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Chronic kidney disease (CKD) is a major public health problem. Identifying novel risk factors for CKD, including
widely prevalent environmental exposures, is therefore important. Perfluoroalkyl chemicals (PFCs), including
perfluorooctanoic acid and perfluorooctane sulfonate, are manmade chemicals that have been detected in the
blood of more than 98% of the US population. Results from experimental animal studies have suggested that an
association between PFCs and CKD is plausible. However, in humans, the relation between serum PFCs and CKD
has not been examined. The authors examined the relation of serum PFCs and CKD in 4,587 adult participants
(51.1% women) from the combined 1999–2000 and 2003–2008 cycles of the National Health and Nutritional
Examination Survey for whom PFC measurements were available. The main outcome was CKD, defined as
a glomerular filtration rate of less than 60 mL/minute/1.73 m2. The authors found that serum levels of PFCs,
including perfluorooctanoic acid and perfluorooctane sulfonate, were positively associated with CKD. This asso-
ciation was independent of confounders such as age, sex, race/ethnicity, bodymass index, diabetes, hypertension,
and serum cholesterol level. Compared with subjects in quartile 1 (referent), the multivariable odds ratio for CKD
among subjects in quartile 4 was 1.73 (95% confidence interval: 1.04, 2.88; P for trend ¼ 0.015) for perfluoro-
octanoic acid and 1.82 (95% confidence interval: 1.01, 3.27; P for trend¼ 0.019) for perfluorooctane sulfonate. The
present results suggest that elevated PFC levels are associated with CKD.

fluorocarbons; kidney diseases; nutrition surveys

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; NHANES, National
Health and Nutrition Examination Survey; PFCs, perfluoroalkyl chemicals; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane
sulfonate; SE, standard error.

Chronic kidney disease (CKD), defined as a glomerular
filtration rate of less than 60 mL/minute/1.73 m2 (1, 2), is pre-
sent in approximately 13.1% of the adult US population (3).
CKD is a stage early in the renal disease continuum in which
prevention and/or delay of irreversible kidney damage that
leads to end-stage renal disease may be possible. CKD is
also known to be an independent risk factor for cardiovas-
cular disease and early death (4). In a recent study in which
2 consecutive national surveyswere compared, Coresh et al. (3)
reported an increase in the prevalence of CKD from1988–1994
to 1999–2004, suggesting it to be a growing public health
problem. From a public health point of view, identifying new
risk factors for CKD, particularly widely available environ-
mental exposures that have not been previously studied, is
therefore important.

There is growing concern regarding human exposure
to perfluoroalkyl chemicals (PFCs), including perfluorooc-
tanoic acid (PFOA) and perfluorooctane sulfonate (PFOS),
because these chemicals are persistent in the environment,
bioaccumulated, and biomagnified along food chains and
have been shown to cause developmental and other adverse
health effects in laboratory animals (5, 6). PFCs have been
widely used in the manufacture of industrial and consumer
products such as surfactants, lubricants, polishes, paper and
textile coatings, food packaging, and fire-retarding foams.
PFCs have been detected in the blood of more than 98% of
the US population (7). Although both PFOS and PFOA
share a ubiquitous presence among both humans and wild-
life, PFOS has a wider distribution that is attributed in part
to its resistance to degradation in ecologic systems and its
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bioconcentration (8). Recent evidence from retired employees
of PFC production facilities suggests elimination half-lives of
5.4 years for PFOS and 3.8 years for PFOA (9).

Studies have suggested that the kidney serves as one of
the target organs for PFCs (10). Histopathologic observa-
tions have indicated that greater concentrations of PFOS and
PFOA were found in the kidneys (11, 12) because the pri-
mary route of PFC excretion is through the kidneys (13).
Also, renal hypertrophy and histopathologic changes indic-
ative of soft tissue proliferation in the renal interstitium and
in renal microvascular disease were observed in rats exposed
to PFCs (8). Results from in vitro studies have suggested
that PFCs are associated with alterations in endothelial-cell
permeability (14, 15). Alterations in renal microvascular
endothelial-cell permeability are considered a central mech-
anism of ischemic renal failure in rat models (16–18).

In previous epidemiologic studies, both PFOA and
PFOS have been linked to higher cholesterol levels in hu-
mans (19–23). Higher cholesterol levels have in turn been
found to be independently associated with an increased
risk of CKD (24, 25). In a recent epidemiologic study in
adolescents and adults, Lin et al. (26) found that higher
PFC levels were related to insulin resistance and the met-
abolic syndrome. Both insulin resistance and components
of the metabolic syndrome have previously been shown to
be associated with CKD in epidemiologic studies (27, 28).
Finally, we recently found that higher PFOA and PFOS
levels were associated with serum uric acid levels (29), a
marker that has been shown to be associated with an in-
creased risk of the development of hypertension (30) and
CKD (31) in epidemiologic studies. Despite these leads, to
our knowledge, no previous study has examined the puta-
tive association between PFCs and CKD. We therefore
examined this relation in a contemporary, nationally rep-
resentative sample of adults.

