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Abstract

The effects of childhood exposure to perfluoroalkyl substances (PFASS) on lung function remain
mostly unknown. Previous research indicates that children living or going to school near the World
Trade Center (WTC) disaster were exposed to high levels of PFASs, among other toxic chemicals.
To explore the effects of PFAS exposure on lung function, we measured serum PFASs in a cohort
of children from the WTC Health Registry and a matched control group. Perfluorooctanesulfonate
had the highest median concentrations in both groups (WTCHR = 3.72 ng/mL, Comparison = 2.75
ng/mL), while the lowest median concentrations were seen for perfluoroundecanoic acid (WTCHR
=0.12 ng/mL, Comparison = 0.01 ng/mL). Lung function outcomes were measured by spirometry,
plethysmography, and oscillometry. Asthma diagnosis and serum eosinophil count were also
recorded. We examined the relationships of each PFAS with lung function parameters and
eosinophil count using linear regressions. Odds ratios for asthma were obtained for each PFAS
using logistic regression. The effect of total PFASs on these outcomes was also assessed. All
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regression models were adjusted for sex, race/ethnicity, age, body mass index (BMI) and tobacco
smoke exposure. We found that serum PFASs were not statistically associated with the measured
lung function parameters, asthma diagnosis, or eosinophil count in this cohort (p < 0.05). These
findings highlight the need for more longitudinal studies to explore the long-term effects of
childhood PFAS exposure on lung function past adolescence and early adulthood.
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1. Introduction

The World Trade Center disaster on September 11, 2001 exposed the nearby population to a
large amount of dust-borne chemicals. Chemicals in the dust cloud, including perfluoroalkyl
substances (PFASs), had the potential to be inhaled directly or ingested through food after
dust settled onto surfaces in people’s homes. PFASs are of concern, as they are known to
accumulate in human tissues (Sanchez Garcia et al., 2018; Perez et al., 2013) and exposure
is quite common in drinking water (Ericson et al., 2009). Previously, we showed that
children selected from the World Trade Center Health Registry (WTCHR) had significantly
higher median levels of serum PFASs compared to a sociodemographically matched non-
WTCHR group (p < 0.0001 for PFHxS, PFOS, PFOA, PENA, and PFDA) (Trasande et al.,
2017).

The effects of PFASs on lung function, specifically asthma, are of interest since a typical
route of exposure to these chemicals is through inhalation (Yao et al., 2018). Asthma is
characterized by airway hyperresponsiveness and remodeling caused by airway wall
inflammation. Inflammation can occur via several pathways including Ty-cell dysregulation
favoring a shift from Ty1-cells to Ty2-cells and increased production of pro-inflammatory
cytokines (Silkoff et al., 2015; Fireman, 2003). A few toxicological studies in mice support
the association between PFASs and induced inflammation, reporting increased pro-
inflammatory cytokines (Zheng et al., 2011) after oral exposure to 5 mg/kg/d
perfluorooctanesulfonate (PFOS) and increased Ty2-type cytokines (Singh et al., 2012) after
dermal exposure to 10 mg/kg perfluorooctanoic acid (PFOA). Similar studies also show
decreasing immunoglobulin M (IgM) and increasing immunoglobulin E (IgE) levels
characteristic of asthma and allergy after 1-50 mg/kg PFOA exposure (Singh et al., 2012;
Dewitt et al., 2008; Fairley et al., 2007). However, other toxicological studies indicate
cytokine inhibition following PFAS exposure and no effect on airway hyperresponsiveness
(Corsini et al., 2012; Ryu et al., 2014).

Epidemiologic studies of PFASs and lung function also lack clarity. Several studies show
higher mean serum PFAS levels in children with asthma compared to non-asthmatic children
(Zhu et al., 2016; Qin et al., 2017; Humblet et al., 2014). Higher serum PFAS concentrations
have also been associated with increased T2 cytokine levels in males (Zhu et al., 2016) and
increased serum IgE concentrations in both males and females (Dong et al., 2013),
suggesting that PFASs may induce inflammation. Still, other population-based studies have

Environ Res. Author manuscript; available in PMC 2021 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaylord et al.

Page 3

reported either no association (Stein et al., 2016) or inverse associations (Humblet et al.,
2014) between asthma and PFAS concentrations.

