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Abstract: Polychlorinated biphenyls (PCBs) were used in many construction products until their
banning in the 1970s and 1980s. Nonetheless, exposure to PCBs from contaminated indoor air is
still an important public health issue. The aim of our study was to estimate the contribution of PCB
congeners in indoor air to the levels of PCBs in human blood. We analyzed all 209 PCB congeners in
the blood of 35 individuals exposed to PCBs from contaminated indoor air. For each individual, we
measured the six marker indicators PCB28, PCB52, PCB101, PCB138, PCB153 and PCB180 in indoor
air at the workplace. Statistically significant correlations between PCB-contaminated indoor air and
the existence of the sum of mono-, di-, tri-, tetra- and pentachlorinated biphenyls (∑PCB1–127) in the
blood of the exposed individuals were found. We quantified the proportions of PCBs that are absorbed
into the blood via inhalation of contaminated indoor air. Inhalation of PCBs from contaminated
indoor air, especially in children, adolescents and younger adults, may lead to PCB blood burdens
that are higher than general PCB background levels or in approximately the same range.
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1. Introduction

Polychlorinated biphenyls (PCBs) are synthetic products of solely anthropogenic
origin. These chemicals were commonly used in commercial mixtures with different
levels of chlorination. The PCB substance group theoretically is composed of 209 different
compounds. Each PCB congener has a common structure of a biphenyl molecule with 1 to
10 chlorine atoms attached. Approximately 1,300,000 tons of PCBs were produced over a
period of approximately 60 years worldwide, with a global production peak in 1970. The
main producers internationally were the companies Monsanto (St. Louis, MO, USA) and
Bayer (Leverkusen, Germany) [1]. PCBs have been used for various technical applications,
such as transformers, capacitors, paints, sealants and flame retardants. Because of their
very harmful effects on the environment and human health, PCBs were banned in most
states in the 1970s and 1980s.

PCBs can cause a variety of dose-dependent adverse health effects in various human
tissues and organs. The main health effects of PCBs are neurotoxicity, immunotoxicity, re-
productive toxicity, thyroid effects, liver effects, skin effects, cardiovascular effects, diabetes
and carcinogenic effects [2–4]. The International Agency for Research on Cancer (IARC)
has classified PCBs as carcinogenic to humans (Group 1) [5].

Before their ban, large quantities of PCBs were released into the environment, and they
also entered the food chain [2,3,6]. Due to their lipophilia, PCBs accumulate mainly in high-
fat foods. In the absence of specific exposure, the general population is usually exposed
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to PCBs via food [2,3]. Because of management measures such as the implementation of
maximum levels in food products exposure to PCBs in food has decreased significantly
over the last decades [3,7]. The European Food Safety Authority (EFSA) reported a 64%
reduction of PCBs in European raw milk and dairy products within 15 years [2]. In
some countries, like Italy, dietary exposures to PCBs in the first decade of the 2000s were
estimated to be 30% lower than found in the mid-1990s [8]. While exposures to PCBs via
food have been decreasing over time, this reduction has been slower in some countries in
recent years, with a flattening out over the preceding decade [3].

With decreasing PCB levels in food, other exposure pathways, such as the inhalation
of PCBs from contaminated indoor air, have become more important in recent years [9,10].
Lehmann et al. [10] estimated that the extent of inhalation exposure to PCBs in some indoor
settings might be at least as great as typical dietary exposure. Saktrakulkla et al. [7], who
found that PCB exposure through inhalation could currently be as high as PCB exposure
through diet, described similar relationships. Exposure to PCBs from contaminated indoor
air is still an important public health issue, even after PCBs were banned several decades
ago. PCB-containing compounds are still found in buildings, which leads to an accumula-
tion of these substances in the indoor air of public buildings and private homes [11–15]. It
is well known that PCBs from indoor air are absorbed into the human blood. Increased
PCB levels in indoor air lead to a significant increase in PCBs, especially congeners such as
PCB28, PCB52 and PCB101, in the blood of exposed individuals [16–21].

