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Abstract

Background Several legacy and emerging per- and polyfluoroalkyl substances (PFAS) have been regulated
around the world. There is growing concern over the proliferation of alternative PFAS, as well as PFAS precursors.
Biomonitoring data for PFAS are critical for assessing exposure and human health risk.

Methods We collected serum samples from 289 adult female participants in a 2018-2021 follow-up study of the
Maternal-Infant Research on Environmental Chemicals (MIREC) Canadian pregnancy cohort. Samples were analyzed
for 40 PFAS using ultra-performance liquid chromatography—tandem mass spectrometry. For those compounds
with >50% detection, as well as the sum of these compounds, we describe serum concentrations and patterns of
exposure according to sociodemographic and obstetrical history characteristics.

Results 17 out of 40 PFAS were detected in > 50% of samples with 7 of these detected in >97% of samples. Median
[95th percentile] concentrations (ug/L) were highest for PFOS (1.62 [4.56]), PFOA (0.69 [1.52]), PFNA (0.38 [0.81]), and
PFHXS (0.33 [0.92]). Geometric mean concentrations of PFOA and PFHxS were approximately 2-fold lower among
those with more children (>3 vs. 1), greater number of children breastfed (>3 vs. < 1), longer lifetime duration of
breastfeeding (>4 years vs. < 9 months), and shorter time since last pregnancy (<4 years vs. > 8 years). We observed
similar patterns for PFOS, PFHpS, and the sum of 17 PFAS, though the differences between groups were smaller.
Concentrations of PFOA were higher among “White" participants, while concentrations of N-MeFOSE, N-EtFOSE,

7:3 FTCA, and 4:2 FTS were slightly higher among participants reporting a race or ethnicity other than “White".
Concentrations of legacy, alternative, and precursor PFAS were generally similar across levels of age, education,
household income, body mass index, and menopausal status.

Conclusions We report the first Canadian biomonitoring data for several alternative and precursor PFAS. Our findings
suggest that exposure to PFAS, including several emerging alternatives, may be widespread. Our results are consistent
with previous studies showing that pregnancy and breastfeeding are excretion pathways for PFAS.
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Introduction
Per- and polyfluoroalkyl substances (PFAS) are a class
of highly fluorinated chemicals with lipophobic and
hydrophobic properties that are useful for manufactur-
ing a wide range of consumer products, such as non-
stick cookware, food packaging, personal care and beauty
products, fire retardant foams, and carpet treatment
applications [1-3]. These substances persist in the envi-
ronment and several have been detected in human popu-
lations worldwide [4—7]. Among the general population,
the primary sources of exposure are food, drinking water,
and house dust [8—11]. Some of the compounds in this
chemical class are biopersistent, with half-lives ranging
from days to years [12, 13]; biomonitoring surveys have
demonstrated that exposure to several of these com-
pounds is ubiquitous among Canadians [5].
Epidemiological [2, 14—16] and experimental [15, 17—
21] evidence broadly support deleterious associations
between PFAS and health effects in humans. While there
are thousands of PFAS [22], the majority of this evidence
for human exposure is for two legacy PFAS, namely per-
fluorooctanoic acid (PFOA) and perfluorooctane sul-
fonate (PFOS). In the 2000s, a progressive phase out of
PFOA and PFOS production began in the United States
[2]. Since then, there has been considerable regulation
on their production and use globally [23-25]. In Canada,
risk management actions have been in place since 2010
and the manufacture, use, sale, offer for sale, or import of
PFOA and PFOS, as well as products that contain them,
have been prohibited since 2016 [26]. As a result, blood
concentrations of PFOA, PFOS, along with perfluoro-
hexane sulfonate (PFHxS), decreased on average in Can-
ada by approximately 50-60% between 2007 and 2017
[27], with similar trends observed in the United States
[28-31], Sweden [31], and Belgium [32]. This global
phasing out of legacy PFAS has led to growing concern
over the proliferation of alternative and precursor PFAS
[14-16, 23, 24]; human biomonitoring data for some of
these compounds is emerging [33], but is still limited.
Several of these PFAS have been detected with increas-
ing concentrations in Canadian freshwater environments
since 2013 [34]. Timely Canadian biomonitoring data for
these alternative and precursor PFAS are needed to bet-
ter understand exposure and potential risks to human
health and to evaluate the effectiveness of regulatory and
risk management actions. It is necessary to characterize
exposure not just generally, but across a range of socio-
demographic and lifestyle factors in order to identify
populations that may be disproportionately impacted by
exposure to legacy, alternative and precursor PFAS.

