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Abstract

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous. Young children are
commonly exposed to these chemicals via ingestion of settled dust. Several PFAS
have been associated with cancers in adults, yet little is known about the risk in
children. We investigated whether PFAS concentrations in residential dust were
associated with childhood acute lymphoblastic leukemia (ALL). Vacuum bags were
collected in homes of 178 children diagnosed with ALL and 204 healthy controls
(age 0-7 years) residing in California (2001-2007). Dust samples were sieved and
analyzed for 19 PFAS using targeted liquid chromatography mass spectrometry
analysis. The effects of individual PFAS and PFAS mixtures were estimated for
eight PFAS with at least 50% above the limit of quantification (LOQ) using logistic
regression, G-computation, and generalized additive modeling (GAM). In the
model mutually adjusting for eight PFAS, a statistically significant association was
seen only for N-ethyl perfluorooctane sulfonamido acetic acid (EtFOSAA)
(ORcontinuous = 1.40, 95% Cl =1.05-1.86 and ORathys. 1t quartiie =2.58, 95%
Cl=1.16-5.71). Using G-computation, the eight PFAS mixture was positively associ-
ated with childhood ALL (OR = 1.60, 95% Cl=1.15-2.24), with positive weights for
EtFOSAA, perfluoro-n-hexanoic acid (PFHxA), perfluoro-1-decanesulfonate (PFDS),
and perfluoro-1-octanesulfonate (PFOS), and negative weights for perfluoro-
1-hexanesulfonate (PFHxS) and bis(1H,1H,2H,2H-perfluorooctyl)phosphate (6:2
diPAP). Using GAM, the OR for the mixture reached a maximum of 2.24, at the high-
est value of log10 EtFOSAA and lowest value of log10 PFHXS. Exposure to a mixture
of PFAS in settled dust was associated with an overall elevated risk of childhood ALL,
with EtFOSAA and PFHxS being the main contributors to the positive and negative

weights, respectively.
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What's New?

childhood leukemia.

1 | INTRODUCTION
Acute lymphoblastic leukemia (ALL) is the most common cancer in
children in industrialized countries.® In the United States, the inci-
dence rate has increased over the past four decades especially among
Latinx children,? suggesting an important role of environmental influ-
ences. Per- and polyfluoroalkyl substances (PFAS) are stable man-
made chemicals widely used in manufacturing and consumer products
since the 1940s. The widespread use of this chemical class that
includes over 10,000 compounds has resulted in persistent contami-
nation of soil, drinking water, and indoor surfaces. Perfluorooctane
sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) are legacy
PFAS that were largely phased out of U.S. production in the early
2000s. However, their long half-lives in the environment and in
human blood, as well as the introduction of replacement PFAS (some
of which can degrade to form PFOS or PFOA),® have ensured that
chemicals from this class continue to impact the public health.? In
November 2023, the International Agency for Research on Cancer
classified PFOA as “carcinogenic to humans (Group 1)” based on strong
mechanistic evidence and limited evidence from observational studies
for cancers of the testis and kidney.> PFOS was classified as “possibly
carcinogenic to humans (Group 2B).”> Epidemiologic studies have
yielded inconsistent findings for other cancers including prostate,
breast, thyroid, pancreas, and liver.® Mechanisms underlying PFAS
carcinogenicity may include cytotoxicity, oxidative stress, epigenetic
modification, and mediation of immune and hormone pathways.®

To date, human studies have mostly focused on PFOS and PFOA
and the risks of adult cancers,® and less is known about the impact of
other legacy and emerging PFAS, especially on childhood cancers.
Childhood cancer clusters, including leukemia, brain tumors, and rhab-
domyosarcoma, were identified in areas nearby PFAS-contaminated
sites in New Hampshire” and North Carolina® but investigations did
not vyield statistically significant findings, possibly due to the small
numbers of cases.” In a Finnish nested case-control study, 19 PFAS
were measured in pregnancy blood samples collected from 1986 to
2010 from mothers of 400 children later diagnosed with ALL and of
400 healthy controls.'® The authors reported increasing risks of early-
onset ALL with increasing pregnancy levels of (N-methyl perfluorooc-
tane sulfonamido acetic)acid (MeFOSAA). Positive associations were
also observed with PFOS in samples collected from 1986 to 1995
when pregnancy blood levels were the highest, and with PFOA among

Because of widespread use and resistance to degradation, per- and polyfluoroalkyl substances
(PFAS) are ubiquitous in the environment. For young children, owing in part to crawling and
hand-to-mouth behaviors, PFAS exposure is unique. Here, the authors investigated the risk of
childhood leukemia in relation to PFAS found in settled dust collected from vacuum bags from
homes in California. A mixture of eight PFAS detected in dust was associated with an increased
risk of childhood leukemia, with EtFOSAA showing a significant independent association. The

findings indicate that residential dust is a source of PFAS exposure and a potential cause of

first-born children only; no associations were seen with the other
16 PFAS. Similarly, a California case-control study of retinoblastoma
(501 cases and 1121 controls) reported increased risk associated with
detection of PFOS and PFOA in archived blood samples that were col-
lected shortly after birth, with some variations in US-born versus
Mexico-born mothers; no increased risk was seen with perfluoronona-
noic acid (PFNA).** The immunotoxicity of PFAS is well established,
especially in children,'? and there is strong evidence that inadequate
training of a child's immune system contributes to the development of
ALL later in life.'® Altogether, these observations strengthen the need
to further investigate the role of PFAS in the development of child-
hood cancers.

