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A B S T R A C T

Many epidemiological studies use a single blood sample per participant to assess exposure, but it is unclear how 
well a single sample represents longer term exposure. We performed a simulation study using summary statistics 
for repeated serum PFOA measurements from several previous studies in men to generate plausible serum 
concentrations over time, taking within-subject correlations into account. Simulated serum concentrations for 
controls were categorized into quintiles at each time point, and used to determine the extent of misclassification 
at each time point compared to the “true” long-term average exposure. We then generated case counts by quintile 
needed to produce an odds ratio (OR) of 1.5 for the highest vs. lowest quintile categorized based on long term 
exposure, and used the same misclassification rates observed in the controls to simulate misclassified exposure 
quintiles for cases. Comparing long term vs. single baseline exposure measures for repeated serum samples 
collected within about 5–13 years of each other revealed similar effect estimates, although there was a small bias 
to the null. Trend tests across quintiles were mostly significant using either baseline or long-term exposure. For 
the general population sample of men in Norway, with 5 repeated measurements over 28 years, serum PFOA was 
substantially lower prior to 1987, and using either of the two earliest samples as the exposure metric, compared 
to the long term average, produced larger bias to the null and non-significant trend tests; however using later 
time points as the exposure metric resulted in only a small bias. Using data based on studies of men, single 
baseline serum samples represented rather well the mean of repeated samples collected up to 13 years apart, but 
were not always reliable surrogates for average exposure over 3 decades, during which time PFOA exposure 
levels in the general population have changed substantially.

1. Introduction

Many epidemiologic studies of per- and polyfluoroalkyl substances 
(PFAS) are conducted in general populations with background levels of 
exposure. Such studies include ecological studies, cross-sectional 
studies, cohort studies, and case control studies. In cohort studies and 
case-control studies nested in cohorts, exposure is often ascertained by a 
single serum sample taken at baseline. These cohort-based study designs 
with baseline serum samples are particularly well suited for studying 
diseases with long latency, because they ensure that exposure 

differences preceded disease development, and that the controls arose 
from the same study base as the cases. Examples of such studies of po-
tential associations of PFAS with cancer in Europe and in the United 
States include studies of testicular cancer (Purdue et al., 2023), kidney 
cancer (Shearer et al., 2021; Rhee et al., 2023), breast cancer (Mancini 
et al., 2020; Chang et al., 2023), prostate cancer (Rhee et al., 2023), and 
other cancer types (Eriksen et al., 2009).

Although perfluorooctanoate (PFOA) has a long half-life of about 
2–3 years in human serum (Bartell et al. 2010, Gomis et al. 2016, Li et al. 
2018), suggesting that a single serum sample might reasonably represent 
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long-term exposure for a member of the general population, background 
serum PFOA concentrations have declined substantially over time in 
recent decades in the U.S. (CDC, 2023) and in Norway (Berg et al., 
2021). Such decreases have been attributed to the phase-out of PFOA 
and PFOS production, increasing regulation, and shift to shorter-chain 
PFAS and other replacements (Brennan et al., 2021).

For epidemiologists, the question arises to what extent single blood 
samples can represent longer term exposures, which might be more 
toxicologically relevant in studies of chronic disease development. 
Ideally one might collect repeated serum samples over time for study 
subjects, in order to characterize long term exposure prior to the 
development of disease. However, caution is needed, as the timing of 
disease initiation versus clinical symptoms and diagnosis is often un-
clear. Moreover, serum samples obtained after clinical symptoms or 
diagnoses may be more prone to physiological confounding or reverse 
causation due to disease development (Dhingra et al., 2017; Weisskopf 
and Webster, 2017).

There is one study of repeated serum PFAS measures over a long time 
period, from Norway, based on 42 men from the general population 
sampled in 1979, 1986, 1994, 2001 and 2007, and analyzed for 10 PFAS 
(Nøst et al., 2014). That study showed a markedly increasing trend for 
both PFOA and perfluorooctane sulfonate (PFOS) from 1979 until 2001, 
after which levels decreased until 2007. This trend corresponds to the 
increased manufacture and environmental presence world-wide of PFAS 
since the 1940 s, and then a decrease in “legacy” PFAS chemicals after 
about 2005 when concerns about toxicity of PFOA and PFOS in partic-
ular led to production decreases and more restricted use.

