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A B S T R A C T   

Background: Indoor air in buildings constructed with materials containing polychlorinated biphenyls (PCBs) may 
be contaminated with especially lower-chlorinated PCBs. So far, the cardiovascular consequences of living with 
such contamination are unknown. 
Objectives: To determine the risk of cardiovascular disease (CVD) following residential exposure to predominantly 
lower-chlorinated PCBs in indoor air. 
Methods: The Health Effects of PCBs in Indoor Air (HESPAIR) cohort is register-based with 51 921 residents of 
two residential areas near Copenhagen: Farum Midtpunkt and Brøndby Strand Parkerne. Here, indoor air was 
contaminated with PCB in one third of the apartments due to construction with materials containing PCB. In-
dividual PCB exposure was estimated based on register-based information on relocation dates and indoor air PCB 
measurements in subsets of the apartments. Information on CVD was retrieved from the Danish National Patient 
Register for the follow-up period of 1977–2018. We estimated adjusted hazard ratios using Cox regression with 
time-varying exposure. 
Results: Cumulative residential exposure to airborne PCB was not associated with a higher overall risk for CVD 
(HR for highly exposed (≥3300 ng/m3 PCB × year): 1.02, 95% CI 0.94–1.10). This was also the case for most of 
the specific cardiovascular diseases, apart from acute myocardial infarction where a higher risk was observed for 
residents exposed to ≥3300 ng/m3 PCB × year compared to the reference group (HR 1.17, 95% CI 1.00–1.35). 
However, no exposure-response relationship was apparent and additional adjustment for education attenuated 
the risk estimate. 
Discussion: In this, to our knowledge, first study ever to examine the risk of CVD following residential exposure to 
PCBs in indoor air, we observed limited support for cardiovascular effects of living in PCB-contaminated indoor 
air. Considering the prevalence of exposure to airborne PCBs and lack of literature on their potential health 
effects, these findings need to be corroborated in other studies.   

1. Introduction 

Considering the significant global burden of cardiovascular diseases 
(CVDs) (World Health Organization, 2017), identification of factors that 
may promote the development of these diseases is a public health pri-
ority. In addition to well-documented behavioural risk factors, such as 

physical inactivity and smoking, attention has turned to environmental 
pollutants as potentially important contributors. 

One group of environmental pollutants that is suspected to increase 
the risk of CVDs is polychlorinated biphenyls (PCBs). Although globally 
banned in the late 1970s, they are still ubiquitous in the environment 
worldwide due to their extensive use in building materials and electrical 
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equipment and their high persistency to degradation (Faroon and Ruiz, 
2016). Thus, numerous PCB congeners continue to be detectable in 
humans all over the globe (Frederiksen et al., 2020; Herrick et al., 2011; 
Meyer et al., 2013; Schwenk et al., 2002). It has been a long-held view 
that diet was the main source of non-occupational PCB exposure and 
several studies have documented a cardiovascular impact of 
higher-chlorinated PCBs (HC-PCBs), conferred mainly by food 
(Bergkvist et al., 2014, 2015; Fu et al., 2020; Lim et al., 2018; Perkins 
et al., 2016). However, the contribution of lower-chlorinated PCBs 
(LC-PCBs) containing four or less chlorines (i.e. PCB-81 and lower), most 
of which, due to their higher volatility, are conferred by air, to overall 
PCB exposure may be much higher than first assumed as it was recently 
documented that a considerable number of people are exposed to 
LC-PCBs through indoor air in contaminated buildings (Andersen et al., 
2020; Audy et al., 2018; Frederiksen et al., 2012, 2020; Lehmann et al., 
2015; Meyer et al., 2013). Markedly higher blood levels of LC-PCBs have 
been documented among people who work and live in contaminated 
buildings (Frederiksen et al., 2020; Herrick et al., 2011; Meyer et al., 
2013; Schwenk et al., 2002), and the contribution from inhalation to 
overall PCB exposure among these people may be as high as 63% in 
adults and 36% in toddlers (Harrad et al., 2006). The question remaining 
is what potential health risk this exposure through indoor air poses for 
the occupants of these buildings. Population-based studies showed that 
residents living near hazardous waste sites in the United States con-
taining persistent organic pollutants (POPs), including PCBs, have an 
elevated risk of hospitalisation for coronary heart disease (CHD), acute 
myocardial infarction (AMI), and stroke (Sergeev and Carpenter, 2005, 
2010, 2011; Shcherbatykh et al., 2005). This suggests that airborne PCBs 
might constitute a hazard to the cardiovascular system, but as the 
exposure is not restricted to PCBs, it is difficult to disentangle the effect 
of PCBs from that of the other POPs. To date no human study has 
investigated if this also applies to exposure from PCBs in indoor air in 
contaminated buildings. 

As people in developed countries may spend more than 90% of their 
time indoors (Klepeis et al., 2001; Matz et al., 2014), at workplaces or in 
their homes, it is crucial to assess potential health risks related to ex-
posures in indoor air. We, therefore, aimed to determine the risk of CVDs 
after residential exposure to airborne LC-PCBs. 