Drinking water and diet are the major sources of PFAS exposure
in adults, and mothers may expose their child during pregnancy and
breastfeeding.2**° Settled dust is another important source of expo-
sure for young children that spend most of their time indoors and
engage in crawling and hand-to-mouth activities.?® Indoor dust has
been found to contain detectable levels of PFAS in several studies in
the United States!”*® and other countries.'? 22 Population surveys
conducted in the 2000s nationwide?® and in California®*2> have also
detected PFAS in young children, often at higher levels than adoles-
cents, adults, or their parents, and reported statistically significant,
albeit weak, positive associations between some PFAS concentrations
in residential dust and children's serum.?*

The objective of our study was to investigate whether post-natal
indoor exposure to PFAS contamination in residential settled dust

increases the risk of childhood ALL in an ethnically diverse population

in California.
2 | METHODS
21 | Study design and population

The California Childhood Leukemia Study (CCLS) is a population-
based case-control study conducted in 35 California counties (parent
study: 1995-2016) that collected detailed interview data and biospe-
cimens. To complement interviews lacking specificity in terms of
exposure assessment, settled dust samples were collected for a subset
of households in Northern and Central California (ancillary study:
2001-2007). Details of the design for the parent study have been
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published previously.?® Briefly, leukemia cases were identified within

© 72 h after diagnosis in pediatric hospitals and were eligible if they

E <z( <Z( were <15 years of age at diagnosis, had an English or Spanish speak-

ing parent, lived in the study area, and had no previous cancer. Con-

g trols (with similar eligibility criteria) were randomly selected from the
7::; a = < CA Office of Vital Records (birth registry) and individually matched to
B & each case on date of birth, sex, maternal race, and Latino ethnicity sta-
g - tus. Eligibility criteria for the ancillary dust study included children
Lg) é <Z( <Z( aged 0-7 years at the time of diagnosis for cases (reference date for
controls), and families residentially stable since diagnosis/reference

c date. Households were asked to mail back a vacuum bag from which
‘% ~ dust was sieved and stored at —20°C. The mean duration between
§ ? § § reference date and dust collection was 1.43 years (1.04 for cases,
X = 1.81 years for controls). The final sample for this analysis included

178 childhood ALL cases and 204 controls, each with at least 2 g of

dust in storage.

LOQ
3
NA

2.2 | Chemical analysis of settled dust

2.2.1 | Extraction

Molecular Formula
C10H6F17NO2S
C12H10F17NO3S

Concentrations of 33 PFAS in settled dust were measured at the
Young Lab in the Department of Civil and Environmental Engineering
at the University of California, Davis (Table 1). Dust samples (100 mg)
were transferred into glass centrifuge tubes and spiked with a mixture
of isotopically labeled surrogate compounds (Table S1). After 10 min,
3 mL of hexane: acetone (3:1 v/v) was added, and the mixture was
vortexed for 1 min, followed by 15 min of sonication extraction and

centrifugation at 3500 rpm for 5 min. The supernatant was collected

Class
PreFAS
PreFAS

into an evaporation tube, and the dust was extracted a second time
using 100% acetone following the same procedure. The combined
extract was evaporated to 1 mL under nitrogen and filtered through a
0.2 um PTFE filter. The extract was further evaporated to 0.1 mL and
solvent exchanged by adding 1 mL of acetonitrile, which was again

Abbreviation
N-EtFOSA-M
N-EtFOSE-M

evaporated to a final volume of 0.5 mL. A mixture of internal stan-
dards was added for analysis by liquid chromatography quadrupole
time-of-flight mass spectrometry (LC/Q-TOF-MS). All samples were
blinded to case-control status.

222 | Targeted LC-MS analysis

Chromatographic separation of a 10 uL injection was achieved using
an Agilent 1260 Infinity HPLC equipped with a Zorbax Eclipse Plus
C18 column in an 18-minute run at a flow rate of 0.35 mL/min with
mobile phases of: (a) distilled deionized water plus 1 mM ammonium
fluoride, (b) acetonitrile. The Agilent 6530 Q/TOF-MS was run in the
2 GHz extended dynamic range mode at 4 spectra/second. Acquisi-

(Continued)

tion was done in data independent All-lons fragmentation mode using
collision energies (CE) of 0, 10, 20, and 40. Quality controls, including

matrix spikes and blanks (solvent and method) were run together with

2-(N-ethyl perfluoro-1-octanesulfonamido)-ethanol

N-ethyl perfluoro-1-octanesulfonamide

Compound
Abbreviations: diPAP, perfluoroalkyl phosphate; FASA, perfluoroalkyl sulfonamides; LOQ, limit of quantitation; PFCA, perfluoroalkyl carboxylic acids; PFSA, perfluoroalkyl sulfonic acids; PreFAS, fluoroalkyl

substance precursors; SD, standard deviation.

2Linear and branched.