In this paper, we use data from a 2018-2021 follow-up
study of adult female participants from the Maternal-
Infant Research on Environmental Chemicals (MIREC)
pan-Canadian pregnancy cohort. Our objectives were
to describe serum concentrations of 40 legacy, alterna-
tive, and precursor PFAS and to examine patterns of
exposure according to sociodemographic and obstetrical
history characteristics for those compounds with >50%
detection.

Methods

Study participants

In the MIREC study, 2001 pregnant participants in their
first trimester were recruited between 2008 and 2011
from obstetric and prenatal clinics in 10 cities in Canada
[35]. Participants were ineligible if they were <18 years
old, > 14 weeks gestation, reported illicit drug use or seri-
ous medical conditions, could not communicate in either
English or French, or if they had known fetal abnormali-
ties or a history of serious medical conditions (i.e., molar
pregnancy, threatened spontaneous abortion, renal dis-
ease, epilepsy, collagen diseases, active and chronic liver
disease, heart disease, serious pulmonary disease, cancer,
or haematological disorders). In the MIREC-ENDO fol-
low-up study in 2018-2021, a subset of participants from
8 of the initial 10 sites completed an in-person clinic visit
that included physical measures (e.g., weight), question-
naires to collect sociodemographic and health history
information, and biospecimen (e.g., blood and urine)
collection. Both studies were approved by the Research
Ethics Boards of Health Canada/Public Health Agency
of Canada, Sainte-Justine University Hospital, as well
as those of all MIREC-affiliated study sites. Informed
consent was obtained from all participants. Of the par-
ticipants recruited for the MIREC study (n=2001), this
analysis was restricted to the subset of participants that
attended a clinic visit for the follow-up study and pro-
vided a blood sample [36]. Overall, 308 participants
attended a clinic visit and 289 of these participants pro-
vided a blood sample.

Blood collection, laboratory analysis, and quality control

Blood samples were collected using 10-ml sterile vacu-
tainer tubes. Within 2 h of the blood draw, samples were
centrifuged to separate serum and aliquoted into smaller
cryovials and stored at —80 °C. Analysis of 40 legacy,
alternative and precursor PFAS (Supplemental Table 1)
was completed in 2022 by AXYS Analytical Services Ltd.
(Sidney, BC, Canada) according to AXYS method MLA-
110 (revision 2, version 12). The laboratory is ISO 17025
accredited by the Canadian Association for Laboratory
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Accreditation. This analysis included 11 perfluorinated
carboxylic acids, 8 perfluorinated sulfonic acids, 6 fluo-
rotelomers (3 carboxylic acids and 3 suflonic acids), 7
perfluorooctane sulfonamide-based precursors, 2 promi-
nent PFOA replacement compounds (HFPO-DA [GenX]
and ADONA) as well as 3 other per- and polyfluoro-
ether carboxylates (NFDHA, PFMPA, PFMBA), 2 chlo-
rinated polyfluorinated ether sulfonates (9CI-PF3ONS
[ie., 6:2 CI-PFESA], and 11CI-PF30udS [i.e, 8:2 Cl-
PFESA]), and 1 polyfluoroether sulfonate. After spiking
with isotopically labeled recovery standards (**C,-PFBA,
13C,-PFHxA, 3C,-PFOA, 3C,-PFNA, 3C,-PFDA, 80,-
PFHxS, 3C,-PFOS, '3C,-D,-6:2-FTS), samples were
extracted and cleaned up by solid phase extraction. The
extracts were then analyzed by ultra-performance liquid
chromatography on a reversed phase C18 column using
a solvent gradient. The column was coupled to a triple
quadrupole mass spectrometer operated in the multiple
reaction monitoring mode, using negative electrospray
ionization. Final sample concentrations were determined
by isotope dilution/internal standard quantification and
adjusted for percent recovery. After initial calibration,
a mid-level calibration was analyzed after every 12 h.
Limits of detection (LOD) were assigned for each com-
pound by determining the concentration at which the
peak area was equivalent to 3.0 times the estimated chro-
matographic noise height. The median and inter-quar-
tile range of LODs for blank samples for all compounds
across 15 batches are presented in Supplemental Table 2.

