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Research

Cancer Risk following Residential Exposure to Airborne Polychlorinated Biphenyls:

A Danish Register-Based Cohort Study

Laura Deen,>® Karin Sgrig Hougaard,23 Alice Clark,+ Harald William Meyer,! Marie Frederiksen,3 Lars Gunnarsen,s
Helle Vibeke Andersen,s Thomas Hougaard,s Kajsa Kirstine Ugelvig Petersen,! Niels Erik Ebbehgj,! Jens Peter Bonde,.2 and
Sandra Sogaard Tottenborg!:2

'Department of Occupational and Environmental Medicine, Copenhagen University Hospital — Bispebjerg and Frederiksberg, Copenhagen, Denmark
“Department of Public Health, Faculty of Health Sciences, University of Copenhagen, Copenhagen, Denmark

*National Research Centre for the Working Environment, Copenhagen, Denmark

“Department of Epidemiology, Novo Nordisk, Copenhagen, Denmark

Department of the Built Environment, Aalborg University Copenhagen, Copenhagen, Denmark

“Mangor & Nagel A/S, Copenhagen, Denmark

BACKGROUND: Polychlorinated biphenyls (PCBs) are biopersistent chemicals classified as human carcinogens. This classification is primarily based on
evidence on higher-chlorinated PCBs found in food. The carcinogenic potential of airborne lower-chlorinated PCBs remains largely unexplored.

OBJECTIVES: We aimed to investigate cancer risk following residential exposure to airborne PCBs.

METHODS: Cancer risk was examined in the Health Effects of PCBs in Indoor Air (HESPAIR) cohort of 38,613 residents of two partly PCB-
contaminated residential areas in Greater Copenhagen, identified by nationwide registries. PCB exposure was based on relocation dates and indoor air
PCB measurements in subsets of apartments. Cancer diagnoses were extracted from the Danish Cancer Registry for the follow-up period of 1970—
2018. We estimated adjusted hazard ratios with time-varying cumulative exposure and a 10-y lag using Cox regression.

REsuLTS: Overall risk of cancer was not associated with PCBycar, [hazard ratio (HR) for high-exposed vs. low-exposed = 0.98; 95% confidence inter-
val (CI): 0.88, 1.09], but residents exposed to >3,000 ng/m?* PCB x year had higher risk of liver cancer (HR = 2.81; 95% CI: 1.28, 6.15) and menin-
giomas (HR = 3.49; 95% CI: 1.84, 6.64), with indications of exposure-response relationships. Results were suggestive of a higher risk of pancreatic
cancer (HR = 1.59; 95% CI: 0.95, 2.64) at the highest aggregated PCB level. For testis cancer, a higher risk was observed among residents exposed
to 300949 ng/m*® PCB X year relative to residents exposed to <300ng/m* PCB x year (HR = 2.97; 95% CI: 1.41, 6.28), but the risk was not higher
for residents exposed to >950ng/m> PCB x year. Apart from this, the risk of specific cancers was similar across exposure groups.

DiscussIoNn: In this, to our knowledge, first population-based cohort study of residential exposure to airborne PCBs, we found no association between
exposure to PCBs in indoor air in private homes and the risk for most of the specific cancers. Higher risk of liver cancer and meningiomas were

observed. https://doi.org/10.1289/EHP10605

Introduction

Polychlorinated biphenyls (PCBs) constitute a group of manmade,
persistent chemicals widely used in building materials during the
1950s-1970s. Food has been considered the main PCB source, but
exposure to PCBs evaporating from building materials to indoor
air was recently found to contribute substantially to human expo-
sure.' Highly elevated blood concentrations among people work-
ing and living in contaminated buildings have been reported.®"

PCBs are classified as “Carcinogenic to Humans” by the
International Agency for Research on Cancer (IARC), based on
sufficient evidence for malignant melanoma and limited evidence
for non-Hodgkin lymphoma (NHL) and breast cancer.” This classi-
fication is mainly based on studies of higher-chlorinated PCBs
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(HC-PCBs) typically found in food, rather than the lower-
chlorinated PCBs (LC-PCBs) dominating indoor air in contami-
nated buildings.” Studies of HC-PCBs may not, however, be
directly used for risk assessment of LC PCBs, due to potential dif-
ferences in mechanism of action.” Carcmogenesm of HC-PCBs
is mostly driven by dioxin-like PCBs through aryl hydrocarbon
receptor (AhR) activation, whereas the mostly nondioxin-like LC-
PCBs act through AhR-independent pathways probably through
metabolic activation and metabolites.”' '~

We know of no previous human studies that have investigated
cancer risk following exposure to LC-PCBs in indoor air specifi-
cally. Occupational studies of high PCB exposure mainly through
inhalation do not indicate higher risk of malignant melanoma, NHL,
and breast cancer'*™"” but find indications of higher mortality from
liver, gall bladder, and biliary tract cancers, although based on small
numbers.'®2° Animal studies support a carcinogenic effect of LC-
PCBs in the liver,'""'? suggesting that exposure to airborne PCBs
(predominantly LC-PCBs) may be associated with cancer in other
organs than foodborne PCBs (primarily HC-PCBs).

