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Introduction
Perfluorooctanoate (PFOA) and perfluorooctanesulfonate 
(PFOS) are synthetically produced chemicals, which are used in 
a range of industries and consumer products as surfactants, due 
to their water- and oil-resistant properties.1 From a public health 

perspective, however, concern was raised when the compounds 
were found to be ubiquitously present in the environment due 
to their persistent nature. Furthermore, they bioaccumulate in 
the food chain, have long half-lives in humans,1,2 and are found 
in human blood samples from the general population all over 
the world.3,4

Animal studies have shown an increased incidence of liver, 
pancreas, and testicular tumors in exposed rodents,1,4 whereas 
studies on PFOA and PFOS and cancer in human populations 
have generally produced conflicting results, and they are inad-
equate to draw strong conclusions regarding carcinogenity in 
humans.4–6 Hence, the International Agency for Research on 
Cancer has classified them as a “possible carcinogen” (Group 
2B), primarily based on evidence for testicular, renal, and kidney 
cancer.6 However, as the number of human studies are relatively 
limited, conducted in diverse populations, and most with few 
cancer cases, further studies are required.1,4

Prostate and bladder cancers are among the most common 
cancers: prostate cancer is the second most common nonskin 
cancer in men worldwide7 and bladder cancer the sixth.8 Some 

aDanish Cancer Society Research Center, Strandboulevarden 49, Copenhagen Ø,  
Denmark; bCopenhagen Prostate Cancer Center, Department of Urology, 
Copenhagen University Hospital, Ole Maaløes vej 24, Copenhagen N, 
Denmark; cDepartment of Natural Science and Environment, Roskilde University, 
Universtietsvej 1, Roskilde, Denmark; and dDepartment of Environmental Science, 
Aarhus University, Frederiksborgvej 399, Roskilde, Denmark.

How to obtain data access: Admission to accessing data from the Diet, Cancer 
and Health (DCH) cohort is based on application to the principal investigators 
Anne Tjønneland and Kim Overvad, through whom the application will be 
distributed to the steering committee of the DCH cohort, who will then process 
the application and return to the applicant with a final decision regarding access 
to data. Also, acquisition of data are only allowed after permission to handle 
data has been obtained from the Danish Data Protection Agency: http://www.
datatilsynet.dk/english. The e-mail address for Dr. Anne Tjønneland is: annet@
cancer.dk. The e-mail address for Dr. Kim Overvad is: ko@ph.au.dk.

  Supplemental digital content is available through direct URL citations in 
the HTML and PDF versions of this article (www.epidem.com).

Corresponding author. Address: Nina Roswall, Danish Cancer Society Research 
Centre, Strandboulevarden 49, DK-2100 Copenhagen Ø, Denmark. E-mail: 
roswall@cancer.dk

Perfluorooctanoate and Perfluorooctanesulfonate 
plasma concentrations and survival after prostate 
and bladder cancer in a population-based study
Nina Roswalla, Signe Benzon Larsena,b, Mette Sørensena,c, Anne Tjønnelanda, Ole Raaschou-Nielsena,d

Copyright © 2018 The Authors. Published by Wolters Kluwer Health, Inc. on 
behalf of Environmental Epidemiology. All rights reserved. This is an open access 
article distributed under the Creative Commons Attribution License 4.0 (CCBY), 
which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Environmental Epidemiology (2018) 2:e018

Received: 4 January 2018; Accepted 3 May 2018

Published online 9 July 2018

DOI: 10.1097/EE9.0000000000000018

Background: Perfluorooctanoate (PFOA) and perfluorooctanesulfonate (PFOS) are synthetically produced chemicals, which 
have been linked to cancer in animal studies, whereas the evidence in humans is merely suggestive. We investigated the association 
between PFOA and PFOS concentrations in plasma samples and mortality in two survivor cohorts of prostate and bladder cancer 
patients.
Methods: We included 688 prostate and 307 bladder cancer cases diagnosed between baseline (1993–97) and July 1, 2006 in the 
Danish Diet, Cancer and Health cohort. PFOA and PFOS concentrations in plasma samples taken at baseline were measured using 
high-pressure liquid chromatography. We used Cox proportional hazards models to estimate mortality rate ratios.
Results: Between diagnosis and February 1, 2016, 356 prostate and 149 bladder cancer cases died. We found no association 
between PFOA or PFOS concentrations and survival among prostate cancer cases. This was regardless of prognostic factors. For 
bladder cancer cases, there was an inverse association between PFOA and PFOS and subsequent mortality. Associations were 
similar for both overall and bladder cancer-specific mortality.
Conclusions: The results of the present study does not suggest an association between PFOA or PFOS concentrations and sur-
vival among prostate cancer patients. In contrast, they may be inversely associated with both overall and bladder cancer–specific 
mortality in bladder cancer patients. However, this finding requires replication in further studies before firm conclusions can be drawn.
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What this study adds
Perfluorooctanoate and perfluorooctanesulfonate are syntheti-
cally produced chemicals which have been found carcinogenic 
in animal studies, whereas there is limited evidence from human 
studies to draw any conclusions. Prostate and bladder cancers 
are among the most common cancers, and perfluorooctanoate 
and perfluorooctanesulfonate have been suggested to be associ-
ated with both disease incidence and mortality, but no studies 
have investigated their association with cancer survival. This 
first study found no association among prostate cancer patients 
and an inverse association among bladder cancer patients. 
However, as the first study of its kind, the findings require repli-
cation before any firm conclusions can be drawn.
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studies have suggested an association with PFOA and/or PFOS 
in relation to disease incidence or mortality for both cancers,9–17 
whereas others have not.11,13,15,18 However, most studies, espe-
cially those on mortality, have been hampered by a limited 
number of cases. No study has previously investigated the asso-
ciation with survival after a cancer diagnosis. Given the high 
occurrence of both prostate and bladder cancer, it is very rel-
evant to investigate factors that may affect survival from these 
diseases. In the Diet, Cancer and Health (DCH) cohort, in which 
the present study is conducted, we have previously investigated 
the association between PFOA/PFOS and prostate and bladder 
cancer incidence, finding no association with bladder cancer and 
a suggestion of a direct association with prostate cancer in cat-
egorical analyses, only.13