TABLE 1

samples. Concentrations for all target PFAS were determined using
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Agilent Quantitative Analysis (v. BO8). Limits of detection (LOD) and
limits of quantitation (LOQ) were determined as 3 and 10 times the
standard deviation of the lowest detectable standard injection,

respectively.

2.3 | Statistical analyses

Eight PFAS were included in our statistical analysis; at least 50% of sub-
jects had measures above the limit of quantification (LOQ) for these
chemicals, including perfluoro-n-hexanoic acid (PFHxA, 50% > LOQ),
perfluoro-n-heptanoic acid (PFHpA, 67% > LOQ), perfluoro-n-octanoic
acid (PFOA, linear, 74% > LOQ), perfluoro-1-hexanesulfonate (PFHXS,
linear and branched, 69% > LOQ), perfluoro-1-octanesulfonate (PFOS,
linear and branched, 94% > LOQ), (N-ethyl perfluorooctane sulfona-
mido)acetic acid (EtFOSAA, linear and branched, 66% > LOQ),
perfluoro-1-decanesulfonate ~ (PFDS, 92% >LOQ), and bis
(1H,1H,2H,2H-perfluorooctyl)phosphate (6:2 diPAP, 100% > LOQ).
Values below the LOQ were randomly imputed to values between zero
and the limit of quantitation using the lognormal distribution of values
for each PFAS. Distributions and correlations between PFAS chemicals
were assessed. Pearson's chi-square tests were used to compare cases
and controls by sociodemographic and birth characteristics. We evalu-
ated each PFAS continuously (log10 transformed) and categorically
(quartiles, except for PFHxA which was dichotomized for values above
LOQ [reference group]), as well as the sum of all PFAS levels (continu-
ous). Adjusted models included age at diagnosis (continuous), birth year
(continuous), sex assigned at birth, race/ethnicity (Latinx vs. non-Latinx),
household income (ordinal), and parental highest education (high school
or less vs. some college or more). Analytical batch number was not
retained in the final models because models with and without adjust-
ment for batch number had similar results. Similarly, additional covari-
ates evaluated as confounders (maternal age, birth order, gestational
age, birth weight, and parental smoking status) were found to be unre-
lated to both the exposures (PFAS) and the outcome (case-control sta-
tus) and were not included in models. Odds ratios (ORs) and 95%
confidence intervals (Cls) were estimated using unconditional logistic
regression to assess the associations between each PFAS and childhood
ALL, independently as well as adjusted for all other PFAS. We con-
ducted additional analyses stratified by age at diagnosis (<3 vs. 3+
years), Latinx versus non-Latinx, and residence from birth to dust collec-
tion (same home vs. different home) to assess the potential for differen-
tial impact of demographic characteristics and duration of exposure. All
tests were two-sided, and p < .05 indicated statistical significance. All
analyses were performed in R (v.4.3.1).

To assess the overall effect of the mixture of eight PFAS with
over 50% detection, as well as confirm independent associations
observed from classic regression-based approaches, additional
methods were used. Quantile G-computation (g-comp), a parametric,
generalized linear model-based approach using g-computation, was
used to estimate the mixture effect of all assessed PFAS. G-comp esti-
mates the parameters of a marginal structure model by simultaneously

increasing all chemicals in the mixture by one quantile, thus permitting

JOURNAL of CANCER

non-linear effects of each exposure to the score and estimating a mix-
ture effect.?” G-comp also provides weights that estimate the relative
contribution of each individual PFAS to the mixture. G-comp stratified
analyses were also conducted. Cochran Q test was used to evaluate
heterogeneity between strata, and p < .05 indicated statistical signifi-
cance. R package qgcomp (v.2.15.2) was used to run analyses.

Semi-parametric additive mixture models were also generated
using a multivariable loess smooth term for mixtures of continuous
PFAS in addition to the adjustment covariates within a generalized
additive model (GAM) framework.2®?? Models were fit using linear
terms and non-linear smooths for each PFAS, adjusting for the same
covariates, and the model that minimized the AIC was retained as the
final GAM. To visualize the relationship between the PFAS and ALL
risk, we also predicted the final GAM for varying levels of two PFAS
from the 5th to the 95th percentiles, while holding the other
PFAS and covariates constant at their median values. These prediction
plots provide additional understanding of the magnitude and direction
of the effect of PFAS when in combination. R package MapGAM
(v.1.3)°° was used to fit the GAMs and create maps of PFAS mixture
effects.

In addition to detailed analyses of the 8 PFAS with >50%
detected above LOQ, we parameterized all 33 PFAS measured as
below or above LOQ and evaluated associations with ALL individually
for each, as well as the total count of detected PFAS chemicals
(i.e., the number of PFAS detected above LOQ), using logistic regres-
sion models, adjusted with the same socio-demographic factors as

listed above.