We aimed to determine cancer risk following airborne PCB ex-
posure in a cohort of residents of two partly PCB-contaminated resi-
dential areas. This natural experimental design enables comparisons
of high- and low-level exposed populations with balanced back-
ground exposure and sociodemographic characteristics. Cancers
previously associated with PCB exposure were of a priori interest,
namely malignant melanoma, NHL, breast, liver, gall bladder, and
biliary tract cancer.

Methods

Setting

The study uses the Health Effects of PCBs in indoor Air
(HESPAIR) cohort of residents of two residential areas in
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Greater Copenhagen in Denmark, Farum Midtpunkt (Farum), and
Brgndby Strand Parkerne (Brgndby), erected 1969-1974. PCB-
containing building materials were used during the first stages of
construction but were replaced with PCB-free materials in later
stages. Farum comprises 27 buildings with 1,645 apartments, of
which 297 were PCB-contaminated.” After high levels of PCB
concentrations were documented in indoor air in contaminated
apartments in 2011, the contaminated apartments were remedi-
ated in 20122015, which reduced air PCB levels to below the
Danish action limit of 300 ng/m3.21’22 Brgndby comprises 12
identical 15-storey high-rise buildings with 885 apartments sur-
rounded by lower apartment buildings and family houses. Five of
the high-rises were constructed with PCB-containing sealants.
In one of the five contaminated buildings, the use of PCB-
containing building materials was terminated when the 10th floor
was reached, and the 11th—15th floors were therefore built with
PCB-free materials."”’

In previous studies, sample measurements from both residential
areas documented markedly increased PCB concentrations in the
indoor air of contaminated apartments,]’2 dominated by LC-PCBs,
especially PCB-18, 28, and 52. HC-PCBs were rarely detected.'* In
subsamples of residents in both residential areas, LC-PCBs in
blood were highly elevated among residents of contaminated apart-
ments.%’ The largest relative difference was observed for PCB-28,
with median serum levels being 98 times higher among residents in
contaminated vs. reference apartments in Farum [1.371 pg/L
(5th-95th percentile 0.216-5.279) and 0.014 pg/L (5th-95th
percentile < limit of quantitation (LOQ)-0.132), respectively]®
and 70 times higher in Brgndby [207ng/glipid weight (1w)
(5th-95th percentile 47.2-850) vs. <LOQ ng/glw (5th-95th
percentile <LOQ-132), respectively.]7

Study Population

In Denmark, all residents have a unique personal identification
number (CPR), introduced with the Danish Civil Registration
System (CRS) in 1968.2 The CRS contains historical informa-
tion on residential addresses and relocation dates on all individu-
als. By linkage of the Farum and Brgndby postal addresses in the
CRS, we identified 53,130 former and current residents who lived
in the residential areas at least once from 1970 to 2018. We
excluded 21 residents of two apartments in the reference section
with documented high PCB concentrations; possible explanations
for the high concentrations have been described previously.2
Further, 897 Farum residents were excluded because they moved
into previously contaminated apartments after PCB remediation
in 2012-2015, as described in the section above. Finally, we
excluded 291 residents living in apartments on the 11th—15th
floors in the contaminated building in Brgndby where PCB-
containing materials were not used. The final study population
comprised 51,921 residents (Figure 1).

PCB Measurements in Indoor Air

PCB measurements have been carried out in both contaminated
apartments (apartments in the sections built first using PCB-
contaminated materials) and in reference apartments (apartments
in the sections using PCB-free materials). In Farum, 83 contami-
nated and 21 reference apartments were selected and sampled in
2011 as part of a research project investigating the indoor exposure
of residents in the buildings (details in Frederiksen et al.?). In brief,
air was sampled using SKC OV tubes with XAD-2 and internal fil-
ters with a flow of 1.9 L/min placed approximately 1 m above the
floor for an average of 24 h (range: 1647 h). Mean sample volume
was 2.7m’ (range: 1.8 m3>-5.4m?) air. Twenty-four congeners
(PCB-28, 52,66, 74,77, 81,99, 101, 105, 114, 118, 123, 126, 138,
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53,130 individuals living in
the residential areas in
1970 2018

21 individuals in apartments
in reference section with high
PCB-concentration

897 individuals in
contaminated apartments in
Farum after PCB-remediation

291 individuals in apartments
on the 11t —15% floors of the
fifth house in Brondby

51,921 individuals
comprising the final
HESPAIR cohort

1,363 individuals with a
cancer diagnosis prior to start
of follow-up

11,945 individuals because of
the 10 years lag-time

38,613 individuals eligible
for analyses

Figure 1. Study flow chart. Dashed lines represent individuals excluded
from the analysis.

153, 156, 157, 167, 169, 170, 180, 183, 187, and 189) were ana-
lyzed from the absorbent tubes by Eurofins. In 2009, PCB contami-
nation was documented in sealants.”> Consequently, the visible
sealants were covered with aluminum tape and wooden strips to
prevent direct contact and reduce emission approximately 18
months prior to sampling. This has been estimated to reduce PCB
concentration in indoor air by 6% after temperature adjustment
according to calculations done by the National Research Centre for
the Working Environment (not published).