MATERIALS AND METHODS

The current study was based on merged data from the
1999–2000, 2003–2004, 2005–2006, and 2007–2008 cycles
of the National Health and Nutrition Examination Survey
(NHANES). Detailed descriptions of the NHANES study
design and methods have been published previously (32).
In brief, the NHANES survey includes a stratified, multi-
stage probability sample representative of the civilian non-
institutionalized US population. Selection is based on counties,
blocks, households, and individuals within households and in-
cludes oversampling of low-income persons, persons 60 years
of age or older, African Americans, andMexican Americans to
provide stable estimates for these groups. The survey also in-
cludes biomonitoring for PFCs by the National Center for
Environmental Health in a random subsample of one-third of
the participants. Subjects are required to sign a consent form
before participation, and approval was obtained from the Hu-
man Subjects Committee of the US Department of Health and
Human Services.

The present study sample consisted of 5,717 NHANES
participants 20 years of age or older for whom PFC mea-
surements were available. We further excluded subjects with

self-reported cardiovascular disease (n ¼ 572) or missing
data (n ¼ 558) on serum creatinine or covariates included in
the multivariable model, including educational level, body
mass index (BMI), and cholesterol levels. This resulted in
4,587 participants (51.1% women).

Main outcome of interest: CKD

In NHANES 1999–2000, serum creatinine measurements
were performed at the Coulston Foundation Laboratory
(Boston, Massachusetts) using a Roche Hitachi 917 ana-
lyzer (Roche Diagnostics, Indianapolis, Indiana; kinetic
alkaline picrate) (33). We used the following Deming re-
gression equation provided by Selvin et al. (34) in a calibra-
tion substudy to standardize NHANES 1999–2000 serum
creatinine levels: standard creatinine ¼ 0.147 þ 1.013 3
(NHANES 1999–2000 uncalibrated serum creatinine).

In NHANES 2003–2006, serum creatinine measure-
ments were performed at Collaborative Laboratory Services
(Ottumwa, Iowa) using the Beckman Coulter Synchron LX20
(Beckman Coulter, Fullerton, California; kinetic alkaline pic-
rate) (35, 36). We did not correct the NHANES 2003–2004
serum creatinine values as recommended by the calibration
study (34). However, we applied the following equation to
standardize NHANES 2005–2006 serum creatinine levels
as recommended by the National Center for Health Statis-
tics on the basis of their calibration study (36): standard
creatinine¼�0.016 þ 0.9783 (NHANES 2005–2006 un-
calibrated serum creatinine).

In NHANES 2007–2008, serum creatinine measurements
were performed at Collaborative Laboratory Services. In
2007, creatinine was measured using the Beckman Coulter
Synchron LX20 and not standardized according to National
Kidney Disease Educational Program guidelines (37). On
the basis of the recommendation by the National Center for
Health Statistics, NHANES 2007 serum creatinine values
were reduced by 0.08 mg/dL to convert them to standard-
ized creatinine values. In 2008, serum creatinine measure-
ments were performed using the Beckman Coulter UniCel
DxC800 Synchron Clinical System and were standardized
according to National Kidney Disease Educational Program
guidelines.

Estimated glomerular filtration rate (eGFR) was deter-
mined from serum creatinine values by using the 4-variable
Modification of Diet in Renal Disease study equation (38),
as follows: eGFR¼ 1753 (serumcreatinine inmg/dL)�1.1543
(age in years)�0.2033 (0.742 if female)3 (1.21 if black). CKD
was defined as an eGFR of less than 60 mL/minute/1.73 m2,
consistent with the definitions of the National Kidney Foun-
dation Kidney Disease Outcome Quality Initiative (1) working
group and the Kidney Disease: Improving Global Outcomes
position statement (2).

Exposure measurements

Age, sex, race/ethnicity, smoking status, alcohol intake
(g/day), level of education, history of diabetes, oral hypoglyce-
mic medication intake, insulin administration, and antihyper-
tensive medication use were assessed using a questionnaire.
Individuals who had not smoked 100 cigarettes or more in
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their lifetimes were considered to be never smokers. Those
who had smoked 100 cigarettes or more in their lifetimes were
considered to be former smokers if they answered in the
negative to the question ‘‘Do you smoke now?’’ and current
smokers if they answered in the affirmative. BMI was calcu-
lated as weight in kilograms divided by height in meters
squared. Heavy alcohol drinking was defined as consumption
of more than 2 drinks/day on average over the past 12 months.

Rigorous procedures with quality-control checks were used
in blood collection; details about these procedures are avail-

able in the NHANES Laboratory Procedures Manual (39).
PFCs were measured in serum of participants by the National
Center for Environmental Health using automated solid-phase
extraction coupled with isotope dilution high-performance
liquid chromatography-tandem mass spectrometry; details
of laboratory methods have been published previously (7).
Our study examined PFOA and PFOS, PFCs that have been
detected in more than 98% of humans. Values below the
limit of detection were reported by NHANES investigators
as the limit of detection divided by the square root of 2. The

Table 1. Characteristics of the Study Population, by Category of Plasma Perfluoroalkyl Chemical Level, National Health and Nutrition

Examination Survey, 1999–2008

Characteristic

Perfluorooctanoic Acida Perfluorooctane Sulfonateb

Quartile 1 Quartile 4
P Value

Quartile 1 Quartile 4
P Value

% Mean (SE) % Mean (SE) % Mean (SE) % Mean (SE)