3 | RESULTS
Children with ALL were more likely to have parents with low educa-
tion and income levels, compared with controls; cases and controls
were otherwise similar with respect to all other demographic charac-
teristics (Table 2). Of the 33 PFAS assessed in dust, 8 were detected
in concentrations above the LOQ in at least 50% of homes, and
11 were detected in concentrations above LOQ in 10%-49% of
homes. The remaining PFAS that were assessed as part of this study
were above LOQ in >0%-9% of homes for 6 PFAS, and 8 were not
detected above LOQ in any home (Table 1). In general, concentrations
of most PFAS were higher among high SES and non-Latino white
households (data not shown). Some PFAS chemicals were moderately
to highly correlated with others, including PFOS and PFHxS (r = .84),
PFOA and PFHxA (r = .70), PFOA and PFHpA (r =.73), and PFHxA
and PFHpA (r = .83) (Figure S1). Descriptive statistics (mean, median,
standard deviation, minimum value, maximum value, and range) for
each of the 8 PFAS with >50% of sample concentrations above the
LOQ are shown in Table 1. Average dust concentrations of some
PFAS differed for cases vs. controls, although the p-values did not
reach statistical significance in crude comparisons via t-tests (Table 3).
In adjusted logistic regression models, the sum of the concentra-
tions of the 8 PFAS detected in at least 50% of homes was associated
with an increased risk of childhood ALL; the OR for a 10-fold increase
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TABLE 2 Sociodemographic

Cases (n = 178) Controls (n = 204) p-value o
characteristics for cases and controls,
Sex assigned at birth California Childhood Leukemia Study
Female 77 (43.3%) 84 (41.2%) 762 (2001-2007).
Male 101 (56.7%) 120 (58.8%)
Race
Hispanic/Latino 71 (39.9%) 62 (30.4%) .097
Non-Hispanic White 62 (34.8%) 102 (50.0%)
Non-Hispanic Other 45 (25.3%) 40 (19.6%)
Birth year
1982-1996 20 (11.2%) 31(15.2%) 24
1997-2001 112 (62.9%) 133 (65.2%)
2002-2006 46 (25.8%) 40 (19.6%)
Age at diagnosis/reference (years)
0-3 66 (37.1%) 78 (38.2%) .89
4-7 112 (62.9%) 126 (61.8%)
Parents' highest education attained (combined)
High school or lower 49 (27.5%) 34 (16.7%) .02
Some college or more 129 (72.5%) 170 (83.3%)
Household income
<$15,000 17 (9.6%) 9 (4.4%) .01
$15,000-$29,999 28 (15.7%) 14 (6.9%)
$30,000-$44,999 29 (16.3%) 25 (12.3%)
$45,000-$59,999 21 (11.8%) 25 (12.3%)
$60,000-$74,999 14 (7.9%) 21 (10.3%)
$75,000 or more 69 (38.8%) 110 (53.9%)
Breastfed
No 11 (6.2%) 22 (10.8%) .18
Yes 167 (93.8%) 181 (88.7%)
Unknown 0 (0%) 1(0.5%)

was 1.09 (95% CI: 1.02-1.16) and ORs for the 2nd, 3rd, and 4th quar-
tiles compared with the 1st quartile were 1.48 (95% Cl: 0.79-2.77),
2.06 (95% Cl: 1.09-2.77), and 2.40 (95% Cl: 1.23-4.70), respectively.
In models with single PFAS (Table 4), statistically significant increased
risks of childhood ALL were observed with dust concentrations of
PFHpA, PFOA, PFHxA, PFOS, PFDS, and EtFOSAA when modeled as
continuous and/or categorical variables. However, after mutually
adjusting for all PFAS, a statistically significant association was seen
only for EtFOSAA, whether modeled continuously (OR = 1.40, 95%
Cl = 1.05-1.86) or categorically, with the highest risk observed for
the 4th vs. 1st quartile (OR = 2.58, 95% Cl| = 1.16-5.71). Stratified
analyses for each PFAS did not reveal statistically significant interac-
tions (results not shown). The settled dust concentration of EtFOSAA
was not correlated with other chemicals previously found to increase
the risk of childhood leukemia in the same CCLS residential dust
study, such as PAHSs,3! PCBs,? PBDESs,>® or the herbicide dacthal®*
(Pearson correlation coefficient [absolute value] <0.06 for each) (data
not shown). Regarding PFAS with <50% detection, the childhood ALL
ORs for detect versus non-detect were 2.91 for FOSA (95% Cl: 0.98-

9.82; p =.06; 4% detects) and 1.73 for PFBS (95% CI: 0.94-3.21;
p = .08; 12% detects), whereas results for other PFAS were either null
or inconclusive (Table S2).

Table 5 shows the overall association of the PFAS mixture
from the G-computation analysis and the weights for each PFAS
on ALL risk. Overall, the PFAS mixture was positively associated
with childhood ALL (OR = 1.60, 95% Cl = 1.15-2.24). Six of the
8 PFAS in the mixture had positively weighted contributions
to ALL risk, with EtFOSAA (weight =0.2358) and PFHxA
(weight = 0.2016) having the strongest positive weights. PFHxS
had the strongest negative contribution to the mixture
(weight = —0.772), with 6:2 diPAP having a weaker negative
weight (—0.228). The magnitude of the association between the
PFAS mixture and ALL risk appeared somewhat stronger among
children who lived in the same residence since birth (OR = 1.83,
95% Cl = 1.16-2.89), were under age 2 at diagnosis (OR = 1.92, 94%
Cl =0.92-4.03), and were of Latinx ethnicity (OR =191, 95%
Cl = 1.32-2.78), although the p-values for heterogeneity were not
statistically significant.
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TABLE 3 Concentration (ng/g) of 8 PFAS with 50% or more detection overall and by case-control status.