Two types of QC samples were used to assess PFAS
recovery: water and serum matrix spikes. A blank water
sample spiked with isotope labeled PFAS was analyzed
in each of the 15 analytical batches (approximately 20
samples/batch). The percent recovery was within the
acceptable range of 70-130% for most surrogates (Sup-
plemental Table 3), with the exception of D,-N-MeFOSE
(used to quantify N-MeFOSE) for which 12/15 batches
exceeded 130% (median=149%). Percent recovery of the
native compound N-MeFOSE was lower, but still within
the acceptable range. The second type of QC sample ana-
lyzed by the laboratory was spiked reference serum. In
each batch, a low and high concentration of unlabeled
and labeled PFAS were spiked into the serum. Samples
were deemed acceptable if the percent recovery ranged
from 70 to 130% (Supplemental Table 4); percent recov-
eries were within this range for most PFAS. However,
for NFDHA the percent recovery was often<70% (10/15
batches for low spike and 11/15 batches for high spike)
and the coefficient of variation of percent recoveries was
high (48% and 33.5% for low and high spike samples,
respectively). For 3:3 FTCA the percent recovery was
<70% for all batches. Therefore, the estimated concen-
trations of NFDHA and 3:3 FTCA should be interpreted
cautiously.
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We examined PFAS concentration data for potential
outliers and batch effects. We determined that concen-
trations of 6:2 FTS were extremely high in serum samples
from one batch (range 11-269 pg/L). The percent recov-
eries for 6:2 FTS in the spiked reference serum for this
batch were high, but within the acceptable range (118%
and 129% for the high and low spikes, respectively), while
the percent recovery of the isotopically labelled inter-
nal standard in the water QC sample was low (59.9%).
Results for the other 39 PFAS in this batch were similar
to the other batches. We speculate that this is the result
of an unknown contamination during processing of
serum samples for this batch. Data for 6:2 FTS from this
batch were removed from this analysis, which is reflected
in the difference in sample sizes for 6:2 FTS (n=269) vs.
other PFAS (#=289).

Covariate data collection

Participants completed detailed questionnaires in the
first trimester and at follow-up to provide sociodemo-
graphic information. At the first trimester, participants
reported their country of birth (Canada vs. other) as well
as race and ethnicity. Participants self-reported their
race and ethnicity from the following options: White,
Chinese, South Asian, Black, Filipino, Southeast Asian,
Latin American, Arab, West Asian, Japanese, Korean,
Aboriginal. In this analysis, participants who exclu-
sively identified their race or ethnicity as “White” were
coded as being White, while participants selecting any
other category or combination of categories were coded
as “Other” At the follow-up visit, participants provided
their age, household income (60,000, 60,001-100,000,
or 2100,000 in $CAD), level of education (2-year college
diploma or less vs. bachelor’s degree or higher), number
of children (1, 2, > 3), cigarette smoking status (never,
former, current), menopausal status (premenopausal,
peri/post-menopausal, or unknown because of hormonal
contraceptive use), number of children breastfed (<1, 2,
or 23) and the lifetime duration of breastfeeding (sum
of duration of breastfeeding for each child as <2, > 24,
or >4 years). Time since last pregnancy was determined
from participants’ self-reported obstetrical history (<4,
> 48, > 8 years). Body mass index (kg/m?) at follow-up
was derived from measured height and weight and was
categorized according to World Health Organization
classifications [37] (under/normal weight, overweight,
and obese with cut-offs at 25 and 30 kg/m?, respectively).

Statistical analysis

Statistical analysis was performed in R v. 3.6.2 (R Core
Team, 2020. R Foundation for Statistical Computing,
Vienna, Austria) and SAS Enterprise Guide 7.1 (SAS
institute, Cary, NC.). Concentrations were blank-cor-
rected by subtraction and negative values were replaced
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with one-half of the smallest positive observed value.
Non-detect values were replaced with the batch-specific
blank LOD/v2 [38] to facilitate comparisons with previ-
ous analyses using this same method. While this is the
most common method used to handle non-detect val-
ues, it has been criticized as potentially introducing bias.
Therefore, we also generated summary statistics using a
maximum likelihood estimation approach with a log-
normal distribution and compared findings using these
two methods. We report geometric means and 95% con-
fidence intervals (95% CI) for all compounds and calcu-
lated Spearman correlation coefficients for PFAS with a
detection rate greater than 50%; we report Spearman cor-
relations with 6:2 FTS separately using the lower sample
size as a result of excluding one batch of data. We used
general linear models with log-transformed PFAS con-
centrations as the dependent variable, as well as the arith-
metic sum concentration of 17 PFAS (X17PFAS) with
>50% detection, to calculate the geometric mean (95%
CI) concentrations within strata of sociodemographic
and obstetrical history characteristics and used ANOVA
to test for differences between group-specific means.
When the overall group effect was statistically signifi-
cant (p-value<0.05), we conducted pairwise compari-
sons using the Bonferroni method. We evaluated model
diagnostics by checking normality and homoscedasticity
of the residuals. PFAS data were log-transformed to sat-
isfy model assumptions. The assumption of normality of
residuals was satisfied for nearly all PFAS models, with
the exception of N-MeFOSE; therefore, we used the non-
parametric Kruskal Wallis method for N-MeFOSE only.