The mechanisms rendering PFOA and PFOS involved in 
the initial development of cancer may differ from its role in 
cancer survival. However, extremely few studies have inves-
tigated the role of PFOA/PFOS in relation to cancer promo-
tion and progression. Experiments with rats fed with PFOS or 
PFOA have indicated increased cell growth and proliferation, 
but it is difficult to extrapolate from rodents to humans.5 In 
vitro experiments using a human breast cell line (MCF-10A) 
showed higher growth after PFOS treatment, which also stim-
ulated MCF-10A cell migration and invasion.19 Another in 
vitro experiment showed that treatment with PFOS stimulated 
proliferation of human glioblastoma cells (T98G).20 Thus, 
the evidence is too limited to conclude anything in relation 
to cancer survival. At present, no strong biological hypotheses 
support an association between PFOA/PFOS and prostate and 
bladder cancer survival; however, the present study is meant as 
hypothesis-generating, as the long follow-up time accumulated 
in our cohort gives us a unique opportunity to investigate such 
a potential association. Hence, the aim of the present study 
was to investigate the association between PFOA and PFOS 
concentrations in plasma samples and subsequent mortality in 
two survivor cohorts of prostate and bladder cancer patients, 
respectively, among participants in a large population-based 
Danish cohort.

Material and methods

Study population

A detailed description of the DCH cohort is published previ-
ously.21 Briefly, 160,725 Danes were invited to participate from 
1993 to 1997. Inclusion criteria were residence in the greater 
Copenhagen or Aarhus area, 50–64 years of age, and no pre-
vious cancer diagnosis in the Danish Cancer Registry. In total, 
57,053 participants (52% women) accepted and were included 
into the study, representing 7% of the Danish population in 
this age group. At baseline, all participants filled in lifestyle and 
food frequency questionnaires and were subjected to anthro-
pometrical measurements. They also provided urine and blood 
samples. Blood samples were collected as 30 mL of blood. The 
samples were immediately protected from sunlight and left for 
30 minutes on ice. Afterwards, tubes were centrifuged for 10 
minutes at 3,000 rpm and a temperature of 5°C. The samples 
were then aliquoted into cryotubes, including 6 × 1 mL plasma. 
Within 2 hours of collection, samples were stored at −20°C, and 
at the end of the day they were placed in liquid nitrogen vapor 
at −150°C.

The study was approved by the local ethical committees of 
Copenhagen and Frederiksberg Municipalities. All participants 
provided written informed consent, and the study was con-
ducted according to the Helsinki Declaration.

Participants have been followed up in Danish registries on 
cancer and mortality since baseline, and between baseline and 
July 1, 2006, 688 men were diagnosed with prostate cancer 
(ICD-10 code C61), and 308 men and women were diagnosed 

with bladder cancer (ICD-10 code C67) as their first cancer in 
the Danish Cancer Registry.22

PFOA and PFOS analyses

Plasma concentrations of PFOA and PFOS were measured by 
use of high-pressure liquid chromatography coupled to tan-
dem mass spectrometry in the 3M Toxicology Laboratory, as 
described in Ehresman, 2007.23 The laboratory was blinded 
to disease status. One PFOA value was below the lower limit 
of quantification (L) of 1 ng/mL and were assigned the value 
1/√2, according to the formula L/√2 for replacement of non-
detectable values.24 Double determinations of PFOA and PFOS 
concentrations of 50 random plasma samples were done to test 
the replication uncertainty of the laboratory measurements. The 
laboratory was blinded to this series of parallel measurements. 
Mean coefficients of variation, indicating the replication uncer-
tainty, were very low (5.9% for PFOA and 1.8% for PFOS).