2. Methods 

2.1. Study population 

The HESPAIR cohort includes all residents of two residential areas in 
the Greater Copenhagen area, Farum Midtpunkt (Farum) and Brøndby 
Strand Parkerne (Brøndby), built between 1969 and 1974 (Deen et al., 
2022). In both areas, in the sections built first, covering roughly one 
third of the apartments, building materials containing PCB were used in 
the construction. The remaining two thirds were constructed without 
PCB. Measurements in indoor air have shown large contrasts in PCB 
concentrations, particularly for LC-PCBs, between contaminated and 
reference apartments (built without PCBs) in both residential areas 
(Andersen et al., 2020; Frederiksen et al., 2012; Golder Associates, 
2015). These contrasts in LC-PCBs in air were clearly reflected in blood 
levels of PCBs, measured in subsets of residents from both residential 
areas. The median level of PCB-28 was 98 and 70 times higher in 
exposed compared to reference residents in Farum (1.371 μg/l 
[5th–95th percentile 0.216–5.279] vs. 0.014 μg/l [5th–95th percentile 
< LOQ–0.132]) and Brøndby (207 ng/g lw [5th–95th percentile 
47.2–850l] vs. <LOQ [5th–95th percentile < LOQ–132]), respectively 
(Frederiksen et al., 2020; Meyer et al., 2013). 

Using historical data from the Danish Civil Registration system 
(Pedersen, 2011), we identified all 53 130 current and former residents 
in the two residential areas from 1970 through 2018. Of these, 21 res-
idents were excluded because they lived in presumably uncontaminated 
apartments where high concentrations of PCBs have been measured in 

indoor air (Frederiksen et al., 2012). We furthermore excluded 897 
residents who moved into a previously contaminated apartment after an 
extensive PCB remediation in Farum in 2012 to 2015. Finally, we 
excluded 291 residents who have lived in apartments on the 11th–15th 

floors in one of the otherwise contaminated buildings in Brøndby, where 
PCB containing materials had not been used. The final cohort consisted 
of 51 921 children and adults (Fig. 1). 

2.2. PCB exposure 

Seven indicator PCBs (PCB-28, 52, 101, 118, 138, 153, 180) were 
measured in indoor air of both Farum and Brøndby (Deen et al., 2022). 
In Farum, measurements were performed in 83 contaminated apart-
ments and 21 reference apartments in March and April 2011 (Freder-
iksen et al., 2012). In Brøndby, measurements were performed in 117 
contaminated and 18 reference apartments in the period 2011 through 
2017 (Deen et al., 2022; Golder Associates, 2015). We used PCBtotal 
defined as PCBsum7 times a factor of five which is widely used in research 

Fig. 1. Study flow chart.  
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and for regulatory purposes (Verein Deutscher Ingenieure, 2009). 
PCBsum7 is the sum of the seven indicator PCBs. The factor of five is 
applied to compensate for the congeners not measured (Verein 
Deutscher Ingenieure, 2009). The PCB measurements are shown in 
Table 1. In Farum, the median PCBtotal in indoor air was 871 ng/m3 

(5th–95th percentile (p5–p95): 334–2794 ng/m3) in contaminated and 
20 ng/m3 (p5–p95: 16–40 ng/m3) in reference apartments. In Brøndby, 
the median PCBtotal in indoor air was 1298 ng/m3 (p5–p95: 287–3414 
ng/m3) in contaminated and 32 ng/m3 (p5–p95: 2–139 ng/m3) in 
reference apartments. In both residential areas, the air was dominated 
by LC-PCBs, while HC-PCBs were rarely detected. For instance, in 
Farum, the median of PCB-28 was 61 ng/m3 (p5–p95: 28–211 ng/m3) in 
contaminated apartments and under the limit of quantification (<LOQ) 
(p5–p95:<LOQ–2.3 ng/m3) in reference apartments. In Brøndby, the 
median PCB-28 was 120 ng/m3 (p5–p95: 26–330 ng/m3) in contami-
nated apartments, while information on individual congeners was not 
available for the reference apartments (Table 1). 

We defined two measures of PCB exposure by combining the PCB 
measurements in indoor air with the relocation dates from the Danish 
Civil Registration system. First, years of living in contaminated apart-
ments were summed up to give the total duration of PCB exposure, 
regardless of PCB concentration. Second, we defined cumulative PCByear 
as years of living in an apartment multiplied with the PCB concentration 
defined as PCBtotal. For PCBtotal, we used the mean of the measurements 
in the specific building or, if no measurements were available, the mean 
of the neighbouring building. We assumed a stabile PCB concentration 
over time. In Farum, the visible indoor sealants were systematically 
covered with aluminium tape and wooden strips approximately 18 
months prior to air sampling as an attempt to reduce indoor air con-
centrations (Frederiksen et al., 2012). This mitigation reduced PCB 
concentration in indoor air by an estimated 6% according to calculations 
by the National Research Centre for the Working Environment (not 
published). The exposure estimates in Farum were adjusted accordingly. 