In our cohort, we observed that World Trade Center dust cloud exposure was associated with
higher asthma incidence after September 11, 2001 among exposed children compared to the
non-exposed group (Trye et al., 2018). To understand how PFASs in particular may be
contributing to the difference in asthma incidence, we analyzed exposure to individual serum
PFASs and total PFAS levels for asthma diagnosis among both WTC-exposed and non-
exposed individuals. We then explored associations between PFAS levels and spirometry,
plethysmography and oscillometry, all of which indicate lung function status. We also
considered how serum PFAS levels were associated with absolute eosinophil count, since
elevated eosinophils have been considered indicative of asthma (Silkoff et al., 2015). We
hypothesized that exposure to individual and combined PFASs would adversely affect (1)
asthma diagnosis after September 11, 2001, (2) major lung function outcomes, and (3)
absolute eosinophil levels in exposed children.

2. Methods

2.1. Study population

Participants of the WTCHR who were born between September 11, 1993 and September 10,
2001 were included in the WTCHR arm of the study. To be considered for the WTCHR,
subjects needed to live or attend school south of Canal Street or be present south of
Chambers Street on September 11, 2001. We included WTCHR participants that had
responded to the most recent WTCHR questionnaire cycle (2011-2012). The comparison
group consisted of individuals who were not eligible for the WTCHR, who did not report
living or attending school south of Canal Street or being present south of Chambers Street
on September 11, 2001, and who were born in the same time frame noted above.
Recruitment strategies for both groups have been described previously (Trasande et al.,
2017; Koshy et al., 2017). Potential participants were excluded if they indicated having a
serious heart or lung disease, heart or lung surgery, an active upper respiratory infection, or
pregnancy. Subjects who were unable to attend scheduled visit dates and follow study
protocols were also excluded. The comparison group was chosen based on a table of the
desired frequencies of controls by age (0-2, 3-5 or 6-8 years-old on 9/11/2001), sex, race
(Caucasian, African American, Asian, Other), ethnicity (Hispanic, non-Hispanic), and
family annual income (< $25,000, =$25,000). All subjects were between the ages of 13 and
22 years at the time of pulmonary function measurements and blood draw, which occurred
between February 20, 2014 and March 21, 2016.

2.2. Pulmonary function measurements

Forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV) were collected
through spirometry (Jaeger Masterscreen 10S; Carefusion, Yorba Linda, CA) and assessed
by the National Health and Nutrition Examination Survey (NHANES) I11 reference
equations (Beydon, 2006). Plethysmography was used to measure functional residual
capacity (FRC). Inspiratory capacity and expiratory reserve volume, both measured by
spirometry, were used with FRC to calculate total lung capacity (TLC) and residual volume
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(RV). The forced oscillation technique (FOT) was used to measure resistance at frequencies
of 5 Hz (Rs) and 20 Hz (Ryg) (Jaeger Masterscreen 10S; Carefusion, Yorba Linda, CA).
Frequency dependence of resistance (FDR) was calculated as the difference between Rs and
Rog (R5-Rop) to assess distal airway function (Oppenheimer et al., 2009; van den Elshout et
al., 1994). Each test was conducted a minimum of 3 and a maximum of 5 times and all test
results were evaluated by two investigators to ensure reproducibility.

Information on asthma diagnosis was obtained from questions derived from NHANES.
Participants that reported asthma diagnosis were asked to report on the time of diagnosis
(before or after 9/11/2001) (Akinbami et al., 2003). Non-fasting blood samples collected via
venipuncture provided total eosinophils from the whole blood count differential (Trasande et
al., 2017).

2.3. Exposure variables

Blood samples were collected via venipuncture from the selected WTCHR and comparison
subjects. PFASs were measured in serum using a solid phase extraction (SPE) procedure and
high-performance liquid chromatograph interfaced with an electrospray tandem mass
spectrometer. These methods have been described previously (Trasande et al., 2017; Kannan
et al., 2004; Taniyasu et al., 2005). Eleven PFASs were measured: perfluorohexanesulfonic
acid (PFHxS); n-methyl perfluorooctanesulfonamido acetic acid (N-meFOSAA);
perfluorooctane sulfonamide (PFOSA); perfluorooctanesulfonate (PFOS);
perfluorodecanesulfonate (PFDS); perfluoroheptanoic acid (PFHpA); perfluorooctanoic acid
(PFOA); perfluorononanoic acid (PFNA); perfluorodecanoic acid (PFDA);
perfluoroundecanoic (PFUNDA); and perfluorododecanoic acid (PFDoDA). The limit of
detection (LOD) for all PFASs was 0.02 ng/mL apart from N-meFOSAA (LOD = 0.07 ng/
mL), PFOS (LOD = 0.03 ng/mL), and PFOA (LOD = 0.05 ng/mL).

