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Abstract

Background: There is insufficient information on the human immunogenic response to
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Objective: This study aimed to model waning SARs-CoV-2 immunoglobulin G (IgG)
antibody detection levels given time since a self-reported positive viral test.

Methods: A seroprevalence study was conducted within a United States (US) health
system located in the Midwest. Participating hospital and clinic employees completing a
study survey were eligible to receive a free SARS-CoV-2 IgG antibody test. A generalized
linear model was fit regressing IgG detection levels on time since a known prior infection
as documented in the study survey. A literature review was conducted to locate and recreate
serial SARS-CoV-2 IgG antibody detection level data from external studies. These data
were scored based on the study model and used to evaluate the predictive out-of-sample
accuracy of the estimate.

Results: Of the 6,009 eligible employees, 2,848 completed the study survey, and 2,118
had antibody testing. Of these employees, 221 reported a prior SARS-CoV-2 infection and
date they received the positive test result. These data were used to model IgG detection
values given time since a prior infection. Antibody testing for these employees was taken
a median of 90 (IQR: 59, 153) days since their reported infection. The study model
estimated a multiplicative IgG detection decrease of 0.99 (95% CI: 0.99, 1.00) per day
since the prior positive test. Five external studies were found with applicable test
information and used to examine out-of-sample model accuracy. Over fifty percent of these
external data were recreated and represented 131 patients and greater than 300 individual
tests. The crude out-of-sample model error was 0.0 (SE: 0.1) and -0.9 (SE: 0.1) when
controlling for patient clusters within studies.

Conclusions: Given the near-real-time dissemination of pandemic information, flexible
modeling strategies and validation processes were explored. The presented modeling
approach served to validate the possible utility of the presented IgG prediction model.
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providers; seroprevalence; United States; Midwestern United States
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late 2019 and
is the viral strain responsible for the ongoing pandemic (Imai 2021). Since the initial spread
of coronavirus disease (COVID-19), the international scientific community has attempted
to understand the immune response against SARS-CoV-2. Approximately 20% of COVID-
19 cases have been documented as severe, with a significant number of infected
populations asymptomatic (Wu 2020). An improved understanding of the longevity of the
post-infection immune response in humans could help guide testing and interventional
methods.

Evaluation of prior infections can require an examination of individual immunogenic
responses utilizing new testing methods. COVID-19 has two key antigens that produce an
antibody response: the internal nucleocapsid (N protein) and the external spike protein (S
protein) (Imai 2021). A successful response to large-scale outbreaks requires an
understanding of all individuals who have been exposed. Since most SARS-CoV-2
infections result in detectable antibody production, serology testing makes it possible to
identify previous infections, regardless of the presence of physical symptoms. Data from
serological surveys would improve public health understanding of the human
immunogenic response to SARS-CoV-2 (Murrell 2020). The objective of this study was to
model SARs-CoV-2 immunoglobulin G (IgG) detection level given time since a known
exposure.

2. Methods
2.1 Study Design

A seroprevalence study was conducted between November 2020 through January 2021
within a midwestern healthcare system in the United States (US). Those eligible for the
study were employees from four hospitals and associated clinics located in a single
metropolitan area in lowa. Individuals who could review study materials written in English
(~98% employees) were eligible to participate in the study. These participants were asked
to complete an electronic survey on job roles, health risks, and COVID-19 exposures,
survey available as supplemental material in Smith 2021. Participating employees
completing the survey were then eligible for a free SARS-CoV-2 antibody test. The Abbott
Diagnostics Architect System SARS-CoV-2 IgG (Abbott, Abbott Park, IL, US)
chemiluminescent microparticle immunoassay was used to conduct the antibody test. The
immunoassay detects IgG antibodies against the SARS-CoV-2 N protein and reports an
index value, representing the ratio of signal to cut-off values. This index value corresponds
to the relative light units (RLU) produced by the sample compared to the RLU’s produced
by an assay calibrator sample. The test manufacturer recommended a 1.40 index as a cut-
off value for seropositivity. Semi-quantitative test results based on the manufacturer cut-
off were mailed to the study participants via self-addressed envelopes filled out by
participants at the time of testing. Seroprevalence estimates for the subsample of
participants with only a completed survey, survey plus an antibody test, and results
transported to the study population were calculated based on methods presented in the
Smith 2021 Society of Epidemiologic Research abstract. The presented study received
Institutional Review Board approval (IM2020-126), which included a waiver of written
consent for survey response data and written consent for antibody testing.

2.2 Statistical Analysis
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Quantitative antibody test results were modeled, regressing IgG index detection values on
time since an employee’s self-reported prior positive test using a generalized linear model
with a gamma distribution and log link. The estimate was presented with a 95% confidence
interval (CI).