However, the proportion of inhaled PCBs among the total PCB burden has not yet
been published based on empirical data from human blood. This is because for such a deter-
mination, knowledge about the concentrations of all incorporated relevant PCB congeners
is essential. To determine the proportion of inhaled PCBs among total PCB exposure, it is
necessary to measure a variety of congeners, preferably all 209 PCB (∑PCB1–209) congeners
in human blood. The analytical results of all 209 PCB congeners in human blood have
been published in only a few studies [22,23]. In 2017, our research group presented the
results of measurements of all 209 PCBs (∑PCB1–209) in the blood of 86 individuals from
two different regions in Germany [24]. A subgroup of 35 individuals in this study group
had been exposed to PCBs in contaminated indoor air at the workplace. In Kraft et al. [13],
we presented the relationship between exposure to monochlorinated, dichlorinated and
trichlorinated biphenyls (∑PCB1–39) in indoor air and blood concentrations of the 35 in-
dividuals included in the study. However, we did not measure all 209 PCB congeners in
indoor air. This study provides an approach to quantify the proportion of inhaled PCBs
based on indicator congeners in indoor air and all 209 PCBs (∑PCB1–209) in the blood of
exposed individuals.

2. Materials and Methods

The individuals (n = 35) in our study group had been working in PCB-contaminated
offices in North-Rhine Westphalia, Germany for a minimum of two years. The method of
recruitment is outlined in Kraft et al. (2018). Participation was voluntary and the privacy
of participants was protected. The individuals were asked to complete a questionnaire
with information regarding age, sex, dietary habits, daily average stay in the office rooms
and the total duration of office work per week. The study concept was approved by the
commissioner responsible for data protection and by the ethics committee of the Medi-
cal Association North-Rhine, Germany (registration number: 2013152). All participants
provided written informed consent. The study was performed according to the recommen-
dations in the Declaration of Helsinki (1964).The indoor air and blood sampling methods
are described in detail in Kraft et al. [13,24]. Indoor air and blood sampling took place
within three months during the winter period with constant temperatures between 20 ◦C
and 22 ◦C in most (>85%) of the rooms examined. PCB contamination in the indoor air
was measured in 35 office rooms that were frequented by the participants (n = 35). Indoor
air measurements were taken during working hours once for each office room. The rooms
were not mechanically ventilated. Total PCB exposure analysis was carried out by ana-
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lyzing the six marker congeners PCB28, PCB52, PCB101, PCB138, PCB153 and PCB180 in
indoor air. The sum of the concentrations of these marker congeners multiplied by a factor
of 5 (∑PCB28,52,101,138,153,180×5) represented the total PCB load in the indoor air of the office
rooms [13].

Blood samples of the individuals in the PCB-contaminated office rooms were obtained
by venipuncture by the end of a working day [13]. Through this procedure, all congeners,
even very volatile congeners and congeners with very short half-lives in the blood, should
be detected. All 209 congeners (∑PCB1–209) were analyzed in whole blood samples of the
individuals. Details of the analytical quantification are described in Kraft et al. [24].

Statistical evaluation of the data was conducted with SPSS Statistics for Windows
(Version 27.0, IBM Corp., Armonk, NY, USA) and GraphPad Prism 7 (Version 7, GraphPad
Software, Inc., San Diego, CA, USA). Concentrations less than the limit of quantification
(LOQ) were substituted with the LOQ/2. Spearman’s correlation coefficients were calcu-
lated to test for the association of indoor air concentration with blood serum concentration.
A simple linear regression model was used (without adjustment for any covariates) to
predict blood serum concentration according to indoor air exposure. The significance level
(α) was set to 0.05 in all cases.

3. Results

In our study, we analyzed all 209 PCBs (∑PCB1–209) in the blood of 35 individuals
(20 women, 15 men) exposed to PCB-contaminated indoor air. In each individual’s office,
the six marker congeners PCB28, PCB52, PCB101, PCB138, PCB153 and PCB180 were
measured in indoor air. The aim of this evaluation was to determine associations between
PCBs in the indoor air and in the blood of exposed individuals with correlation analyses.
In addition, we aimed to quantify the proportions of PCBs absorbed into the blood from
indoor air.

3.1. Study Group

The median age of the 35 study participants was 58 years. The youngest participant
was 28 years and the oldest was 69 years (more details in [13]). The individuals had been
working in their offices for 2 to 44 years (median: 27 years). The median weekly stay in the
offices was 40 h (minimum: 15 h, maximum: 50 h).