2.4. Covariates

Tobacco exposure was based on salivary cotinine measures and was categorized as low (<
0.15 ng/mL salivary cotinine), medium (< 2.32 ng/mL and =0.15 ng/mL cotinine), and high
(=2.32 ng/mL cotinine). Salivary cotinine measurements were obtained using a highly
reliable (r = 0.99 compared with serum) and sensitive (LOD = 0.15 ng/mL) test from
Salimetrics, Inc. (State College, PA). Subjects missing salivary cotinine measures were
assigned to the low exposure group if they reported neither smoking nor secondhand smoke
exposure. Those who reported not smoking but exposure to secondhand smoke were
assigned to the medium exposure category.

Body mass index (BMI) was calculated as (weight in kg)/(height in m) (Perez et al., 2013;
Ogden et al., 2002). Measurements for weight (in pounds) and height (in inches) were taken
using calibrated stadiometers (Shorr Productions, Olney, MD) and scales (Seca model 881;
Seca Corp., Hanover, MD). Participants over the age of 19 were categorized into the
following groups: normal (BMI < 25), overweight (25 < BMI < 30), or obese (BMI = 30)
(CDC, 2017). Participants ages 19 and younger were categorized into BMI groups based on
BMI-for-age z-score: normal (BMI z-score < 1), overweight (BMI z-score > 1 and < 2), and
obese (BMI z-score > 2) (WHO, 2019). Sex, age, and race identification data were collected
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in general questionnaires. Dust exposures were collected via questionnaire. Participants
experienced WTC cloud dust exposure if they were caught in the WTC dust or debris cloud
the morning after the buildings collapsed on 9/11. Participants experienced home dust
exposure if they lived in an apartment or home in which WTC dust or debris was visible on
surfaces for a year after the incident. Psychological trauma was determined by answering
yes to one of the following seven items: sight of either tower collapse, sight of injured
people, sight of dead bodies, sight of people falling out of buildings, physical injury to self,
need to depart home/work for safety, and worry about safety of a loved one (Comer et al.,
2010).

2.5. Statistical analysis

All analyses were performed using SAS (version 9.4, SAS Institute Inc., Cary, NC, USA).
Population characteristics were compared between the WTCHR and comparison groups
after exclusion of those without a blood draw or any lung function data. Chi-square tests
were used to compare sociodemographic characteristics between the two populations. The
Fisher Exact Test was used to compare dust cloud, home dust, and trauma from the World
Trade Center disaster. Age was analyzed using the Wilcoxon Rank-Sum Test.

PFASs that were below the LOD in 50% or more of the study population (PFOSA, PFDS,
PFHpA, PFDoDA, N-MeFOSAA) were not considered for analysis in the present study, as
these would require separate models not explored here (Helsel, 2012). PFHXS, PFOS,
PFOA, and PFNA were present in 100% of the samples. For PFDA and PFUNDA,
concentrations below the LOD were entered as LOD/V2 (Helsel, 2012). PFAS levels were
then log-transformed to correct for positive skewedness. Absolute eosinophil count was
calculated by multiplying the percentage of eosinophils by the white blood cell count and
was then log-transformed to correct for positive skewedness.

Components of the spirometry, plethysmography, oscillometry tests and absolute eosinophil
count were analyzed by univariable and multivariable linear regression. Odds ratios were
obtained for asthma diagnoses after September 11, 2001 using univariable and multivariable
logistic regression. Race and sex were included as covariates, as these characteristics may
affect asthma and pulmonary outcomes and were significantly different between the
WTCHR group, who on average experienced greater PFAS exposure, and the comparison
group. Although age did not differ significantly between the two groups, we included it in
the multivariable model due to its influence on pulmonary function and its possible effect on
exposure to and retention of PFASs in the body.