Age, years 43.0 (0.7) 45.0 (0.5) 0.018 40.6 (0.6) 45.3 (0.6) <0.0001

Female sex 71.1 47.1 <0.0001 73.0 39.5 <0.0001

Race/ethnicity

Non-Hispanic white 61.9 76.6 <0.0001 67.1 74.8 0.0043

Non-Hispanic black 13.4 8.8 0.0004 7.9 11.1 0.0006

Mexican-American or other 24.7 14.6 <0.0001 25.0 14.2 <0.0001

Educational level

Less than high school 23.8 16.3 <0.0001 23.1 13.4 0.0002

High school graduate 24.0 25.7 0.71 22.4 27.2 0.059

Postsecondary education 52.3 58.0 0.0016 54.6 59.5 0.067

Smoking status

Never smoker 57.1 52.2 0.0002 53.7 50.6 0.19

Former smoker 21.6 23.3 0.24 19.8 24.0 0.0005

Current smoker 21.2 24.6 0.0037 26.5 25.4 0.035

Alcohol intake

Nondrinker 37.0 28.8 <0.0001 34.8 29.8 0.45

Moderate drinker 43.4 43.1 0.74 41.5 40.3 0.17

Heavy drinker 19.6 28.1 <0.0001 23.7 29.9 0.23

Body mass indexc 28.2 (0.3) 28.5 (0.3) 0.78 28.3 (0.3) 28.3 (0.3) 0.99

Diabetes mellitus 10.5 7.8 0.067 8.1 7.1 0.10

Systolic blood pressure,
mm Hg

118.6 (0.6) 121.7 (0.7) <0.0001 117.8 (0.6) 122.6 (0.6) <0.0001

Diastolic blood pressure,
mm Hg

69.8 (0.4) 71.9 (0.6) <0.0001 69.9 (0.4) 71.6 (0.5) 0.001

Total cholesterol, mg/dL 194.7 (1.7) 199.4 (1.4) 0.0005 194.4 (1.6) 203.8 (1.6) <0.0001

Estimated glomerular filtration
rate, mL/minute/1.73 m2

93.0 (1.1) 86.8 (0.8) <0.0001 94.2 (1.1) 85.4 (0.7) <0.0001

Chronic kidney diseased 4.9 6.4 0.026 3.7 6.9 <0.0001

Uric acid, mg/dL 4.8 (0.1) 5.5 (0.1) <0.0001 5.0 (0.1) 5.6 (0.1) <0.0001

Glycohemoglobin 5.5 (0.04) 5.5 (0.03) 0.20 5.4 (0.04) 5.5 (0.02) 0.0083

C-reactive protein, mg/dL 0.4 (0.04) 0.4 (0.02) 0.10 0.5 (0.04) 0.3 (0.02) 0.0006

Abbreviation: SE, standard error.
a Perfluorooctanoic acid quartiles: quartile 1, <2.8 ng/mL; quartile 2, 2.8–4.1 ng/mL; quartile 3, 4.2–5.9 ng/mL; and quartile 4, >5.9 ng/mL.
b Perfluorooctane sulfonate quartiles: quartile 1,<11.7 ng/mL; quartile 2, 11.7–18.7 ng/mL; quartile 3, 18.8–29.5 ng/mL; and quartile 4,>29.5 ng/mL.
c Weight (kg)/height (m)2.
d Chronic kidney disease was defined as a glomerular filtration rate less than 60 mL/minute/1.73 m2.
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limits of detection were 0.1 ng/mL for PFOA and 0.2 ng/mL
for PFOS, and the interassay coefficients of variation were
11% for PFOA and 13% for PFOS (7).

Serum total cholesterol was measured enzymatically. Se-
rum glucose was measured by using the modified hexokinase
method at the University of Missouri Diabetes Diagnostic
Laboratory (Columbia, Missouri). Diabetes was defined us-
ing the guidelines of the American Diabetes Association as
a serum glucose level of 126 mg/dL or higher after fasting
for a minimum of 8 hours, a serum glucose level of 200 mg/dL
or higher after fasting less than 8 hours before an NHANES
visit, a glycosylated hemoglobin value of 6.5% or more, or
self-reported current use of oral hypoglycemic medication
or insulin. Seated systolic and diastolic blood pressures were
measured using a mercury sphygmomanometer according
to the American Heart Association and Seventh Joint National
Committee (40) recommendations. Up to 3 measurements
were averaged for systolic and diastolic pressures. Patients
were considered hypertensive if they reported current use
of blood pressure-reducing medication and/or if they had
a systolic blood pressure of 140 mm Hg or higher and/or
a diastolic blood pressure of 90 mm Hg or higher.

Statistical analysis

Serum PFCs, including PFOA and PFOS, were analyzed
as both a continuous variable and a categorical variable. For
the analysis as a continuous variable, PFC values were log-
transformed (base 2) as a result of their skewed distribution.
We categorized serum PFCs into quartiles (PFOA quartiles:
quartile 1 ¼ <2.8 ng/mL, quartile 2 ¼ 2.8–4.1 ng/mL,
quartile 3 ¼ 4.2–5.9 ng/mL, and quartile 4 ¼ >5.9 ng/mL;