Outcomes

We investigated overall mortality after a prostate or bladder 
cancer diagnosis as two separate outcomes. Information regard-
ing vital status was collected by linkage to the Danish Civil 
Registration System.25 As a supplementary analysis, we inves-
tigated also prostate- and bladder cancer–specific mortality. 
Information on cause of death was collected from the Cause of 
Death Registry.26

Covariates

At study baseline, all participants filled in a food frequency 
and a lifestyle questionnaire, and anthropometric measures 
were collected by trained personnel. Information on prognostic 
factors and treatment was retrieved from medical records for 
the prostate cancer patients. Tumor stage was determined by 
digital rectal examination, whereas lymphadenectomy and/or 
bone scan were performed, when clinically indicated. Primary 
treatment was defined as the first initiated treatment, including 
active surveillance and watchful waiting. All data retrieved from 
the medical records pertained to the period from diagnosis to 
first initiated treatment. Missing information on clinical stage in 
the medical records was supplemented with information from 
the Cancer Registry, which holds information on TNM staging 
since 2004. Gleason score was gradually introduced throughout 
the period, and we made no attempt to combine with the old 
grading system.

The selection of covariates was done based on a review of 
existing literature, biological plausibility, and availability of 
data. We included lifestyle factors and socioeconomic charac-
teristics as covariates in the models, whereas prognostic factors 
and treatment information were included only in analyses of 
effect modification, as these were considered intermediate fac-
tors on the pathway from cancer diagnosis to mortality.

Statistical methods

Cox proportional hazards models, estimating mortality rate 
ratios (MRR), and 95% confidence intervals (CI) were used to 
investigate the association between plasma concentrations of 
PFOA and PFOS and survival. Time since diagnosis was used 
as the underlying time scale. All analyses of bladder cancer were 
stratified by sex to allow for separate underlying hazards by 
sex. Follow-up started at date of cancer diagnosis and continued 
until date of death, emigration, or February 1, 2016, whichever 
came first.

Linearity of all continuous variables was investigated by 
graphical evaluation using linear spline models with knots at 
the 25th, 50th, and 75th percentiles among deceased.27 No 
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deviation from linearity was observed. The proportional haz-
ards assumption of the Cox models was tested by graphical 
inspection, which revealed no deviance from this.

MRRs were calculated as crude, that is, adjusted only for 
calendar year at diagnosis (linear) and age (linear; and for 
bladder cancer also stratified by sex; Model 1), and addition-
ally for smoking status (never/former/current/missing), alcohol 
intake (linear, g/day), abstainers (yes/no), waist circumference 
(linear, cm), leisure-time sports (yes/no/missing), education 
(≤7/8 to 10/>10 years/missing), and area-level socioeconomic 
status based on municipality/district information on education, 
work market affiliation, and income (low/medium/high/missing; 
Model 2).

Stratified analyses were conducted for sex (bladder cancer 
only), smoking status (never, former, current), education (low, 
medium, high), Primary treatment (none, conservative, intended 
curative, palliative, missing; prostate cancer only), Gleason 
score (<7, ≥7, missing; prostate cancer only), T-stage (T1, T2, 
T3+, missing; prostate cancer only), N-stage (N0, N1, missing; 
prostate cancer only), and M-stage (M0, M1, missing; prostate 
cancer only), in order to explore effect modification. P values for 
heterogeneity across strata were calculated using χ2 tests.

All other tests were based on the likelihood ratio test statistic. 
Two-sided 95% CI were calculated based on Wald’s test of the 
Cox regression parameter, that is, on the log ratio scale. P values 
<0.05 were considered statistically significant. The procedure 
PHREG in SAS, version 9.3, was used for all statistical analyses 
(SAS Institute Inc., Cary, NC).

Results

Between baseline and July 1, 2006, 996 persons in the DCH 
cohort were diagnosed with a primary prostate (n = 688) or 
bladder cancer (n = 308). Of these, we excluded one person who 
had missing information on all the included lifestyle covariates. 
This left 995 persons for the present study, 688 prostate cancer 
cases, and 307 bladder cancer cases. Of these, 356 prostate cases 
and 149 bladder cancer cases died during follow-up, with pros-
tate or bladder cancer stated as the underlying cause of death 
for 232 and 66 of these, respectively.

Those who died during follow-up, regardless of whether they 
were prostate or bladder cancer cases, had a shorter education, 
were more likely to be current smokers, and drank more alco-
hol. However, deceased bladder cancer cases were also more 
likely be teetotalers. Furthermore, deceased participants were 
less likely to participate in leisure-time sports and to live in 
areas of high socioeconomic status. Finally, they were slightly 
older at diagnosis, and deceased bladder cancer cases were more 
likely to be male than the entire population of bladder cancer 
cases. For both cancers, deceased patients had a lower median 
PFOS concentration at baseline, whereas the PFOA concentra-
tions was very similar among all and deceased prostate cancer 
cases, but deceased bladder cancer cases had a lower median 
PFOA concentration at baseline than the entire population of 
bladder cancer cases (5.71 ng/mL vs. 6.45 ng/mL). Deceased 
prostate cancer patients presented with a more severe diagnosis 
and more often received palliative rather than intended curative 
treatment (Table 1).

