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Per- and polyfluoroalkyl substances (PFAS) are a broad class of synthetic chemicals; some are present in most
humans in developed countries. Some studies suggest that certain PFAS may have immunotoxic effects in
humans, which could put individuals with high levels of exposure at increased risk for infectious diseases such as
COVID-19. We conducted a case-control study to examine the association between COVID-19 diagnosis and PFAS
serum concentrations among employees and retirees from two 3 M facilities, one of which historically generated
perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), and perfluorohexane sulfonic acid
(PFHxS). Participants completed enrollment and follow-up study visits in the Spring of 2021. Participants were
categorized as cases if they reported a COVID-19 diagnosis or became sick with at least one symptom of COVID-
19 when someone else in their household was diagnosed, otherwise they were categorized as a control. COVID-
19 diagnosis was modeled in relation to concentration of serum PFAS measured at enrollment after adjusting for
covariates. The analytic sample comprised 573 individuals, 111 cases (19.4%) and 462 controls (80.6%). In
adjusted models, the odds ratio of COVID-19 was 0.94 per interquartile range (14.3 ng/mL) increase in PFOS
(95% confidence interval 0.85, 1.04). Results for PFOA, PFHxS, and perfluorononanoic acid (PFNA) were similar.
Other PFAS present at lower concentrations were examined as categorical variables (above the limit of quan-
tification [LOQ], yes vs. no [referent category]), and also showed no positive associations. In our study, which
used individual-level data and included people with high occupational exposure, the serum concentrations of all
PFAS examined were not associated with an increased odds ratio for COVID-19. At this point, the epidemiologic
data supporting no association of COVID-19 occurrence with PFAS exposure are stronger than those suggesting a
positive association.

vaccination are important for disease prevention [4,10,11]. Research
examining the characteristics associated with COVID-19 infection on an
individual level in the general population has been relatively rare
compared to the number of studies examining risk of severe infection,

Introduction

Studies seeking to identify socio-demographic factors associated
with incidence of coronavirus 2019 (COVID-19) have shown increased

risk among individuals who are male, non-white, Hispanic, or lower-
income, and decreased risk with older age [1-5]. Several comorbid-
ities have also been associated with COVID-19 infection, including body
mass index (BMI), cardiovascular disease, diabetes, chronic kidney
disease, and chronic or infectious respiratory conditions, among others
[4,6-9]. Behaviors such as physical distancing, masking, and
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hospitalization, and mortality associated with COVID-19 [6].
Environmental exposures, such as air pollution, may also increase
risk of COVID-19 [12]. Per- and polyfluoroalkyl substances (PFAS) are a
group of man-made chemicals that are or were historically used in the
manufacturing of industrial and consumer products such as stain resis-
tant carpet, non-stick cookware, and fire-fighting foam [13]. Due to
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their chemical properties and widespread use, some PFAS are persistent
in the environment and have long half-lives in humans [14]. While
certain PFAS, including perfluorooctanoic acid (PFOA), perfluorooctane
sulfonate (PFOS), and perfluorohexanesulphonic acid (PFHxS), are
detectable in serum in most residents in the United States [15]; levels are
declining [16]. Some studies suggest that certain PFAS may have
immunotoxic effects in humans [17,18], such as reduced antibody
levels, which could put individuals with high levels of exposure at
increased risk for infectious diseases such as COVID-19. This suggested
association led the Agency for Toxic Substances and Disease Registry to
release a call for more research on PFAS exposure and COVID-19 [19].

The association between COVID-19 infection and PFAS has been
examined in four previous studies [20-23]. Two of the studies were
ecologic [20,21], the third measured PFAS in urine on average two days
after the onset of symptoms [22], and the fourth was a prospective
cohort study [23]. The first three studies showed a positive association
with exposure [20-22]; the prospective cohort study showed no asso-
ciation with risk [23]. Additionally, a study of COVID-19 disease
severity found that serum perfluorobutanoic acid (PFBA) was associated
with more severe disease, but not other PFAS [24]. In the Spring of 2021,
we invited individuals from two manufacturing facilities, one of which
historically generated PFAS, to participate in a longitudinal study to
assess antibody responses to the COVID-19 vaccine and PFAS concen-
trations in serum. The longitudinal study showed a small inverse asso-
ciation between antibody response and PFAS, with confidence intervals
that included zero [25]. Because of the frequency of reported COVID-19
diagnoses, these data provided an opportunity to investigate PFAS
exposure and COVID-19 disease. Here we report the analysis of the 2021
data as a case-control study to examine the association between COVID-
19 disease and PFAS serum concentrations in a population with a wide
range of exposure.

Methods

This manuscript was written following STROBE guidelines for case-
control studies [26].