2.3 Model Validation

A review of accessible study results searchable online (e.g., PubMed and Arxiv servers)
was performed using key terms related to COVID-19 (e.g., COVID-19, SARS-CoV-2,
antibodies, IgG, serological study, seroprevalence). Papers with plotted serial SARS-CoV-
2 antibody test results were considered eligible for inclusion as validation data. Located
figures were captured, enlarged with grid lines added, and had serial values matched and
labeled. Next, study team members recorded the estimated values and days between tests
and reviewed them by committee as needed to achieve consensus.

Recovered external validation data were then scored, using the first antibody test value to
calculate the estimated serial value within-subject. These estimates were then subtracted
from the recovered serial value to calculate the estimated errors of predictions. The mean
values of these errors were naively calculated via arithmetic mean and controlled for
multiple values taken from the same subject by using an empty, intercept-only, multi-level
model with unstructured covariance. Lastly, a sensitivity analysis was conducted by
repeating this process while leaving each external study out of the model once when
calculating the mean prediction error. The output of this process, along with standard errors
(SE), served to visualize the contribution of each study on the prediction error estimate.

3. Results
3.1 Study Sample

Approximately 6,009 employees were sent a study invitation, with 2,848 (47%) completing
the electronic survey and 2,118 (36%) obtaining an antibody test. The seroprevalence
semi-quantitative SARS-CoV-2 IgG antibody detection was 13.1% in the sample. The
prevalence after inverse propensity score weighting of the sample to the characteristics of
the employees that completed the study survey changed the prevalence to 13.5%.
Lastly, the seroprevalence remained at 13.5% after calibrating the weighted sample to
match the sex and age distributions of the study’s target population.

Subject demographic information stratified by semi-quantitative antibody results is
presented in Table 1. As noted, 273 of the participating employees were positive for SARS-
CoV-2 IgG antibody, with 1,845 (87%) testing negative. Positivity rate did not appear
to vary based on gender, full-time vs. part-time status, or whether employees provide direct
patient care or care to patients undergoing aerosol-generating procedures. However, only
8% of physicians and 9% of advanced practice providers tested positive for the SARS-
CoV-2 antibody, compared to 13-15% for other professional groups. There was a general
trend of increasing positivity rate with the frequency of care to patients with COVID-19;
only 8% of employees who never cared for patients with COVID-19 tested positive, while
20% of employees who provided daily care to COVID-19 patients were antibody
positive. A relatively larger proportion (17%) of participants who had tested for COVID-
19 were positive for the antibody to SARS-CoV-2. Finally, the proportion of antibody-
positive employees increased with the self-reported likelihood of having had COVID-19.

3.2 Study Model
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Antibody results are presented in Figure 1 and categorized by subjects’ self-
reported previous COVID-19 test results from the study survey. Figure 2 presents the
antibody test values for subjects with a self-reported positive test result (n = 221) and date,
categorized by age group and plotted against days since their self-reported test. Antibody
testing for these employees was taken at a median of 90 (interquartile range: 59, 153) days
since their reported infection. The fitted model revealed the antibody detection values
decrease by an estimated multiple of 0.994 (95% CI: 0.992, 0.995) for every day since the
date of their self-reported positive infection (Figure 2). The rate change can be examined
for any number of days since infection by taking the estimate of 0.994 to the power of days
of interest (e.g., an antibody test result would decrease by multiple of 0.83, thirty days
after a reported positive test [i.e., 0.994**30]).

3.3 External Study Data

Five studies met inclusion criteria for modeling (Boonyaratanakornkit 2020; Murrell 2020;
Taubel 2020; Buss 2021; Sakhi 2021). Descriptive information about these studies is
presented in Table 2. Two of the studies were from the United Kingdom (i.e., public health
center staff and patients), one from the United States (i.e., plasma donors), one from Brazil
(i.e., plasma donors), and the last study from France (i.e., hemodialysis patients). Over fifty
percent of these external data were recreated and represented 131 unique patients and
greater than 300 individual tests.

3.4 External Model Validation

The naive mean prediction error of the study model was 0.00007 (SE: 0.08) index value
units when applied to external study data. The mean prediction error from the multi-level
model controlling for within and between person variability was -0.09747 (SE: 0.10) index
value units. The mean and recalculated mean prediction error while removing each external
study data set one time is presented in Figures 3-4. These results revealed that the error
estimate had the largest mean shifts when removing the US and France studies.

