allergies (OR 1.9, 95% CI 1.00-3.54), time post-infection
(OR 1.9, 95% CI 1.06-3.51), and need for hospitalization/medical help
for COVID-19 symptoms (OR 3.2, 95% CI 1.61-6.24) were associated
with PCC in the fully adjusted model (Supplementary Table S3D). Upon
removing all cases (10.8%, n=11) and controls (17.2%, n=21) to receive
>2 COVID-19 vaccines >14days prior to baseline visit, efficient
neutralizers had increased odds of PCC in minimally (OR 3.8, 95% CI
1.40-10.31) and fully adjusted (OR 2.8, 95% CI 0.91-8.31) models.
However, these results should be interpreted with caution given the
wide confidence intervals, and the result for the fully adjusted model is
statistically non-significant. Odds of PCC given neutralization >85%
also increased upon removal of participants (PCC-cases, n=0; infected-
controls, n=5) to receive >1 COVID-19 vaccines >14days prior to
infection in minimally (OR 2.5, 95% CI 1.22-5.19) and fully adjusted
(OR 2.2, 95% CI 0.94-5.09) models, though the latter remained
non-significant.

Discussion

In our study of a largely non-hospitalized cohort infected with
COVID-19 prior to baseline visit, we assessed for relationships
between serological markers and PCC, accounting for clinical
covariates. We also described the sequelae, quality of life, and
health care needs of PCC-cases. Main findings from our
study include:

1. Anti-N was a less reliable indicator of past COVID-19 infection
than anti-Spike or anti-RBD, among unvaccinated PCC-cases
and infected-controls.

2. Among PCC-cases, anti-N, anti-RBD, and anti-Spike IgG titres
tended to be higher, as compared to infected-controls. However,
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associations between PCC and IgG titres remained
non-significant in unadjusted and adjusted logistic
regression analyses.

3. More PCC-cases were efficient neutralizers (>85%

neutralization) than infected controls. In both unvaccinated and
vaccinated subgroups, median neutralization efficiency was
somewhat higher among cases than controls.

. PCC-cases to report worsened quality of life had higher IgG
titres and median neutralization efficiency, and a larger
proportion of efficient neutralizers, as compared to PCC-cases
who did not so report.

. Clinical covariates associated with PCC and used in multivariate
analyses included allergies, time post-infection, and seeking
medical help for COVID-19 symptoms.

. PCC-cases, especially those to report worsened quality of life,
were more likely than infected-controls to seek medical help for
COVID-19 symptoms, and describe complex and enduring
health needs long after initial infection.

Seropositivity to SARS-COV-2
nucleoprotein, as compared to response
elicited by spike/RBD

Following vaccination for COVID-19, serological response to
SARS-CoV-2 nucleoprotein can indicate past infection. However,
only 69.2% (n =155) of all participants tested positive for anti-N at
baseline. Anti-N seropositivity did not improve upon limiting to
participants to have blood drawn 14-90days post-infection
(Supplementary Table S2C). Restricting to non-vaccinated
participants (Supplementary Table S1A), more tested positive for
anti-Spike and/or anti-RBD than anti-N. Also, PCC-cases were
more likely to be seropositive for anti-Spike and/or anti-RBD than
infected-controls despite having a significantly higher number of
days between infection and first blood draw. We suspect that the
sensitivity of SARS-CoV-2 nucleoprotein would have improved
given shorter time intervals between infection and serological
sampling as anti-N IgG has been found to decay more rapidly than
anti-Spike IgG (37-40). Our findings suggest diminished reliability
of anti-N as a marker of past disease as more time elapses between
infection and serological testing. Unfortunately, the baseline
serological assessment for cases and controls was conducted an
average of 4-8 months post-infection and we cannot examine for
decay at earlier timepoints.

Associations between post COVID-19
condition and IgG titres

Associations between IgG levels and PCC were non-significant in
univariate and multivariate analyses. Other studies have found post-
infection IgG titres between COVID-19 survivors with and without
persistent symptoms to be comparable (41-43), though varying
definitions of PCC, time intervals between infection and blood
sampling, initial severity of the cohort (e.g., hospitalized vs.
non-hospitalized), target antigen(s), and other sources of heterogeneity
limit comparability of findings. In contrast, Garcia-Abellan et al.
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found lower S1/S2 IgG titres measured at 12 months post-admission
to be associated with persistent symptoms (defined as having a score
above the third quartile in any items of a self-rated COVID-19
symptom questionnaire at six- and 12-months post-admission) (25).
Blomberg et al. reported higher Spike IgG and microneutralizing
antibody titres to be associated with both number of persisting
symptoms and Chalder Fatigue Scale score assessed 6 months post-
infection (24).