PFOS quartiles: quartile 1¼<11.7 ng/mL, quartile 2¼ 11.7–
18.7 ng/mL, quartile 3 ¼ 18.8–29.5 ng/mL, and quar-
tile 4 ¼ >29.5 ng/mL). We fitted multivariable linear
regression models to examine the association between in-
creasing levels of serum PFCs and changes in eGFR. We then
examined the consistency of the association between serum
PFCs and eGFR by performing analyses stratified by age,
sex, race/ethnicity, educational level, and BMI. We subse-
quently fitted multivariable logistic regression models to cal-
culate the odds ratios for CKD for each increase in PFC level,
using the lowest category as the referent. In these analyses,
we used 2 models with progressive levels of adjustment (the
age- and sex-adjusted model and the multivariable model)
and additionally adjusted for race/ethnicity (non-Hispanic
white, non-Hispanic black, Mexican-American, or other),
educational level (less than high school, high school graduate,
or postsecondary education), smoking status (never, former,
or current smoker), alcohol consumption (nondrinker, mod-
erate drinker, or heavy drinker), BMI category (normal or
overweight/obese), systolic blood pressure (in mm Hg), di-
astolic blood pressure (in mmHg), diabetes (absent or present),
serum total cholesterol level (in mg/dL), and glycohemo-
globin (percent). Trends in the odds ratios for CKD across
increasing serum PFC levels were determined by modeling
increasing PFC categories as ordinal variables. Sampleweights
that accounted for the unequal probabilities of selection,
oversampling, and nonresponse were applied for all analyses
using SUDAAN, version 8.0 (Research Triangle Institute,
Research Triangle Park, North Carolina) and SAS, version
9.2 (SAS Institute, Inc., Cary, North Carolina). Standard
errors were estimated using the Taylor series linearization
method.

Table 2. Association Between Plasma Perfluoroalkyl Chemical Level and Estimated Glomerular Filtration Rate, National Health and Nutrition

Examination Survey, 1999–2008

Plasma Perfluoroalkyl
Chemical Level

Unweighted
Sample Size

(No. of Subjects)

Age- and Sex-Adjusted Mean Difference
in eGFR, mL/minute/1.73 m2

Multivariable-Adjusted Mean Difference
in eGFRa, mL/minute/1.73 m2

Mean Difference 95% CI Mean Difference 95% CI

Perfluorooctanoic acid

Quartile 1 (<2.8 ng/mL) 1,176 0 Referent 0 Referent

Quartile 2 (2.8–4.1 ng/mL) 1,141 �3.5 �5.2, �1.8 �2.6 �4.3, �0.9

Quartile 3 (4.2–5.9 ng/mL) 1,141 �5.2 �7.1, �3.2 �3.6 �5.6, �1.5

Quartile 4 (>5.9 ng/mL) 1,129 �7.6 �9.6, �5.6 �5.7 �7.9, �3.5

P for trend <0.0001 <0.0001

Perfluorooctane sulfonate

Quartile 1 (<11.7 ng/mL) 1,152 0 Referent 0 Referent

Quartile 2 (11.7–18.7 ng/mL) 1,151 �2.6 �4.5, �0.7 �1.7 �3.5, 0.1

Quartile 3 (18.8–29.5 ng/mL) 1,137 �6.4 �8.3, �4.5 �4.9 �6.8, �3.2

Quartile 4 (>29.5 ng/mL) 1,147 �8.1 �10.4, �5.9 �6.7 �8.9, �4.4

P for trend <0.0001 <0.0001

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate.
a Adjusted for age (20–44, 45–64, or >64 years), sex (male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican-

American, or other), educational level (less than high school, high school graduate, or postsecondary education), smoking status (never, former,

or current smoker), alcohol consumption (nondrinker, moderate drinker, or heavy drinker), bodymass index category (normal or overweight/obese),

systolic blood pressure (in mm Hg), diastolic blood pressure (in mm Hg), diabetes (absent or present), serum total cholesterol level (in mg/dL), and

glycohemoglobin (%).
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RESULTS

Table 1 presents the baseline characteristics of the study
population. Subjects with higher PFOA levels were more
likely to be non-Hispanic whites, current smokers, and heavy
drinkers, were more likely to have a postsecondary education
and higher total cholesterol and uric acid levels, were less
likely to be non-Hispanic blacks or Mexican Americans, and
were less likely to have less than a high school education.
The correlation between PFOA and PFOS was 0.48. The
distributions of baseline characteristics were similar for
PFOS and PFOA, except that persons with higher PFOS
levels were more likely to be former smokers (and not cur-
rent smokers) and to have a high school or postsecondary
education, higher glycohemoglobin levels, higher uric acid
levels, and lower C-reactive protein levels. Also, subjects
with higher PFOA levels had lower mean eGFR levels and
higher prevalences of CKD.

Table 2 presents the mean change in eGFR associated with
increasing levels of PFC, including PFOA and PFOS. Overall,
we found that increasing levels of both PFOA and PFOS were

inversely associated with eGFR levels in both the age- and
sex-adjusted model and the multivariable-adjusted model.

Table 3 presents the mean change in eGFR when compar-
ing the highest quartiles of PFOA and PFOS with the lowest
within subgroups stratified by age, sex, race/ethnicity, BMI,
and educational level. Consistent with the findings for the
whole cohort, we found that overall higher PFOA and PFOS
levels were inversely associated with eGFR levels within
these stratified subgroups (P for interaction > 0.05 in all
subgroup analyses).

Table 4 presents the odds ratios for CKD associated with
increasing levels of PFOA and PFOS in the whole popula-
tion. We found that both PFOA and PFOS were positively
associated with CKD in the age- and sex-adjusted model and
the multivariable-adjusted model.