In Brgndby, 117 contaminated and 18 reference apartments
were sampled from 2011 to 2017.%* The data were collected by a
consulting company on the initiative of the owners of the build-
ings to investigate the indoor PCB contamination.”** Samples
were obtained by active sampling on XAD-2 and 1-pum dust fil-
ters with a flow of 2 L/min. Seven congeners (PCB-28, 52, 101,
118, 138, 153 and 180) were analyzed by Eurofins. Procedures
changed during the period: From start to 15 December 2013,
240 L air were collected from 0400-0600 (4:00 A.M. to 6:00
A.M.) on Supelco XAD-2 tubes with external filters, and 480 L
air were sampled from 0200-0600 (2:00 A.M. to 6:00 A.M.)
using Supelco XAD-2 tubes with external filters, from 16
December 2013 to 1 February 2017. SKC OV tubes with XAD-2
and internal filters were used from 2 February 2017 to 26 June
2017. Table 1 shows a summary of the measurements.
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Table 1. PCBy,“ in indoor air (nanograms per cubic meter) in contaminated and reference apartments in Brgndby Strand Parkerne and Farum Midtpunkt.

2,24

Brgndby Strand Parkerne

Farum Midtpunkt

Contaminated apartments

Reference apartments

Contaminated apartments Reference apartments

Measurements (n) 117
Mean 1,487
Median 1,298
Minimum 26
Maximum 4,949 1

18
46
32

2
39

83 20
1,048 24
871 20
178 15
3,901 44

“PCByol =5 X [PCB; (PCB-28, 52,101, 118, 138, 153, 180)].

PCB Exposure

Based on relocation dates and PCB measurements, two measures
of PCB exposure were defined. First, years of living in contami-
nated apartments, regardless of PCB concentration, were summed
for each individual as years of PCB exposure. Second, the cumula-
tive PCBy,r Was defined as years in an apartment multiplied by the
concentration defined as PCBya1. PCByoa1 in air is defined as the
sum of seven indicator congeners (PCB-28, 52, 101, 118, 138, 153
and 180) multiplied by a factor of five to compensate for all the
congeners not quantiﬁed.26 This method is widely used in research
and for regulatory purposes.27 PCB o1 Was based on the mean of
measurements in the specific or neighboring building, assuming a
steady PCB concentration over time. Farum exposure estimates
were adjusted according to an estimated 6% reduction as described
above. Once exposed, residents were considered exposed for the
rest of the follow-up, due to the long half-lives of PCBs.”®

Cancer

Information on site-specific cancers and selected benign tumors
(bladder and brain) including date of diagnosis was retrieved from
the Danish Cancer Registry, which holds records of all cancers diag-
nosed in Denmark since 1943 with almost complete coverage. ?
Prior to 1978, cancers were classified according to a Danish version
of the International Classification of Diseases and Related Health
Problems, 7th Revision (ICD-7) and thereafter to the International
Classification of Diseases and Related Health Problems, 10th revi-
sion (ICD-10). We included all primary cancers with a minimum of

five cases recorded and considered all cancers combined as well as
site-specific cancers, but malignant melanoma, NHL, breast, liver,
gall bladder, and biliary tract cancer were of a priori interest,
because these have previously been associated with PCB expo-
sure.” 1820 A complete list of included cancers and ICD-10 and

ICD-7 codes are provided in Table S1.

Covariates

Information on covariates was obtained from the Danish nation-
wide registers. Statistics Denmark provided information on
ethnicity (Danish, western, nonwestern, definition according
to Statistics Denmark30) marital status (married/cohabitating,
unmarried, divorced/widowed), and highest attained education
[low (elementary school), medium (high school), and high (uni-
versity)]. Residents <25 y of age were assigned their household’s
highest attained education. Information on sex, birth date, death,
disappearance, and emigration was extracted from the CRS.
Information on comorbidity was obtained from the Danish
National Patient Registry (NPR).*'

Statistics

We estimated hazard ratios (HR) with corresponding 95% confi-
dence intervals (95% CI) for overall (all cancer sites minus non-
melanoma skin cancers) and site-specific cancers using Cox
regression with age as underlying timescale. Nonmelanoma skin
cancers were included as an individual site-specific cancer but
were not included in overall cancer. Analyses were performed

Table 2. Characteristics of the study population in the HESPAIR cohort (n =38,613).