There are two other recent studies with repeated serum samples from 
subsets of participants. Rhee et al. (2023) studied 750 cases and 750 
controls for aggressive prostate cancer in the Prostate, Lung, Colorectal 
and Ovarian Cancer Screening Trial (PLCO). These authors collected 
repeated serum samples from a subset of 60 controls at baseline from 
1993 to 2001 (T0), one year later (T1), and 5 years later (T5). Purdue 
et al. studied 530 cases of testicular cancer and 530 controls in a case- 
control study of Air Force servicemen nested within the U.S. Depart-
ment of Defense Serum Repository. Baseline serum samples in the Air 
Force study were collected between 1988 and 2017, and there were 187 
controls with a second serum sample (median 4.7 years after the first 
serum sample).

Summary statistics for serum PFOA concentrations at each time point 
in each study are provided in Tables 1-3, and plotted in Fig. 1. The 
median participant age at the time of the first serum sample was 43 years 

Table 1 
Descriptive statistics for controls with repeated samples (n = 60) from Rhee et al. 
(2023) PLCO study of prostate cancer *.

sample Mean Median Std. 
Dev.

Mean 
ln PFOA

s.d. ln 
PFOA

T0 3.88 3.63 1.84 1.24 0.52
T1 3.87 3.53 1.99 1.25 0.46
T5 4.69 4.53 2.43 1.42 0.51
Pearson Corr ln PFOA
T0,T1 0.89    
T0,T5 0.68    
T1,T5 0.73    
simulated
T0 3.97 3.47 2.21 1.24 0.52
T1 3.88 3.48 1.89 1.25 0.46
T5 4.73 4.15 2.60 1.42 0.51
Pearson Corr ln PFOA
T0,T1 0.89    
T0,T5 0.68    
T1,T5 0.73    

* T0, T1, and T5 are samples at baseline, one year later, and five years later. 
Simulated data use the summary statistics for observed data for ln PFOA at five 
time points (mean, std.dev., Pearson correlations) to generate 1000 simulations 
of 650 controls for each year of sampling. Statistics for simulated data are the 
averages across the 1000 simulations for each sampling year. Ta
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for the Norwegian study (range 29–54), 62 years in the PLCO study 
(range 55–74), and between 25 and 29 years in the Air Force study 
(ranging up to 39), for which ages were obtained in broad categories 
only to preserve anonymity. For the Air Force study, approximately 78 
% of participants were Non-Hispanic White, 14 % were Hispanic, 2 % 
were Non-Hispanic Black, 2 % were Asian, and 4 % were in other race/ 
ethnicity categories. For the PLCO study, approximately 87 % of 

participants were Non-Hispanic White, 7 % were Non-Hispanic Black, 5 
% were Asian, and 2 % were Hispanic. Race/ethnicity was not obtained 
in the Norwegian study, but all participants were born in Norway and 
resided in Tromsø, North Norway throughout the entire study period.

Based on summary statistics for serum PFOA concentrations among 
men provided by the authors of all three studies, including within- 
subject correlations over time, we perform simulations investigating 
potential bias in epidemiological effect estimates from exposure 
misclassification using single serum samples instead of long-term 
exposure, measured by individual-specific mean serum PFOA concen-
tration across sampling time points. This corresponds to the common 
practice of using a single serum sample per participant to characterize 
exposures in epidemiological studies, e.g., the case-control studies of 
Rhee et al. 2023 (PLCO) and Purdue et al. 2023 (Air Force).

Existing studies with repeated serum measurements typically either 
do not include the health outcomes under study, or only obtain repeated 
serum measurements for a small subset of participants. Our approach 
uses existing repeated measured serum data to inform simulations of 
epidemiology studies where both repeated serum measurements and 
health outcomes are collected. By leveraging the correlation structures 
observed using repeated measurements in a smaller number of partici-
pants, we were able to design realistic simulations examining the likely 
impacts of exposure misclassification in larger epidemiologic studies.

Table 3a 
Descriptive statistics for participants with repeated samples (n = 42) from Nøst et al. study of Norwegian men*.