Results

Similar to the original MIREC cohort, MIREC-ENDO
participants tended to be White, born in Canada, and of
moderate to high socioeconomic status (Table 1). 17 out
of 40 PFAS were detected in >50% of samples (Table 2);
7 of these were detected in >97% of samples. Geometric
mean concentrations of these 17 PFAS ranged from 0.001
(PFMBA) to 1.669 (PFOS) pg/L and was 4.089 ug/L for
the X17PFAS. Geometric means were similar in analy-
ses using the maximum likelihood estimation method
(Supplemental Table 5). Among those compounds with
<50% detection, 95th percentile concentrations ranged
from 0.002 (PFEESA and PFDoS) to 0.174 (PFTeDA)
pg/L. Spearman correlation coefficients were generally
highest among PFOA, PFHxS, PFOS, PENA, PFDA, and
PFUDA, with correlations as high as 0.65 (Supplemental
Fig. 1). Correlations between other compounds ranged
from —0.24 to 0.30.

Geometric mean concentrations of the 17 PFAS
with >50% detection, and their sum, across categories
of sociodemographic and obstetrical history charac-
teristics are presented in Supplemental Tables 6-14.

Table 1 Sociodemographic characteristics of adult female
participants in the MIREC-ENDO study (2018-2021; n=289)
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n %

Age

32-39 82 284

40-44 1 384

45-49 71 24.6

50 and over 25 8.7
Race and ethnicity

White 258 89.3

Other 26 9.0

Missing 5 1.7
Country of birth

Canada 248 85.8

Other 36 125

Missing 5 1.7
Body mass index (kg/mz)

<25 122 42.2

25-29 78 27.0

>30 57 19.7

Missing 32 1.1
Smoking status

Never/not at all 192 66.4

Former smoker 75 26.0

Current smoker 22 76
Menopausal status

re-menopausal 172 59.5

Peri- and post-menopausal 54 18.7

Using contraceptives 46 159

Missing 17 59
Parity

1 32 1.1

2 148 512

>3 93 322

Missing 16 55
Time since last pregnancy (years)

<4 33 114

>4-8 98 339

>8 142 49.1

Missing 16 55
Number of children breastfed

<1 41 14.2

2 123 426

>3 86 29.8

Missing 39 13.5
Lifetime duration of breastfeeding (years)

<2 121 419

>2-4 90 311

>4 39 135

Missing 39 13.5
Level of education

College diploma or less 70 242

Some university or more 219 75.8
Annual household income (SCAD)

<60 000 23 8.0
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Table 1 (continued)
n %
60001 to 100 000 56 194
More than 100 000 204 70.6
Missing 6 2.1

Concentrations of PFOA, PFOS, PFHxS, and X17PFAS
were consistently lower among participants with more
children, greater number of children breastfed, shorter
time since last pregnancy (Figs. 1, 2, 3 and 4 and Sup-
plemental Tables 6, 7, and 14), as well as longer lifetime
duration of breastfeeding. We observed approximately
2-fold differences in geometric mean concentrations of
PFOA and PFHxS when comparing the highest vs. lowest
categories of these factors. We observed a similar pattern
for PFHpS, but the absolute differences were 0.013 pg/L
or lower. For PFOS and X17PFAS, the differences in
serum concentrations were small across categories of
parity.

Overall, PFAS concentrations were generally simi-
lar across levels of age, education, household income,
body mass index, and menopausal status; age, BMI, and
income were inversely associated with some PFAS con-
centrations though infrequently and with non-mono-
tonic patterns. Participants who self-identified their race
and ethnicity as being exclusively White vs. Other had
higher concentrations of PFOA (geometric mean=0.538
vs. 0.322 ug/L); they also had lower concentrations of
N-MeFOSE, N-EtFOSE, 7:3 FTCA, and 4:2 FTS but these
differences in geometric mean ranged from 0.002 to
0.032 pg/L. Concentrations of PFBA were 2-fold higher
among never/former vs. current smokers; however, there
were few current smokers in this sample and the geomet-
ric mean for this group was imprecise. Participants born
outside of Canada had slightly higher concentrations of
PFDA (geometric mean=0.177 vs. 0.136 ug/L) than those
born in Canada.