4. Discussion
4.1 Summary of Findings

This study utilized an adaptive approach for model validation. There was a relatively large
initial study sample, with nearly 3,000 health system employees completing the
questionnaire and over 2,000 participating in the blood sample collection. The rate of
positive tests for the SARS-CoV-2 IgG antibody was about 13.5% in the study population.
This positivity rate was a weighted percentage based on employee demographics. There
were 273 individuals who had a test value above the positive threshold set by Abbott, and
there were 221 individuals with a reported previous coronavirus test with a known date.
When looking at how frequently health care workers cared for known COVID-19 positive
patients, overall positive test values were highest in those who reported “daily” interactions
with these patients compared to less frequent interactions with COVID-19 patients. Lastly,
while observing the fitted model created from the study data, antibody detection decreased
by an estimated multiple of 0.994 for every day since the self-reported date of a previous
positive test result. From a public health perspective, this is a valuable model to identify
individuals that had a prior COVID-19 infection and understand the waning of IgG values.

The SARS-CoV-2 IgG anti-nucleocapsid antibodies appear to decrease over time
(Boonyaratanakornkit 2020; Murrell 2020; Taubel 2020). Through combining data
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collected from other studies of similar design, we developed a more comprehensive
understanding of the waning process for SARS-CoV-2 antibodies. When comparing the
presented model results to the five external studies, the model nominally overpredicted the
waning process. The long-term immunological response to COVID-19 is unknown given
it is a novel disease. Based on the model constructed from around 200 individuals, their
antibody levels decrease from the day they receive a positive test. Given the plotted data,
it is estimated that antibody production only remains high enough to result in a semi-
quantitative positive antibody test result for around seven months. There are still a
significant number of cases that do not follow this general trend. It is still unknown what
causes a variance in immune response, whether age, gender, infection severity, or other
health problems. Another potential latent variable may be secondary exposures to the virus
after a documented positive test. Due to the small sample size, we could not investigate
and extrapolate our data to make any definite conclusions about what causes a variance in
immune responses. Knowing that antibody production is not a long-term response is
essential from a public health perspective. It highlights the importance of utilizing all
precautions necessary to protect oneself from possible COVID-19 exposures and helps in
understanding the possible utility of vaccines.

4.2 Limitations

The study sample included individuals who voluntarily completed the self-reported survey
and received an antibody test. The data utilized from the survey of the 221 individuals
included a documented past positive test result allowing for the calculation of time since
prior known infection. These individuals most likely had a known exposure or were
symptomatic of COVID-19, so the generalizability of study results may be limited to
comparable individuals. In addition, the antibody test in this study was conducted before
the establishment of viral variants such as the delta variant in the US. The external data
recovery methods were limited by the number of values that could be discerned from
published figures, though the process was systematically completed and included
confirmation by committee when necessary. Multi-level modeling of the mean prediction
errors adjusted for values clustered in subjects but did not address for possible
heterogeneity between studies — which was post hoc examined in the sensitivity analyses.
Finally, all antibody results used in this study were based on one type of antibody test. Of
note, at the time of this study, there were no known other studies with visualized results
based on a different antibody test that had to be excluded from analyses.

4.3 Future Considerations

If additional external data became available, the waning of IgG values could be analyzed
based on patient characteristics. This analysis would allow for the investigation of potential
differences in antibody waning between subgroups of patients. Additionally, this same
process could be replicated for examining the S protein in the vaccine. Researchers could
then examine waning IgG antibody levels related to receiving the COVID-19 vaccine and
provide information toward implementing a possible booster shot to attempt to maintain a
measurable immune response. However, these pursuits would need to be coupled with
individual’s infection and symptom data as well.

5. Conclusion

Given the near-real-time dissemination of pandemic information, a flexible modeling
strategy was examined. The presented approach served to validate the possible utility of an
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IgG detection prediction model. The novel process provided insight into the immunological
response longevity and could be emulated to address similar research topics or inquiries.
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Table 1. Participating employee characteristics by SARS-CoV-2 Antibody test

status in a Midwestern health system, n=2118

Characteristic

Positive Sero-Antibody Test?

Positive

n=273 (13%)

Negative
n=1845 (87%0)

Age®
21-30
31-40
41 -50
51-60
61 or older
Gender®
Female
Male
Work Status
Full time
Part time
Primary Work Setting
Inpatient/ED
Outpatient
Non-clinical
Occupation Group
Physicians
PA/NP
Nurses, nursing assistant
Allied health
Support roles
Other nonpatient care
Provided Direct Patient Care (Yes)
Patient Population?
Adult
Pediatric
Both
On average, how often do you provide direct patient
care to patients known or suspected to have COVID-
19?
Daily
Multiple times per week
Once per week
Multiple times per month
Less than once per month
Never
Provide Care to Patients Undergoing AGPs ¢
How likely do you think it is that you’ve had COVID-
19?
Extremely unlikely
Unlikely
Equally likely and unlikely
Likely
Extremely likely

66

75 (18%)
62 (10%)
63 (13%)
57 (15%)
14 (8%)

239 (13%)
33 (13%)

231 (13%)
42 (13%)

137 (12%)
92 (14%)
44 (14%)