We also performed several supplementary analyses. First,
to examine whether the observed association between PFCs
and CKD was explained by changes in systemic inflamma-
tion or high uric acid levels, we additionally adjusted for
serum high-sensitivity C-reactive protein levels and uric
acid levels in the multivariable-adjusted model in Table 4;

Table 3. Association Between Plasma Perfluoroalkyl Chemical Level and Estimated Glomerular Filtration Rate,

According to Sociodemographic Characteristics, National Health and Nutrition Examination Survey, 1999–2008

Sociodemographic
Subgroupa

Multivariable-Adjusted Mean Difference
in eGFR, mL/minute/1.73 m2

Perfluorooctanoic Acidb

(Quartile 4 2 Quartile 1)
Perfluorooctane Sulfonateb

(Quartile 4 2 Quartile 1)

Mean Difference 95% CI Mean Difference 95% CI

Age, years

<60 �6.2 �8.6, �3.8 �6.5 �9.1, �3.9

�60 �3.9 �8.6, 0.7 �4.0 �8.1, 0.0

Sex

Male �4.2 �7.1, �1.3 �6.8 �10.1, �3.5

Female �5.2 �8.1, �2.3 �5.3 �7.9, �2.6

Race/ethnicity, %

Non-Hispanic white �4.2 �6.6, �1.7 �6.6 �9.7, �3.8

Non-Hispanic black �5.6 �10.3, �0.8 �7.1 �13.9, �0.3

Mexican-American or other �7.6 �13.5, �1.7 �7.0 �11.9, �1.2

Educational level, %

Less than high school �9.0 �13.9, �4.1 �6.4 �11.0, �1.7

High school graduate �2.4 �5.6, 0.8 �5.9 �9.8, �2.0

Postsecondary education �5.8 �9.1, �2.4 �6.7 �9.5, �3.8

Body mass indexc

<30 �5.3 �7.8, �2.8 �6.9 �9.6, �4.3

�30 �6.4 �9.8, �3.1 �5.4 �9.6, �1.1

Abbreviations: CI, confidence interval; eGFR, estimated glomerular filtration rate.
a P for interaction > 0.05 in all subgroup analyses.
b Adjusted for age (20–44, 45–64, or >64 years), sex (male or female), race/ethnicity (non-Hispanic white, non-

Hispanic black, Mexican-American, or other), educational level (less than high school, high school graduate, or

postsecondary education), smoking status (never, former, or current smoker), alcohol consumption (nondrinker,

moderate drinker, or heavy drinker), bodymass index category (normal or overweight/obese), systolic blood pressure

(in mmHg), diastolic blood pressure (in mmHg), diabetes (absent or present), serum total cholesterol level (in mg/dL),

and glycohemoglobin (%).
c Weight (kg)/height (m)2.
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the association was attenuated but remained significant.
Second, we examined the association between PFOA and
CKD after additionally adjusting for PFOS in the multivari-
able model; the results were found to be similar. Third, in a
sensitivity analysis to examine whether the observed inverse
association between PFCs and eGFR was due to reverse cau-
sality, we performed a multivariable linear regression analysis
to examine the association between eGFR and PFOA and
PFOS separately among persons with and without CKD,
defined as an eGFR less than 60 mL/minute/1.73 m2. For
PFOA, the multivariable-adjusted beta coefficient was �1.6
(standard error (SE), 0.8) among those with CKD and �2.8
(SE, 0.6) among those without CKD (P < 0.05 for both
betas). For PFOS, the multivariable-adjusted beta coefficient
was�1.8 (SE, 0.8) among thosewith CKD and�3.2 (SE, 0.6)
among those without CKD (P < 0.05 for both betas).

DISCUSSION

In a representative sample of US adults, we found that
higher PFOA and PFOS levels were positively associated
with CKD. This association appeared to be independent
of traditional confounders such as age, sex, race/ethnicity,
smoking status, heavy alcohol intake, BMI, diabetes, hyper-
tension, and serum cholesterol levels. Our results contribute
to the emerging data (19, 20, 29) on the health effects of
PFCs, suggesting for the first time that PFOA and PFOS are
potentially related to CKD. However, because of the cross-
sectional nature of the current study, we cannot exclude the
possibility of reverse causality.

The PFCs are a family of synthetic, highly stable perfluo-
rinated compounds with a wide range of uses in industrial

and consumer products, from stain- and water-resistant coat-
ings for carpets and fabrics to fast-food contact materials,
fire-resistant foams, paints, and hydraulic fluids (5). The
carbon-fluoride bonds that characterize PFCs and make
them useful as surfactants are highly stable, and recent re-
ports have indicated the widespread persistence of certain
PFCs in the environment and in wildlife and human popula-
tions globally (5, 6). The 8-carbon-chain PFOAs and PFOSs
are 2 of the PFCs of most concern. They bind to serum
proteins and have relatively long half-lives in serum (9).
General population studies have shown that in addition to
being nearly ubiquitous in blood, PFOA and PFOS may
also be present in breast milk, seminal fluid, and umbilical
cord blood (6).