Study population

As noted above, a longitudinal study was conducted in 2021 among a
population comprising current and retired employees of 3 M facilities in
Decatur, Alabama and Menomonie, Wisconsin [25]; these data were
used to conduct a case-control study of COVID-19 disease and PFAS
serum concentrations. These two locations were chosen for their historic
PFAS production (Decatur) and non-PFAS production (Menomonie). The
Decatur manufacturing site consists of two plants: a film plant and a
chemical plant [27]. Until phase-out in the early 2000s, per-
fluorooctanesulfonyl fluoride (POSF) was produced at the chemical
plant by electrochemical cell fluorination (ECF) and used in the batch
production of a variety of perfluorinated amides, alcohols, acrylates (all
of which have the potential to hydrolyze to PFOS) and PFAS polymers in
protective and performance chemicals. PFHxS was similarly made and
used in production of performance chemicals including fire suppression
liquids. PFOA was occasionally manufactured by ECF for its use as a
surfactant (e.g., ammonium perfluorooctanoate, APFO) but was also a
by-product of POSF ECF production, as were other PFAS. PFAS had
limited use at the Decatur film plant and Menomonie plant. Employees
at the Decatur chemical plant continue to have elevated serum con-
centrations compared to the general population owing to the long serum
elimination half-lives of PFOS (half-life ~3 to 4 years), PFHxS (half-life
~5 to 7 years), and PFOA (half-life ~2 to 3 years) [28-30]. These serum
concentrations, however, have markedly declined in Decatur chemical
plant employees since 2000 [31].

Since the phase-out, POSF-based chemistries have been replaced
with perfluorobutanesulfonyl fluoride (PBSF) as the base chemistry in
the manufacturing of performance materials at the Decatur chemical
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plant. PBSF is also produced by ECF, but this particular process occurs
elsewhere. PBSF is used in the formulations of a flame retardant addi-
tive, an acid mist suppressant, a curative used in fluoroelastomer pro-
duction, and in perfluorinated amides and alcohols produced at the
plant. PBSF and PBSF-derived materials have the potential to degrade to
perfluorobutanesulfonate (PFBS), which has an average serum elimi-
nation half-life of approximately 30 days [32] and is rarely detected in
the CDC National Health and Nutrition Examination Survey (NHANES)
analyses of serum from the United States general population [16].

Individuals were eligible to participate if they were at least 18 years
of age and an employee or retiree from the Decatur facility or an
employee from the Menomonie facility; no other inclusion or exclusion
criteria were applied. The study included an enrollment and a follow-up
visit. Enrollment visits took place starting April 19, 2021 at the Decatur
facility and May 4, 2021 at the Menomonie facility. Follow-up visits
were conducted at each site 5-6 weeks later; the final visit was June 17,
2021. At each study visit, participants provided a blood sample and
completed a self-administered health questionnaire. All questionnaire
responses were reviewed by the study staff to ensure completion before
the end of the visit. Serum was aliquoted from each blood sample and
stored at or below —20 °C and shipped on dry ice via overnight delivery
to the laboratory.

This study was reviewed and approved by the WCG Institutional
Review Board. All participants provided written informed consent at the
time of enrollment and were notified of their individual test results.

Information about COVID-19 diagnosis

As part of the enrollment and follow-up questionnaires, participants
were asked, “Have you ever been diagnosed with COVID-19?”, with No
and Yes response options. At the Decatur site, employed participants
were additionally asked to bring documentation of the results of any
positive COVID-19 test. Those who reported no COVID-19 diagnosis
were further asked if anyone in their household had been diagnosed
with COVID-19, and if so, if the participant became sick around the same
time. Participants were categorized as cases if they reported at enroll-
ment or follow-up that they had been diagnosed with COVID-19 or
became sick with at least one symptom of COVID-19 when someone else
in their household was diagnosed, otherwise they were categorized as a
control (see supplementary material section I for further details).

We asked participants who reported having COVID-19 about the
symptoms they had when they were sick. From the symptoms reported,
we created a dichotomous disease severity variable based on the United
States National Institutes of Health (NIH) severity of COVID-19 illness
classification: asymptomatic — no symptoms; mild illness — any signs or
symptoms reported other than shortness of breath; moderate-to-severe
illness — shortness of breath reported [33].

Serum PFAS analysis

Serum PFAS concentration was assessed by the 3 M Strategic Toxi-
cology Laboratory (St. Paul, MN) using solid phase extraction (SPE) and
quantitation by liquid chromatography-tandem mass spectrometry (LC-
MS\MS) modified from a previously reported method [34]. Thirteen
PFAS compounds were measured: PFOS, PFOA, PFHxS, PFBA, PFBS,
perfluoropentanoic acid [PFPeA], perfluorohexanoic acid [PFHxA],
perfluoroheptanoic acid [PFHpA], perfluorononanoic acid [PFNA],
perfluorodecanoic acid [PFDA], 2-(N-methyl-perfluorooctane sulfona-
mido) acetic acid [MeFOSAA], 2-(N-Ethyl-perfluorooctane sulfonamido
acetic acid [EtFOSAA], and perfluorooctane sulfonamide [PFOSA]. All
PFAS were quantified in ng/mL, with a lower limit of quantification
(LOQ) of 0.1 ng/mL. PFAS with values below the LOQ were re-expressed
as the LOQ divided by the square root of 2.