2.3. Outcome 

The study population was linked to the Danish National Patient 
Register (patient register) from where we retrieved information on 
hospital diagnoses for CVD. The register contains information on all 

inpatient hospital admissions in Denmark since 1977 and outpatient 
contacts since 1994, including dates of admission and discharge and 
codes for primary and additional diagnoses (Lynge et al., 2011). From 
1977 to 1993, diagnoses were coded according to the International 
Classification of Diseases, Revision 8 (ICD-8), and afterwards according 
to ICD-10. A total of 10 outcomes were examined; angina pectoris (413; 
I20), AMI (410, 411; I21–I23, I24.9), chronic ischaemic heart disease 
(chronic IHD) (412; I25), stroke (430–434, 436.01, 436.90; I60–I61, 
I63–I64), other cerebrovascular disease (other CBD) (431.01, 431.91, 
436.00, 436.09, 436.99, 437, 438; I62, I65–I68, G46), heart failure 
(427.09–11, 427.19, 428.99; I50, I11, J81), atrial fibrillation/flutter 
(427.93–94; I48), arteriosclerosis (440; I70), thrombosis (444; I74), and 
transient cerebral ischaemia (TCI) (435; G45). Data on prehospital 
deaths due to AMI and stroke during follow-up was retrieved from the 
Danish Register of Causes of Death (Helweg-Larsen, 2011). The CVD 
outcomes were analysed individually and as one composite outcome (all 
CVDs). Considering the severity and sudden onset of AMI and stroke, 
these diagnoses likely provide the most accurate reflection of incident 
cases of CVDs. We, therefore, chose AMI and stroke as our primary 
outcomes. Date of admission or death was used as date of diagnosis. 

2.4. Covariates 

From national registers administrated by Statistics Denmark, we 
retrieved information on ethnicity (Danish, Western, Non-western), 
marital status (married/cohabitating, unmarried, divorced/widowed), 
and the highest attained educational level each year. The latter was 
divided into short (7–10 years), medium (11–12 years), long (>12 
years), and vocational education. Individuals under the age of 25 years 
were assigned educational level based on the highest obtained education 
in the household. From the Danish Civil Registration system, we ob-
tained information on sex, dates of birth, death, disappearance, and 
migration (Pedersen, 2011). 

2.5. Statistical analyses 

Hazard ratios (HR) and corresponding 95% confidence intervals (CI) 
for incident CVD were estimated using Cox regression analysis with age 
as the underlying time scale. HRs were estimated for all CVDs and for 

Table 1 
Indoor air concentrations of measured congeners in contaminated and reference apartments of Farum and Brøndby.   

Farum Brøndby 

Median ng/m3 (p5; p25; p75, p95) Median ng/m3 (p5; p25; p75, p95) 

Contaminated apartments Reference apartments Contaminated apartments Reference apartmentsa 

Number of measurements 83 20 117 18 
LC-PCBs (tri-tetra chlorinated) 
PCB-28 61 (28; 42; 105; 211) <LOQ (<LOQ; <LOQ; <LOQ; 2.3) 120 (26; 74; 180; 330) – 
PCB-52 95 (33; 56; 137; 294) <LOQ (<LOQ; <LOQ; 1.6; 3.1) 130 (24; 73; 210; 330) – 
HC-PCBs (penta chlorinated) 
PCB-101 9 (3; 6;17; 34) <LOQ (<LOQ) 7 (1; 4;13; 26) – 
PCB-118 1.2 (<LOQ; 0.7; 2;6) <LOQ (<LOQ) <LOQ (<LOQ; <LOQ; 1.3; 3,1) – 
PCB-138 <LOQ (<LOQ) <LOQ (<LOQ) <LOQ (<LOQ; <LOQ; <LOQ; 1.8) – 
PCB-153 <LOQ (<LOQ) <LOQ (<LOQ) <LOQ (<LOQ; <LOQ; <LOQ; 2.1) – 
PCB-180 <LOQ (<LOQ) <LOQ (<LOQ) <LOQ (<LOQ) – 
PCB summary measures 
Sum of LC-PCBs 163 (61; 100; 250; 517) 1.4 (<LOQ; <LOQ; 2.3; 5.4) 250 (54; 147; 370; 660) – 
Sum of HC-PCBs 12 (5; 9;21; 41) 2.7 (2.1; 2.5; 2.9; 3.8) 9 (3; 6;16; 31) – 
Sum of NDL- PCBs 173 (66; 108; 269; 553) 4 (3; 4;5; 8) 259 (57; 151; 390; 681) – 
Sum of DL-PCB (PCB-118) 1.2 (<LOQ; 0.7; 2;6) <LOQ (<LOQ) <LOQ (<LOQ; <LOQ; 1.3; 3,1) – 
PCB7 174 (67; 109; 270; 559) 4 (3; 4;6; 8) 259 (57; 152; 392; 683) – 
PCBtotal

b 871 (334; 545; 1352; 2794) 20 (16; 19; 29; 40) 1298 (287; 759; 1958; 3414) 32 (2; 8;87; 139) 

Abbreviations: LOQ, limit of quantification; percentile; PCB, polychlorinated biphenyls; LC, lower-chlorinated; HC, higher-chlorinated; NDL, non-dioxin-like; DL, 
dioxin-like. 
Values below the LOQ were replaced by LOQ/2. 

a Individual congeners not measured in reference apartments in Brøndby. 
b 5 × (PCB-28, 52, 101, 118, 138, 153, 180). 
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each cardiovascular outcome. Residents with a history of CVD prior to 
start of follow-up were excluded. Residents were followed from the first 
date of moving into an apartment or January 1, 1977, whichever came 
latest and until first diagnosis of CVD, death, disappearance (individuals 
whose residence is unknown to Danish authorities (Pedersen, 2011)), 
emigration, or end of follow-up (December 31, 2018), whichever came 
first. 