Observed data

year mean sd median mn of log PFOA s.d. log PFOA
1979 0.97 0.42 0.86 − 0.11 0.39
1986 2.52 0.68 2.51 0.89 0.28
1994 4.42 1.64 3.93 1.42 0.36
2001 4.3 1.78 4.02 1.38 0.39
2007 3.26 1.24 3.25 1.12 0.37
Simulated data
1979 0.97 0.39 0.90 − 0.11 0.39
1986 2.52 0.71 2.43 0.89 0.28
1994 4.42 1.63 4.15 1.42 0.36
2001 4.30 1.75 3.98 1.38 0.39
2007 3.27 1.25 3.05 1.11 0.37

* observed data are for 42 Norwegian men (controls) sample repeatedly in 1979, 1986, 1994, 2001, and 2007. Simulated data use the summary statistics for observed 
data for ln PFOA at five time points (mean, std.dev., Pearson correlations) to generate 1000 simulations of 650 controls for each year of sampling. Statistics for 
simulated data are the averages across the 1000 simulations for each sampling year.

Table 3b 
Pearson correlations for pairs of sampling years in Nøst et al. study of Norwegian 
men*.

year

Observed data 1979 1986 1994 2001 2007
1979 1 0.52 0.33 0.32 0.38
1986 1 0.70 0.51 0.46
1994 1 0.72 0.67
2001  1 0.83
2007   1
Simulated data 1979 1986 1994 2001 2007
1979 1 0.52 0.33 0.32 0.38
1986 1 0.70 0.51 0.46
1994 1 0.72 0.67
2001  1 0.83
2007   1

* Statistics for simulated data are the averages across the 1000 simulations for 
each sampling year.

Fig. 1. Temporal patterns in serum PFOA concentrations for the 3 studies (PLCO, Air Force, and Norwegian). Geometric mean serum PFOA concentration (points) 
with 1 geometric standard deviation (error bars) are shown for each time point.
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2. Methods

Serum PFOA measurements were reported at 3 time points for the 60 
controls in the PLCO data, at 2 time points for the Air Force data, and at 
5 time points for the Norwegian population-based data from the Tromsø 
Study. All three data sets were limited to adult males. Summary statistics 
were based on all 60 controls for the PLCO data, 84 controls from the Air 
Force data for whom there was > the median 4.7 years between samples, 
and 42 subjects who were sampled at all five time points from the 
Norwegian data.

We used reported summary statistics for the controls in each case- 
control study and for the 42 subjects with measurements at all five 
time points in the Norwegian study to generate serum PFOA data for a 
hypothetical nested case-control study of a chronic disease such as 
cancer, with similar properties as the original data sets. We assumed that 
long term average exposure is the best metric for chronic disease 
development for the purposes of this exercise. This is a common 
assumption for many studies in environmental epidemiology, including 
air pollution and cardiopulmonary disease, smoking and cancer, PFAS 
and cancer, and a variety of occupational illnesses (Bonnie et al., 2015; 
Pope et al., 2002; Bartell and Vieira, 2021).

We assumed that the distribution of serum PFOA concentrations at 
each time point was lognormal. We first obtained the mean mi and 
standard deviation si of the natural log serum PFOA concentration at 
each time point i, and the Pearson correlations rij across all pairs of time 
points, i ∕= j. We then constructed the covariance matrix for the log 
serum PFOA concentrations for each study, with elements (rijsisj), and 
generated multivariate normal random variates according to the means 
and covariance matrix for each time point in each study using the 
mvtnorm library in R (Genz and Bretz, 2009). We simulated 1000 data 
sets with 650 controls for each study at each time point, generating 
serum PFOA measurements at each time point according to the summary 
statistics for each study.

We confirmed that the simulated data for controls conformed to the 
means and standard deviations of log PFOA at each time point, as well as 
the Pearson correlations between pairs of time points as reported by the 
authors.

For each of our 1000 simulated data sets, we computed long-term 
exposures as the mean of simulated serum PFOA concentrations over 
time for each of our 650 controls (across 3 samples for PLCO, across 2 
samples for the Air Force data, and across 5 samples for the Norwegian 
data). We then categorized these single and long-term average serum 
PFOA concentrations into quintiles for each simulated data set. We 
calculated discrepancies in quintiles based on single measurements and 
long-term exposure, considering the quintiles based on single serum 
measurements at the first time point as ‘misclassified’ when they did not 
match the quintiles based on long-term exposure.