Spiked quality control (QC) samples were prepared at two concen-
tration levels for a low calibration range (0.1-50 ng/mL) and high
calibration range (1.0-250 ng/mL) and were analyzed (n = 6 each level)
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prior to the analysis of all samples to characterize the QC and to evaluate
intra-day precision. The spiked QC were subsequently analyzed in
duplicate in each sample batch to monitor the inter-batch precision
during the analyses. Depending on the calibration range, concentration
level, and analyte the between-batch coefficient of variation ranged
from 1.8 to 12.1%. Further information is presented in supplementary
material section II.

Covariates

Additional data collected via the health questionnaires were exam-
ined as covariates. Date of birth was used to calculate years of age at
enrollment; for descriptive purposes age was further categorized as:
<45 years, 45 to <65 years, 65+ years. Gender response options
included female, male, and other; no participants reported their gender
as “other”. Questions regarding race and ethnicity were used to create a
race/ethnicity variable with 3 categories: non-Hispanic White, non-
Hispanic Black, and other. Self-reported height and weight were used
to calculate body mass index (BMI, kg/m?), categorized for descriptive
purposes as: normal weight (<25), overweight (25 to <30), and obese
(30+). Individuals who had smoked fewer than 100 cigarettes in their
lifetime were considered never smokers, while those who had smoked at
least 100 cigarettes were divided into former smokers, smoke some days,
or smoke every day. The site of current or former employment was
categorized as: Decatur Film, Decatur Chemical/Both (included chemi-
cal plant only and those who had worked at both the chemical plant and
the film plant), and Menomonie. Participants provided their current
residential zip code, which was used to identify county of residence.

Statistical analyses

Participants who reported a COVID-19 diagnosis date that occurred
after their first vaccination date were excluded from these analyses, as
well as those who were missing data on PFAS, COVID-19 diagnosis, or
covariates. Median and interquartile range (IQR) were used to describe
continuous variables, while count and percentage were used to describe
categorical variables. Descriptive statistics, including PFAS distribu-
tions, were calculated for the overall sample and stratified by disease
status. Self-reported COVID-19 diagnosis was validated against the re-
sults of a positive lab test for a subset of participants who reported a
positive test and were currently employed at the Decatur site (n = 57).

Logistic regression models were used to assess the association of
being a case with serum PFAS. PFAS that had >75% of values above the
LOQ were examined in models as continuous variables; those with
>10% but <75% of values above the LOQ were examined as categorical
variables (above the LOQ, yes/no). PFAS examined as continuous vari-
ables were re-expressed by dividing raw values by the interquartile
range (IQR). A directed acyclic graph [35] (DAG, Fig. $8.1) was used to
identify the minimal adjustment set of confounding factors: age, gender,
race/ethnicity, site, BMI, and smoking. Various covariate structures (e.
g., interactions between adjustment factors) and non-linear represen-
tation of continuous variables were considered; percent change in esti-
mates were utilized to identify the most parsimonious models that
adequately adjusted for confounding factors in the minimal adjustment
set. For each PFAS, bivariate associations were first examined, followed
by multivariable models controlling for the confounding factors.

As a sensitivity analysis, results of multivariable models were
compared to mixed effect models with site removed from the covariate
structure and county of residence included as a random effect. Multi-
variable models were also used for two stratified analyses: site (Decatur,
Menomonie) and employment status (currently employed, retired). For
the site-stratified analyses, PFAS were examined as continuous variables
expressed as ng/mL due to differences in the range of serum concen-
trations at each site. The employment-status stratified analyses did not
adjust for smoking due to few current smokers among retirees. We also
examined coefficients for PFAS-age interactions. In the subset of
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participants currently employed at the Decatur site, unadjusted and
adjusted models were also run after using cases who had a validated
COVID-19 diagnosis.

At 3 M facilities, including those studied here, a mask mandate was
in effect from July 23, 2020, until April 2022 (our field work was
completed by June 2021). The type of mask mandated was an N95 or
equivalent for tasks for which social distancing (> 6 ft. separation be-
tween employees) could not be achieved. Employees could remove the
mask to eat although social distancing had to be maintained. The
number of COVID-19 cases reported by our participants to have
occurred before the mask mandate was in place, July 23, 2020, was 11
(2 in Menomonie, 9 in Decatur). As a sensitivity analysis, we repeated
the analyses after excluding these 11 participants.