Several lines of recent evidence have suggested that an
association between PFOA and PFOS and CKD may be
plausible, including evidence for renal hypertrophy and his-
topathologic changes indicative of soft tissue proliferation
in the renal interstitium and renal microvascular disease
in rats exposed to PFCs (8) and the effect of PFCs in in-
creasing endothelial cell permeability (14, 15), which is a
mechanism of renal injury in rat models of ischemic renal
failure (16–18). Also, in previous epidemiologic studies,
PFC levels have been shown to be associated with dyslipi-
demia (19–23), insulin resistance, and components of the
metabolic syndrome (26), as well as high levels of serum
uric acid (29), all of which have in turn been reported to
be associated with the risk of developing CKD (24, 25, 27,
28, 31). In the present study, we found that higher PFC
levels were positively associated with CKD. However, there
have been no previous studies for comparison. The magni-
tude of the observed association between PFCs and CKD in

Table 4. Association Between Plasma Perfluoroalkyl Chemical Level and Chronic Kidney Disease, National Health and Nutrition Examination

Survey, 1999–2008

Plasma Perfluoroalkyl
Chemical Level

Unweighted
Sample Size

(No. of Subjects)

Chronic
Kidney Disease,
Weighted %

Age- and Sex-Adjusted
Odds Ratio

Multivariable-Adjusted
Odds Ratioa

OR 95% CI OR 95% CI

Perfluorooctanoic acid

Quartile 1 (<2.8 ng/mL) 1,176 4.9 1 Referent 1 Referent

Quartile 2 (2.8–4.1 ng/mL) 1,141 4.8 0.89 0.61, 1.31 0.83 0.55, 1.24

Quartile 3 (4.2–5.9 ng/mL) 1,141 6.4 1.27 0.77, 2.10 1.24 0.75, 2.05

Quartile 4 (>5.9 ng/mL) 1,129 7.7 1.74 1.06, 2.84 1.73 1.04, 2.88

P for trend 0.013 0.015

Perfluorooctane sulfonate

Quartile 1 (<11.7 ng/mL) 1,152 3.7 1 Referent 1 Referent

Quartile 2 (11.7–18.7 ng/mL) 1,151 4.7 1.13 0.63, 2.03 1.12 0.64, 1.99

Quartile 3 (18.8–29.5 ng/mL) 1,137 6.9 1.55 0.87, 2.75 1.53 0.87, 2.67

Quartile 4 (>29.5 ng/mL) 1,147 9.3 1.83 1.02, 3.28 1.82 1.01, 3.27

P for trend 0.016 0.019

Abbreviations: CI, confidence interval; OR, odds ratio.
a Adjusted for age (20–44, 45–64, or >64 years), sex (male or female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican-

American, or other), educational level (less than high school, high school graduate, or postsecondary education), smoking status (never, former,

or current smoker), alcohol consumption (nondrinker, moderate drinker, or heavy drinker), bodymass index category (normal or overweight/obese),

systolic blood pressure (in mm Hg), diastolic blood pressure (in mm Hg), diabetes (absent or present), serum total cholesterol level (in mg/dL), and

glycohemoglobin (%).
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the present study, its persistence even after multivariable
adjustment for confounders, and its consistency in subgroup
analyses by sex and BMI suggest that these findings are less
likely to be due to chance. Even though PFOS is considered
to be more biologically active than PFOA (6), in the present
study, we found that both PFOS and PFOA were equally
associated with CKD.

Our findings are of public health importance because se-
rum PFCs appear to be positively related to kidney disease
even at relatively low background exposure levels in the US
general population. Therefore, if our findings are replicated
in future prospective studies, the population attributable
risk of CKD by PFC exposure would be high. This is unlike
findings from certain other specific populations (41) that were
exposed to very high serum PFC levels through local environ-
mental contamination. Also, because all PFCs are manmade,
it may be possible to remove this excess exposure risk.

The main strengths of our study included its population-
based nature, the inclusion of a representative multiethnic
sample, the adequate sample size, and the availability of
data on confounders for multivariable adjustment. Also, we
calibrated our creatinine values to the standard creatinine
measurement methods following published recommendations
(34). Furthermore, all data were collected following rigorous
methodology, including a study protocol with standardized
quality-control checks.

The main limitation of our study was the cross-sectional
nature of NHANES. Therefore, the temporal nature of the
association between PFCs and kidney disease could not be
determined from the present study. In CKD, when eGFR is
reduced, the total filtration of PFOA and PFOS will also be
reduced. That could lead to higher concentrations of these
molecules in the blood and therefore an observed positive
association between PFCs and CKD. An argument against
reverse causality is that in a sensitivity analysis, we found
that the inverse relation between PFCs and eGFR was stron-
ger, not weaker, among persons without CKD. However, an
association between PFCs and CKD due to reverse causa-
tion could also be important from a clinical and/or public
health point of view because if subjects with CKD retain
these compounds, the toxicities of PFCs on the kidneys or
other organs (19, 20, 29) could be accentuated among CKD
subjects. Finally, the definition of CKD in the present study
differed from that of the National Kidney Foundation (1) in
that it excluded kidney damage (no data on albuminuria)
and was limited to 1 visit (no measure of chronicity). Stages
1 and 2 of CKD were not considered in our study, as data on
albuminuria were not included.

In summary, in a nationally representative sample of US
adults, we found that higher PFOA and PFOS levels were
positively associated with CKD. This association appeared
to be independent of traditional confounders such as BMI,
diabetes, hypertension, and elevated serum cholesterol levels.
Our results contribute to the emerging literature on the health
effects of PFCs by demonstrating an association with CKD,
which is a growing public health problem in the United
States. However, because of the cross-sectional nature of
the present study, we cannot exclude the possibility of re-
verse causality, which implies that the mechanism for higher
PFC levels in blood is lack of excretion in CKD.

ACKNOWLEDGMENTS

Author affiliation: Department of Community Medicine,
School of Medicine, West Virginia University, Morgantown,
West Virginia (Anoop Shankar, Jie Xiao, Alan Ducatman).

This work was supported by an American Heart Associa-
tion National Clinical Research Program grant and National
Institutes of Health/National Institute of Environmental Health
Sciences grants 1R03ES018888-01 and 5-R03ES0018888-02
to A. S.