3.2. PCB in Indoor Air

The median total PCB concentration (∑PCB28,52,101,138,153,180×5) in the indoor air of
the offices (n = 35) was 479 ng/m3 (minimum: 92 ng/m3; maximum: 2797 ng/m3) [13].
The highest concentrations of single congeners were measured in an office with 305 ng
PCB52/m3 and in another office with 214 ng PCB28/m3. Of the marker indicators, the lower
chlorinated congeners PCB28, PCB52 and PCB101 dominated the PCB concentration in
indoor air. The sum of the median concentrations of PCB28, PCB52 and PCB101 accounted
for approximately 95% of all six measured marker PCBs [13].

3.3. PCB in Blood

The median total PCB burden (∑PCB1–209) in the blood of the individuals (n = 35)
was 559 ng/g lipid weight (l.w.) (minimum: 119 ng/g l.w.; maximum: 2152 ng/g l.w.).
Of the marker congeners, the higher-chlorinated congeners PCB153, PCB180 and PCB138
showed the highest concentrations. PCB28 (median: 12 ng/g l.w.) was the most represented
congener in the group of the lower-chlorinated marker PCBs, followed by PCB52 (median:
2.3 ng/g l.w.) and PCB101 (median: 1.6 ng/g l.w.) (Table 1).

The entire PCB spectrum grouped by homologs according to chlorination levels
showed a PCB blood burden attributed mainly to trichlorinated to octachlorinated biphenyls
(Figure 1). The highest median levels were found for hexachlorinated (236 ng/g l.w.) and
heptachlorinated (163 ng/g l.w.) biphenyls. The levels of tetrachlorinated, pentachlorinated
and octachlorinated biphenyls were in the same median range (between 29 ng/g l.w. and
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35 ng/g l.w.). The trichlorinated congeners showed a median concentration of 14 ng/g l.w.,
which is quite similar to the median concentration of trichlorinated PCB28 (13 ng/g l.w.).
Congeners from the monochlorinated (<0.05 ng/g l.w.), dichlorinated (<0.6 ng/g l.w.),
nonachlorinated (2.0 ng/g l.w.) and decachlorinated (<2.1 ng/g l.w.) groups existed in
quite low median concentrations in the blood samples of the study group (n = 35).

Table 1. Marker PCBs and total PCB load (∑PCB1–209) in the blood lipids of the individuals (n = 35).

n >
LOQ Minimum 25th

Percentile Median 75th
Percentile

95th
Percentile Maximum Mean

[ng/g l.w.] [ng/g l.w.] [ng/g l.w.] [ng/g l.w.] [ng/g l.w.] [ng/g l.w.] [ng/g l.w.]

PCB 28 35 2.2 5.9 12 16 37 39 13
PCB 52 35 0.35 1.2 2.3 4.3 8.7 8.9 3.0
PCB 101 35 0.39 0.7 1.6 2.9 4.5 4.7 1.9
PCB 138 35 8.8 28 47 64 129 196 52
PCB 153 35 19 74 136 168 311 531 143
PCB 180 35 11 59 78 128 367 370 112

∑PCB1–209 119 385 559 750 1600 2152 632
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Figure 1. Median levels of PCB homolog groups (ng/g l.w.) in whole blood samples of the study
group (n = 35).

3.4. Correlation between PCBs in Indoor Air and in the Blood of Exposed Individuals

To determine whether there is an association between PCB exposure in indoor air
and the concentrations of PCB in the blood samples, various correlation analyses were
conducted. Exposure to PCB28, PCB52 and PCB101 in indoor air was correlated with the
levels of each of these three congeners in the blood. For all three individual congeners,
a statistically highly significant correlation (p < 0.001), with R-values from 0.534 to 0.686
(Table 2), between the respective congeners in indoor air and in blood was found. The
correlation of the sum of the three indicator congeners (∑PCB28,52,101) in indoor air with
the blood levels of these three congeners also exhibited a highly significant correlation
(R: 0.587, p < 0.001). The blood burden of the three indicator congeners PCB28, PCB52
and PCB101 is therefore significantly associated with exposure to these three congeners in
indoor air, suggesting that indoor air is an important exposure pathway.