Neutralization efficiency and post
COVID-19 condition

Efficient neutralization was significantly associated with PCC,
controlling for age and sex. This relationship was further
strengthened upon comparing only PCC-cases to report worsened
QoL with infected-controls. Neutralizing antibody activity has
been found to correlate with initial COVID-19 disease severity
(44-46). Severe acute disease can cause organ damage, immune
dysregulation, hypercoagulation, activation of mast cells, and other
pathophysiological mechanisms suspected to contribute to PCC (7,
47). Though few in our cohort were hospitalized during acute
illness, these results may signify a more robust post-infection
response among PCC-cases, especially those with debilitating
persisting symptoms. The association between SARS-CoV-2
antibody neutralization and persisting symptoms for 3 months or
longer has been documented previously (48). However, upon
comparing Omicron BA.5 variant and wildtype neutralizing
response, Buck et al. found only the former to be independently
and significantly associated with PCC.

Clinical predictors and complex medical
needs of cases

Clinical covariates found to be strongly associated with PCC
included pre COVID-19 allergies and need for hospitalization/
medical support. As per Table 1, 55.9% of PCC-cases had >1 allergy,
as compared to 41.8% of infected-controls. The two most frequent
allergies were reactions to medications (33.3% PCC-cases; 23.0%
infected-controls) and pollen (26.5% PCC-cases; 19.9% infected-
controls). Cases also reported a wider range of allergies than controls.
These findings align with the theory that atypical response to initial
infection due to dysfunctional mast cells may manifest as more severe
and long-lasting sequelae (49, 50). Allergy status has previously been
documented as a potential risk factor for persistent symptoms among
adults and children (50-53). However, findings are especially limited
among adult cohorts and more research on allergic phenotypes is
required (52).

During analysis, we noted that need for medical attention may not
exclusively refer to supports sought in the acute phase of illness. A few
participants (Table 4) reported seeking medical attention for chronic
symptoms post-infection (e.g., one case described seeking help at the
Post COVID-19 care clinic). Unfortunately, it was often not possible
to discern from our cohort when help was sought post disease onset.
While this data issue limits the value of this variable as a proxy for
acute illness severity, our findings that more PCC-cases required
medical attention (50.0%), as well as different types of medical
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TABLE 4 Type of medical attention sought for COVID-19 symptoms.

Cases (n=102)*

10.3389/fpubh.2024.1276391

Cases with worsened Controls (n =122)°

quality of life (n = 65)

Type of medical attention sought, % 51 (50.0) 40 (61.5) 24 (19.7)
Family doctor/primary care provider 30(29.4) 28 (43.1) 5(4.1)
Occupational health 7(6.9) 6(9.2) 2(1.6)
Public health testing center 21 (20.6) 16 (24.6) 9(7.4)
Walk-in or urgent care clinic 3(2.9) 3(4.6) 1(0.8)
Emergency department 21 (20.6) 18 (27.7) 8 (6.6)
Telehealth 6(5.9) 5(7.7) 1(0.8)
Other* 7(6.9) 6(9.2) 2(1.6)
Number of types of medical attention sought, %

1 28 (27.5) 21(32.3) 20 (16.4)
2 7(6.9) 7 (10.8) 4(3.3)
3 11(10.8) 9(13.8) 0(0)

4 4(3.9) 4(6.2) 0(0)

5 1(1.0) 1(1.5) 0(0)

“Other” for Cases includes Naturopath = 1; Naturopath and physiotherapist = 2; Ottawa Public Health = 1; Physiotherapist = 1; Physiotherapist, massage therapist, and respiratory therapist =
1; Post COVID care clinic = 1; “Other” for Controls includes Oral Surgeon - bacteria on my tongue = 1; Blood tests EKG performed related to chest pains after first dose of vaccine = 1.

attention (2-5 types required by 23.0%), as compared with infected-
controls, are important in the context of understanding the complex
health needs of people with PCC. We also found that cases who
reported worsened QoL post COVID-19 were more likely to require
medical support (61.5%), as compared with cases who did not report
worsened QoL. The most common sources of medical support sought
by cases were (1) family doctor/primary care provider (29.4% for all
cases; 43.1% for cases with worsened QoL); (2) public health testing
center (20.6% for all cases; 24.6% for cases with worsened QoL); and
(3) emergency department (20.6% for all cases; 27.7% for cases with
worsened QoL), Table 4. Findings from K10 and IES surveys also
suggest a higher burden of mental health needs among PCC-cases
(Table 1), and Table 2 describes high diversity, severity, and longevity
of PCC symptoms among cases. At time of first assessment, 89.2% of
cases (n=91) reported symptoms persisting long after initial disease
(median 255days, IQR 183). Given ongoing labor shortages in the
healthcare sector, many people with PCC may not gain timely access
to care. Our findings support the need for ample staff and resources
to respond to prolonged, recurrent, and diverse needs across multiple
health domains. For example, more Post COVID-19 care clinics may
improve the well-being, function, and quality of life of this population
while reducing burden on the mainstream health system (54-60).