The median follow-up time for all prostate cancers was 9.9 
years (5–95 percentiles: 0.9–16.1), and the corresponding num-
bers for bladder cancer was 11.0 (0.6–17.8) years.

The Spearman correlation coefficient between PFOA and 
PFOS concentration was 0.65 for prostate cancer cases and 0.75 
for bladder cancer cases.

The association between PFOA and PFOS concentrations and 
overall mortality for prostate and bladder cancer patients are 
presented in Table 2. There was no association between PFOA 
and PFOS concentrations and survival among prostate cancer 
patients—neither in continuous, nor in categorical analyses. For 

bladder cancer cases, there was an inverse association between 
both PFOA and PFOS and subsequent mortality in both cat-
egorical and continuous analyses.

We examined the interaction between smoking, education, 
and sex (bladder cancer only) in Table 3. For bladder cancer, the 
only significant interaction was between PFOA concentration 
and smoking (P = 0.04), confining the inverse association to for-
mer smokers. For prostate cancer, there was a significant interac-
tion was between PFOA and education; showing an association 
between PFOA concentration and mortality among those with 
a high education, but not those with a middle or short educa-
tion. There were no interactions for PFOS. We further examined 
interaction between prognostic factors and treatment for pros-
tate cancer cases, where this information was available, but we 
found no association, neither with PFOA or PFOS (Table s1; 
http://links.lww.com/EE/A11).

When examining the association between PFOA and PFOS 
concentrations and prostate- and bladder cancer-specific mor-
tality, we found associations similar to overall mortality, with 
an inverse association for both PFOA and PFOS in relation to 
bladder cancer but no association for prostate cancer (Table 4).

Discussion

The present study investigated the association between PFOA 
and PFOS concentrations in plasma samples at time of cohort 
enrolment and mortality after a prostate or bladder cancer diag-
nosis in middle-aged Danes from the general Danish population. 
We found no association with neither overall nor prostate can-
cer–specific mortality among prostate cancer cases, whereas for 
bladder cancer cases, we found an inverse association in relation 
to both overall and bladder cancer-specific mortality. There were 
some suggestions of interaction with education and smoking for 
PFOA only. There was no interaction with prognostic factors 
among prostate cancer patients.

A primary study strength is the long and complete follow-up 
of all included patients, by means of information on date and 
cause of death from the well-validated Danish Civil Registration 
System25 and Cause of Death Registry.26 For the included pros-
tate cancer cases, we also had detailed information on prognos-
tic factors and treatment from their medical records. And for 
both bladder and prostate cancer cases, we were able to include 
information on a range of lifestyle and socioeconomic factors 
that are known to be associated with mortality, based on exten-
sive baseline questionnaire data filled out by all participants.

In contrast, the study is limited by a relatively low number 
of events in the analyses on bladder cancer and in subgroup 
analyses, rendering limited statistical power. The PFOA and 
PFOS concentrations were measured in one sample from each 
participant, only, which was taken at cohort entry (1993–97). 
Since the study included cases diagnosed until July 1, 2006, 
and follow-up for mortality continued until February 1, 2016, 
some participants had their sample taken decades before the 
outcome of interest. Given the estimated half-lives of 2–4 years 
of PFOA and PFOS in general, nonoccupationally exposed 
populations,28–30 this may entail exposure misclassification, as 
the concentration at this point in time may not reliably reflect 
the concentration at the clinically relevant time period. In a 
general population of middle-aged adults, we would expect 
few change in diet and lifestyle—two known factors affecting 
the concentration.31,32 However, being diagnosed with cancer 
may result in changes in lifestyle and diet, which could affect 
the concentration of PFOS and PFOA during the survival 
period. Also, having had more than one sample per person 
could have provided a more precise measurement of PFOA 
and PFOS concentrations. We expect any measurement error 
to be random, and therefore it should influence the estimates 
toward the null. A limitation on the substudy in bladder cancer 
patients is that we had no information on prognostic factors 
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or treatment, which we expect to influence survival stronger 
than PFOA/PFOS concentration. For prostate cancer patients, 
however, where this information was available, we did not find 
an interaction with prognostic and treatment variables in the 
effect of PFOA/PFOS on survival. However, a number of the 
included prostate cancer patients lacked information on one 
or more of the prognostic or treatment variables (Table  1). 
The proportion was particularly high among those who died 
during follow-up. This may be because there was no time to 
collect data from men who presented with advanced disease 
and died shortly afterwards or there might have been no need 
to do so, as they were only offered palliative treatment. Men 
with missing data on a specific tumor characteristic were 
excluded from these interaction analyses. Sensitivity analyses 
excluding men with missing tumor characteristics produced a 
very similar result (results not shown).