6:2 diPAP

Mean (SD)

Median [Min, Max]
PFHxA

Mean (SD)

Median [Min, Max]
PFHpA

Mean (SD)

Median [Min, Max]
PFOA

Mean (SD)

Median [Min, Max]
PFHxS

Mean (SD)

Median [Min, Max]
PFOS

Mean (SD)

Median [Min, Max]
EtFOSAA

Mean (SD)

Median [Min, Max]
PFDS

Mean (SD)

Median [Min, Max]
Sum of the PFAS

Mean (SD)

Median [Min, Max]

Overall (n = 382)

563 (1190)
150 [8.00, 9430]

58.5 (202)
10.2 [0, 3030]

102 (259)
28.5 [0, 2540]

191 (376)
61.5 [0, 3510]

166 (711)
10.0 [0, 9620]

207 (439)
52.0 [0, 5180]

67.1(183)
23.0 [0, 2850]

24.4 (97.8)
7.00 [0, 1340]

1380 (2200)
579 [41.4,20,100]

Cases (n = 178) Controls (n = 204) p-value
510 (1010) 609 (1330) 41
132 [8.00, 9080] 161 [9.00, 9430]

69.1 (254) 52.2 (141) 43
14.0[0.0189, 3030] 10.7 [0.112, 1350]

115 (290) 93.9 (229) 44
29.5[0.346, 2530] 28.0[0.170, 2540]

198 (392) 184 (362) .73
71.0 [0.505, 3510] 52.0 [0.530, 2560]

121 (428) 204 (886) 24
10.5[0.0134, 4120] 10.0 [0.0106, 9620]

185 (294) 226 (534) .34
55.0 [0.662, 1730] 49.0 [1.82, 5180]

84.6 (251) 52.6 (83.3) 11
23.5[0.235, 2850] 23.0[0.647, 619]

16.3 (28.6) 31.5(131) A1
7.00[0.118, 198] 7.00 [0.302, 1340]

1450 (2520) 1300 (1770) 48

615 [41.4, 20,100]

565 [55.1, 11,500]

Abbreviations: Max, maximum; Min, minimum; SD, standard deviation; for PFAS abbreviations, refer to Table 2.

The results from the GAMs indicated that associations between
childhood ALL risk and log10 transformed PFAS were not all linear.
The final model included smooths for log10 PFHxA and log10 PFDS,
whereas linear terms were sufficient for the other log10 PFAS chemi-
cals and covariates (Table S3). The direction and magnitude of effects
for individual PFAS in the GAM were similar to the G-comp results.
Figure 1 presents plots to visualize the effect size and direction of the
effect of log10 PFAS on ALL ORs from the GAM. The median of the
log prediction values was used as the referent for calculating odds
ratios. The plots allowed comparison of the predicted OR range when
levels of log10 PFAS increased from the 5th to the 95th percentile. In
Figure 1A, we showed the combined effects of log10 EtFOSAA and
log10 PFHxS, which were identified in both approaches to be contrib-
uting the most to the PFAS mixture. The ORs reached a maximum of
2.24 when predicted at the 95th percentile value of log10 EtFOSAA
and the 5th percentile value of log10 PFHXxS, and at the median for all
other PFAS and covariates. In Figure 1B, we presented the plot of the
two non-linear PFAS models. The risk of ALL reached its highest when

log10 PFHXA and log10 PFDS levels were at the middle of the distri-
bution and remained consistently elevated at higher dust concentra-
tions. This was in contrast with the other six PFAS, for which the
risk changed linearly with log10 PFAS exposure. Unlike the G-comp,
the GAM does not produce a single mixture effect estimate. The
maximum ORs predicted in Figure 1A,B averaged to 1.77. This was
comparable to the OR of 1.60 for the PFAS mixture in the adjusted

G-comp.