Sex and race/ethnicity were included in all multivariable linear and logistic regression
models due to significant differences between the exposed and comparison cohorts.
Although age and tobacco exposure did not differ significantly between the two groups, both
were included in the model due to their recorded effects on lung function and asthma (Oberg
etal., 2011; Jones et al., 2011). BMI was included in all regression models as well, as it is
known to affect spirometry, plethysmography, and oscillometry test outcomes (Oppenheimer
et al., 2014; van de Kant et al., 2016) and because PFASs bind to human tissue (Sanchez
Garcia et al., 2018). These covariates were assessed for collinearity. The linear and logistic
regressions used all complete cases for the specified exposure and outcome measure.
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Comparison and exposure group designation were not included in the regression models. All
hypothesis tests were 2-sided and assessed at a 5% significance level.

3. Results

Fig. 1 shows the number of participants that were included in the analysis from the parent
study population. Participants from the complete cohort (n = 412) were excluded if they
were missing either PFAS data (n = 96) or lung function data (n = 29). The participants
included in this paper’s analysis (n = 287) were less likely to report exposure to WTC dust
in the home than participants excluded from the analysis (n = 125) (Table S1).

The current analysis consisted of 118 WTCHR subjects and 169 subjects in the comparison
group. Table 1 provides a breakdown of the participant population statistics in the WTCHR
and comparison groups. The WTCHR group had a significantly higher proportion of males
(p = 0.001) and a higher median daily caloric intake (p = 0.007) than the comparison group.
The racial makeup of the two groups also differed significantly (p = 0.008). These
differences may be a result of the geographic location of the two groups as well as the
different population sizes. The WTCHR group had significantly higher exposure to dust
cloud, home dust, and psychological trauma from the World Trade Center disaster (p <
0.0001). However, WTC home dust and trauma exposures were still present in the
comparison group (4.9% and 22.8%, respectively). The two groups did not differ
significantly in terms of age, income below $25,000 per year, BMI, tobacco exposure, or
asthma diagnosis before 9/11/2001.

Table 2 provides the levels of selected PFASs in blood serum in the comparison and
WTCHR groups. PFHXS serum concentrations ranged from 0.09 to 28.66 ng/mL, PFOS
from 0.47 to 27.76 ng/mL, PFOA from 0.34 to 8.12 ng/mL, PFNA from 0.11 to 2.40, PFDA
from LOD to 0.87 ng/mL, and PFUnDA from LOD to 0.85 ng/mL. All mean PFAS levels
were significantly higher in the WTCHR group than in the comparison group.

Unit changes for the respiratory measure and absolute eosinophil count and odds ratios for
asthma diagnosis after the WTC disaster are shown in Table 3. Interestingly, we saw
significant decreases in R, Ryg, and Rs-Ryq associated with several of the measured PFASS.
PFHxS was associated with decreased forced expiratory volume in 1 s to forced vital
capacity ratio (FEV1/FVC). TLC and FRC were both increased by all PFASs except for
PFDA and PFUnDA. There were no statistically significant effects of PFASs on the odds of
asthma diagnosis or changes in absolute eosinophil count.

The results from the multivariable regression analyses are shown in Table 4. All regressions
were adjusted for sex, race/ethnicity, BMI, age, and tobacco exposure. Most of the
statistically significant associations seen in the univariable regression analyses disappeared
after correcting for covariates. PFHXS had a significant inverse effect on Ryq (unit change =
-0.12, 95% CI = -0.23, -0.003). RV and FRC were significantly increased with PFNA
exposure (unit change = 0.24, 95% CI = 0.003, 0.48) and total PFAS (unit change = 0.31,
95% CI = 0.07, 0.55). However, these associations were not statistically significant after
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adjusting for multiple comparisons using the Bonferroni-Sidak method (p = 0.28, p = 0.28, p
= 0.07, respectively).