The association between PFOA and PFOS exposure and 
prostate and bladder cancer has previously been examined 
in a number of relatively diverse studies, most of which have 
focused on incidence, and a few on mortality, whereas we have 
not identified any previous survival studies. Our findings in a 
survival study may not be directly comparable to findings from 
mortality studies, as mortality studies represent both the general 
disease incidence in the population, as well as the survival from 
the disease, whereas our study only reflects the survival from the 
disease, but not the disease incidence. And in relation to the inci-
dence studies, there is no guarantee that the findings are compa-
rable to our findings in a survival study, as the association with 
PFOA/PFOS concentrations may not necessarily be the same for 
incidence and survival. With this in mind, we have examined 
the existing literature on PFOA/PFOS and prostate and bladder 
cancer incidence and mortality

Table 1

Characteristics of persons diagnosed with prostate and bladder in the Danish Diet, Cancer and Health cohort

Prostate cancer Bladder cancer

All N = 688 Deceased N = 356 All N = 307 Deceased N = 149

Baseline variables
  Male (%) 100 100 79.2 82.6
  Education (%)
   <7 years 35.5 38.2 43.7 47.0
   8–10 years 38.7 41.0 34.9 32.9
   >10 years 25.6 20.5 21.5 20.1
   Missing 0.3 0.3 0 0
  Smoking status (%)
   Never 25.7 19.7 13.0 9.4
   Former 38.1 36.5 30.0 24.8
   Current 35.9 43.5 57.0 65.8
   Missing 0.3 0.3 0 0
  Alcohola (g/day) 18.9 (1.9–82.2) 19.3 (1.4–88.8) 17.5 (0.9–84.1) 18.9 (0.8–84.7)
   Abstainers 2.3 2.0 2.9 3.4
  Waist circumference (cm) 95.5 (82.0–113.0) 96.0 (81.0–113.5) 95.0 (75.0–114.0) 95.0 (75.0–118.0)
  Leisure-time sports (%) 45.9 39.9 44.3 39.6
   Missing 0.2 0.3 0 0
  Area-level socioeconomic status (%)
   High 22.5 19.1 16.0 10.7
   Medium 63.5 64.6 67.1 67.8
   Low 11.8 13.8 16.0 20.8
   Missing 2.2 2.5 1.0 0.7
  PFOA concentration (ng/mL) 6.94 (3.38–14.20) 7.02 (3.27–14.20) 6.45 (2.68–13.00) 5.71 (2.37–11.90)
  PFOS concentration (ng/mL) 37.15 (18.20–63.10) 35.65 (16.20–64.20) 31.60 (15.00–57.70) 28.70 (14.70–52.60)
Characteristics at time of diagnosis
  Age at diagnosis 65.8 (57.7–72.8) 66.2 (57.6–72.9) 64.4 (54.6–73.2) 64.7 (55.1–72.9)
  Gleason score
   <7 36.1 22.2 – –
   ≥7 39.2 47.8 – –
   Missing 24.7 30.1 – –
  T-stage
   1 20.9 12.9 – –
   2 19.6 13.2 – –
   ≥3 23.4 30.3 – –
   Missing 36.1 43.5 – –
  N-stage
   No lymph-node involvement 33.0 20.2 – –
   Lymph-node involvement 6.8 11.5 – –
   Missing 60.2 68.3 – –
  M-stage
   No metastases 51.7 42.7 – –
   Metastases 17.4 30.1 – –
   Missing 30.8 27.3 – –
  Primary initiated treatment
   None or conservative 15.3 12.9 – –
   Intended curative 41.7 22.5 – –
   Palliative 32.3 53.4 – –
   Missing 10.8 11.2 – –

All cases (All) and those who died during follow-up (Deceased). Median and 5%–95% percentile, unless otherwise stated.
aAmong those drinking alcohol.
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We identified three studies on prostate cancer mortality in 
occupationally exposed workers, with two small studies in the 
same population (6 and 16 deaths) finding an association,9,10 
whereas a larger study, including 72 deaths, did not find an asso-
ciation.15 With regards to prostate cancer incidence, we identified 
two studies in occupationally exposed workers,11,12 a geograph-
ical analysis of residents living near a PFOA producing plant,14 
and two studies in general populations,13,18 but the results of 
these were inconsistent. A study on PFOA and PFOS and pros-
tate-specific antigen levels did not find an association.33 For 
bladder cancer, two studies in occupationally exposed workers 
suggested an increased bladder cancer mortality, but based on 
3 and 16 deaths, only.15,16 Regarding bladder cancer incidence, 
we identified three studies: two in occupationally exposed pop-
ulations,11,17 and only one in the general population, which was 
conducted in the DCH cohort, from which the cases of the pres-
ent study hails,13 but again the results were inconsistent.