Discussion
We provide the first Canadian biomonitoring results for
several alternative, and precursor PFAS using data from
a 2018-2021 follow-up study of a pan-Canadian preg-
nancy cohort. Including legacy compounds, 17 out of 40
PFAS were detected in >50% of samples, with 7 detected
in >97% of samples. To our knowledge, 10 of these com-
pounds have not previously been measured in Cana-
dians (N-EtFOSE, PFOSA, 7:3 FTCA, 6:2 FTS, PFPeA,
N-MeFOSE, PFHpS, PFMBA, 4:2 FTS, N-MeFOSAA).
Our finding that serum concentrations of several legacy
PFAS were markedly lower with greater number of chil-
dren birthed and longer history of breastfeeding is in line
with previous research that has identified pregnancy and
lactation as prominent excretion pathways for PFAS [39—
43]. This is also consistent with the moderate-to-strong
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correlations that we observed for these PFAS. The dif-
ferences in PFOS concentrations were small across cat-
egories of parity but this is consistent with results from
a meta-analysis of 39 studies demonstrating that PFOS
is less efficiently transferred across the placenta than
both PFOA and PFHxS [44]. PFOS has a stronger bind-
ing affinity for albumin [45] which may result in less
free PFOS available for transplacental transfer. Six PFAS
(PFOA, PFOS, PFHxS, PFNA, PFBS and PFHxA) were
detected in human milk samples from a previous analy-
sis of participants in this cohort [46] which supports the
biological plausibility of the differences that we observed
with breastfeeding history. We found a similar pattern
of differences for PFNA across obstetrical history char-
acteristics, but did not examine potential differences in
concentrations for PFBS or PFHxA because the detec-
tion frequencies were <50%. The current study has one
of the longest follow-up times with complete obstetri-
cal history data which allowed us to examine differences
across a longer time since last pregnancy. In their analysis
of interpregnancy intervals in the Danish National Birth
Cohort, Bach et al. (2018) showed that concentrations
of several legacy PFAS increased at 2—4 years post-preg-
nancy, and either remained stable or declined between 4
and 6 years post-pregnancy [47]. Our results suggest that
legacy PFAS continue to bioaccumulate beyond 4—6 years
post-pregnancy, with the largest differences observed>8
years later. Future studies should consider obstetrical his-
tory characteristics as confounders of potential associa-
tions between PFAS and health outcomes influenced by
parity and breastfeeding.

There are both similarities and differences between our
results and data on 9 PFAS among females aged 32-56
from the 2018-2019 Canadian Health Measures Survey
(CHMS) [3] (Fig. 5). Detection frequencies and concen-
trations for PFNA and PFDA in our study are in line with
those from the CHMS. While detection frequencies were
similarly high, both geometric mean and 95th percentile
concentrations of PFOA, PFOS, and PFHxS are lower in
the current study than those measured in the CHMS.
The higher detection rates for PFUDA, PFBA, PFHxA
in our study compared to the CHMS is likely because of
the lower LODs in our study. For PFBA, the detection
rate is considerably higher in our study (71.6%) than in
the CHMS (3.7%), despite a higher LOD in our study.
The geometric mean concentration of PFBA in our study
is higher than the LOD in the CHMS, and the 75th per-
centile (0.212 pg/L) is considerably higher than LODs
in both our study and the CHMS. It is not clear why we
observed higher concentrations of PFBA for a portion of
participants in our study.

While not included in previous cycles of the CHMS,
some of the PFAS reported here have been measured
in the US National Health and Nutrition Examination
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Table 2 Descriptive statistics for per- and polyfluoroalkyl substances (ug/L) and the sum of 17 PFAS with >50% detection in adult

females from the MIREC-ENDO study (2018-2021)

n % > LOD' 25th percentile Median 75th percentile 95th percentile Geometric mean (95% Cl)
> 17PFAS 289 - 2914 4113 5118 9.609 4.089 (3.835,4.361)
PFOS 289 100 1.128 1617 2311 4563 1.669 (1.558,1.788)
PFHXS 289 100 0.195 0332 0.521 0.920 0.315(0.290, 0.343)
N-EtFOSE 289 99.7 0.001 0.001 0.008 0.050 0.003 (0.002, 0.003)
PENA 289 99.3 0274 0.376 0518 0.814 0.363 (0.338,0.389)
PFOSA 289 99.0 0.001 0.001 0.002 0.010 0.002 (0.002, 0.002)
PFOA 289 976 0.442 0.692 0.946 1517 0.504 (0.437,0.581)
7:3 FTCA 289 97.2 0.004 0.004 0.155 1.499 0.024 (0.019, 0.031)
6:2 FTS 269 85.1 0.002 0011 0.061 0.264 0.015(0.012,0.019)
PFPeA 289 79.6 0.001 0.019 0.038 0.077 0.009 (0.007,0.011)
PFDA 289 754 0.080 0.146 0.221 0421 0.140(0.130,0.151)
PFBA 289 716 - 0.093 0212 0333 0.090 (0.078,0.104)
N-MeFOSE 289 67.8 - 0.009 0.015 0.042 0.006 (0.005, 0.007)
PFHPS 289 66.1 - 0018 0.041 0.076 0.012(0.010,0.014)
PFUDA 289 60.6 - 0.100 0.179 0310 0.086 (0.077,0.098)
PFMBA 289 564 - 0.001 0.002 0.004 0.001 (0.001, 0.001)
42 FTS 289 54.0 - 0.004 0.008 0.025 0.004 (0.003, 0.004)
N-MeFOSAA 289 512 - 0.008 0.036 0.119 0.013(0.011,0.015)
82 FTS 289 49.5 - - 0.017 0.128 -