Total population

Residents in contaminated apartments

Residents in reference apartments

Residents 1970-2009 [n (%)] 38,613
Age start [median (Psy;; Pos)]” 33 (10;61)
Age end [median (Pso;; Pgso)]¢ 52 (21;77)
Sex distribution (% female) 49.1

Education start [n (%)]

Low (elementary school) 11,716 (33.4)

Medium (high school) 13,642 (38.9)

High (university) 9,711 (27.7)

Missing® 3,544
Ethnicity [n (%)]

Danish 31,610 (81.9)

Western 1,309 (3.4)

Non-western 5,688 (14.7)

Marital status start [1 (%)]

Married/cohabitating 13,502 (35.0)
Unmarried 18,894 (48.9)
Divorced/widowed 6,217 (16.1)
Calendar time start [n (%)]
1970-1979 12,605 (32.6)
1980-1989 11,455 (29.7)
1990-1999 8,357 (21.6)
2000-2009 6,196 (16.1)

9,015 (23.4) 29,598 (76.7)

34 (10;64) 33 (10:60)
54 (23;79) 52 (21377
49.8 48.9
2,786 (34.2) 8,930 (33.2)
3,144 (38.6) 10,498 (39.0)
2,215 (27.2) 7,496 (27.8)
870 2,674
7,577 (84.1) 24,033 (81.2)
252 (2.8) 1,057 (3.6)
1,183 (13.1) 4,505 (15.2)
3,090 (34.3) 10,412 (35.2)
4351 (48.3) 14,543 (49.1)
1,574 (17.5) 4,643 (15.7)
3,232 (35.9) 9,373 (31.7)
2,513 (27.9) 8,942 (30.2)
1,911 (21.2) 6,446 (21.8)
1,359 (15.1) 4,837 (16.3)

Note: HESPAIR, Health Effects of PCBs in Indoor Air.

“Pseudo median and percentiles (P) calculated as the mean of the five values nearest to the actual median/percentile.
Due to incomplete registration of education during the first years of follow-up, information on education was missing for a relatively high proportion of the residents. There were no

missing data on the other covariates included in the analyses.
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using 10 y of latency, and consequently, start of follow-up was
10 y after date of first relocation to the residential areas.
Individuals were considered at risk from age at start of follow-up
and censored at age of cancer onset, death, disappearance (indi-
viduals whose residence is unknown to Danish authorities),23
emigration from Denmark, or end of follow-up (31 December
2018), whichever came first. Only the first recorded primary can-
cer at each of the 56 cancer sites during follow-up was included.
Individuals with cancer diagnoses before start of follow-up were
excluded. Each year during follow-up was assigned a year-
specific exposure expressing the cumulative exposure up until
that specific year. Years of PCB exposure was assessed continu-
ously (per year) and in four categories: references (residents of
reference apartments) and tertiles of cumulative years of PCB ex-
posure (<1.0 y; 1.0-2.9 y; >2.9 y). Cumulative PCBy,, was
included in four categories: residents with levels under the
Danish action level of <300ng/m® PCB X year as references and
>300ng/m* PCB x year grouped in approximated tertiles (300—
949; 950-2,999; >3000 ng/m* PCB X year). Exposure categories
were combined when there were <5 site-specific cancer cases in
individual exposure groups. To comply with national data protec-
tion regulations [General Data Protection Regulation (GDPR)
(EU), 2016/679 of 25 May 2018], we calculated pseudopercentiles
as the mean of the five values adjacent to the actual percentile.

Potential confounders were identified a priori using Directed
Acyclic Graphs32 (Figure S1). All analyses were adjusted for
calendar time in decades and sex. Analyses of breast cancer were
restricted to the female population and analyses of other sex-
specific cancers (cervix uteri, corpus uteri, ovary, external female
genital organs and vagina, prostate, testis, other male genital
organs) were restricted to the relevant sex. We further adjusted for
education (as time dependent) in sensitivity analyses. Due to
incomplete registration of education during the first years of
follow-up, information on education was missing for a relatively
high proportion of the residents, and the sensitivity analyses adjust-
ing for education only included residents with information on edu-
cation. There were no missing data on the other covariates included
in the analyses.

In the European Nordic countries, risk of testis cancer is high-
est among men age 2545 y.** We therefore performed sensitiv-
ity analyses stratifying residents by age at start of follow-up
(£25 y; >25 y). To reduce potentially higher risk of liver cancer
due to hepatitis B and C or alcohol-related disorders, a sensitivity
analysis adjusted for these diagnoses identified in the NPR.
Because alcohol consumption and tobacco smoking are established
causes of some cancers,”® we conducted sensitivity analyses
combining cancers related to alcohol consumption (oral cavity,
pharynx, esophagus, larynx, colo-rectum, and female breast) and
tobacco smoking (oral cavity, pharynx, esophagus, stomach, colo-
rectum, nasal cavity, larynx, lung, uterine cervix, ovary, urinary

bladder, kidney, renal pelvis and ureter, myeloid leukemia),
excluding those of interest for the present study, to indirectly
evaluate potential confounding. We performed sensitivity analy-
ses using a 5-y lag for cancers of a priori interest and cancers
with observed higher risk as well as for hematological cancers
because the latter may have shorter latency than other cancers.
All analyses used SAS (version 9.4; SAS Institute Inc.).

Ethics Committee Approval

The establishment of the HESPAIR cohort was approved by the
Knowledge Center on Data Protection Compliance under the
records of processing regarding health science research projects
within the Capitol Region of Denmark (BFH-2016-013, I-Suite
nr.: 04461). According to Danish legislation, registry-based stud-
ies without direct contact with individuals do not require approval
from the scientific ethics committee.