Hence, the finding of an inverse association between PFOA 
and PFOS and subsequent mortality among bladder cancer cases 
and the lack of any association for prostate cancer cases in the 
present study are difficult to compare to the above studies. This is 
further complicated by the fact that most of these are studies on 
occupational exposure, which in several cases is estimated from 
a job-exposure matrix or is based on job title or working place, 
which may not necessarily be a very good proxy for blood con-
centrations, as used in the present study. Furthermore, the expo-
sure levels in occupational studies will most likely be much higher 
than in the present study, and this may entail different associa-
tions found. Thus, this is the first study investigating prostate and 

bladder cancer mortality in relation to measured PFOA and PFOS 
concentrations in a population-based sample, and reproduction of 
the findings are encouraged before firm conclusions can be drawn.

Our finding of an inverse association with bladder cancer mor-
tality may seem counterintuitive and could be ascribed to limited 
statistical power. However, it is a relatively consistent finding with 
a suggestion of a dose–response association also in the quartile 
analyses, and it may thus be a true association. One possible 
explanation could be that preclinical bladder cancer was already 
available in some cases at baseline when the blood sample was 
taken and that this distorted the PFOA and PFOS concentrations. 
Hence, we conducted a sensitivity analysis, in which we excluded 
cases diagnosed within the first 2 years after baseline. However, 
this produced a similar inverse association (Table s2; http://links.
lww.com/EE/A11). A previous study investigating determinants 
for PFOA and PFOS concentrations in men from the same cohort 
as the cases from the present study hail found that never smokers 
had higher PFOA and PFOS concentrations compared to current 
smokers, with former smokers having intermediate levels. They 
also found an inverse association between alcohol and body mass 
index (BMI) in relation to PFOA and PFOS concentrations.34 
Hence, one could speculate that the inverse association found 
with bladder cancer in the present study could be explained by 
residual confounding from smoking, alcohol consumption, 
and obesity, which are all well-known risk factors for survival. 
One would expect, though, that the same residual confounding 
should have also been present in the analyses of prostate can-
cer. However, smoking is a very prominent risk factor for bladder 
cancer, accounting for approximately half of all cases,35 and is 
also known to affect survival after a bladder cancer diagnosis36 
and could therefore be a stronger confounder also in relation to 
mortality than for prostate cancer, where smoking is a less strong 
risk-factor.37 Additional adjustment for smoking duration (years) 
and smoking intensity (g/day) for bladder cancer cases who had 
this information available did bring the MRRs marginally closer 
to 1.00, albeit there was still a significantly reduced risk of death: 
PFOA, 0.79, 95% CI (0.63–0.99); PFOS, 0.72, 95% CI (0.55–
0.95), per IQR. Similar adjustment for smoking duration and 
intensity only marginally affected the estimates for prostate can-
cer (results not shown). Also, the interaction analyses suggested 
an interaction between PFOA and smoking in relation to bladder 
cancer, with a significant inverse association between PFOA con-
centrations and mortality in bladder cancer patients only among 
former smokers, which could potentially be explained by residual 
confounding of smoking, as we see no association among never 
smokers. Finally, despite the above-mentioned sensitivity analysis, 
the inverse association with bladder cancer could be explained by 
reverse causation: Preclinical bladder cancer may entail micro-
scopic hematuria over a prolonged period, and blood loss have 
been found to result in lower PFOA/PFOS concentrations in rela-
tion to other situations entailing blood loss, such as, for example, 
menstruation, and venesection.38,39

We can, however, not dismiss the inverse association found 
with bladder cancer mortality, and we thus encourage repro-
duction of this in future studies, preferably with prognostic and 
clinical variables available for bladder cancer patients, as we 
had only for prostate cancer patients in the present study, as 
we are aware that the extent of disease at time of diagnosis is 
a much stronger risk factor for survival than the PFOA/PFOS 
concentration. Unfortunately, however, we did not have these 
data available for bladder cancer patients in the present study.

We also find an interaction between PFOA and education in 
relation to prostate cancer, with a direct association with mortality 
among highly educated prostate cancer patients only. This may be a 
chance finding due to multiple testing as it is not consistent between 
PFOA and PFOS and lack a sound underlying explanation.