A quantitative bias analysis was conducted to assess change in esti-
mate from unmeasured confounding due to socioeconomic status (SES)
[36]. We conducted a record-level simple bias analysis informed by data
[27,37-39], using a script written in R. The target estimand was an
unbiased estimate of the association between PFOS and COVID-19
diagnosis [40], with the final result being the percent difference in the
biased and unbiased odds ratios. The Decatur employees had occupa-
tional exposure to PFAS, while the Menomonie employees had back-
ground exposure similar to the general United States population.
Because the sources of exposures for these two groups are theoretically
associated with SES differently, our bias analysis was conducted sepa-
rately for Decatur and Menomonie. Information on the association be-
tween income and COVID-19 was available from the literature, and data
on the association between income and serum PFOS was obtained for the
Decatur population, therefore we used income as a proxy for SES.
Further information is provided in supplementary material section III.
Example R code for the bias analysis conducted for the Menomonie site
is provided in supplementary material section IV.

A second quantitative bias analysis was done to evaluate whether
longer COVID-19 illness among more highly exposed cases and their
resulting non-participation might have biased the results; this analysis is
described in supplementary material section V. In a third quantitative
bias analysis (supplementary material section VI), we used a structural
approach to adjust for potential selection bias due to nondifferential
nonparticipation (Hernan et al., 2004; Hernan & Robins, 2020). This
analysis used information on the population of Decatur 3 M employees
as of April 2021. We focused on this population as eligible to participate
because we had information on plant (surrogate measure of exposure),
COVID-19 diagnosis, age, gender, and participation. For retirees and the
Menomonie employees we had less information about the eligible pop-
ulation; in Menomonie, because they were not occupationally exposed,
we did not believe that selection bias was a concern.

Bayesian kernel machine regression (BKMR) was used to examine the
joint association of the four PFAS (PFOS, PFHxS, PFOA, PFNA) modeled
as continuous variables as an exposure mixture, which allowed for non-
linear and non-additive associations between the mixture and outcome
of interest [41]. BKMR was implemented using a fully adjusted probit
model with 4 chains and 35,000 iterations per chain. The exposure-
response function was characterized as an overall association between
the mixture of PFAS and odds of COVID-19 disease. Interactions among
the four PFAS were also explored.

In addition to the above analyses of COVID-19 occurrence, we
assessed COVID-19 disease severity in relation to PFAS. A complete
description of the analysis and its results are presented in the supple-
mentary material section VII.

Analyses were conducted in R 4.2.0 (R Foundation for Statistical
Computing, Vienna, Austria) using RStudio 2022.02.2 + 485 (RStudio
PBC, Boston, MA) and Stata 17.0 (StataCorp, College Station, TX).

Results

Of the 2338 employees and retirees invited to participate, 586 (25%)
enrolled in the study (as described below, the quantitative bias analysis
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addressing the potential effect of selection bias indicated that the low
participation rate was unlikely to have an important effect on the re-
sults). After excluding participants who reported a COVID-19 diagnosis
that occurred after vaccination (n = 3), had missing PFAS values (n = 9),
or had missing covariates (n = 1), the analytic sample comprised 573
individuals. Of these, 462 were categorized as controls (80.6%) and 111
as cases (19.4%, Table 1); 95% of cases reported a COVID-19 diagnosis,
while 5% reported becoming sick when someone else in their household
was diagnosed. The majority of participants were from the Decatur site,
and the median age was 52 years. A higher percentage of cases were
from the Decatur plant, and cases were slightly younger than controls.
The proportion of the participants that was currently employed was
100% in Menomonie (by design) and 71% in Decatur (Table S9.1). The
highest median PFAS concentration was for PFOS, followed by PFHxS,
PFOA, and PFNA; these four compounds were above the LOQ for >90%
of participants (Table 2). PFBS, MeFOSAA, PFHpA, and PFDA were
above the LOQ for >10% but <75% of participants; PFHXA was not
above the LOQ in any participants. Distributions of PFAS were similar
when stratified by case-control status (Table S9.2). Based on serum
concentrations of PFAS, the higher exposure in Decatur was obvious, as
was the higher exposure in Decatur among those who had worked in the
chemical plant (Table S9.3). The somewhat elevated PFAS concentra-
tions among those who worked in the Decatur film plant may have been
due to residence in an area where the municipal water supply was
contaminated with PFAS [42]. Proof of a positive laboratory test, used to
test the validity of self-reported COVID-19, was available for 87% (n =
48) of the participants in the analytic sample who were currently
employed at the Decatur site and self-reported being diagnosed with
COVID-19 (n = 55).