We generated hypothesized case counts in each of the long-term 
exposure quintiles for the three studies (650 cases in each simulated 
data set, with 1000 simulated data sets), such that there was a resulting 
positive monotonic trend across increasing quintiles, with quintiles 
having odds ratios of 1.000, 1.125, 1.250, 1.375, and 1.500. This trend 
across quintiles was chosen to represent a realistic moderate and posi-
tive trend, compared to odds ratios reported in case-control analyses. 
The case counts yielding any particular set of odds ratios was deter-
mined by solving algebraically the system of equations for the usual 
Wald odds ratio point estimates: 

n21 =
n2•

∑5
i=1

n1i
n11

ORi 

and 

n2i =
n21n1i

n11
ORi 

where n2• is the total number of cases, set to 650 in our simulations, n1i is 

the number of controls in exposure quintile i (within quintile 1 as the 
referent), n2i is the number of cases in exposure quintile i, and ORi is the 
odds ratio for exposure quintile i versus quintile 1, for i ∈ {1,2, 3,4, 5}. 
We rounded the results of each these calculations to the nearest whole 
number, to ensure simulated case counts were realistic.

We then in turn created a group of hypothetical ‘misclassified’ cases 
for each study, following the same pattern of misclassification observed 
in the controls using first samples only (i.e., non-differential misclassi-
fication with regard to the disease outcome). This was accomplished by 
computing a 5x5 matrix of misclassification probabilities from the 
control data, reflecting the proportion of controls in each long-term 
exposure quintile classified correctly or incorrectly into each of the 5 
possible quintiles based on their exposure quintile for the first time point 
only, and moving those same proportions of cases into the appropriate 
correct and incorrect quintiles.

In order to assess the impact of potential exposure misclassification 
on epidemiological effect estimates when using only the one serum 
sample per participant, we analyzed the exposure-outcome associations 
across the quintile categories of exposure for both the long-term (mean 
exposure across all time points), and misclassified baseline exposure 
data (using a single serum sample only) in each of our 1000 simulated 
data sets. For the Norwegian data, which spanned about 3 decades, we 
analyzed the exposure-outcome associations using serum concentrations 
at each of the 5 time points alone vs. mean serum concentrations across 
all 5 time points.

Chi-square trend tests for a trend in odds ratios across the 5 exposure 
quintiles were calculated for long term and single sample data using the 
prop.trend.test function in R, with the natural log of the mid-point of each 
exposure category (determined from the quintiles of long-term expo-
sure) as scores. We generated histograms of 1) the p-values for the tests 
of trend in the misclassified data, and 2) the misclassified odds ratios for 
quintile 5 vs quintile 1 (the referent).

3. Results

Tables 1-3 present means, medians, and standard deviations, and 
within-subject correlations at each time point in the original data for 
comparisons with the analogous data for our 650 simulated controls for 
each study (using average means, standard deviations, and correlation 
across 1000 simulations). In general, the means and standard deviations 
were very similar between observed and simulated data, especially for 
the log transformed data which we used as the basis for our simulations 
of associations with health outcomes. The Pearson correlations were also 
similar in the observed and simulated data.

Figs. 2-6 display the distribution of p-values of tests for trend using 
the misclassified data, i.e., the first sample for PLCO and the Air Force, 
and the first, second, and third sampling times for the Norwegian data, 
across 1000 simulations using 650 cases and 650 controls. We also 
evaluated the fourth and the fifth sample vs. the average of all five for 
the Norwegian data, but results are not presented as they were similar to 
the results using the third sample. Also presented in Figs. 2-6 are the 
distributions of odds ratios for the fifth exposure quintile vs. the first 
exposure quintile across the 1000 simulations, using the misclassified 
data. Median values for these trend test p-values and odds ratios are 
provided in Table 4.