Information on covariates in the present study were included 
from a baseline questionnaire filled in before participants were 
diagnosed with their cancer. Participants may have changed their 
lifestyle after a cancer diagnosis. A previous study in the DCH 

Table 2

Adjusted MRRs and 95% CI in association with plasma PFOA 
and PFOS levels in prostate and bladder cancer cases

 
N cases/ 

N deceased
MRR  

(95% CI)a

MRR  
(95% CI)b

Prostate cancer
   PFOA
     Per IQR (3.815) 688/356 1.01 (0.90–1.13) 1.01 (0.90–1.14)
    Q1 161/89 1.00 (ref.) 1.00 (ref.)
    Q2 191/89 0.80 (0.59–1.07) 0.77 (0.57–1.04)
    Q3 160/89 1.05 (0.78–1.41) 1.02 (0.76–1.38)
    Q4 176/89 0.86 (0.64–1.15) 0.88 (0.65–1.18)
   PFOS
     Per IQR (17.4) 688/356 0.89 (0.8–1.02) 0.92 (0.80–1.05)
    Q1 167/90 1.00 (ref.) 1.00 (ref.)
    Q2 152/88 1.24 (0.92–1.66) 1.20 (0.89–1.62)
    Q3 186/90 0.92 (0.68–1.23) 0.97 (0.72–1.31)
    Q4 183/88 0.88 (0.65–1.18) 0.94 (0.69–1.27)
Bladder cancer
  PFOA
   Per IQR (3.55) 307/149 0.71 (0.58–0.87) 0.77 (0.62–0.95)
    Q1 64/38 1.00 (ref.) 1.00 (ref.)
    Q2 65/37 0.90 (0.57–1.44) 1.02 (0.63–1.65)
    Q3 74/37 0.79 (0.50–1.25) 0.87 (0.55–1.40)
    Q4 104/37 0.48 (0.30–0.77) 0.61 (0.37–0.99)
  PFOS
   Per IQR (17.7) 307/149 0.62 (0.49–0.79) 0.72 (0.55–0.94)
    Q1 60/39 1.00 (ref.) 1.00 (ref.)
    Q2 66/37 1.01 (0.64–1.60) 1.17 (0.72–1.87)
    Q3 72/36 0.73 (0.46–1.17) 0.93 (0.57–1.52)
    Q4 109/37 0.43 (0.27–0.68) 0.59 (0.36–0.98)

Linear estimates per IQR and categorical estimates in quartiles.
aAdjusted for calendar-year of diagnosis and age at diagnosis and stratified by sex (for bladder 
cancer only).
bAdjusted for calendar-year of diagnosis, age at diagnosis, smoking status (never/former/current/
missing), alcohol consumption (g/day, among drinkers), abstainer (yes/no), waist circumference 
(cm), leisure-time sports (yes/no/missing), education (low/medium/high/missing), area-level 
socioeconomic status (low/medium/high/missing), and stratified by sex (for bladder cancer only).
IQR, interquartile range; MRR, mortality rate ratios; PFOA, perfluorooctanoate; PFOS, 
perfluorooctanesulfonate.

http://links.lww.com/EE/A11
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cohort investigated changes in tobacco smoke, alcohol intake, 
and BMI over the first five years of follow-up. The study found no 
significant difference in positive health behavior changes between 
men with prostate cancer, compared to cancer-free men. In con-
trast, in men with a nonprostate cancer, the study found that the 
cancer patients decreased their BMI and smoked less compared to 
cancer-free men.40 This suggests that the covariates may be a good 
proxy for lifestyle between cancer diagnosis and end of follow-up 
for prostate cancer patients in present study but may be less so 
for bladder cancer patients, suggesting that additional residual 
confounding by lifestyle could draw the inverse association seen 
in the bladder cancer study. This does, however, require that the 
change in lifestyle is nonrandom and associated with the PFOA 
and PFOS concentrations, which were measured at baseline, 
before the cancer diagnosis, rendering this speculative.

Finally, some studies have shown that dietary intake may be 
the major human exposure pathway of PFOA and PFOS in non-
occupationally exposed populations.31,32 Consumption of both 
fish and eggs have been suggested determinants of body concen-
trations.31,32,34,41–43 As these are furthermore considered healthy 
food items, which could have beneficial effects in relation to 
cancer survival, they might confound the association between 
PFOA/PFOS and survival after a breast and prostate cancer 
diagnosis in the present study. However, inclusion of informa-
tion on fish and egg consumption in the models of the present 
study did not affect the association (results not shown).

Conclusion

In conclusion, the results of the present study suggest that a 
higher plasma concentration of PFOA and PFOS may be inversely 
associated with overall as well as bladder cancer–specific mortal-
ity after a bladder cancer diagnosis, among a population-based 

Table 4

Adjusted MRRs for prostate and bladder cancer-specific 
mortality, respectively, in association with plasma PFOA and 
PFOS levels

 

 