PCB28, PCB52 and PCB101 are indicator congeners for PCBs from the trichlorinated,
tetrachlorinated and pentachlorinated compounds. In contrast to indoor air measurements,
we analyzed all PCB congeners in the blood samples. Therefore, a correlation between
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exposure to ∑PCB28,52,101 in indoor air and the blood burden of all congeners ranging
from monochlorinated to pentachlorinated biphenyls (∑PCB1–127) was tested. Again, a
highly significant correlation was identified (R: 0.535, p = 0.001). An almost identical
result was found when the total PCB concentration (∑PCB28,52,101,138,153,180×5) in indoor
air was taken into account instead of the three lower-chlorinated congeners (R: 0.542,
p = 0.001). A statistically significant correlation was also found when the total PCB load
(∑PCB28,52,101,138,153,180×5) in the indoor air was compared with the exposure to mono- to
tetrachlorinated biphenyls (∑PCB1–81) or mono- to trichlorinated biphenyls (∑PCB1–39) in
the blood (Figure 2). In contrast, there was no statistically significant correlation between
the sum of all mono- to hexachlorinated congeners (∑PCB1–169) in the blood and the
total exposure to PCBs (∑PCB28,52,101,138,153,180×5) in indoor air. Similarly, there was no
statistically significant correlation between the total PCB (∑PCB1–209) burden in the blood
and the total PCB load in indoor air (∑PCB28,52,101,138,153,180×5). Thus, there is a clear
correlation between PCB-contaminated indoor air and the exposure to the sum of the
concentrations of mono- to pentachlorinated biphenyls (∑PCB1–127) in the blood of exposed
individuals.

Table 2. Correlations between PCBs in the indoor air and in the blood of the individuals (n = 35).

Indoor Air Blood Spearman’s Coefficient (Rho)
of Correlation p Value

PCB28 PCB28 0.534 <0.001
PCB52 PCB52 0.564 <0.001
PCB101 PCB101 0.686 <0.001

∑PCB28,52,101 ∑PCB28,52,101 0.587 <0.001
∑PCB28,52,101 ∑PCB1–127 (mono-penta) 0.535 0.001

∑PCB28,52,101,138,153,180x5 ∑PCB1–39 (mono-tri) 0.462 0.005
∑PCB28,52,101,138,153,180x5 ∑PCB1–81 (mono-tetra) 0.551 0.001
∑PCB28,52,101,138,153,180x5 ∑PCB1–127 (mono-penta) 0.542 0.001
∑PCB28,52,101,138,153,180x5 ∑PCB1–169 (mono-hexa) (0.130) (0.455)
∑PCB28,52,101,138,153,180x5 ∑PCB1–209 (mono-deca) (0.050) (0.775)
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3.5. Quantification of PCBs Absorbed into the Blood from Indoor Air

A linear regression model was used to quantify the concentrations of PCBs in the
blood of individuals depending on their exposure to PCBs in indoor air. Exposure to the
sum of concentrations of PCB28, PCB52 and PCB101 (∑PCB28,52,101) of 100 ng/m3 in indoor
air resulted in a blood burden of these three congeners of 16 ng ∑PCB28,52,101 per gram
of blood lipids (see Figure 3; Table 3). A concentration of 300 ∑PCB28,52,101/m3 led to an
increase of 29 ng ∑PCB28,52,101 per gram of blood lipids.

Table 3. Blood burden of ∑PCB28,52,101 and ∑PCB1–127 (ng/g l.w.) due to exposure to ∑PCB28,52,101 in indoor air (ng/m3).

Indoor Air [ng/m3] Blood [ng/g l.w.]

∑PCB28,52,101 100 ∑PCB28,52,101 16 (95% CI 13–20)
300 29 (95% CI 22–35)

∑PCB28,52,101 100 ∑PCB1–127 81 (95% CI 68–93)
300 141 (95% CI 118–164)

Exposure to ∑PCB28,52,101 in indoor air is highly correlated with the blood burden
of mono- to pentachlorinated biphenyls (∑PCB1–127) (see Section 3.4). In the next calcu-
lation step, the extent to which the blood levels of mono- to pentachlorinated biphenyls
(∑PCB1–127) correspond to the exposure to the sum of the three indicator congeners
(∑PCB28,52,101) in the indoor air was assessed (Figure 4). An indoor air concentration
of 100 ng ∑PCB28,52,101/m3 led to a blood burden of 81 ng ∑PCB1–127 per gram blood lipids.
Moreover, 300 ng ∑PCB28,52,101/m3 in the indoor air lead to a blood burden of 141 ng
∑PCB1–127 per gram blood lipids (Table 3).