The PLCO and Air Force simulations based on the misclassified data 
yielded mostly significant tests for trends, and ORs for the fifth exposure 
quintile compared to the first quintile were only slightly attenuated from 
the true OR of 1.50. For the Norwegian data, using the first and second 
sampling times resulted in p-values not significant at the 0.05 level, and 
ORs for the fifth quintile that were considerably lower than the true OR 
of 1.50. It was only for the third time point (1994) or later that the p- 
values and ORs approximated what is expected based on the long-term 
average exposure.
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4. Discussion

We observed little difference in exposure–response trends when 
using a single first serum sample vs. using the mean of repeated serum 
samples across periods of a decade or less for the data on men from PLCO 
and the Air Force study. In these two data sets, there was a relatively 
small bias to the null when using the single first serum sample, consid-
ered ‘misclassified’, vs. using the average across all samples for each 
participant. A bias to the null is expected when the true exposure 

response is positive and monotonic, and exposure misclassification is 
non-differential and non-extreme (Weinberg et al., 1994; Dosemeci 
et al., 1990). We have used PFOA in the simulations presented here, but 
expect our results could be generalizable to other legacy PFAS with 
relatively long half-lives.

The bias in the results for the Norwegian study were dependent on 
which sampling round was used for the single time point, perhaps 
because of the relatively rapid increase in serum PFOA concentrations 
during the early rounds of sampling. The bias to the null using on the 

Fig. 2. Distribution of A.) p-values for trend test across quintiles and B.) odds ratios for 5th vs. 1st quintile, for the PLCO data, using misclassified (first sample only) 
data, across 1000 simulations, 650 cases and controls. p = 0.05 and OR = 1.5 are marked by dashed red lines.

Fig. 3. Distribution of A.) p-values for trend test across quintiles and B.) odds ratios for 5th vs. 1st quintile, for the Air Force data, using misclassified (first sample 
only) data, across 1000 simulations, 650 cases and controls. p = 0.05 and OR = 1.5 are marked by dashed red lines.
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first (1979) or second (1986) sample vs. the long term average in the 
Norwegian study was considerable, while the bias to the null based on 
the third (1994) or later sample vs. the long term average was minimal. 
PFOA concentrations were very low for the earliest sample in 1979, and 
also relatively low in 1986, while from 1994 to 2007 they were more 
typical of concentrations in many countries in those years, after typical 
human serum concentrations had peaked at around 3–4 ng/ml. Thus, 
the bias was less in the latter 13 years of the sampling period, during 
which a single sample approximated longer term mean exposure fairly 

well. Up until the 1990 s, concentrations were markedly increasing over 
time, and perhaps reflected different exposure patterns or sources than 
in later decades. This pattern of a relatively rapid increase in serum 
PFOA concentrations during the earlier time period followed by 
declining exposure, combined with a much longer time span and a 
greater number of repeated samples, is much different from the context 
of the serum samples in the PLCO and Air Force studies, which covered 
average time spans of about 5 years.

Although serum concentrations may change over time for the same 

Fig. 4. Distribution of A.) p-values for trend test across quintiles and B.) odds ratios for 5th vs. 1st quintile, for the Norwegian data, using misclassified (first sample, 
1979) data, across 1000 simulations, 650 cases and controls. p = 0.05 and OR = 1.5 are marked by dashed red lines.

Fig. 5. Distribution of A.) p-values for trend test across quintiles and B.) odds ratios for 5th vs. 1st quintile, for the Norwegian data, using misclassified (second 
sample, 1986) data, across 1000 simulations, 650 cases and controls. p = 0.05 and OR = 1.5 are marked by dashed red lines.
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people, the relative exposure ranking among participants in a cohort 
could be rather stable, and because odds ratio estimates and trend tests 
are based on these relative rankings, they are not necessarily affected as 
much by absolute changes. Given that the serum concentrations for men 
are moderately or highly correlated over time, suggesting a relatively 
stable exposure ranking, tests for trend of disease risk within such a 
population which relied on only one sample, might not differ markedly 
from tests for trend using an estimate of average exposure over time, i.e., 
the average of repeated samples across many years. However, as noted, 
we found this to be likely only for a period of about 13 years or less; with 
longer time periods between serum samples in years covering different 
time trends in Norway, there were lower correlations over time, and 
biases to the null were strongest when using single serum samples 
furthest back in time when human exposures were substantially lower.