4 | DISCUSSION

This study is the first to report an elevated risk of childhood ALL with
overall levels of PFAS measured in settled dust in residential environ-
ments. EtFOSAA was detected in 66% of residences and was most
consistently associated with an increased risk of ALL in analyses of
individual PFAS and mixture effects. PFHxA, PFDS, and PFOS also
contributed to the mixture of PFAS positively associated with
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TABLE 4 PFAS concentration (ng/g) and risk of childhood acute lymphoblastic leukemia.
Cases (n — 178) Controls (n — 204) Single PFAS model Mutually adjusted PFAS model
N (%) N (%) OR 95% CI p-value OR 95% CI p-value
6:2 diPAP
Continuous 111 (0.77-1.58) .58 0.95 (0.65-1.39) .80
Quartiles
8.0-71.2 46 (25.8) 50 (24.5) ref -
71.2-150 49 (27.5) 46 (22.5) 1.38 (0.76-2.53) .29 1.20 (0.62-2.33) .59
150-510 38(21.3) 58 (28.4) 0.89 (0.48-1.68) .73 0.67 (0.34-1.33) .26
510-9430 45 (25.3) 50 (24.5) 1.31 (0.71-2.42) .39 1.11 (0.55-2.25) 77
PFHxA
Continuous 1.31 (0.99-1.73) .06 1.01 (0.76-1.34) .95
Categories
0.02-12.0 81 (45.5) 110 (53.9) ref —
12.0-39.0 53(29.8) 43 (21.1) 1.99 (1.17-3.36) .01 1.66 (0.84-3.29) .15
39.0-3030 44 (24.7) 51(25.0) 1.71 (1.00-2.93) .05 1.40 (0.54-3.64) 49
PFHpA
Continuous 1.45 (1.07-1.96) .02 1.24 (0.86-1.78) .25
Quartiles
0.17-8.34 35(19.7) 61(29.9) ref —
8.34-28.5 53(29.8) 42 (20.6) 2.66 (1.43-4.92) .002 1.66 (0.85-3.27) 14
28.5-83.5 45 (25.3) 50 (24.5) 2.05 (1.10-3.81) .02 0.79 (0.33-1.87) .59
83.5-2540 45 (25.3) 51(25.0) 2.49 (1.31-4.72) .01 0.84 (0.27-2.66) 77
PFOA
Continuous 1.52 (1.07-2.16) .02 1.12 (0.75-1.68) .58
Quartiles
0.50-21.0 41 (23.0) 55 (27.0) ref —
21.0-61.5 42 (23.6) 53(26.0) 1.35 (0.73-2.50) .34 1.15 (0.54-2.46) 71
61.5-181 50(28.1) 45(22.1) 2.28 (1.21-4.29) .01 2.04 (0.76-5.47) .16
181-3510 45 (25.3) 51(25.0) 2.14 (1.12-4.11) .02 1.93 (0.58-6.42) .29
PFHxS
Continuous 1.03 (0.82-1.28) .83 0.87 (0.67-1.12) .27
Quartiles
0.01-3.41 46 (25.8) 50 (24.5) ref -
3.41-10.0 43 (24.2) 53(26.0) 1.09 (0.60-1.98) 79 0.70 (0.34-1.41) 31
10.0-43.2 49 (27.5) 45(22.1) 1.61 (0.88-2.97) .13 0.79 (0.35-1.79) .57
43.2-9620 40 (22.5) 56 (27.5) 1.12 (0.60-2.08) 72 0.54 (0.21-1.39) .20
PFOS
Continuous 1.26 (0.92-1.72) 14 1.01 (0.63-1.63) 97
Quartiles
0.66-17.0 44 (24.7) 56 (27.5) ref —
17.0-52.0 43 (24.2) 49 (24.0) 1.72 (0.93-3.20) .08 1.67 (0.80-3.49) 17
52.0-198 45 (25.3) 50 (24.5) 1.79 (0.96-3.34) .07 1.28 (0.53-3.09) .58
198-5180 46 (25.8) 49 (24.0) 1.92 (1.02-3.59) .04 1.36 (0.49-3.79) .56
EtFOSAA
Continuous 1.88 (1.25-2.85) .003 1.40 (1.05-1.86) .02
Quartiles
0.24-9.6 43 (24.2) 53(26.0) ref -
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TABLE 4 (Continued)
Cases (n — 178) Controls (n — 204) Single PFAS model Mutually adjusted PFAS model
N (%) N (%) OR 95% CI p-value OR 95% CI p-value
9.6-23.0 46 (25.8) 50 (24.5) 1.59 (0.86-2.93) 14 1.42 (0.73-2.75) .30
23.0-64.0 42 (23.6) 54 (26.5) 1.76 (0.92-3.37) .09 1.49 (0.72-3.07) .28
64.0-2850 47 (26.4) 47 (23.0) 2.78 (1.37-5.62) .00 2.58 (1.16-5.71) .02
PFDS
Continuous 1.34 (0.91-1.97) 14 1.05 (0.69-1.60) .81
Quartiles
0.12-3.0 48 (27.0) 61 (29.9) ref =
3.0-7.0 45 (25.3) 47 (23.0) 1.56 (0.86-2.84) 15 1.28 (0.66-2.47) 47
7.0-15.0 40 (22.5) 47 (23.0) 1.66 (0.88-3.12) A1 1.27 (0.64-2.53) 49
15.0-1340 45 (25.3) 49 (24.0) 211 (1.10-4.05) .02 1.39 (0.66-2.94) .39
Note: All logistic regression models are adjusted for age at diagnosis, birth year, sex assigned at birth, race/ethnicity, household income, and parental
education. Models for continuous variables use log10 transformed PFAS concentration values.
Abbreviations: Cl, confidence interval; OR, odds ratio; for PFAS abbreviations, refer to Table 2.
TABLE 5 G-computation modeling for mixture effect of PFAS on risk of childhood acute lymphoblastic leukemia: Overall and stratified
analyses.
Residence since birth Age at diagnosis Ethnicity
Overall Same Different 0-3 years 4-7 years Latino Non-Latino
Mixture effect (OR, 95% Cl)
OR 1.60 1.83 1.50 1.92 1.28 191 1.44
95% ClI (1.15-2.24) (1.16-2.89) (0.91-2.47) (0.92-4.03) (0.87-1.88) (1.32-2.78) (1.09-1.90)
p-value .006 .009 112 .083 210 .001 .009
p-value for heterogeneity - .56 .34 .23
Weights
EtFOSAA 0.286 0.358 0.143 0.2735 0.1789 0.200 0.2752
PFHxA 0.2358 —0.0539 0.373 0.19 0.5139 0.173 0.0782
PFDS 0.2016 —0.0458 0.374 0.1922 0.2077 0.108 0.2497
PFOS 0.1807 0.109 0.11 0.255 —0.0783 0.519 —0.559
PFOA 0.0718 0.123 —-0.261 0.0349 0.0995 —0.41591 0.3025
PFHpA 0.0241 0.378 —0.206 0.0544 —0.3785 —0.00711 0.039
PFHxS -0.772 —0.9003 -0.216 -0.779 —0.435 —0.39335 —0.441
6:2 diPAP —0.228 0.032 —-0.317 -0.221 —0.1082 —0.18363 0.0553