Unadjusted and adjusted associations between PFAS and COVID-19
diagnosis are shown in Table 3. In adjusted models, the odds ratio
(OR) of COVID-19 was 0.94 per IQR (14.29 ng/mL) increase in PFOS
(95% confidence interval [CI] 0.85, 1.04). PFOA, PFHxS, and PFNA
showed similar associations. PFBS, MeFOSAA, and PFHpA, examined as
categorical variables (above the LOQ, yes vs. no [referent category]),
showed adjusted ORs that were further below one, with wider confi-
dence intervals. Individuals who had a PFDA value above the LOQ had
the lowest OR of COVID-19 (0.60; 95% CI 0.38, 0.93). No difference in
estimates was seen when comparing the results of the multivariable
model to a mixed effects model with county of residence as a random
effect (data not shown). In analyses stratified by site (Table $9.4), for
PFAS expressed as ng/mlL, all ORs were < 1. For PFAS expressed as

Table 1
Descriptive characteristics of the study sample.
Cases Controls Total
n=111(19.4%) n =462 (80.6%) n=>573
Age in years, median (IQR) 49.8 (23.3) 51.7 (19.7) 51.5
(20.0)
Gender, n (%)
Male 82 (73.9) 341 (73.8) 423 (73.8)
Female 29 (26.1) 121 (26.2) 150 (26.2)
Race/Ethnicity, n (%)
Non-Hispanic White 91 (82.0) 387 (83.8) 478 (83.4)
Non-Hispanic Black 11 (9.9) 32 (6.9) 43 (7.5)
Other 9(8.1) 43 (9.3) 52 (9.1)
BMIin kg/mz, median (IQR) 30.0 (7.3) 28.2 (6.5) 28.6 (6.3)
Smoking, n(%)
Never 73 (65.8) 304 (65.8) 377 (65.8)
Former 29 (26.1) 133 (28.8) 162 (28.3)
Some Days 8(7.2) 10 (2.2) 18 (3.1)
Every Day 1(0.9) 15 (3.3) 16 (2.8)
Site, n (%)
Decatur Chemical/Both” 44 (39.6) 163 (35.3) 207 (36.1)
Decatur Film 34 (30.6) 105 (22.7) 139 (24.3)
Menomonie 33(29.7) 194 (42.0) 227 (39.6)

# Decatur Chemical/Both includes individuals who reported working at the
Chemical plant and both the Chemical and Film plants
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Table 2
Percentiles of serum concentrations of per- and polyfluoroalkyl substances
(PFAS), ng/mL (n = 573).

Percentile

% > 5 25 50 75 95 Maximum

LOQ Value
PFOS 99.5 1.20 341 7.37 17.70 102.00  432.00
PFOA 99.0 0.37 0.91 1.66 5.00 31.70 139.00
PFHxS 99.5 0.29 1.06 2.17 5.65 45.90 430.50
PFNA 93.9 0.07 023 0.35 0.55 1.13 7.18
PFBS 46.2 0.07 0.07 0.07 0.24 22.90 2680.00
PFOSA 0.2 0.07 0.07 0.07 0.07 0.07 0.12
MeFOSAA  38.9 0.07 0.07 0.07 0.19 1.08 6.60
EtFOSAA 5.8 0.07 0.07 0.07 0.07 0.12 1.76
PFBA 9.1 0.07 0.07 0.07 0.07 0.15 4.99
PFPeA 5.1 0.07 0.07 0.07 0.07 0.10 1.06
PFHpA 10.6 0.07 0.07 0.07 0.07 0.16 1.37
PFDA 64.7 0.07 007 0.14 0.23 0.45 1.22
PFHxA 0.0 0.07 0.07 0.07 0.07 0.07 0.07

Note: Limit of quantification (LOQ) = 0.1, values <LOQ re-expressed as LOQ/
V2 =0.07

PFOS = perfluoroalkyl substances; PFOA = perfluorooctanoic acid; PFHxS =
perfluorohexanesulfonic acid; PFNA = perfluorononanoic acid; PFBS = per-
fluorobutanesulfonic acid; PFOSA = perfluorooctane sulfonamide; MeFOSAA =
2-(N-methyl-perfluorooctane sulfonamido) acetic acid; EtFOSAA = 2-(N-Ethyl-
perfluorooctane sulfonamido acetic acid; PFBA = perfluorobutanoic acid;
PFPeA = perfluoropentanoic acid; PFHpA = perfluoroheptanoic acid; PFDA =
perfluorodecanoic acid; PFHXA = perfluorohexanoic acid

Table 3
Odds ratios of COVID-19 diagnosis per IQR" or > LOQ" difference in per-and
polyfluoroalkyl substances (PFAS) and 95% confidence interval (n = 573).