Conflict of interest: none declared.

REFERENCES

1. National Kidney Foundation. K/DOQI clinical practice guide-
lines for chronic kidney disease: evaluation, classification,
and stratification. Am J Kidney Dis. 2002;39(2 suppl 1):
S1–S266.

2. Levey AS, Eckardt KU, Tsukamoto Y, et al. Definition and
classification of chronic kidney disease: a position statement
from Kidney Disease: Improving Global Outcomes (KDIGO).
Kidney Int. 2005;67(6):2089–2100.

3. Coresh J, Selvin E, Stevens LA, et al. Prevalence of chronic
kidney disease in the United States. JAMA. 2007;298(17):
2038–2047.

4. Sarnak MJ, Levey AS, Schoolwerth AC, et al. Kidney disease
as a risk factor for development of cardiovascular disease:
a statement from the American Heart Association Councils on
Kidney in Cardiovascular Disease, High Blood Pressure Re-
search, Clinical Cardiology, and Epidemiology and Preven-
tion. Circulation. 2003;108(17):2154–2169.

5. Environmental Protection Agency. Perfluorooctanoic Acid
(PFOA) and Fluorinated Telomers. Washington, DC: Envi-
ronmental Protection Agency; 2010. (http://www.epa.gov/oppt/
pfoa/). (Accessed May 5, 2010).

6. Lau C, Anitole K, Hodes C, et al. Perfluoroalkyl acids: a review
of monitoring and toxicological findings. Toxicol Sci. 2007;
99(2):366–394.

7. Calafat AM, Wong LY, Kuklenyik Z, et al. Polyfluoroalkyl
chemicals in the U.S. population: data from the National
Health and Nutrition Examination Survey (NHANES) 2003–
2004 and comparisons with NHANES 1999–2000. Environ
Health Perspect. 2007;115(11):1596–1602.

8. Cui L, Zhou QF, Liao CY, et al. Studies on the toxicological
effects of PFOA and PFOS on rats using histological obser-
vation and chemical analysis. Arch Environ Contam Toxicol.
2009;56(2):338–349.

9. Olsen GW, Burris JM, Ehresman DJ, et al. Half-life of serum
elimination of perfluorooctanesulfonate, perfluorohexanesulfo-
nate, and perfluorooctanoate in retired fluorochemical production
workers. Environ Health Perspect. 2007;115(9):1298–1305.

10. Kennedy GL Jr, Butenhoff JL, Olsen GW, et al. The toxicology
of perfluorooctanoate. Crit Rev Toxicol. 2004;34(4):351–384.

11. Han X, Kemper RA, Jepson GW. Subcellular distribution and
protein binding of perfluorooctanoic acid in rat liver and kid-
ney. Drug Chem Toxicol. 2005;28(2):197–209.

12. Yoo H, Guruge KS, Yamanaka N, et al. Depuration kinetics
and tissue disposition of PFOA and PFOS in white leghorn
chickens (Gallus gallus) administered by subcutaneous im-
plantation. Ecotoxicol Environ Saf. 2009;72(1):26–36.

13. Butenhoff JL, Kennedy GL Jr, Hinderliter PM, et al. Phar-
macokinetics of perfluorooctanoate in cynomolgus monkeys.
Toxicol Sci. 2004;82(2):394–406.

PFCs and CKD 899

Am J Epidemiol. 2011;174(8):893–900

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/174/8/893/155305 by guest on 20 M

arch 2024

http://www.epa.gov/oppt/pfoa/
http://www.epa.gov/oppt/pfoa/


14. Qian Y, Ducatman A, Ward R, et al. Perfluorooctane sulfonate
(PFOS) induces reactive oxygen species (ROS) production
in human microvascular endothelial cells: role in endothelial
permeability. J Toxicol Environ Health A. 2010;73(12):
819–836.

15. Hu W, Jones PD, DeCoen W, et al. Alterations in cell mem-
brane properties caused by perfluorinated compounds. Comp
Biochem Physiol C Toxicol Pharmacol. 2003;135(1):77–88.

16. Sutton TA, Fisher CJ, Molitoris BA. Microvascular endothelial
injury and dysfunction during ischemic acute renal failure.
Kidney Int. 2002;62(5):1539–1549.

17. Sutton TA, Mang HE, Campos SB, et al. Injury of the renal
microvascular endothelium alters barrier function after ische-
mia. Am J Physiol Renal Physiol. 2003;285(2):F191–F198.

18. Sutton TA. Alteration of microvascular permeability in acute
kidney injury. Microvasc Res. 2009;77(1):4–7.

19. Steenland K, Tinker S, Frisbee S, et al. Association of per-
fluorooctanoic acid and perfluorooctane sulfonate with serum
lipids among adults living near a chemical plant. Am J Epi-
demiol. 2009;170(10):1268–1278.

20. Nelson JW, Hatch EE, Webster TF. Exposure to polyfluoro-
alkyl chemicals and cholesterol, body weight, and insulin
resistance in the general U.S. population. Environ Health
Perspect. 2010;118(2):197–202.

21. Sakr CJ, Kreckmann KH, Green JW, et al. Cross-sectional
study of lipids and liver enzymes related to a serum biomarker
of exposure (ammonium perfluorooctanoate or APFO) as
part of a general health survey in a cohort of occupationally
exposed workers. J Occup Environ Med. 2007;49(10):
1086–1096.