Results

We excluded 1,363 residents with cancer diagnoses prior to
follow-up and 11,945 residents because of the applied 10-y lag
time. This resulted in 38,613 residents accumulating a total of
701,542 person-years. During follow-up, 3,431 incident cancers
and benign tumors were identified.

Population characteristics (including potential confounders
and other sociodemographic characteristics) are presented in
Table 2. Residents in contaminated apartments did not differ sub-
stantially from those in reference apartments apart from being
slightly more likely to be of Danish origin. A total of 23% of
the residents had lived in a contaminated apartment at least
once. The median years of PCB exposure was 1.8 y (Psy; 0.2;
Pysy, 10.7 y), and the median cumulative PCBy.,, among resi-
dents exposed to >300ng/m? PCB xyear was 1,843ng/m?
PCB x year (Ps, 343; Pose; 12,385 ng/m? PCB x year).

PCB Duration

Years of PCB exposure was not associated with overall risk of
cancer (HR =1.00; 95% CI: 0.99, 1.01) (Table 3). For most of
the a priori suspected cancers, including melanoma, NHL, breast,
gall bladder, and biliary tract, the risk was not higher among resi-
dents in contaminated apartments (Tables 3—6). For liver cancer,
meningiomas, and pancreatic cancer, residents with >2.9 y of PCB
exposure had a higher risk than residents of reference apartments
(HR liver =2.45; 95% CI: 1.10, 5.45; HR meningiomas =3.19;
95% CI: 1.69, 6.02; HR pancreatic =1.80; 95% CI: 1.07, 3.03)
(Tables 3 and 5). For liver cancer and meningiomas, HRs indicated
an exposure—response relationship; for pancreatic cancer, the rela-
tionship was less obvious. We observed 3-fold higher risk of testis
cancer for residents with up to 1 y of PCB exposure (HR =3.48;

Table 4. Hazard ratios (95% Cls) for site-specific cancers by years of PCB exposure with combined exposure categories due to small number of cases adjusted

for age, sex, and time period (n=38,613 Danish residents).

Continuous Nonexposed Exposed

Cancer site (ICD-10) Cases (n) HR (95% CI) Cases (n) HR (95% CI) Cases (n) HR (95% CI)

Mouth (C03-06, C462) 31 1.00 (0.88, 1.15) 23 1.00 8 1.11 (0.49, 2.47)
Pharynx (C09-14) 50 0.86 (0.69, 1.08) 41 1.00 9 0.70 (0.34, 1.43)
Stomach (C16) 50 0.98 (0.88, 1.08) 40 1.00 10 0.76 (0.38, 1.52)
Anus (C21, C26) 25 0.93 (0.75, 1.15) 18 1.00 7 1.19 (0.50, 2.85)
Thyroid gland (C73) 40 0.79 (0.55, 1.13) 34 1.00 6 0.60 (0.25, 1.43)
Non-Hodgkin lymphoma (C82-85, C883-889) 79 0.95 (0.86, 1.05) 66 1.00 13 0.62 (0.34, 1.13)
Multiple myeloma (C90, C880-882) 32 0.75 (0.49, 1.13) 27 1.00 5 0.57 (0.22, 1.48)
Lymphatic leukemia (C91) 47 0.93 (0.80, 1.08) 37 1.00 10 0.81 (0.40, 1.64)
Myeloid leukemia (C92) 15 0.90 (0.66, 1.23) 9 1.00 6 2.03 (0.72,5.73)

Note: CI, confidence interval; HR, hazard ratio; ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th Revision.
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Table 5. Hazard ratios (95% Cls) for site-specific cancers by years of PCB exposure with combined exposure categories due to small number of cases adjusted

for age, sex, and time period (n =38,613 Danish residents).

Continuous Nonexposed 029y >29y
Cancer site (ICD-10) Cases (n) HR (95% CI) Cases (n) HR (95% CI) Cases (n) HR (95% CI) Cases (n) HR (95% CI)
Rectum (C20) 111 1.01 (0.95, 1.07) 85 1.00 10 0.60 (0.31, 1.16) 16 1.41(0.82,2.42)
Liver (C22) 40 1.08 (1.02, 1.15) 25 1.00 7 1.48 (0.64, 3.43) 8 2.45(1.10, 5.45)
Corpus uteri (C54-55, C58)¢ 70 1.03 (0.97, 1.09) 53 1.00 7 0.69 (0.31, 1.51) 10 1.27 (0.64, 2.52)
Ovary, fallopian tube, and broad 73 1.00 (0.93, 1.09) 60 1.00 7 0.60 (0.28, 1.32) 6 0.74 (0.32, 1.72)
ligament (C56, C570-C574)“
Kidney (C64) 86 1.01 (0.94, 1.09) 65 1.00 14 1.11 (0.62, 1.97) 7 0.93 (0.42, 2.03)
Meningiomas (C70, D32, D42) 53 1.06 (1.00, 1.12) 32 1.00 7 1.14 (0.50, 2.58) 14 3.19 (1.69, 6.02)

Note: CI, confidence interval; HR, hazard ratio; ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th Revision.