Unadjusted Adjusted®

OR 95% CI OR 95% CI
Continuous (IQR")
PFOS 0.97 0.89, 1.05 0.94 0.85, 1.04
PFOA 0.99 0.94, 1.05 0.98 0.92, 1.04
PFHxS 0.98 0.93, 1.03 0.98 0.93,1.03
PFNA 0.96 0.84,1.11 0.97 0.83,1.13
Categorical (>L0Q")
PFBS 1.08 0.71, 1.63 0.68 0.40, 1.17
MeFOSAA 0.99 0.65, 1.52 0.93 0.56, 1.53
PFHpA 1.02 0.52,1.99 0.81 0.39, 1.67
PFDA 0.57 0.37, 0.86 0.60 0.38, 0.93

@ Per Interquartile range (IQR) difference (ng/ml); PFOS IQR = 14.29; PFOA
IQR = 4.09; PFHxS IQR = 4.59; PFNA IQR = 0.32

b > Limit of Quantification (LOQ) vs. < LOQ (referent)

¢ Adjusted for age, gender, race/ethnicity, smoking, BMI, and site

>L0Q versus not, the ORs for all but MeFOSAA at Decatur were < 1, but
in all instances the confidence intervals included 1. In analyses stratified
by employment status (Table S9.5), for PFAS expressed as IQR differ-
ence, the ORs were generally close to one. For PFAS expressed as >LOQ
versus not, the ORs varied, but where the OR was >1, the confidence
intervals included 1. Coefficients for PFAS-age interactions were not
statistically significant at the p < 0.05 level. Results of models with the
subset of validated cases compared to controls were comparable to those
from other models (Table S9.6).

As shown in Fig. 1, in fully adjusted models with PFOS as the
exposure, compared to individuals <45 years of age, those in the two
older age groups had lower odds of COVID-19 (45 to <65 years OR =
0.72, 95% CI 0.44, 1.16; 65+ OR = 0.60, 95% CI 0.29, 1.25). As
compared to normal weight individuals, overweight and obese in-
dividuals had a higher odds of COVID-19 (overweight OR = 2.13, 95%
CI 1.05, 4.32; obese OR = 3.29, 95% CI 1.64, 6.61). Individuals who
smoked some days had higher odds of COVID-19 as compared to never
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PFAS
PFOS (IQR) -

Age Group
<45 yr
45 to <65 yr
65+

Gender
Female
Male -

Race/Ethnicity
Non-Hispanic White
Non-Hispanic Black

Other

BMI
Normal Weight -
Overweight
Obese

Smoking
Never
Former
Some Days -

Every day

Site
Decatur Chem/Both
Decatur Film
Menomonie

3 5 7
Odds Ratio

~ —
© -

1 3 5

Fig. 1. Odds ratios and 95% confidence intervals for COVID-19 diagnosis according to covariate level (n = 573). PFOS per interquartile range (IQR, 14.29 ng/

mL) difference.

smokers (OR = 3.28, 95% CI 1.19, 8.98), while individuals who smoked
every day had lower odds of COVID-19 (OR = 0.29, 95% CI 0.04, 2.34).
The OR of having COVID-19 was lower in Menomonie than in Decatur.

Results of the quantitative bias analysis of unmeasured confounding
showed that in the Decatur sample the mean unbiased estimate,
expressed as an OR, of COVID-19 per IQR difference in PFOS was 0.940
(see supplementary material section III). The percent difference between
the biased and unbiased estimate was —1.16%, meaning that the unbi-
ased estimate of the association between PFOS and COVID-19 was
1.16% smaller than the income-unadjusted (biased) estimate of 0.951.
In the Menomonie sample the mean unbiased (OR) estimate of COVID-
19 per ng/mL change in PFOS was 0.703. The percent difference be-
tween the biased and unbiased estimate was 0.86%, meaning that the
unbiased estimate of the association between PFAS and COVID-19 was
0.86% larger than the income-unadjusted (biased) estimate of 0.697.
The quantitative bias analysis of the potential effect of non-participation
among more highly exposed cases with longer COVID-19 illness indi-
cated that such non-participation would not have had an appreciable
effect on our results due to the low prevalence of COVID-19 at the time
of enrollment (supplementary material section V). In a sensitivity
analysis where we repeated the analysis in Table 3 after excluding the 11
cases whose COVID-19 occurred before the 3 M mask mandate, the re-
sults remained essentially the same (results not shown).

In our analyses of COVID-19 disease severity in relation to PFAS
(Table S7.2), for PFAS expressed as IQR difference, the ORs were slightly
greater than one but the confidence intervals were wide. For PFAS
expressed as > LOQ vs. not, the ORs varied but the confidence intervals
were especially wide. The results adjusted for potential selection bias
using a structural approach (OR per IQR of PFOS, 0.95 [95% CI
0.83-1.18], supplementary material table S6.2) were essentially the
same as in the main analysis (Table 3). The model of participation
indicated that plant (surrogate of exposure), COVID-19 diagnosis, and
their interaction were weakly related to participation, and the estimates
had wide confidence intervals.