HFPO-DA 289 47.1 - - 0.007 0.028 -
PFHpA 289 39.1 - - 0.062 0.125 -
N-EtFOSA 289 38.8 - - 0.006 0.012 -
N-MeFOSA 289 384 - - 0.008 0.016 -
PFHxA 289 356 - - 0.057 0.130 -
PFBS 289 325 - - 0.006 0.034 -
PFPeS 289 22.1 - - - 0.031 -
PFMPA 289 204 - - - 0.016 -
ADONA 289 159 - - - 0.008 -
9CI-PF30ONS 289 159 - - - 0.029 -
N-EtFOSAA 289 13.1 - - - 0.019 -
PFDS 289 1. - - - 0.006 -
PFTeDA 289 104 - - - 0174 -
PFDoA 289 8.7 - - - 0.067 -
PENS 289 7.6 - - - 0.005 -
5:3 FTCA 289 6.6 - - - 0.141 -
PFTrDA 289 6.2 - - - 0117 -
PFEESA 289 55 - - - 0.002 -
3:3 FTCA? 289 28 - - - - -
11CI-PF30UdS 289 2.1 - - - - -
NFDHA? 289 14 - - - - -
PFDoS 289 0.7 - - - - -

LOD - limit of detection; X17PFAS - concentration sum of 17 PFAS with >50% detection

Geometric means were not calculated for chemicals with >50% of values below the limit of detection

'LODs are provided in Supplemental Table 2
2Interpret with caution due to low percent recovery

Survey (NHANES) [48]; we compare our findings to those
among adult females using the most recent available cycle
of NHANES for each PFAS. Detection frequencies and
concentrations for PFHpA in our study were similar to
those in NHANES (2013-2014). Although well detected
our study and NHANES (2017-2018), concentrations of

PFHpS were approximately 10-times lower in the current
study, which is lower than the LOD in NHANES. PFDoA
and PFHxA may have been more frequently detected in
our study because of the lower LODs used in our study
vs. NHANES (0.053 to 0.076 vs. 0.1 pug/L); for PFDoA, the
95th percentile in our study was below the LOD used in
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Fig. 1 Geometric mean (95% Cl) serum concentrations of PFOA stratified by number of children, lifetime duration of breastfeeding, and years since last

pregnancy in the MIREC-ENDO study (2018-2021)
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Fig. 2 Geometric mean (95% Cl) serum concentrations of PFOS stratified by number of children, lifetime duration of breastfeeding, and years since last

pregnancy in the MIREC-ENDO study (2018-2021)

NHANES (2015-2016) while for PFHxA it was slightly
higher than the LOD used in NHANES (2013-2014).
While analytical differences likely contribute to these dis-
crepancies in detection frequencies and concentrations,
blood concentrations of several PFAS have historically
differed between nationally representative surveys of
Americans and Canadians [48, 49].

While not measured in blood in either the CHMS or
NHANES, PFDS and PFTeDA were analyzed in human
milk samples in the MIREC cohort collected between
2008 and 2011 but were not detected in any samples [50];
these two compounds were detected in 10-11% of sam-
ples in the current analysis. Canadian human biomoni-
toring data for PFPeA are not available for comparison,

but the detection frequency in our study is higher than in
two previous American and German studies. PFPeA was
detected in 25% of participants from a small sample of
residents from Indiana, USA in 2020 using a lower LOD
(0.001 pg/L) than in the current study [51]. PFPeA was
also measured in a study of the German general popula-
tion (2009-2017) where it was detected in 4% of samples,
though with a LOD 10-times higher than the current
study (0.5 pg/L) [52]. The 95th percentile (0.077 pg/L)
observed for PFPeA in our study was below the LOD
used in the German study.