All other regression outcomes from the multivariable models were not significant at the p <
0.05 level even before adjusting for multiple comparisons. Increasing odds of asthma were
seen with exposure to all PFASs except for PFOS (OR = 0.89, 95% CI = 0.45, 1.76). The
greatest increases in odds of asthma resulted from PFNA exposure (OR = 1.74, 95% CI =
0.81, 3.73) and PFOS exposure (OR = 1.34, 95% CI = 0.55, 3.29). Almost all PFAS
exposures were associated with decreased levels of absolute eosinophil count. PFOS was the
only PFAS associated with an increased absolute eosinophil count, although this change was
miniscule (unit change = 0.01, 95% CI = -0.29, 0.31).

4. Discussion

In the present study, we found no statistically significant associations between the measured
serum PFAS concentrations and lung function parameters (R5, R5-R20, R20, FVC, FEV1,
FEV1/FVC, TLC, RV, FRC), asthma diagnosis, or eosinophil count in children ages 13-22
enrolled in the WTCHR and a matched control group after adjusting for multiple
comparisons. The high frequency of null results suggests that exposure to PFASs in
childhood does not adversely affect lung function, asthma incidence, or eosinophil count.
However, the levels of serum PFASs in this study were lower than we expected. Despite
exposure to WTC dust, the mean levels of PFHXS, PFOS, and PFOA observed in the
WTCHR group were only slightly higher than those seen in the most recent (2013-2014)
NHANES report in children ages 12-19 (1.27 ng/mL, 3.45 ng/mL, and 1.66 ng/mL,
respectively) (Fourth, 2018).

The PFAS levels reported in our study were also lower than those seen in other studies that
have established associations between lung function and/or asthma. The association between
asthma outcomes and PFOA exposure in a 2014 study using NHANES data from children
ages 12-19 reported median serum PFOA concentrations around 4.0 ng/mL (Humblet et al.,
2014), while we observed a median PFOA level of 1.5 ng/mL. Qin et al. (2017) also
observed much higher median concentrations of PFOS in a Taiwanese cohort of 300
asthmatics (31.5 ng/mL) and non-asthmatics (28.8 ng/mL) than was seen in this study (3.0
ng/mL for both asthmatics and non-asthmatics). Alternatively, Dong et al. (2013) did
observe similarly low median concentrations of PFOS (0.5-1.2 ng/mL) associated with
increased odds of asthma, but this association was seen in a larger cohort of children (n =
456) in Taiwan).

One possible explanation for the low PFAS concentrations seen in this study is that home
dust exposure was higher in excluded participants, so we may not have captured the true
PFAS profile of those exposed to the WTC disaster. We must also consider that both PFAS
exposure and asthma prevalence differ across and within countries, which may speak to the
differing conclusions described here (Ericson et al., 2009; Qin et al., 2017).

There are several limitations to the current analysis. Unlike previous studies of WTC dust on
lung function (Berger et al., 2016), we were unable to measure bronchodilation or
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bronchoprovocation by albuterol or methacholine, as these methods were judged to be
significantly more than minimal risk by the NYU School of Medicine Institutional Review
Board. Without a clear picture of airway obstruction and recovery, asthma diagnosis may be
under-diagnosed in the study population (Horak et al., 2016). The methods of lung function
assessment that were used in this study (spirometry, plethysmography, oscillometry, and
eosinophil count) were only measured at one time point after the WTC disaster. We,
therefore, cannot explore how the lung function parameters and eosinophil levels changed
before and after the WTC disaster. Additionally, the sample size may have been too small in
this study to see a meaningful change in lung function parameters or asthma incidence after
the WTC disaster. This issue of sample size also limited our ability to stratify the analysis by
asthma status or sex, as seen in other epidemiological studies (Zhu et al., 2016; Qin et al.,
2017).

We did not have information on other risk factors for asthma and lung function that are
common in New York City, such as living near a high-traffic area or frequent exposure to
mold in the home (ldris et al., 2016; Mendell et al., 2011). Since individual PFAS exposure
is related to exposures of other PFASs, there may be confounding of each PFAS by the other
PFASs in the analyses. The estimates from the analyses of total PFAS exposure may,
therefore, be the most reliable in the current study. We also did not include the timing of
blood draw as a covariate in our models, which could confound the hypothesized
relationships, although the level of confounding would need to be high in order to
meaningfully affect these results. Finally, we did not measure other toxic chemicals in
children’s blood that were present in WTC dust that may contribute to asthma (Horii et al.,
2010).