Fitting the BKMR mixture model to the data for PFOS, PFOA, PFHxS,
and PFNA indicated that as the percentiles of joint exposure to the
overall mixture increased, the OR of COVID-19 was essentially unaf-
fected (Fig. S8.2a). Furthermore, there was no indication of interaction

among the four PFAS (Fig. S8.2b).

Discussion

In this study we examined the association of serum concentration of
PFAS with odds of COVID-19 in a sample of individuals with a wide
range of exposure. In our study data, we found that in fully adjusted
models there was a small inverse association per IQR difference in PFOS,
PFOA, PFHxS, and PFNA, with confidence intervals that included one.
For the PFAS present at lower concentrations (PFBS, MeFOSAA, PFHpA)
the associations were further below one but less precise. Individuals
with PFDA levels above the LOQ had a lower odds ratio of COVID-19
diagnosis, an association that was statistically significant, possibly due
to multiple testing.

By the Spring of 2021 the cumulative incidence of COVID-19 in the
communities where the 3 M facilities were was about 10% in both
Decatur and Menomonie [43,44]. The cumulative incidence of COVID-
19 among participants in our study was 23% in Decatur and 15% in
Menomonie, as reflected by the lower adjusted odds of COVID-19 for
Menomonie compared with Decatur (Fig. 1). Because the different dis-
ease frequency by location in the study population was present after
adjusting for serum concentration of PFAS, it was likely due to local
factors other than PFAS exposure.

Three out of the four previous studies examining the occurrence of
COVID-19 in relation to PFAS exposure suggested a positive association.
In an ecologic study, COVID-19 incidence was compared between a
community with high PFAS exposure and one without [20]. The inci-
dence was higher in the PFAS-exposed community (standardized inci-
dence ratio 1.19; 95% CI 1.12, 1.27). The authors of the study
acknowledged that ecological studies are prone to bias [20]. One other
ecologic study examined associations between PFAS and COVID-19
mortality and reported an adjusted rate ratio of 1.60 (90% credibility
interval = 0.94, 2.51) for the PFAS-exposed communities [21]. In a case-
control study with PFAS measured in urine obtained after disease onset
in cases, urine PFOS and PFOA concentrations were higher in cases [22].
The proximal tubule cells in the kidney are an important site for reab-
sorption of PFAS from the glomerular filtrate, and their apical borders
are rich in angiotensin converting enzyme 2 [45,46], which facilitates
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entry of SARS-COV2 into cells. Patients with COVID-19 have been
shown to have renal dysfunction [47]; the higher urine PFAS concen-
trations among cases in the referenced study may have been due to
decreased reabsorption in the nephron. The prospective cohort study
included data for 154 participants, of whom 41 were seropositive for
COVID-19 [23]. The authors of the cohort study, which showed no as-
sociation, noted that the concentration of PFAS was relatively low in
their participants. Associations between PFAS and COVID-19 have also
been examined more broadly. Grandjean and colleagues examined the
association between PFAS exposure and severity of COVID-19 in a
Danish sample and found no association with the four PFAS we studied
in detail [24]. In our case group, few participants had severe disease,
thus our power to detect an association with severe disease was low.

Certain PFAS have been shown to alter selected aspects of immune
function in animal experiments [14,48,49]. While no molecular mech-
anism of action accounting for the immunotoxic effects of PFAS has been
identified, a mode of action for such toxicity is supported and biologi-
cally plausible [14,50]. For example, certain PFAS in animals alter cell
signaling involving B-cell/plasma cells and immune cell function, and
they diminish antibody response [49]; in humans they have been asso-
ciated with decreased antibody response to vaccines [51]. Furthermore,
PFAS are known to bind with many nuclear receptors, and these re-
ceptors are involved in activation of immune cells [52-54]. However,
whether clinical infectious disease outcomes are related to serum con-
centration of PFAS is not clear, because of inconsistent findings [55-60].

Comparing the results of the present study to previous research on
COVID-19 risk factors in U.S. adults, the associations seen here are
somewhat consistent. While age has been associated with increased
disease severity, several studies have shown an inverse association with
infection [1,4,5,61], as seen here. BMI has been shown to be directly
associated with COVID-19 disease [8,9], as observed in our data.
Smoking has generally shown an inverse association with COVID-19
[8,62,63], which is partially consistent with our findings of an inverse
association among every day smokers.

Although our sample size was small for a case-control study, a
strength of this study is the relatively wide distribution of serum con-
centrations of PFOS, PFOA, and PFHxS, which increased statistical
power to detect an association. We used high-quality biomarkers of
exposure. The long half-life of the PFAS we focused on [28,29,59] meant
that exposure during a window of susceptibility, if any, was likely
captured by the exposure measure, recognizing that the study addressed
adult exposure only. In the total sample, COVID-19 diagnosis was based
on self-report, rather than through laboratory testing or evidence of a
positive test, which may lead to misclassification bias. However, the
comparable results in the subsample of participants with validated
diagnosis mitigated concerns. Some potential confounders, most notably
socioeconomic status, were not measured in this study; inability to
control for these may have resulted in biased estimates. However, results
of the quantitative bias analysis indicated that adjusting for socioeco-
nomic status would have produced a negligible change in estimates.