“Restricted to female population.

95% CI: 1.70,7.11) but not for residents with more than 1 y of PCB
exposure (Table 6).

PCB Concentration

Overall risk of cancer was not associated with PCBye,,, nor was the
risk for melanoma, NHL, breast, gall bladder and biliary tract cancers
(Table 7-10). Compared with residents exposed to <300ng/m?
PCB x year, residents exposed >3,000ng/m*® PCB x year had
higher risk of liver cancer (HR =2.81; 95% CI: 1.28, 6.15) and me-
ningiomas (HR =3.49; 95% CI: 1.84, 6.64), and the HRs suggested
an exposure—response relationship (Table 7). For pancreatic cancer,
results were suggestive of a higher risk (HR =1.59; 95% CI: 0.95,
2.64) at the highest aggregated PCB level (Table 7). For testis
cancer, higher risk was observed among residents exposed to
300-949 ng/m? PCB x year (HR =2.97; 95% CI: 1.41, 6.28) but
notto >950ng/m? PCB X year (Table 10).

Sensitivity Analyses

Adjustment for education and hepatitis and alcohol-related disor-
ders did not substantially alter the results (Tables S2—S7). When
stratifying analyses of testis cancer by age, men <25 y of age at
start of follow-up had the highest risk (Tables S8—S9). For can-
cers associated with alcohol consumption or smoking (excluding
liver and pancreas cancers), the risk was not higher among PCB-
exposed residents (HR for high-exposed vs. residents of reference
apartments: Alcohol 0.89; 95% CI: 0.73, 1.08; smoking 0.97;
95% CI: 0.82, 1.14) (Table S10). Using a 5-y lag time for selected
cancers did not alter the results considerably (Tables S11-S12).

Discussion

In this, to the best of our knowledge, first-ever human study of can-
cer risk following residential exposure to airborne PCBs, we found
no association with overall cancer morbidity, but risks of liver can-
cer and meningiomas (primarily benign) were higher among resi-
dents in PCB-contaminated apartments, with indication of an
exposure—response relationship. Higher risks of pancreatic and testis
cancers were suggestive, but effect estimates were inconsistent.

Previously observed associations between HC-PCBs and malignant
melanoma, NHL, and breast cancer were not confirmed.

No previous studies have, as far as we know, investigated the
carcinogenic risk of living in PCB-contaminated indoor air.
Occupational cohorts indicate higher risk of liver cancer mortal-
ity among highly exposed workers, mainly throuégh inhalation,
when compared with local and national figures.'®" In contrast, a
case—control study nested in two prospective general population
cohorts found serum levels of HC-PCBs, but not LC-PCBs, asso-
ciated with liver cancer.®> As opposed to our study, that study
did not include populations highly exposed to airborne PCBs.
Further, because LC-PCBs are more easily metabolized and
may act through their metabolites, serum measurements of par-
ent congeners may underestimate the actual risk of LC-PCBs."?
Associations with liver cancer are supported by rodent studies,
where commercial PCB mixtures have been reported to be liver
carcinogenic,9 and LC-PCBs and their metabolites may increase
liver mutations.''"'> Because the higher risk of liver cancer per-
sisted after adjustment for hepatitis and alcohol-related disorders,
these diseases unlikely account for the observed higher risk.
Further, the risk of liver cirrhosis did not differ between exposure
groups. Our study did not confirm the previously reported higher
risk of gall bladder and biliary tract cancer observed in PCB-
exposed workers, '™ but case numbers were small.

To our knowledge, we are the first to report a markedly higher
risk of (primarily benign) meningiomas following PCB exposure.
The etiology of meningiomas is unclear, and considering the multiple
comparisons performed, it could be a chance finding, although there
were rather robust indications of an exposure—response relationship.

Risk of pancreatic cancer was higher among highly PCB-
exposed residents, but with an inconsistent exposure-response rela-
tionship. A meta-analysis of occupational exposure to chlorinated
solvents suggested a weak association between PCB exposure and
pancreatic cancer mortality,*® heavily driven by one study of
Canadian transformer manufacturing workers. No excess risk was
found among electrical cag)acitor manufacturing workers in four
other occupational studies.? Considering the inconsistent exposure—
response relationship, this might also be a random finding.

Table 6. Hazard ratios (95% Cls) for site-specific cancers by years of PCB exposure with combined exposure categories due to small number of cases adjusted
for age, sex, and time period (n=38,613 Danish residents).

Continuous Nonexposed <10y >10y
Cancer site (ICD-10) Cases (n) HR (95% CI) Cases (n) HR (95% CI) Cases (n) HR (95% CI) Cases (n) HR (95% CI)
Cervix uteri (C53)“ 84 0.97 (0.88, 1.08) 67 1.00 7 1.04 (0.48, 2.27) 10 0.72 (0.37, 1.40)
Testis (C62)” 46 0.94 (0.79, 1.14) 31 1.00 10 348 (1.70,7.11) 5 0.87 (0.34, 2.24)
Other parts of CNS (C72, D333-339, 37 0.86 (0.66, 1.12) 26 1.00 6 2.42 (1.00, 5.88) 5 0.92 (0.35, 2.39)
D433-D439)

Note: CI, confidence interval; CNS, central nervous system; HR, hazard ratio; ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th
Revision.