Compounds such as HFPO-DA (i.e., Gen-X), ADONA,
9CI-PF30ONS (i.e., 6:2 CI-PFESA or F53-B major), and
11CI-PF30UdS (i.e., 8:2 CI-PFESA or F-53B minor) are
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increasingly being used as alternatives or replacements
for PFOA and PFOS [53-56]. Human biomonitoring
studies of the German [57] and American [48] general
populations, pregnant people in China [41], as well as
residents living near the Cape Fear river basin in North
Carolina [58] (where HFPO-DA was found in high con-
centrations in drinking water [56]) have not detected
HFPO-DA in serum. Similarly, the majority of human
biomonitoring studies conducted worldwide in popula-
tions without an occupational source of exposure have
rarely detected ADONA [41, 48, 57, 59]. In a German
study of residents living near a fluorochemical produc-
tion plant, ADONA was detected in up to 28% of partici-
pants living near the site or with drinking water sourced

downstream in 2009, but in only 2% of participants in
2015 [60]. ADONA was not detected among participants
living in an unexposed community 80 km away from
the site at either time point [60]. The detection limits
for HFPO-DA and ADONA used in these studies are 30
to 260 times (0.1 to 0.8 pg/L) and 10 to 250 times (0.01
to 0.25 pg/L) higher, respectively, than the LODs in our
study. While HFPO-DA and ADONA were detected in
47% and 16% of participants in our study, respectively,
the concentrations that we observed are much lower
than the reporting limits used in previous work [41, 48,
57-60].

9CI-PF30ONS and 11CI-PF30UdS are the primary
components of F-53B [61], a industrial product used
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aged 32-56 from the 2018-2019 Canadian Health Measures Survey (CHMS)

primarily in China as an alternative for PFOS [55] as
a mist suppressant in the chrome plating industry [54].
Non-occupational exposure to 9CI-PF3ONS, and to
some extent 11Cl-PF30UdS, appears to be widespread
in the general population in China as measured in both
serum [41, 55, 62—65] and human milk [66—69]. There is
growing concern that these compounds could become
globally dispersed environmental contaminants [70, 71].
They have been detected in serum of polar bears from
Hudson Bay and the Beaufort Sea [72] as well as livers of
marine mammals from Greenland [73, 74] and Sweden
[74]. Human biomonitoring studies outside of China have
recently begun to detect 9CI-PF30ONS at low concentra-
tions, including among Swedish adolescents in 2016—
2017 (5% detection with LOD=0.005-0.067) [70], and
now in Canada as per the current study (15% detection
with median LOD of 0.005). These infrequent and low-
level detections outside of China may be explained by
the longer half-life of CI-PFESAs (up to 15.3 years [65])
compared to the shorter suspected half-lives for HFPO-
DA [58, 75, 76] and ADONA [77]. Studies using less
sensitive methods (LODs ranging from 0.1 to 0.25 pg/L)
have not detected 9CI-PF3ONS in the American general
population in 2017-2018 [78] as well as 9CI-PF30ONS
or 11CI-PF30UdS in the German general population
in 2009-2019 [57]. 11CI-PF30UdS was detected in 2%
of participants in the current study. Future biomonitor-
ing studies should consider measuring 9CI-PF30ONS and
11CI-PF30UdS using sensitive methods to continue to
monitor potential trends in exposure.

In Europe, 6:2 FTS is a common alternative to PFOS
in the metal plating industry [79] and has been found in