PCB exposure was treated as a time-dependent variable, where each 
year during follow-up was assigned a year-specific exposure expressing 
the cumulative exposure up till that specific year. Once an individual 
was exposed, they were considered exposed during the remaining period 
of follow-up. Years of PCB exposure were included continuously (per 
year) and in four categories: unexposed (residents of reference apart-
ments) and tertiles of exposure-duration (<1.0; 1.0–3.2; ≥3.3 years). 
PCByear was assessed in four categories: <300 ng/m3 PCB × year 
(reference), and residents exposed to ≥300 ng/m3 PCB × year grouped 
in approximated tertiles (300–899; 900–3299; ≥3300 ng/m3 PCB ×
year). Pseudo percentiles were calculated as the mean of the five values 
nearest to the actual percentile to comply with local regulations (GDPR, 
Regulation EU, 2016/679 of May 25, 2018). We identified potential 
confounders a priori using Directed Acyclic Graphs (Greenland et al., 
1999) and, accordingly, analyses were adjusted for sex, ethnicity, and 
calendar time in decades. Adjustment for education (included as a 
time-dependent variable) was done in a separate step in sensitivity an-
alyses, due to incomplete registration of education during the first years 
of follow-up. To explore potential differential effects between the two 
residential areas, we included an interaction term between residential 
area and PCB exposure in the models. 

Several additional sensitivity analyses were conducted; first, to 
visualise and examine the relationship between exposure and response, 
i.e., between years of PCB exposure and CVD, we conducted restricted 
cubic spline analysis with five evenly spaced knots. Residents with 
exposure above 30 years were not included when visualising the splines 
due to small numbers. Second, to assess the risk among highly exposed 
residents, we further divided exposed individuals by the 90% percentile. 
Third, to reduce the risk of including prevalent CVD cases, we excluded 
residents moving into an apartment prior to 1979, i.e., two years after 
the start of registration in the patient register. Fourth, for our primary 
outcomes of AMI and stroke, we conducted sensitivity analyses 
excluding only residents with a diagnosis of AMI or stroke prior to start 
of follow-up, respectively. Fifth, to examine a potential selection in 
residents with longer periods of habitation, we conducted analyses 
comparing exposed with unexposed, stratified by duration of living in 
the estates. Lastly, to account for potential latency in the development of 
CVD due to PCB exposure, a lag period of 5 years was evaluated for all 
CVD outcomes. 

2.6. Ethics committee approval 

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

3. Results 

Of the total study population in the HESPAIR cohort, we excluded 26 
residents who died and 646 residents with a CVD diagnosis, prior to start 
of follow-up. A resulting 51 249 individuals comprised the final study 
cohort (Fig. 1) with a mean follow-up time of 21 years. Characteristics of 
the study population according to PCB exposure are shown in Table 2. A 
total of 22% of the residents had lived in a contaminated apartment at 
least once. Age at start of follow-up, sex, education, ethnicity, and 
marital status were equally distributed between exposure groups. 

3.1. Duration of PCB exposure and CVD risk 

The median duration of PCB exposure was 1.9 years (P5% 0.2; P95% 
12.5 years) and the number of incident CVD diagnoses during follow-up 
was 6202. As there was no apparent interaction between PCB and resi-
dential area results combined for the two residential areas are presented. 
Residents of contaminated apartments did not have a higher overall CVD 
risk compared to residents in reference apartments (HR for residents 
exposed ≥3.3 years: 1.02, 95% CI 0.94–1.10) (Table 3). The results 
indicated that residents with more than 3.3 years of PCB exposure had a 
higher risk of AMI (HR 1.13, 95% CI 0.97–1.33), but risk was not higher 
in the lower exposure groups. Apart from this, the risk of individual 
CVDs did not differ substantially across exposure groups. 

3.2. Cumulated PCByear and CVD risk 

The median cumulated PCByear among residents exposed to ≥300 
ng/m3 PCB × year was 1792 ng/m3 PCB × year (P5% 339; P95% 14 174 
ng/m3 PCB × year). PCByear was not associated with risk for overall CVD 
nor for the majority of the specific cardiovascular outcomes (Table 4). A 

Table 2 
Characteristics of the study population in the HESPAIR cohort according to PCB 
exposure (N = 51 249).   

Total 
population 

Residents in 
contaminated 
apartments 

Residents in 
reference 
apartments 

Residents 
1970–2018, N 

51 249 11 190 (22) 40 059 (78) 

Age start of follow- 
up, median (P5%; 
P95%)a 

24 (0; 54) 25 (0; 57) 24 (0; 53) 

Age end of follow-up, 
median (P5%; 
P95%)a 

47 (12; 75) 50 (16; 77) 46 (12; 75) 

Sex distribution, % 
female 

49 49 48 

Education at start of follow-up, n (%) 
Short (7–10 years) 10 922 (37) 2234 (37) 8688 (37) 
Medium (11–12 

years) 
3421 (12) 710 (12) 2711 (12) 

Long (>12 years) 6765 (23) 1371 (23) 5394 (23) 
Vocational training 8285 (28) 1653 (28) 6632 (28) 

Missing, n (%) 21 856 (43) 5222 (47) 16 634 (42) 

Education at end of follow-up, n (%) 
Short (7–10 years) 13 373 (28) 2973 (29) 10 400 (28) 
Medium (11–12 

years) 
4059 (9) 848 (8) 3211 (9) 

Long (>12 years) 15 450 (33) 3296 (32) 12 154 (33) 
Vocational training 14 326 (30) 3084 (30) 11 242 (30) 