Pollutants 2021, 1, FOR PEER REVIEW 7 
 

 

 
Figure 3. Linear regression between ∑PCB28,52,101 in indoor air and ∑PCB28,52,101 in blood (n = 35) (R2 = 0.33, F(1,33) = 16.28; p 
< 0.001). The solid line is the regression line superimposed over a scatter plot of the data and the dotted lines show the 
95% confidence interval of the fit. 

Exposure to ∑PCB28,52,101 in indoor air is highly correlated with the blood burden of 
mono- to pentachlorinated biphenyls (∑PCB1–127) (see Section 3.4). In the next calculation 
step, the extent to which the blood levels of mono- to pentachlorinated biphenyls (∑PCB1–

127) correspond to the exposure to the sum of the three indicator congeners (∑PCB28,52,101) 
in the indoor air was assessed (Figure 4). An indoor air concentration of 100 ng 
∑PCB28,52,101/m3 led to a blood burden of 81 ng ∑PCB1–127 per gram blood lipids. Moreover, 
300 ng ∑PCB28,52,101/m3 in the indoor air lead to a blood burden of 141 ng ∑PCB1-127 per 
gram blood lipids (Table 3). 

Figure 3. Linear regression between ∑PCB28,52,101 in indoor air and ∑PCB28,52,101 in blood (n = 35) (R2 = 0.33, F(1,33) = 16.28;
p < 0.001). The solid line is the regression line superimposed over a scatter plot of the data and the dotted lines show the
95% confidence interval of the fit.



Pollutants 2021, 1 187
Pollutants 2021, 1, FOR PEER REVIEW 8 
 

 

 
Figure 4. Linear regression between ∑PCB28,52,101 in indoor air and ∑PCB1–127 in blood (n = 35) (R2 = 0.46, F(1,33) = 27.94; p < 
0.001). The solid line is the regression line superimposed over a scatter plot of the data and the dotted lines show the 95% 
confidence interval of the fit. 

Table 3. Blood burden of ∑PCB28,52,101 and ∑PCB1–127 (ng/g l.w.) due to exposure to ∑PCB28,52,101 in indoor air (ng/m3). 

Indoor Air [ng/m3] Blood [ng/g l.w.] 
∑PCB28,52,101 100 ∑PCB28,52,101 16 (95% CI 13–20) 

 300  29 (95% CI 22–35) 
∑PCB28,52,101 100 ∑PCB1–127 81 (95% CI 68–93) 

 300  141 (95% CI 118–164) 

Because exposure to PCBs from contaminated indoor air is not usually limited to only 
the three single marker congeners, the results of the regression analysis were transferred 
to real indoor air settings. These results with regard to indoor air exposure to ∑PCB28,52,101 
are converted to the total PCB concentration (∑PCB28,52,101,138,153,180x5). This calculation step 
is of interest, as in many countries, the determination of PCB indoor air contamination is 
based on this convention. For this purpose, two office rooms in this study (median: Room 
A; maximum: Room B) were used as an example for the calculation (Table 4). The calcu-
lations showed that exposure to PCB-contaminated indoor air with 2797 ng and 479 ng 
∑PCB28,52,101,138,153,180x5/m3 resulted in a blood burden of 218 ng ∑PCB1–127 and 78 ng ∑PCB1–

127, respectively, per gram blood lipids in the exposed study population. 
  

Bl
oo

d
PC

B
1-

12
7 [

ng
/g

 li
pi

d]
Y = 0.3011*X + 50.62

Figure 4. Linear regression between ∑PCB28,52,101 in indoor air and ∑PCB1–127 in blood (n = 35) (R2 = 0.46, F(1,33) = 27.94;
p < 0.001). The solid line is the regression line superimposed over a scatter plot of the data and the dotted lines show the
95% confidence interval of the fit.