Prostate-specific mortality

N cases/ 
N deceased

MRR  
(95% CI)a

MRR  
(95% CI)b

Prostate-specific mortality
  PFOA
   Per IQR (3.815) 688/232 1.08 (0.96–1.22) 1.08 (0.95–1.22)
    Below median 352/118 1.00 (ref.) 1.00 (ref.)
    Above median 336/114 1.03 (0.80–1.33) 1.03 (0.79–1.35)
  PFOS
   Per IQR (17.4) 688/232 0.92 (0.78–1.08) 0.93 (0.79–1.10)
    Below median 319/178 1.00 (ref.) 1.00 (ref.)
    Above median 369/121 0.89 (0.69–1.16) 0.93 (0. 71–1.21)
Bladder-specific mortality
  PFOA
   Per IQR (3.55) 307/66 0.63 (0.45–0.88) 0.64 (0.45–0.90)
    Below median 129/36 1.00 (ref.) 1.00 (ref.)
    Above median 178/30 0.57 (0.34–0.94) 0.61 (0.36–1.04)
  PFOS
   Per IQR (17.7) 307/66 0.64 (0.45–0.91) 0.71 (0.48–1.05)
       Below median 126/37 1.00 (ref.) 1.00 (ref.)
       Above median 181/29 0.47 (0.29–0.78) 0.56 (0.32–0.98)

Linear estimates per interquartile range (IQR) and categorical estimates above/below median.
aAdjusted for calendar-year of diagnosis, age at diagnosis, and stratified by sex (for bladder cancer only).
bAdjusted for calendar-year of diagnosis, age at diagnosis, smoking status (never/former/current/
missing), alcohol consumption (g/day, among drinkers), abstainer (yes/no), waist circumference 
(cm), leisure-time sports (yes/no/missing), education (low/medium/high/missing), area-level socio-
economic status (low/medium/high/missing), and stratified by sex (for bladder cancer only).
CI, confidence interval; MRR, mortality rate ratios; PFOA, perfluorooctanoate; PFOS, 
perfluorooctanesulfonate.

Table 3

Adjusted MRRsa and 95% CI in association with plasma PFOA and PFOS concentrations

 

Prostate cancer Bladder cancer

N cases/N deceased MRR (95% CI) P for interaction N cases/N deceased MRR (95% CI) P for interaction

PFOA
  Sex
   Male – – – 243/123 0.75 (0.60–0.95)a 0.80
   Female – – 64/26 0.82 (0.47–1.41)a

  Smoking
   Never 177/70 0.99 (0.75–1.30)b 0.34 40/14 0.91 (0.61–1.35)b 0.03
   Former 262/130 1.09 (0.95–1.26)b 92/37 0.45 (0.28–0.73)b

   Current 247/155 0.91 (0.75–1.12)b 175/98 0.91 (0.69–1.21)b

  Education
   Low 244/136 0.89 (0.73–1.08)c 0.0 134/70 0.85 (0.65–1.10)c 0.42
   Medium 166/146 0.99 (0.83–1.18)c 107/49 0.61 (0.40–0.93)c

   High 176/73 1.17 (1.06–1.33)c 66/30 0.77 (0.46–1.31)c

PFOS
  Sex
   Male – – – 243/123 0.66 (0.50–0.88)a 0.16
   Female – – 64/26 1.00 (0.55–1.80)a

  Smoking
   Never 177/70 0.95 (0.70–1.29)b 0.10 40/14 0.81 (0.35–1.87)b 0.24
   Former 262/130 1.08 (0.88–1.32)b 92/37 0.50 (0.30–0.83)b

   Current 247/155 0.78 (0.62–0.97)b 175/98 0.83 (0.60–1.15)b

  Education
   Low 244/136 0.89 (0.73–1.07)c 0.65 134/70 0.78 (0.56–1.10)c 0.49
   Medium 166/146 1.00 (0.81–1.24)c 107/49 0.75 (0.48–1.18)c

   High 176/73 0.88 (0.621.258)c 66/30 0.52 (0.28–0.95)c

Interaction with sex, lifestyle, and socioeconomic factors. Linear estimates per interquartile range.
aAdjusted for calendar-year of diagnosis, age at diagnosis, smoking status (never/former/current/missing), alcohol consumption (g/day, among drinkers), abstainer (yes/no), waist circumference (cm), 
leisure-time sports (yes/no/missing), education (low/medium/high/missing), area-level socioeconomic status (low/medium/high/missing), and stratified by sex (bladder cancer only).
bAdjusted for calendar-year of diagnosis, age at diagnosis, alcohol consumption (g/day, among drinkers), abstainer (yes/no), waist circumference (cm), leisure-time sports (yes/no/missing), education (low/
medium/high/missing), area-level socioeconomic status (low/medium/high/missing), and stratified by sex (for bladder cancer only).
cAdjusted for calendar-year of diagnosis, age at diagnosis, smoking status (never/former/current/missing), alcohol consumption (g/day, among drinkers), abstainer (yes/no), waist circumference (cm), 
leisure-time sports (yes/no/missing), area-level socioeconomic status (low/medium/high/missing), and stratified by sex (for bladder cancer only).
CI, confidence interval; MRR, mortality rate ratios; PFOA, perfluorooctanoate; PFOS, perfluorooctanesulfonate.
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sample of middle-aged persons with moderate concentrations. 
In contrast, PFOA and PFOS concentrations were not associated 
with overall or prostate-specific mortality among prostate cancer 
patients. As the first study of its kind, these findings require repli-
cation before firm conclusions can be drawn.
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