“Restricted to female population.

PRestricted to male population.
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Table 8. Hazard ratios (95% ClIs) for site-specific cancers by cumulative PCBye,, (years X PCBy“) with combined exposure categories due to small number

of cases adjusted for age, sex, and time period (n = 38,613 Danish residents).

PCByear (PCByora1 X years) in categories

<300ng/m? x year

>300ng/m’ X year

Cancer site (ICD-10) Cases (n) HR (95% CI) Cases (n) HR (95% CI)

Mouth (C03-06, C462) 22 1.00 9 1.10 (0.50, 2.40)
Pharynx (C09-14) 40 1.00 10 0.67 (0.34, 1.35)
Anus (C21, C26) 17 1.00 8 1.17 (0.50, 2.73)
Larynx (C32) 20 1.00 5 0.68 (0.26, 1.82)
Thyroid gland (C73) 31 1.00 9 0.89 (0.42, 1.87)
Multiple myeloma (C90, C880-882) 25 1.00 7 0.70 (0.30, 1.63)
Myeloid leukemia (C92) 8 1.00 7 2.14.(0.76, 6.01)

“PCByowl =5 X [PCB7 (PCB-28, 52, 101, 118, 138, 153, 180)].

Our observation of higher testis cancer risk is in agreement
with a recent case—control study, where higher serum levels
of potentially estrogenic PCBs (including PCB-28 and 52) were
associated with testis cancer.’” Previous results have been con-
flicting: an Italian case—control study found the sum of nine PCB
congeners, including PCB-28, 31, and 52, to be significantly
higher in 125 cases in comparison with 103 controls*®; two case—
control studies, one Norwegian39 and one Swedish,*® found no
association between some LC-PCBs measured in blood and testis
cancer. The few available studies indicate LC-PCBs exert estro-
genic effects, which may be even stronger for their metabolites,
that might have direct toxic, reproductive, and carcinogenic con-
sequences.'®'**! As expected, we observed the highest risk
among men <25 y of age at start of follow-up, suggesting prena-
tal and childhood exposure may be important in the etiology of
testis cancer, as suggested by others.*® Our results did however
not show a exposure-response relationship nor a higher risk
among long-term exposed residents.

A possible explanation for the discrepancy between the IARC’s
conclusion and our results could be that the IARC evaluation was
based on mixtures primarily including HC-PCBs that likely have
different mechanisms than LC-PCBs."® This explanation is sup-
ported by three more recent meta-analyses that reported no strong
support for an association between occupational PCB exposure,
mainly by inhalation, and malignant melanoma and NHL. #1517
Together with the current study, this emphasizes that evidence on
HC-PCBs may be inappropriate for evaluation of LC-PCBs because
they may have other carcinogenic effects.

Methodological Considerations

This HESPAIR study builds on a natural experimental design,
where residents have unknowingly relocated themselves to conta-
minated apartments. We therefore expect factors like socioeco-
nomic status, lifestyle, and background PCB exposure to be similar
between exposure groups, which is supported by previous studies
on subsamples of the population.®” Longstanding and virtually

complete national registries supplied valid information on cancer
diagnoses and long-term follow-up.?’ During the long follow-up,
some factors changed: Diagnostic tools have improved, smoking
decreased, and the residential areas have become less coveted. The
chance of living in a contaminated apartment was higher during the
first years because those apartments were built first. Consequently,
there might be fewer valid diagnoses and higher proportions of
smokers and socioeconomically advantaged among the exposed.
We therefore adjusted for calendar time and education but could
not adjust for other potential confounders. Although we do not con-
sider body mass index (BMI) or health behaviors, such as smoking,
to be associated with living in a PCB-contaminated apartment,
they could be related to the susceptibility and body burden of
PCBs,**** and because they are strong risk factors for some can-
cers, they could potentially confound or interact with the associa-
tion. However, due to the natural experiment design, we assume
potential confounding factors to be equally distributed between ex-
posure groups and expect potential confounding to be minimal.
This is supported by observation of equal distribution of BMI in
subsets of residents.®’” Adjustment for education would also indi-
rectly reduce confounding from BMI and health behaviors because
these are closely related. In sensitivity analyses of liver cancer, we
adjusted for alcohol-related disorders, without alteration of the
results of the main analyses. Further, in the sensitivity analyses the
risk was not higher for other alcohol- and smoking-related cancers
combined. This finding suggests that alcohol consumption and
tobacco smoking are unlikely to explain the observed higher risk of
liver cancer in this cohort.

Given the multiple outcomes examined, associations could
occur by chance. Findings are, therefore, interpreted with caution
and weighed against a priori hypotheses, and exposure-response
relationships are emphasized. Findings for cancer sites with lim-
ited existing evidence should be considered basis for generation
of hypotheses. Although this is the largest population study of
airborne LC-PCBs to date, it was underpowered for many
rare cancers. When numbers of cases were too small, exposure
categories were collapsed. This diminished exposure contrast and

Table 9. Hazard ratios (95% ClIs) for site-specific cancers by cumulative PCBye, (years X PCB,q,“) with combined exposure categories due to small number

of cases adjusted for age, sex, and time period (n =38,613 Danish residents).