Although we arbitrarily chose the sample size to be 650 each for 
cases and controls in this simulation, similar to the sample sizes for the 
two motivating case-control studies (750 cases in PLCO, and 530 cases in 
the Air Force study), it should be noted that these sample sizes are 
relatively large compared to many case-control studies in other settings. 
The p-values for the trend tests depend heavily on sample size; we expect 
that those p-values would be higher for in simulations with smaller 
samples sizes that are otherwise similar to our setting.

Our findings are reassuring as to the validity of exposure 

classification in cohort studies of men in general populations with 
relatively stable or only slowly changing exposures, in which only one 
baseline sample of PFOA (or likely other legacy PFASs with long half- 
lives such as PFOS and perfluorononanoate) is available to charac-
terize exposure.

Other researchers have also found that non-differential errors in 
estimating PFOA exposure have little effect on exposure–response trends 
in an area with very high exposures, when the relative ranks of different 
individuals did not markedly change (Avanasi et al., 2016). Our simu-
lations here suggest that the same might also hold when exposures are 
more typical of the general population and reasonably stable over time. 
Intuitively, the possibility of changing rankings when exposure contrasts 
are small and environmental exposures are rapidly increasing would 
seem much greater than when exposure contrasts are large and expo-
sures are much higher. In this sense, our simulation findings that people 
retain their relative ranking in a low exposure setting, may be counter- 
intuitive. However, the within-subject correlations between time points 
was moderate or large (ranging from 0.32 to 0.89) in all three studies 
used as the basis for our simulations, suggesting that a single serum 
sample can be informative regarding longer term exposure ranking 
within a cohort. Such relative rankings might remain relatively constant 
in the case of the legacy PFAS, such as PFOA, because they have rela-
tively long half-lives, and their local sources in the environment (e.g., 
drinking water, consumer products, and diet) may only change slowly 
over time. However, few longitudinal data sets with repeated serum 
measurements are available for PFAS and many other persistent organic 
pollutants. Such studies would allow researchers to assess the extent of 
within-person correlation in serum concentrations and its potential 
impacts on epidemiological findings.

Strengths of our study include the use of empirical data from the only 
three general population studies we are aware of with repeated sampling 
of serum PFOA among the same participants over many years. Limita-
tions include the use of only men in the study populations; no data were 
available for women or children. Breastfeeding and menstruation, for 
example, have distinct effects on PFAS excretion rates (Verner et al., 
2016; Li et al., 2018), which could affect the reliability of single blood 
samples for representing long-term average exposure. Children have 
more frequent and rapid changes in diet and physiology, particularly 

Fig. 6. Distribution of A.) p-values for trend test across quintiles and B.) odds ratios for 5th vs. 1st quintile, for the Norwegian data, using misclassified (third sample, 
1994) data, across 1000 simulations, 650 cases and controls. p = 0.05 and OR = 1.5 are marked by dashed red lines.

Table 4 
Median p-values for trend across exposure quintiles and median odds ratios for 
5th vs. 1st quintile across 1000 simulations, for 650 cases and controls.

Study and time point Median p-value for 
trend

Median odds ratio, 5th vs. 1st 
quintile

PLCO, 1st time point 0.028 1.42
Air Force, 1st time point 0.039 1.39
Norweigan, 1st time 

point
0.26 1.20

Norweigan, 2nd time 
point

0.087 1.32

Norweigan, 3rd time 
point

0.033 1.41
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during infancy and puberty, resulting in less stable serum PFAS con-
centrations (Shin et al., 2011; Verner et al., 2016) so it is less likely that 
single serum samples would reflect their long-term PFOA exposure than 
it is for adults. The other major limitation is that, with the exception of 
the Norwegian study, the other two studies we used had repeated 
sampling over a relatively short period (about 15 years or less), during 
time periods in which PFOA serum concentrations were only changing 
slowly.

In conclusion, for men, single baseline serum samples represented 
rather well the mean of repeated samples collected up to 13 years apart, 
but were not always reliable surrogates for epidemiologic analyses using 
average exposure over 3 decades, during which time PFOA exposure 
levels in the general population have changed more substantially. More 
research is needed to evaluate the reliability of single blood sample for 
representing long-term exposure for epidemiological studies of PFOA 
among women and children, which were not represented in our analysis. 
Future research could also compare single blood samples to alternative 
exposure metrics such as cumulative or peak exposure, rather than 
average exposure.
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