Missing, n (%) 4041 (8) 989 (9) 3052 (8) 

Ethnicity, n (%) 
Danish 37 720 (74) 8523 (76) 29 197 (73) 
Western 3710 (7) 609 (5) 3101 (8) 
Non-western 9782 (19) 2044 (18) 7738 (19) 

Missing, n (%) 37 (0.1) 14 (0.1) 23 (0.1) 

Marital status at start of follow-up, n (%) 
Married/ 

cohabitating 
14 001 (27) 3228 (29) 10 773 (27) 

Unmarried 32 569 (64) 6830 (61) 25 739 (64) 
Divorced/widowed 4679 (9) 1132 (10) 3547 (9) 
Calendar time start of follow-up, n (%) 
1970–1979 13 715 (27) 3556 (32) 10 159 (25) 
1980–1989 12 758 (25) 2823 (25) 9935 (25) 
1990–1999 9447 (18) 2196 (20) 7251 (18) 
2000–2009 7933 (16) 1709 (15) 6224 (16) 
2010–2018 7396 (14) 906 (8) 6490 (16) 

Abbreviations N, Numbers; P, Percentile. 
a Pseudo-percentiles calculated as the mean of the five values nearest to the 

actual percentile. 
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higher risk among residents exposed to ≥3300 ng/m3 PCB × year was 
observed for AMI, compared to residents exposed to <300 ng/m3 PCB ×
year (HR 1.17, 95% CI 1.00–1.35). Risk was not elevated in the groups 
with lower cumulated exposure. 

3.3. Sensitivity analyses 

Adjustment for education attenuated the results for most of the 
cardiovascular outcomes, including AMI (Tables S1–2). The exposure- 
response curves were investigated modelling continuous years of PCB 
exposure as splines, which showed a non-linear relationship for all the 
included CVD outcomes (Fig. S1). For AMI, the risk showed an 
increasing trend up till 20 years of PCB exposure, whereafter it 
decreased. When further dividing the exposure by the 90% percentile 
(≥9800 ng/m3 × year), the observed higher risk for AMI in the third 
tertile of exposure, was mainly attributed to a higher risk in this group 
(HR 1.28, 95% CI 1.03–1.58), but also here the results were attenuated 

when additional adjusted for education (Tables S3–4). Restricting ana-
lyses to residents moving into the apartments after 1979 attenuated the 
results for AMI but strengthened the results for stroke and other CBD 
while the same tendencies as in the main analyses were observed for the 
other cardiovascular outcomes (Tables S5–6). Excluding only residents 
with a diagnosis of AMI or stroke prior to start of follow-up in respective 
analyses did not substantially change estimates (Tables S7–8). When 
stratifying the analyses by duration of stay and comparing exposed to 
unexposed with equivalent duration of stay, the same tendencies as in 
the main analyses were observed (Table S9). Applying a five-year la-
tency period, slightly strengthened the estimates for AMI, while those 
for stroke were slightly attenuated (Tables S10–11). 

4. Discussion 

In this large population-based study, residential exposure to PCBs in 
indoor air was not consistently associated with risk of incident CVDs. 

Table 3 
Hazard ratios (95% confidence intervals) for CVDs by years of PCB exposure adjusted for age, sex, ethnicity, and time-period in the HESPAIR cohort.   

Cases 
(N) 

Person- 
years 

Continuous 
exposure 

Categorical exposure in years 

Non-exposed <1.0 years 1.0–3.2 years ≥3.3 years 

HR (95%CI) pr. 
year 

Cases 
(N) 

HR 
(95% 
CI) 

Cases 
(N) 

HR (95%CI) Cases 
(N) 

HR (95%CI) Cases 
(N) 

HR (95%CI) 

All CVDs 6202 1 097 
680 

1.00 
(1.00–1.01) 

4680 1.00 403 0.92 
(0.83–1.02) 

457 0.99 
(0.90–1.09) 

662 1.02 
(0.94–1.10) 

Angina pectoris 1779 1 130 
486 

1.00 
(0.98–1.01) 

1353 1.00 127 1.03 
(0.86–1.23) 

129 0.97 
(0.81–1.16) 

170 0.97 
(0.82–1.13) 

Acute Myocardial 
Infarction 

1523 1 137 
446 

1.01 
(1.00–1.02) 

1137 1.00 88 0.83 
(0.67–1.03) 

113 0.97 
(0.80–1.18) 

185 1.13 
(0.97–1.33) 

Chronic Ischaemic 
Heart Disease 

1169 1 138 
779 

1.00 
(0.99–1.02) 

896 1.00 62 0.76 
(0.59–0.98) 

93 1.06 
(0.85–1.31) 

118 0.97 
(0.80–1.18) 

Stroke 1806 1 135 
433 

1.00 
(0.99–1.02) 

1324 1.00 130 1.06 
(0.89–1.27) 

147 1.13 
(0.95–1.34) 

205 1.06 
(0.91–1.23) 

Other Cerebrovascular 
diseases 

337 1 145 
404 

1.00 
(0.97–1.03) 

258 1.00 17 0.72 
(0.44–1.17) 

26 1.00 
(0.67–1.50) 

36 0.95 
(0.67–1.35) 

Heart failure 1026 1 142 
827 

1.00 
(0.98–1.01) 

777 1.00 63 0.92 
(0.71–1.18) 

67 0.87 
(0.68–1.12) 