PCByeqr (PCByya X years) in categories

<300ng/m?® x year

300-2,999 ng/m? x year >3,000ng/m? X year

Cancer site (ICD-10) Cases (n) HR (95% CI) Cases (n) HR (95%CI) Cases (n) HR (95% CI)

Stomach (C16) 39 1.00 5 0.50 (0.20, 1.27) 6 0.90 (0.38, 2.14)
Corpus uteri (C54-55, C58)” 48 1.00 11 0.87 (0.45, 1.67) 11 1.26 (0.65, 2.45)
Non-Hodgkin lymphoma (C82-85, C883-889) 61 1.00 9 0.58 (0.29, 1.17) 9 0.95(0.47, 1.92)
Lymphatic leukemia (C91) 35 1.00 7 0.82 (0.36, 1.85) 5 0.87 (0.34, 2.24)

Note: CI, confidence interval; HR, hazard ratio; ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th Revision.

“PCBoral =5 X [PCB7 (PCB-28, 52, 101, 118, 138, 153, 180)].
PRestricted to female population.
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Table 10. Hazard ratios (95% ClIs) for site-specific cancers by cumulative PCBye,, (years X PCB o) with combined exposure categories due to small number

of cases adjusted for age, sex, and time period (n = 38,613 Danish residents).

PCByear (PCBiora1 X year) in categories

<300ng/m? x year

300-949 ng/m? x year >950ng/m> X year

Cancer site (ICD-10) Cases (n) HR (95% CI)  Cases (n) HR (95% CI) Cases (n) HR (95% CI)

Opvary, fallopian tube, and broad ligament (C56, C570-C574)° 57 1.00 7 0.90 (0.41, 1.99) 9 0.58 (0.29, 1.17)
Testis (C62)° 30 1.00 9 2.97 (1.41, 6.28) 7 1.15 (0.50, 2.61)
Kidney (C64) 64 1.00 10 1.29 (0.66, 2.51) 12 0.76 (0.41, 1.41)
Other parts of CNS (C72, D333-339, D433-D439) 26 1.00 6 2.02 (0.83,4.92) 5 0.82 (0.31, 2.14)

Note: CI, confidence interval; CNS, central nervous system; HR, hazard ratio; ICD-10, International Statistical Classification of Diseases and Related Health Problems, 10th

Revision.

“PCByowl =5 X [PCB7 (PCB-28, 52, 101, 118, 138, 153, 180)].
PRestricted to female population.

“Restricted to male population.

could have caused nondifferential misclassification, attenuating
effects.

Years of PCB exposure were based on years of living in conta-
minated apartments, with residents of reference apartments serving
as references. This was based on the considerable contrast in PCB
concentration between contaminated and reference apartments
which, together with reported 3052 times higher LC-PCBs serum
levels in subsets of residents,l’z’G’7 indicate minimal misclassifica-
tion. However, in Brgndby the maximum PCBiyy in reference
apartments exceeded the minimum PCBy, in contaminated apart-
ments (Table 1), which could imply some nondifferential misclas-
sification with potential attenuations toward the null. PCByc,, was
based on air measurements extrapolated from relatively few meas-
urements over several years. Because temporal development
of PCB in indoor air is not fully described, and factors like mainte-
nance activities, cleaning, temperature, season, and ventilation
may influence concentrations,” this extrapolation could
potentially imply further nondifferential misclassification. It would
have been ideal to have biological PCB measurements of all resi-
dents, because residents may have interacted with each other or
spent considerable time outside their residential areas, which could
have affected their PCB body burden. However, by design, we
expect this to be equally distributed across exposure groups.

Our study examines the overall effect of airborne PCBs but
not of specific LC-PCBs, because their concentrations are
highly correlated."* Although differences between contami-
nated and reference apartments in air and serum samples in a
subset of ~ 200 residents were mostly attributed to LC-PCBs,
the serum showed significantly elevated levels of some HC-
PCBs among exposed residents,'*®’ meaning that HC-PCBs
or an interaction between HC- and LC-PCBs may contribute to
observed associations.

Because the use of PCB-containing materials ceased through-
out the construction, the buildings constructed during later stages
were built using PCB-free materials. We are, however, not aware
of which materials replaced the PCB-containing materials, but
we have no reasons to expect higher levels of other chemicals in
the buildings built without PCB.

In conclusion, residents exposed to airborne PCBs in their pri-
vate homes had higher risk of liver cancer and meningiomas,
although the risk for the majority of cancers was not higher. Our
findings suggest a potential carcinogenic effect of LC-PCBs that
is different from that of HC-PCBs. Even larger cohort studies,
with biologically measured LC-PCBs and their metabolites, are
warranted to enable firm conclusions about the potential human
carcinogenicity of airborne LC-PCBs.
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