Note: All logistic regression models use log10 transformed PFAS concentration values, and are adjusted for age at diagnosis, birth year, sex assigned at
birth, race/ethnicity, household income, and parental education.
Abbreviations: Cl, confidence interval; OR, odds ratio; for PFAS abbreviations, refer to Table 2.

childhood ALL risk, whereas PFHxS and, to a lesser extent, 6:2 diPAP
contributed to the mixture negatively associated with risk.

EtFOSAA is a byproduct of N-methyl perfluorooctane sulfonami-
doethanol (N-EtFOSE), which is primarily used in the packaging of
consumer products and is a precursor of PFOS. EtFOSAA has been
detected in soil and water as well as settled dust in childcare facilities
and fire stations.2? To our knowledge, only one other study measured
EtFOSAA in settled dust,®® and not in relation to cancer risk. Our
study reported increased risks of childhood ALL mainly with dust con-
centrations of EtFOSAA and possibly FOSA, a degradation product of

EtFOSAA 2° although based on a small number of detected values
(4%). Associations between blood levels of EtFOSAA and cancer have
been previously reported among adults, but not children. In a Califor-
nia cohort study assessing in utero exposure to PFAS from 1957 to
1967, high maternal perinatal serum levels of EtFOSAA and choles-
terol combined were found to increase the risk of breast cancer in
daughters diagnosed up to age 52.%° In a cohort study conducted
in Finland from 1990 to 2010, data suggested that pre-diagnostic
levels of EtFOSAA increased the risk of early-onset thyroid cancer.®”

However, within this Finnish cohort, levels of EtFOSAA measured in
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FIGURE 1

ALL ORs for range of PFHXA and PFDS
0.29 1.0 1.31

Joint effect of PFAS on ALL risk, modelled as generalized additive models. ORs are predicted for median age at blood spot

collection; median household income; some college or more for parental education; male sex; Latinx ethnicity; median birthyear. (A) Combined
effects of log10 EtFOSAA and log10 PFHxS from the 5th to the 95th percentile and median values for all other PFAS. (B) Combined effects of
log10 PFHXA and log10 PFDS from the 5th to the 95th percentile and median values for all other PFAS.

pregnancy blood among mothers of 400 children with ALL and
400 healthy controls were associated with a reduced risk of childhood
ALL, whereas high levels of MeFOSAA were associated with an ele-
vated risk among children diagnosed with ALL before 5 years of age.
In our study, MeFOSAA was detected in dust samples in only 18% of
homes, with no statistically significant difference in concentration by
case-control status. Of note, the detection frequencies of MeFOSAA
and EtFOSAA in our population were weakly correlated (r=.12,
p = .01). MeFOSAA, a degradation product of MeFOSE that is used in
stain and waterproofing of textile and carpet treatments,® is found
in surface treatment products. Although EtFOSAA and MeFOSAA are
both derivatives of precursor FOSAA, results in our California study
and the one from Finland do not fully converge, which could be
explained by differences in the timing and type of PFAS exposure
assessment (pre-natal blood samples vs. postnatal dust samples), com-
position of the PFAS mixture, as well as differences in environment
and population characteristics.

In addition to EtFOSAA, several PFAS measured in the settled
dust showed low (PFOA and PFHpA) to moderate (PFHxA, PFDS, and
PFOS) positive weight contributing to the mixture effect, even though
individual elevated risk estimates did not reach statistical significance.
In the Finnish cohort study of childhood ALL, an increased risk was
reported with in utero blood levels of PFOS for samples collected
from 1986 to 1995 when levels were the highest, and PFNA among
first-born children.!© In our study, the detection level of PFNA was
relatively similar in cases (22%) and controls (24%). In another study
conducted in California, PFOS and PFOA measured in archived neo-
natal blood samples were found to increase the risk of retinoblastoma
in children, with some differences in risk depending on whether the

mother was born in the United States or Mexico, indicating that

exposure pathways and levels may vary by population and region.11
Overall, while there are some similarities across studies, subgroup-
specific findings observed for certain PFAS make it difficult to synthe-
size the results.