Limitations

Several limitations may have influenced findings. First, most of
our participants were not hospitalized for COVID-19. Given that
people with more severe disease tend to elicit higher antibody titres
(61, 62), results may have varied if more of our cohort required
hospitalization during acute illness. Second, participants had limited
diversity in terms of age, race, employment, pre COVID-19
comorbidities, and income status. Most reported high household
income, were well-educated and employed pre COVID-19, and
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generally healthy. A study sample more representative of the total
population at risk of PCC may have generated different findings.
Third, as most clinical data was self-reported through electronic
questionnaires, there Is risk of response bias. Fourth, results from
subgroup analyses of varying post-infection intervals
(Supplementary Tables S2A-C) were limited by smaller sample sizes,
and wave of infection Was a potentially confounding factor. For
example, only One case and two controls infected March 2020-august
2020 had  blood 14-90 days

(Supplementary Tables S2C). Fifth, study sample size also limited

drawn post-infection
opportunity to assess for differences in serological response as a
function of PCC subtypes. There is poor consensus on how subtypes
of PCC character and severity should be defined (63). We used self-
reported quality of life due to persistent symptoms as a proxy of PCC
severity. Other studies have found that certain PCC symptoms/
clusters correlate with stronger or weaker serological response post
COVID-19. For example, Molnar et al. found serum levels of anti-
spike IgG and anti-N IgG to be significantly lower in patients with
severe fatigue post COVID-19, As compared to patients with
non-severe fatigue (64), while Su et al. reported high anti-N IgG In
cases of neurological PCC (65). Sixth, as only five controls and no
cases received >1 COVID-19 vaccines >14 days prior infection, this
study afforded limited opportunity to examine The protective capacity
of hybrid immunity (66). Seventh, in lieu of established cut-offs for
neutralization efficiency, these were derived by study team members
to develop the in-house snELISA used in SSO. Lastly, the availability
of IgG antibody subtypes would have permitted more detailed
analyses. IgG subtypes exhibit distinct structural and functional
properties. Notably, IgG1 and IgG3 antibodies, potent activators of
effector mechanisms, play a critical role in early response to viral
infections (67) and have been found to correlate with advanced
COVID-19 severity, age, and comorbidities (68-70). Consequently,
examining the distribution patterns of IgG subtypes holds promise for
uncovering nuanced insights into SARS-CoV-2 immune response,
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and potentially elucidating connections between clinical risk factors,
serological markers, and post-acute sequelae. However, as yet there are
few reports on IgG subtypes in relation to PCC and this is a gap that
warrants comprehensive investigation (16, 71, 72).

Next, steps

Given highly mixed results in the literature, we are undertaking a
robust review on post-acute serological predictors of PCC: https://www.
crd.york.ac.uk/PROSPERO/display_record.php?RecordID=402978.
This strategy will allow us to examine trends in serological markers and
associations with persistent sequelae among multiple studies with
varying cohort characteristics and procedures to collect and analyze
post-acute findings. We will investigate and report on different sources
of heterogeneity which may influence trends. We will also attempt to
integrate review estimates in future analyses of SSO study data through
use of Bayesian logistic regression. Given our limited sample size and
distribution, encompassing prior information from the literature will
facilitate more detailed and diverse analyses of serological predictors,
accounting for clinical covariates. Finally, assessment of IgG subtypes
will be pursued once available.

Conclusion

In summary, we found associations between Post COVID-19
Condition (PCC) and anti-N, anti-Spike, and anti-RBD IgG titres to
be non-significant. However, as compared to infected-controls,
PCC-cases had significantly higher neutralization efficiency,
especially those to report deteriorated quality of life. Future
investigations of IgG subtypes and PCC symptom clusters may
elucidate new findings. Comparison with other studies is hampered
by gross heterogeneity in cohort characteristics, definitions of PCC,
and laboratory procedures. Standardized reporting of PCC and
serological results would advance current efforts to collate and
analyze inter-study findings. Finally, cases with PCC reported
complex, ongoing sequelae a median of 255days (183 IQR) post
COVID-19, which underscores the potential need for health supports
and services long after infection.
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