Exposure to PFAS and other potentially immunotoxic agents in the
Decatur facility was and still is much lower in the film plant as compared
with the chemical plant. In the chemical plant, the workers with high
past exposure to PFOA, PFOS, or PFHxS, for which 3 M phased-out of the
manufacturing of products with these chemistries, assumed the handling
of new or replacement chemistries. These new chemistries varied in
their level of exposure to employees containing potentially immunotoxic
agents such as acrylates. The correlation of past exposure to PFOA,
PFOS, or PFHXS, or recent exposure to short-chain PFAS, with other
potentially immunotoxic agents in Decatur was likely positive and
moderate at most. Furthermore, exposure to other potentially immu-
notoxic agents, when present, was at a low level. Uncontrolled con-
founding of COVID-19-PFAS associations by other potentially
immunotoxic agents, if it occurred, would have been likely to result in
more positive associations to be observed than were in fact present.

At the Decatur facility, like all 3 M facilities, during the pandemic
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current employees underwent a temperature check at the beginning of
each workday and those with an elevated temperature underwent
testing for COVID-19. Furthermore, employees were told to not enter the
facility if they had any COVID-19 symptoms (fever, cough, difficulty
breathing, new loss of taste or smell, sore throat) or were in close contact
with a person with COVID-19 in the past two weeks; employees had to
acknowledge that they did not have any of these symptoms or close
contact before being allowed to enter. In addition, employees provided
3 M with results of COVID-19 tests done by local providers outside the
facility. 3 M instituted a COVID-19 paid pandemic leave policy in March
2020. According to the 3 M records, among all current Decatur em-
ployees, 23% had COVID-19 by April 22nd, 2021. Among the current
Decatur employees who participated in the study, 24% reported having
had COVID-19 by April 22nd, 2021. Thus, for the large proportion of the
target population for which we have data on cumulative incidence of
COVID-19, we have evidence that COVID-19 status had little or no
relation to participation, making selection bias unlikely. Because 3 M
screened employees at both facilities for elevated temperature and ob-
tained results of COVID-19 tests, current employees’ COVID-19 history
was already known to 3 M before the study questionnaires were
completed. The questionnaires were self-administered with no influence
from the study staff regarding specific responses to questions. The staff
only checked questionnaires for completeness and any missing re-
sponses were reconciled with the study participant.

Infectious disease epidemiology generally considers interaction be-
tween individuals in the population studied [64]. While the 3 M mask
mandate would have minimized risk from interaction at work, we had
no information about viral exposure outside work. In our study, how-
ever, interaction among individuals outside work was unlikely to be an
important confounding factor. The unusually high exposure to PFAS in
our study population began long before such interaction. Such interac-
tion would not be a pre-exposure covariate, and thus not a confounder
[65].

When we designed our longitudinal study of antibody response in
relation to PFAS serum concentration, we did not anticipate utilizing it
for this case-control study. As a consequence, we did not measure
antibody concentrations that reflect naturally-acquired immunity rather
than immunization [66], which would have allowed us to identify those
who had had asymptomatic COVID-19. About 40% of COVID-19 cases
are asymptomatic [67]. Thus, our results address only risk of symp-
tomatic COVID-19 in relation to PFAS. A similar limitation occurred in
three of the other studies on this topic [20-22]. The one study using a
cohort design, however, did measure antibodies allowing detection of
previous asymptomatic disease, and, as noted above, they also found no
positive association of COVID-19 occurrence and PFAS serum concen-
trations [23].

The adjustment for potential selection bias had little effect on the
results (supplementary material section VI). The assumptions underly-
ing the structural bias approach, described in supplementary material
section VI, appeared to be met. Hernan and Robins state that a large
selection bias requires a strong association between participation and
both exposure and the outcome ([68], (p112)). Although we relied on a
surrogate measure of exposure (plant) when implementing the
approach, the outcome was especially well measured. In the population
of Decatur employees, we found that study participation was not much
associated with plant, COVID-19 diagnosis, or their interaction. Thus, a
large selection bias was unlikely. While it’s possible that knowledge of
exposure influenced the decision to participate, we have no reason to
suspect that more-exposed cases would be less likely to enroll in the
study.

Conclusions
In our study, which used individual-level data and included people

with high occupational exposure, the serum concentrations of all PFAS
examined were not associated with an increased odds ratio for COVID-
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19. At this point, the epidemiologic data supporting no association of
COVID-19 occurrence with PFAS exposure are stronger than those sug-

. is s [7]
gesting a positive association.
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