PFHxS has been found to increase the risk of certain adult can-

3940 and decrease the risk of thyroid cancer.®”** In the Finnish

cers
cohort study of childhood ALL, there was no association with in utero
blood levels of PFHxS, with ORs below or close to 1. In our study,
PFHXS was an important contributor to the negative weight in the
mixture effect analysis, though the inverse association that was
observed in our multiple PFAS adjusted regression model was far from
reaching statistical significance. Exposure to PFHXS can occur through
multiple sources including food products, notably fish,*? and con-
sumer products such as carpeting.*>** Further exploration of the syn-
ergistic effect of multiple PFAS in the current study showed that the
risk of childhood ALL rose to 2-fold when dust levels of EtFOSAA
were at their highest while levels of PFHxS were at their lowest.
Study of PFAS carcinogenicity has mainly focused on legacy long-
chain PFAS such PFOA and PFOS, that were respectively classified in
2023 as “carcinogenic to humans (Group 1)” and “possibly carcinogenic
to humans (Group 2B)” by the International Agency for Research on
Cancer.” Using the Key Characteristics of Carcinogens' framework,
there is strong evidence that several PFAS induce oxidative stress
(long chain: PFOS, PFHxS, PFOA, PFNA, PFDA, PFUnA, and PFDoA),
modulate receptor-mediated effects (long chain: PFOS, PFHxS, PFOA,
PFNA, PFDA, and PFUnA,; short chain: PFBS, PFHxA, and GenX) and
are immunosuppressive (long chain: PFOS, PFOA, PFDA, and 8:2
FTOH).*> Immune dysregulation is an established causal pathway in
childhood ALL. Indeed, markers of early-life immune stimulation/

response such as mode of delivery, social contacts, severity of
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infections, and presence of cytomegalovirus and level of L10 cyto-
kines at birth have been found to modulate the risk of childhood
ALL.1346-48 Therefore early-life exposure to PFAS known to be
potent immunosuppressors could further interfere with proper devel-
opment of a child's immune system leading to subsequent initiation/
promotion of leukemia. Markers of oxidative stress at birth have also
been documented in children who later developed leukemia.*’ In our
study, PFOS and PFNA were associated with increased risk of child-
hood ALL, while PFHxS reduced risk. All three of these PFAS lead to
oxidative stress and immunosuppression, yet the mechanisms by
which PFHxS has opposite effects depending on the cancer site
remains unclear. Our main result regarding EtFOSAA and increased
risk of childhood ALL has not been previously reported, nor was it
included in the review of carcinogenic characteristics of PFAS.%°

Our study presents several strengths and limitations. It is the
first to assess the role of several long- and short-chain PFAS in set-
tled dust samples and the development of childhood ALL. We col-
lected vacuum bags that represented a composite of various sources
of dust around the homes. We measured 33 different target PFAS
substances, including 16 outside the perfluoro-sulfonates and car-
bolic acids that have been extensively monitored. We conducted
mixture effect analyses to increase our understanding of the com-
plex combined impact of multiple chemicals. Our results should be
interpreted with caution due to limited sample size, multiple testing,
and potential for selection bias. Participating case households had
lower socio-economic levels than controls. Although all models were
adjusted for race/ethnicity, household income, and education, there
could be some residual confounding.

We restricted our sample to children who lived in the same
home since diagnosis (for cases)/reference date (for controls) to cap-
ture sufficient exposure to dust within the same environment; how-
ever, this may have led to a selected group that may not be
representative of the general population. Settled dust samples were
collected after the diagnosis/reference date, raising issues about
temporality. However, our group has measured several other persis-
tent organic compounds such as polychlorinated biphenyls (PCBs)
and polybrominated biphenyl ethers (PBDEs) in repeated settled
dust samples in the same study population and found that levels
were stable for 5-7 years, showing that inter-household variation is
larger than the variation over time.”® Other groups have observed a
similar trend in a broad range of semivolatile organic compounds
(SVOCs).>! This suggests that dust provides a household-level esti-
mate of exposure over time (encompassing the prenatal period) and
not just a snapshot. We also documented that the dust levels of
PCBs and PBDEs correlated with the child's and mother's blood
levels.>?>% Thus, our observations indicating that PCB/PBDE dust
levels are good indicators of past exposures and body burden in this
study population are likely true for PFAS, which are well-known per-
sistent compounds. Moreover, others have reported significant
associations between PFAS concentrations in residential dust and
childhood serum in a similar population, although associations were
moderate and only observed for a few PFAS examined.?* Collection

of repeated environmental and biological samples should be

JOURNAL of CANCER

considered in future studies to improve the assessment of PFAS
exposures over time.

Most women in our study breastfed (91%), limiting our ability to
examine the impact of breastfeeding on the association between
PFAS and childhood leukemia. Additionally, the prevalence of breast-
feeding was similar between cases and controls (Table 1). Although
breastfeeding is beneficial for immune development and has been

associated with a lower risk of childhood leukemia,>*

ingestion of
PFAS in breastmilk via maternal exposure to diet and dust is another
exposure pathway for children.

In conclusion, our study showed that a mixture of eight PFAS
commonly detected in home dust was associated with an increased
risk of childhood ALL. Individual PFAS such as EtFOSAA, and possibly
PFHxA, PFDS, and PFOS, contributed to the increased risk of child-
hood ALL, whereas PFHxS contributed to a reduced risk. These find-
ings add to the growing body of evidence that certain PFAS impact
the risk of various types of cancer, not just in adults but also in
children.
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