Because exposure to PCBs from contaminated indoor air is not usually limited to only
the three single marker congeners, the results of the regression analysis were transferred to
real indoor air settings. These results with regard to indoor air exposure to ∑PCB28,52,101
are converted to the total PCB concentration (∑PCB28,52,101,138,153,180×5). This calculation
step is of interest, as in many countries, the determination of PCB indoor air contamination
is based on this convention. For this purpose, two office rooms in this study (median:
Room A; maximum: Room B) were used as an example for the calculation (Table 4). The
calculations showed that exposure to PCB-contaminated indoor air with 2797 ng and 479 ng
∑PCB28,52,101,138,153,180×5/m3 resulted in a blood burden of 218 ng ∑PCB1–127 and 78 ng
∑PCB1–127, respectively, per gram blood lipids in the exposed study population.

Table 4. Transfer of results from regression analyses to real indoor air exposure conditions. Exposure to the sum of the three
lower-chlorinated marker congeners (∑PCB28,52,101) and total PCB concentration (∑PCB28,52,101,138,153,180×5) in indoor air
(ng/m3) and related blood burden of ∑PCB1–127 (ng/g l.w.).

Indoor Air [ng/m3] Blood [ng/g l.w.]

∑PCB28,52,101 ∑PCB28,52,101,138,153,180×5 ∑PCB1–127
room A 92 479 78 (95% CI 65–91)
room B 555 2797 218 (95% CI 167–269)

Based on our regression data, the full range of PCB indoor air contamination (mini-
mum: 92 ng/m3; maximum: 2797 ng/m3) of this study was used to estimate the effect on
the PCB blood burden of exposed individuals. The result of this estimation is shown in
Figure 5. For instance, a concentration of 300 ng/m3 in indoor air leads to a blood burden
of approx. 70 ng ∑PCB1–127/g blood lipids. At 1000 ng/m3, the PCB concentration in the
blood increases to approximately 110 ng ∑PCB1–127/g blood lipids.
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4. Discussion

We studied the effect of PCB-contaminated indoor air on the PCB blood burden
of exposed individuals. Using our measurement data, we were able to quantify which
proportions of inhaled PCBs enter the blood of individuals exposed to PCB in indoor
air. Several studies have shown that lower-chlorinated PCBs in indoor air lead to a
statistically significant increase in these congeners in the blood [16,18–21,25–27]. Our
study results showed the same associations but additionally can be used for quantification
of absorbed PCBs.

In our study, single measurement data for exposure to PCBs in blood and in indoor
air were available for all individuals. Studies with the detection of PCB levels in indoor
air and in the blood of exposed individuals in parallel are rather rare. Pedersen et al. [21]
analyzed 27 PCB congeners in the blood of 15 individuals (median age: 50 years) who had
been working for 4 to 25 years in a building contaminated by joint sealants. The mean total
PCB concentration (∑PCB28,52,101,138,153,180×5) in the indoor air was 686 ng/m3 (minimum:
70 ng/m3, maximum: 1500 ng/m3) and thus similar to that identified in our study (mean:
671 ng/m3). The median PCB plasma concentrations were 0.11 µg/L and 0.016 µg/L for
PCB28 and PCB52, respectively. After conversion (s. Kraft et al. [24]), this corresponds to
16 ng/g l.w. for PCB28 and 2.3 ng/g l.w. for PCB52 and is therefore in the same range as the
median concentrations identified in our study (PCB28: 12 ng/g l.w.; PCB52: 2.3 ng/g l.w.).
Thus, our results were confirmed at similarly high PCB levels in indoor air and in a study
group with a similar age pattern. Compared to the control group (n = 30) of the study
by Pedersen et al. [21], which was conducted in non-PCB-contaminated buildings, the
exposure to seven PCB congeners ranging from tri- to pentachlorinated biphenyls was
associated with significantly higher levels in the blood of exposed individuals. This effect
was also observed in the respective homolog sums of tri- and tetrachlorinated biphenyls
as well as pentachlorinated biphenyls but not for the sum of hexa- and heptachlorinated
biphenyls, which corresponds very well with our data.
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Associations between PCBs in indoor air and in the blood of residents from commu-
nities with high levels of environmental pollution were analyzed by Fitzgerald et al. [28].
The results from indoor air and serum samples from 170 individuals aged between 55 and
74 years showed statistically significant associations between concentrations in indoor air
and serum for PCB28 and PCB105. PCB levels in indoor air (∑12 PCB congeners) were in
the range of 0.6 to 233 ng/m3 (mean value: 14 ng/m3). However, the comparability to our
data is very limited since Fitzgerald et al. [28] mainly measured higher-chlorinated con-
geners (hexa- to decachlorinated PCBs) in the indoor air and in the blood of the study group.
An exception is PCB 28, which had a mean concentration of 0.748 ng/m3 in the indoor air,
which is significantly lower than that in our study (mean: 29 ng/m3). The mean concentra-
tion of PCB 28 in blood in the study by Fitzgerald et al. [28] was 8.5 ng/g l.w. Compared to
our study (mean: 13 ng/g l.w.), the difference was not as high as expected. This difference
may be due to the high environmental PCB28 burden in the Hudson River region.