12 (8%)
7 (9%)
118 (13%)
59 (14%)
30 (13%)
47 (15%)
203 (13%)

114 (15%)
19 (7%)
70 (13%)

60 (20%)
63 (13%)
14 (12%)
28 (12%)
19 (10%)
11 (8%)

73 (13%)

9 (9%)
22 (4%)
57 (7%)
30 (11%)

155 (58%)

353 (82%)
580 (90%)
412 (87%)
323 (85%)
170 (92%)

1620 (87%)
221 (87%)

1561 (87%)
284 (87%)

999 (84%)
586 (86%)
187 (86%)

144 (92%)
71 (91%)
794 (87%)
367 (86%)
195 (87%)
274 (85%)
1360 (87%)

662 (85%)
238 (93%)
460 (87%)

239 (80%)
410 (87%)
105 (88%)
215 (88%)
167 (90%)
130 (92%)

489 (87%)

92 (91%)
587 (96%)
811 (93%)
241 (89%)
114 (42%)
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Previously Tested for COVID-19 (Yes) 212 (17%) 1014 (83%)
If yes, was test positive? 150 (67%) 71 (32%)
How do you think you got COVID-19?

Unsure 43 (64%) 24 (36%)
Work exposure from patient 33 (72%) 13 (28%)
Home exposure 32 (63%) 19 (37%)
Community exposure 23 (77%) 7 (23%)
Work exposure from coworker 18 (69%) 8 (31%)
Prefer not to answer 1 (100%) 0 (0%)

AGP = Aerosol-Generating Procedure

2See manuscript test for information about a positive antibody test.
®9 subjects under 21 years of age not listed

3 employees reported another category for gender.

dSubsample of employees reporting direct patient care.
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Table 2. External study data sources used to validate a model of change in
immunoglobin G antibody levels given time since a reported prior COVID-19
infection.

Study Eligible Recovered Recovered
(YYear) Location (population)  Values Values Clusters®
Taubel UK Public Health 65 65 15
(2020) (staff/visitors)

Murrell UK Public Health 31 31 9
(2020) (staff)

Boonyaratanakornkit ~ US Public 82 30 15
(2020) (plasma donors)

Buss Brazil 208 146 73
(2021) (plasma donors)

Sakhi France 224 55 18
(2021) (hemodialysis patients)

Totals 610 327 131

UK: United Kingdom; US: United States.
“Number of unique subjects, which could be smaller than the number of recovered
values since in some studies subjects had greater than two serial antibody tests.

68



JSM 2021 - Biometrics Section

Antibody Value by Self-Reported Previous COVID-19 Test Results

104
8-
5 -‘
o
E 6 2]
@ . B
= ) |
o - 3
a :.; o
] ’ el
= 44 . 2
(g: o A
- £ by =
& o ?
. 8 ®
] i G
i s o
1

Megative (n=995) Mo Previous Test (n=895) Pasitive (n=221)
Previous SARS-CoV-2 Testing
Positive 0 1

Figure 1: Plotted SARS-CoV-2 antibody detection value against self-reported previous
COVID-19 test results for study participants from an integrated health system. Red empty
dots represent positive antibody test results given the test manufacturers recommended
threshold (i.e., 1.4 index value).
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IgG Titers for SARS-CoV-2 Versus Time
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Figure 2: Plotting of SARS-CoV-2 antibody test results against time since a self-reported
positive test for study participants from an integrated health system in a serosurvey
conducted in December 2020-January 2021, n=221. Visualized is the model’s estimated
fit with 95% confidence interval. The model did not control for age category. The dashed
horizontal line represents the manufacturer’s suggested positive value for the antibody test
(i.e., 1.4 index value).
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Naive Errors
in External Data
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Figure 3: Histogram of naive model errors from scored external study data on the
estimated wanning of immunoglobin G values given time between antibody tests for
COVID-19. The value at the approximate “-6” marker was removed from the validation
dataset, as it appeared to be a subject that tested negative and then subsequently tested
positive on their serial test.
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Naive Errors by External Study Data
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Figure 4: Histograms of model errors in each external study dataset used to validate
wanning of immunoglobin G values given time estimate. 1= Taubel (2020); 2 = Murrell
(2020); 3 = Boonyaratanakornkit (2020); 4 = Buss (2021); and 5 = Sakhi (2021).
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MLM Mean Error Values
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Figure 5: Histograms of mean prediction errors based on multi-level model (MLM) when
leaving each study out of the sensitivity analysis one time. The blue line represents the
mean prediction error when no studies are withheld, and the red dashed lines represent +/-
2 standard errors on this estimate. 1= Taubel (2020); 2 = Murrell (2020); 3 =
Boonyaratanakornkit (2020); 4 = Buss (2021); and 5 = Sakhi (2021).
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