surface water globally [80], including in Canada [34]. In
the environment, 6:2 FTS transforms into PFHxA [79].
Concentrations of both 6:2 FTS and PFHxA were low
in the majority of participants in our study, but the 95th
percentiles of both compounds were markedly higher
relative to the median (0.264 and 0.130 pg/L). This may
indicate that some individuals have unique sources of
exposure to 6:2 FTS. Whole blood, rather than serum,
may be the ideal matrix for measuring PFHxA [81] which
could explain the lower detection frequency for PFHxA in
the current study. Two other fluorotelomers — 7:3 FTCA
and 4:2 FTS — measured in this study were detected in
>50% of samples. 8:2 FTS was detected in nearly 50% of
samples, and 5:3 FTCA was infrequently detected. Con-
centrations of 4:2 FTS were low across the distribution,
while in contrast the 95th percentiles of both 8:2 FTS and
5:3 FTCA were higher relative to the median (0.128 and
0.141 pg/L), while the 95th percentile for 7:3 FTCA was
close to that for PFOA (1.499 pg/L). 4:2, 6:2, and 8:2 FTS
were not detected in a 2009-2019 German general popu-
lation study [57], though the detection limits were higher
than the concentrations observed in the current study
(0.25-0.50 pg/L). The high variability in LODs among
different biomonitoring studies precludes comparison of
detection rates for compounds that are rarely measured.
Several of the PFAS analyzed in the current study are
sulfonamide-based precursors for the legacy PFAS.
N-MeFOSAA and N-MeFOSA are oxidation products of
N-MeFOSE (used in textile and carpet products) while
N-EtFOSAA and N-EtFOSA are oxidation products of
N-EtFOSE (used in paper and packaging products) [1,
82]. Both N-MeFOSE and N-EtFOSE transform into
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PFOSA which transforms into PFOA and PFOS as the
terminal moieties [1, 83, 84]. Generally, human biomoni-
toring studies from the United States [48], Germany [57],
and Sweden [70] have found low levels of detection and
concentrations of sulfonamide-based precursors. Median
concentrations of N-MeFOSAA, N-EtFOSAA, and
PFOSA declined among the general American popula-
tion from 0.30, 0.70, and 0.70 pg/L, respectively, in 1999—
2000 to 0.10 ug/L for all three compounds in 2011-2012
[48]; N-MeFOSAA was also analyzed in subsequent
cycles of NHANES until 2017-2018, and concentra-
tions appear to be stable since then. In another study of
the general German population between 2009 and 2019,
N-MeFOSAA was detected in 2 out of 100 samples,
while N-EtFOSAA, N-MeFOSA, N-EtFOSA, and PFOSA
were not detected [57]; however, the detection limits
(0.25-0.50 pg/L) were higher than the 90th percentile
in NHANES [48]. A 2016-2017 nationally representa-
tive Swedish study detected N-MeFOSAA in 9% of blood
samples provided by adolescents using LODs similar to
the current study [70]. In our study, N-MeFOSAA was
detected in >50% of samples with low concentrations
across most of the distribution; the 95th percentile in
our study (0.119 pg/L) from 2018 to 2021 was similar to
the median in NHANES in 2017-2018. N-MeFOSE was
detected at slightly higher frequency, but at similarly low
concentrations. N-EtFOSE and PFOSA were detected in
>99% of samples, while N-EtFOSAA, N-EtFOSA, and
N-MeFOSA were infrequently detected, though all at
low concentrations. Our results are generally consistent
with human biomonitoring data showing that exposure
to sulfonamide-based precursors appears to be minimal
among non-occupationally exposed populations.

To our knowledge, the perfluoroether compounds
NFDHA, PFMPA, PFMBA, and PFEESA have not pre-
viously been measured in humans. They have been
detected in environmental media in North Carolina [85],
China [86], and Australia [87]. In our study, these com-
pounds were infrequently detected at low concentrations.
The 95th percentile of NFDHA was considerably higher
than the other perfluoroether compounds (0.171 pg/L),
which could indicate potentially unique sources of expo-
sure; however, NFDHA was under-recovered in spiked
reference serum samples (median=45.5% and 55.3% for
low and high spikes), and these results should be inter-
preted with caution. Additional biomonitoring data on
perfluoroether compounds are needed to corroborate
these findings.

This study has several strengths, including the geo-
graphically diverse sample as well as the collection of
multiple sociodemographic, lifestyle, and obstetrical
history characteristics. By examining exposure to these
compounds in a perimenopausal cohort of participants
with obstetrical history data, we were able to examine
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the long-term impacts of pregnancy and lactation on
midlife PFAS exposure. These findings will help inform
risk assessment of novel exposures in potentially vulner-
able life stages. In addition to providing novel Canadian
biomonitoring data for some PFAS, we also provide the
only Canadian biomonitoring data for PFAS around the
time of the COVID-19 pandemic. Despite the geographi-
cally diverse sample of participants in the MIREC ENDO
follow-up study, our sample size is relatively small, and
these results may not be representative of the Cana-
dian population. Few participants identified their race
and ethnicity as being other than exclusively White, and
similarly few participants were born outside of Canada.
Although we identified some differences in PFAS concen-
trations according to these two factors, further research
would be needed to specifically identify sub-populations
that may be disproportionately impacted by exposure to
PFAS. Finally, the presence of a chemical in blood does
not necessarily mean that this chemical is associated with
an adverse health effect. There is a dearth of evidence
examining the potential health impacts of exposure to
the novel PFAS measured in our study, especially at lower
levels of exposure typically experienced by the general
population. Further studies are needed to provide this
evidence and should consider obstetrical history char-
acteristics as potential confounders for health outcomes
influenced by parity and breastfeeding.

Conclusion

We report the first Canadian biomonitoring data for sev-
eral alternative and precursor PFAS. The high degree of
detection suggests that exposure to these PFAS may be
widespread, though at low concentrations for some com-
pounds; larger Canadian studies are needed to corrobo-
rate these findings. Our results support the hypothesis
that pregnancy and breastfeeding are excretion pathways
for legacy and alternative PFAS. These findings will guide
future research investigating associations between con-
centrations of legacy, alternative, and precursor PFAS
and health outcomes.
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