119 0.97 
(0.80–1.18) 

Atrial fibrillation/ 
flutter 

1344 1 138 
976 

1.00 
(0.99–1.01) 

1021 1.00 83 0.90 
(0.72–1.12) 

103 1.05 
(0.85–1.28) 

137 0.90 
(0.75–1.07) 

Arteriosclerosis 533 1 144 
106 

1.02 
(1.00–1.03) 

392 1.00 35 0.98 
(0.70–1.40) 

38 0.97 
(0.69–1.35) 

68 1.08 
(0.84–1.40) 

Thrombosis 141 1 146 
895 

1.02 
(0.98–1.06) 

108 1.00 10 1.00 
(0.52–1.90) 

5 0.45 
(0.18–1.11) 

18 1.13 
(0.68–1.87) 

Transient cerebral 
ischaemia 

729 1 143 
381 

1.00 
(0.98–1.02) 

556 1.00 38 0.75 
(0.54–1.04) 

58 1.06 
(0.81–1.39) 

77 0.97 
(0.76–1.24) 

Abbreviations: CVD, Cardiovascular disease; PCB, Polychlorinated Biphenyls; HR, Hazard Ratios; CI, Confidence Intervals. 

Table 4 
Hazard ratios (95% confidence intervals) for CVDs by cumulative PCByear adjusted for age, sex, ethnicity, and time-period in the HESPAIR cohort.   

PCByear (PCBtotal
a × years) in categories 

<300 ng/m3 × year 300–899 ng/m3 × year 900–3299 ng/m3 × year ≥3300 ng/m3 × year 

Cases (N) HR (95%CI) Cases (N) HR (95%CI) Cases (N) HR (95%CI) Cases (N) HR (95%CI) 

All CVDs 4239 1.00 671 0.99 (0.91–1.07) 545 0.97 (0.89–1.06) 747 1.02 (0.94–1.10) 

Angina pectoris 1236 1.00 189 0.98 (0.84–1.15) 167 1.04 (0.89–1.23) 187 0.94 (0.81–1.10) 
Acute Myocardial Infarction 1019 1.00 164 0.99 (0.84–1.17) 128 0.91 (0.76–1.10) 212 1.17 (1.00–1.35) 
Chronic Ischaemic Heart Disease 786 1.00 140 1.09 (0.91–1.31) 102 0.97 (0.79–1.20) 141 1.07 (0.89–1.28) 
Stroke 1189 1.00 212 1.05 (0.91–1.22) 170 1.03 (0.88–1.21) 235 1.08 (0.93–1.24) 
Other Cerebrovascular diseases 238 1.00 26 0.67 (0.45–1.01) 32 0.98 (0.68–1.42) 41 0.93 (0.67–1.31) 
Heart failure 672 1.00 131 1.06 (0.88–1.28) 87 0.89 (0.71–1.12) 136 1.01 (0.84–1.22) 
Atrial fibrillation/flutter 888 1.00 159 1.00 (0.84–1.19) 145 1.17 (0.98–1.39) 152 0.91 (0.76–1.08) 
Arteriosclerosis 357 1.00 52 0.84 (0.63–1.13) 52 1.02 (0.76–1.37) 72 1.00 (0.77–1.29) 
Thrombosis 92 1.00 21 1.52 (0.94–2.46) 9 0.72 (0.36–1.42) 19 1.14 (0.69–1.88) 
Transient cerebral ischaemia 506 1.00 67 0.80 (0.62–1.03) 64 0.92 (0.71–1.20) 92 1.02 (0.82–1.28) 

Abbreviations: CVD, Cardiovascular disease; PCB, Polychlorinated Biphenyls; HR, Hazard Ratios; CI, Confidence Intervals. 
a PCBtotal = 5 × PCB7 (PCB28, 52, 101, 118, 138, 153, 180). 
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While no associations were observed for overall CVD or the majority of 
the individual cardiovascular outcomes, we did observe a higher risk of 
AMI among the highest exposed residents. However, no consistent 
exposure-response relationship was seen, and the risk estimates were 
attenuated by additional adjustment for level of education. 

While several studies of dietary exposure to primarily HC-PCBs 
consistently show higher risk of CVDs, including AMI and stroke 
(Bergkvist et al., 2014, 2015, 2016; Donat-Vargas et al., 2020), we are, 
to our knowledge, the first to report on the cardiovascular risk of 
exposure to LC-PCBs in indoor air in private homes. However, risk of 
CVDs has been studied in populations exposed to airborne PCB due to 
living close to POP-polluted areas. Hence, Aminov and Carpenter (2020) 
recently reported associations between non-dioxin-like LC-PCBs in 
serum and risk of diabetes and hypertension, but not self-reported CVD, 
in 601 Akwesasne Mohawks living in a POP polluted area (Aminov and 
Carpenter, 2020). Three other studies from the United States found that 
residency near waste sites contaminated with POPs, including PCBs, was 
associated with higher rates of hospitalisation for CHD, AMI, and stroke 
compared to residency in non-contaminated areas (Sergeev and Car-
penter, 2005, 2010, 2011; Shcherbatykh et al., 2005). Although these 
populations were not exposed through indoor air in their private homes, 
inhalation or dermal uptake were thought to be the major routes of 
exposure, and the results suggest potential cardiovascular effects of 
airborne PCBs. However, since POPs constitute a heterogeneous group 
of pollutants, and the studies included exposure to other pollutants than 
PCBs, the comparability to our study is limited. Occupational cohort 
studies, comparing workers exposed to PCBs with general population 
rates, show inconsistent results; while one study showed a higher risk of 
cardiovascular mortality (Gustavsson and Hogstedt, 1997), others did 
not (Kimbrough et al., 2015; Mallin et al., 2004; Ruder et al., 2006). 