A recent study by Impinen et al. (2018) examined the effects of prenatal exposure to PFASs
on multiple respiratory outcomes at 2 and 10 years of age. In this study, prenatal PFAS
exposure was not associated with allergy and asthma in childhood but was associated with
risk of common cold and lower respiratory tract infections (Impinen et al., 2018). These
findings suggest that PFAS exposure may suppress rather than upregulate immune function.
In fact, PFAS concentrations collected from blood may not be representative of
concentrations in the lung and airway tissue (i.e., target tissues), where we would expect
them to have their greatest effect on lung function. Perez et al. (2013) investigated the
localization of different PFASs in the body and found that the lung contained high
concentrations of pentafluorobenzoic acid (PFBA) and moderate concentrations of
perfluorohexanoic acid (PFHxA), but other PFAS concentrations were low or virtually non-
existent. According to a study by Ericson et al. (2009) drinking water is most likely the
major source of PFAS exposure. Despite potential inhalation of WTC dust, children were
more likely to be exposed through contaminated water and food. Though exposure via
ingestion would not cause direct contact with the lungs, it could pose a greater risk to
immune system suppression. Further exploration of the effects of PFASs on immune-related
biomarkers and diseases may yield more promising results than studies on lung function
outcomes alone.

Although this study did not find strong associations between PFAS exposure and lung
function, we recommend continued follow-up in addition to other longitudinal studies in
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larger cohorts to elucidate the long-term effects of childhood PFAS exposure on lung
function. Such studies should consider lung diseases that occur later in adulthood. The
results from the current analysis highlight the need to investigate the longitudinal respiratory
health effects of chemicals other than PFASs that were present in the WTC dust.

5. Conclusions

In this study, we found no statistically significant associations between the measured serum
PFAS concentrations and lung function parameters (R5, R5-R20, R20, FVC, FEV1, FEV1/
FVC, TLC, RV, FRC), asthma diagnosis, or eosinophil count in children ages 13-22. These
findings suggest that the levels of PFASSs seen in this cohort are not a significant risk factor
for asthma or poor lung function. There may be unmeasured chemicals to which WTCHR
children were exposed that do increase the likelihood of developing asthma.
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BMI Body Mass Index
PFHXS Perfluorohexanesulfonic acid
N-meFOSAA N-methyl perfluorooctanesulfonamido acetic acid
PFOSA Perfluorooctane sulfonamide
PFOS Perfluorooctanesulfonate
PFDS Perfluorodecanesulfonate
PFHpA Perfluoroheptanoic acid
PFOA Perfluorooctanoic acid
PFNA Perfluorononanoic acid
PFDA Perfluorodecanoic acid
PFUNDA Perfluoroundecanoic acid
PFDoDA Perfluorododecanoic acid
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Fig. 1.
Study population flow chart.

Environ Res. Author manuscript; available in PMC 2021 August 04.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gaylord et al.

Population descriptive statistics.

Page 15

Table 1

Comparison (n = 169)

WTCHR (n = 118)

n (%) n (%) p value
Sex
Male 65 (38.5) 68 (57.6) 0.001
Female 104 (61.5) 50 (42.4)
Income < $25’000a 41 (24.3) 19 (17.0) 0.422
Race/Ethnicityb
Asian non-Hispanic 33(19.5) 30 (25.6) 0.008
Black non-Hispanic 19 (11.2) 15 (12.8)
Hispanic 40 (23.7) 14 (12.0)
White non-Hispanic 72 (42.6) 45 (38.5)
Other 5(3.0) 13 (11.1)
Body Mass Index
Normal 121 (71.6) 93 (78.8) 0.346
Overweight 37 (21.9) 18 (15.3)
Obese 11 (6.5) 7(5.9)
Tobacco Exposureb
Low 50 (39.8) 37 (31.4) 0.161
Medium 99 (58.9) 59 (50.0)
High 19 (11.3) 22 (18.6)
Asthma Before 9/11/01° 1483 12(103) 0.559
Dust Cloud Exposureb 2(12) 22 (18.6) <0.0001
Home Dust Exposured 8(4.8) 44 (39.3) <0.0001

Age

Median (25th, 75th percentile)

16 (15, 19)

Median (25th, 75th percentile) p value
17 (15, 19) 0.190

4 =281,
n = 286.
Cn =284,

n=279.
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