22. Sakr CJ, Leonard RC, Kreckmann KH, et al. Longitudinal
study of serum lipids and liver enzymes in workers with oc-
cupational exposure to ammonium perfluorooctanoate. J Oc-
cup Environ Med. 2007;49(8):872–879.

23. Olsen GW, Zobel LR. Assessment of lipid, hepatic, and thy-
roid parameters with serum perfluorooctanoate (PFOA) con-
centrations in fluorochemical production workers. Int Arch
Occup Environ Health. 2007;81(2):231–246.

24. Muntner P, Coresh J, Smith JC, et al. Plasma lipids and risk of
developing renal dysfunction: the Atherosclerosis Risk in
Communities Study. Kidney Int. 2000;58(1):293–301.

25. Shankar A, Klein R, Moss SE, et al. The relationship between
albuminuria and hypercholesterolemia. J Nephrol. 2004;17(5):
658–665.

26. Lin CY, Chen PC, Lin YC, et al. Association among serum
perfluoroalkyl chemicals, glucose homeostasis, and metabolic
syndrome in adolescents and adults. Diabetes Care. 2009;
32(4):702–707.

27. Chen J, Muntner P, Hamm LL, et al. Insulin resistance and risk
of chronic kidney disease in nondiabetic US adults. J Am Soc
Nephrol. 2003;14(2):469–477.

28. Chen J, Muntner P, Hamm LL, et al. The metabolic syndrome
and chronic kidney disease in U.S. adults. Ann Intern Med.
2004;140(3):167–174.

29. Steenland K, Tinker S, Shankar A, et al. Association of per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS) with uric acid among adults with elevated community
exposure to PFOA. Environ Health Perspect. 2010;118(2):
229–333.

30. Shankar A, Klein R, Klein BE, et al. The association between
serum uric acid level and long-term incidence of hypertension:
population-based cohort study. J Hum Hypertens.
2006;20(12):937–945.

31. Obermayr RP, Temml C, Gutjahr G, et al. Elevated uric acid
increases the risk for kidney disease. J Am Soc Nephrol.
2008;19(12):2407–2413.

32. National Center for Health Statistics. National Health and Nu-
trition Examination Survey. Hyattsville, MD: National Center
for Health Statistics; 2010. (http://www.cdc.gov/nchs/nhanes/
nhanes2003-2004/nhanes03_04.htm). (Accessed May 5, 2010).

33. National Center for Health Statistics. National Health and Nu-
trition Examination Survey: 1999–2000 Data Documentation,
Codebook, and Frequencies. Hyattsville, MD: National Center
for Health Statistics; 2010. (http://www.cdc.gov/nchs/nhanes/
nhanes1999-2000/LAB18.htm). (Accessed April 15, 2011).

34. Selvin E, Manzi J, Stevens LA, et al. Calibration of serum
creatinine in the National Health and Nutrition Examination
Surveys (NHANES) 1988–1994, 1999–2004. Am J Kidney
Dis. 2007;50(6):918–926.

35. National Center for Health Statistics. Laboratory Procedure
Manual: Creatinine in Refrigerated Serum: 2003–2004.
Hyattsville, MD: National Center for Health Statistics; 2004.
(http://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/l40_c_
met_creatinine.pdf). (Accessed May 6, 2010).

36. National Center for Health Statistics. Laboratory Procedure
Manual: Creatinine in Refrigerated Serum: 2005–2006.
Hyattsville, MD: National Center for Health Statistics; 2006.
(http://www.cdc.gov/nchs/data/nhanes/nhanes_05_06/biopro_
d_met_creatinine.pdf). (Accessed April 15, 2011).

37. Myers GL, Miller WG, Coresh J, et al. Recommendations for
improving serum creatinine measurement: a report from the
Laboratory Working Group of the National Kidney Disease
Education Program. Clin Chem. 2006;52(1):5–18.

38. Levey AS, Coresh J, Greene T, et al. Using standardized serum
creatinine values in the Modification of Diet in Renal Disease
study equation for estimating glomerular filtration rate. Ann
Intern Med. 2006;145(4):247–254.

39. National Health and Nutrition Examination Survey. Labora-
tory Procedures Manual. Atlanta, GA: Centers for Disease
Control and Prevention; 2001. (http://www.cdc.gov/nchs/data/
nhanes/lab1-6.pdf). (Accessed April 15, 2010).

40. Chobanian AV, Bakris GL, Black HR, et al. Seventh Report of
the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure. Hyper-
tension. 2003;42(6):1206–1252.

41. Frisbee SJ, Brooks AP Jr, Maher A, et al. The C8 Health
Project: design, methods, and participants. Environ Health
Perspect. 2009;117(12):1873–1882.

900 Shankar et al.

Am J Epidemiol. 2011;174(8):893–900

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/article/174/8/893/155305 by guest on 20 M

arch 2024

http://www.cdc.gov/nchs/nhanes/nhanes2003-2004/nhanes03_04.htm
http://www.cdc.gov/nchs/nhanes/nhanes2003-2004/nhanes03_04.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB18.htm
http://www.cdc.gov/nchs/nhanes/nhanes1999-2000/LAB18.htm
http://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/l40_c_met_creatinine.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/l40_c_met_creatinine.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_05_06/biopro_d_met_creatinine.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_05_06/biopro_d_met_creatinine.pdf
http://www.cdc.gov/nchs/data/nhanes/lab1-6.pdf
http://www.cdc.gov/nchs/data/nhanes/lab1-6.pdf