PCB exposure may affect the risk of CVDs by elevation of serum 
lipids, a major risk factor for cardiovascular disease, as elevated serum 
lipids have been shown in both humans (Aminov et al., 2013; Goncharov 
et al., 2008; Tokunaga and Kyoichiro, 2003) and animals (Lind et al., 
2004; Matsusue et al., 1997) after PCB exposure. Additionally, 
dioxin-like PCBs are Aryl Hydrocarbon Receptor (AhR) agonists and 
have been shown to cause direct damage to endothelial cells through 
inflammation and oxidative stress in experimental studies (Hennig et al., 
2002; Petriello et al., 2018; Sjögren et al., 2020; Tang et al., 2017; 
Toborek et al., 1995). However, most experimental studies focus on 
PCBs with dioxin-like activities, for which ten out of twelve are 
HC-PCBs. As most LC-PCBs are non-dioxin-like, they have little or no 
affinity for the AhR and their toxicological mechanisms are less well 
described. Non-dioxin-like LC-PCBs and their sulphated and hydroxyl-
ated metabolites have been reported to act as endocrine disruptors 
acting within different endocrine systems, including the oestrogen and 
thyroid systems (Grimm et al., 2013; Pěnčíková et al., 2018; Perkins 
et al., 2016; Plí̌skova et al., 2005). For instance, PCB metabolites might 
disrupt thyroid homeostasis (Grimm et al., 2013, 2015; Kitamura et al., 
2005), and subclinical hypothyroidism may increase serum lipid con-
centrations and contribute to increased risk of cardiovascular effects 
(Åsvold et al., 2007; Duntas and Brenta, 2018). Further, experimental 
studies have shown LC-PCBs and their metabolites to be cytotoxic to 
endothelial cells and cardiomyocytes (Grimm et al., 2020; Yilmaz et al., 
2011). The cardiovascular effect of exposure to PCB suggested previ-
ously in both experimental and human studies, were not, however, 
corroborated in the current study. 

4.1. Magnitude of the problem 

More than four decades after PCB was banned in building materials, 
exposure through indoor air still constitutes a substantial problem 
worldwide. One third of the Danish building stock was erected during 
the period when PCBs were commonly used, and an estimated 0.7–1.5% 
of all buildings have indoor air levels of PCB exceeding the Danish lower 
recommended action level of 300 ng/m3 (Langeland and Jensen, 2013). 

In both Europe and United States, indoor air levels exceeding PCB 
exposure guidelines have been documented in several public buildings 
(Gabrio et al., 2000; Kohler et al., 2005; Kraft et al., 2018; MacIntosh 
et al., 2012; Thomas et al., 2012). As residents in Western countries 
typically spend around 90% of their time indoors (Klepeis et al., 2001; 
Matz et al., 2014), hundreds of thousands of people living, working, or 
studying in PCB contaminated buildings may be continuously exposed to 
LC-PCBs. As current risk assessments primarily rely on evidence from 
HC-PCBs, they may be inadequate, and the public health risk 
underestimated. 

4.2. Methodological aspects 

The study builds on a natural design, with people unknowingly 
relocating themselves to apartments with and without PCB in building 
materials. Factors such as background exposure, socioeconomic status, 
and health behaviours are therefore assumed to distribute equally be-
tween exposure groups. This assumption is supported by previous 
studies in subsamples of residents of the two residential areas (Freder-
iksen et al., 2020; Meyer et al., 2013). During the long follow-up period, 
some factors would have changed over time: improved diagnostic tools, 
smoking is less prevalent, and the initially relatively prestigious resi-
dential areas have become less so over time, changing the sociodemo-
graphic composition of the residents. This, combined with the fact that 
people moved into the contaminated apartments first, as these were 
built first, could lead to bias, because there could have been a higher 
proportion of smokers, socioeconomically advantaged, and fewer or less 
valid diagnoses among the exposed. To account for this, all analyses 
were adjusted for calendar time. To address potential unexpected dif-
ferences in socio-demographic factors between exposed and unexposed 
residents, we further adjusted for ethnicity and education. Body Mass 
Index (BMI) and health behaviours, such as smoking, alcohol, diet, and 
physical activity, are all strong predictors of CVD (World Health Orga-
nization, 2017). While we have no reason to think that these factors are 
associated with living in a PCB contaminated apartment, BMI and 
smoking may be related to the susceptibility to PCB (Lan et al., 2021; Lee 
et al., 2014) and could therefore potentially interact with PCB exposure. 
Preferably, diet should also have been adjusted for since diet influences 
the intake of primarily HC-PCBs. However, valid information on lifestyle 
factors is not available in the Danish registers. We do, however, expect 
residual confounding from these factors to be minimal, as they by design 
should be equally distributed among exposure groups (Frederiksen 
et al., 2020; Meyer et al., 2013). Adjustment for education would also 
indirectly reduce potential confounding from these factors since they are 
closely related. However, although initially equally distributed, poten-
tial differences in sociodemographic and lifestyle factors may develop 
over time if there is a selection among residents choosing to stay longer. 
We therefore conducted a sensitivity analysis comparing exposed and 
unexposed residents with similar durations of stay and found no sub-
stantial changes in the results, indicating this source of bias as minimal. 

The study benefits from historically reliable nationwide registers, 
making it possible to avoid self-selection and use of self-reported in-
formation (Helweg-Larsen, 2011; Lynge et al., 2011). Data on CVD di-
agnoses were retrieved from the patient register, which is considered 
valuable for epidemiological studies (Schmidt et al., 2015), although the 
validity has been shown to vary depending on the cardiovascular 
outcome (Bork et al., 2017; Dalsgaard et al., 2019; Delekta et al., 2018; 
Sundbøll et al., 2016; Vest-Hansen et al., 2013). In a Danish validation 
study a positive predictive value of 75% (95% CI 64–84) for myocardial 
infarction and 70% (95% CI 54–80) for stroke was found and the study 
concluded that the cardiovascular outcomes may be misclassified and 
the studied associations underestimated, when only using register-based 
data (Dalsgaard et al., 2019). In Denmark, hospitalisation is free of 
charge for all residents, and by using the patient register, we obtained 
information on all relevant CVD that required hospital treatment. We 
further included information on pre-hospital deaths for AMI and stroke 

L. Deen et al.                                                                                                                                                                                                                                    



Environmental Research 222 (2023) 115354

7

from the Danish Register of Causes of Death (Helweg-Larsen, 2011). 
However, since the patient register started in 1977 and individuals in 
our cohort were enrolled from 1970, some identified CVD cases could 
reflect prevalent cases. However, in the analysis restricted to individuals 
residing after 1979, the results of the main analyses were not consid-
erably affected, and the effect of prevalent cases was therefore consid-
ered minimal. 

Associations could occur by chance due to multiple testing. We were 
therefore cautious when interpreting the findings and weighting them 
against a priori hypotheses and emphasizing consistency across analyses 
and exposure-response relationships. 

The considerable contrast in PCB concentration between contami-
nated and reference apartments together with the reported 30–52 times 
higher serum levels of LC-PCBs in a subsample of residents in contami-
nated apartments (Andersen et al., 2020; Frederiksen et al., 2012, 2020; 
Meyer et al., 2013), reduced the risk of misclassification of the duration 
of PCB exposure. However, due to an unexpectedly low indoor air PCB 
concentration in one apartment erected with PCB in Brøndby, the 
maximum PCBtotal in reference apartments exceeded the minimum 
PCBtotal in contaminated apartments. Since the measures of exposure 
were based on information on residence in apartments built with and 
without PCB, some non-differential misclassification could occur and 
potentially attenuate associations. The estimated PCB concentrations 
(PCByear) were based on extrapolation of air measurements from one 
apartment to another within the same or neighbouring building and to 
several years. A recent study from Brøndby with repeated measurements 
of air concentrations showed some variation over time, although no 
clear trend was observed (Andersen et al., 2021). Consequently, this 
extrapolation might have resulted in some exposure misclassification, 
most likely non-differential, with potential attenuation of the risk esti-
mates. Further, no biological samples were available for confirmation of 
exposure status. Some residents may have lived or spent much time 
elsewhere, which could affect their body burden of PCB. However, due 
to the natural experimental design of the study, we expect time spent 
elsewhere, as well as occupational exposure, to be equally distributed 
between exposed and unexposed residents, as confirmed in a subsample 
of 139 exposed and 134 non-exposed residents in Farum, where hours 
away from home were equally distributed between exposed and 
non-exposed (Meyer et al., 2013). 

Although the differences between contaminated and reference 
apartments were mostly attributed to the LC-PCBs, both in indoor air 
and blood samples in subsets of residents, some differences in levels of 
HC-PCBs were also detected (Andersen et al., 2020; Frederiksen et al., 
2012, 2020; Meyer et al., 2013). It was, therefore, not possible to 
completely isolate the exposure to LC-PCBs from that of HC-PCBs. 
Instead, the study enabled examination of the overall effect of indoor 
PCB exposure. The lowest measured congener was PCB-28, and we were 
therefore unable to take into account other LC-PCBs like PCB-8, 18, and 
31 that originate from the same sources and PCB-11 that can uninten-
tionally be formed during e.g., pigment production and that can still be 
found in paints and pigments today (Vorkamp, 2016). In 2020 the 
Brøndby apartments were remeasured with the addition of PCB-8 
showing increased levels in contaminated (mean ng/m3: PCB-8: 56) 
but not in reference apartments (mean ng/m3: PCB-8: 4) (Andersen 
et al., 2020). This lessons our concerns that other unmeasured LC-PCBs 
(PCB-11, 18, and 31), should be distributed to diminish contrast be-
tween contaminated and reference apartments and consequentially 
underestimate the effect of living in a contaminated apartment. 

5. Concluding remarks 

This first-ever cohort study of residential exposure to PCBs in indoor 
air provided limited support for cardiovascular effects of airborne LC- 
PCBs. Considering the relatively short median duration of exposure, 
lack of adjustment for some health behaviours, indirect measure of 
exposure, and limited comparable literature on LC-PCBs, studies with 

biologically verified measures of LC-PCBs and their metabolites are 
warranted to clarify whether airborne PCBs adversely interfere with 
cardiovascular health. 
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