Studies that quantify PCBs absorbed from indoor air are very limited and they rely
on assumptions rather than empirically collected measurement data. Based on data on
exposure to PCBs in indoor air, outdoor air and food, Ampleman et al. [29] calculated the
inhalation of PCBs and compared the level to the total PCB intake via food. In the homes
and schools of 78 adolescent children and their mothers (n = 68), 293 measurements of
PCB concentrations in indoor and outdoor air were conducted. Diet-related PCB exposure
was modeled using data from the Canadian Total Diet Survey (TDS) and the National
Health and Nutrition Examination Survey (NHANES). The nutritional PCB exposure was
higher than that associated with indoor air. In the case of single congeners, such as PCB 40,
PCB 41 or PCB 52, inhalation exposure was up to one-third of the total exposure from diet
and inhalation. However, in the study of Ampleman et al. [29], the PCB concentrations
(∑PCB201) in the indoor air were many times lower (mean: 8.4 ng/m3) than those in our
study (mean: 671 ng/m3). Even at comparatively low levels of PCBs in indoor and outdoor
air, Ampleman et al. [29] showed that the inhalation of PCBs may be a relevant pathway of
total PCB exposure from all relevant sources.

Marek et al. [12] measured all 209 PCB congeners (∑PCB1–209) and 72 hydroxylated
PCB compounds in the indoor air of 6 school buildings of different construction ages in
the USA. The concentrations in indoor air ranged from 0.5 to 194 ng/m3 (∑PCB1–209) and
between 0.004 and 0.67 ng/m3 (∑72OH-PCB). Based on data from Ampleman et al. [29], the
authors calculated the amount of PCBs ingested via food and compared the obtained values
with those inhaled via indoor air. Children attending the school with the highest PCB
concentrations in indoor air (median: 112 ng/m3) had a calculated annual dose (µg/year)
of PCBs from indoor air in the same range (or even higher) as the PCB exposure that
comes from the diet. Based on data on PCB background levels and different exposure
assumptions, Lehmann et al. [10] found that the extent of inhalation exposure to PCBs in
some indoor settings may be at least as large as typical dietary exposure among children.
While these calculations were carried solely on assumptions, such a model estimate may
provide evidence that the inhalation path is increasingly important. This is true especially
for children; elderly people have been exposed to high PCB levels over many decades,
mainly through food.

Elevated levels of PCBs in indoor air are associated with an increase in these com-
pounds in human blood. For different exposure scenarios in indoor air, we calculated the
PCB burden in the blood of our study group. We showed that exposure, for instance, to
479 ng/m3 (total PCB = ∑PCB28,52,101,138,153,180×5) via indoor air, led to an increase of 78 ng
(∑PCB1–127) per gram blood lipids. In a simplified scheme, we present the PCB burden in
the blood depending on the PCB concentration in the indoor air (Figure 5). In a previous
publication by our research group, we showed that the total exposure to PCB in human
blood can be calculated very well by using the three marker congeners (PCB138, PCB153
and PCB180) and multiplying the sum of the concentrations by a factor of 2 [24]. This
convention applies only to individuals with no additional exposure to PCBs, such as from
contaminated indoor air. Comparing our data to that of individuals from Germany with
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usual exposure shows that PCB inhalation would contribute significantly to individual
blood burden. Fromme et al. [30] analyzed blood samples of 42 randomly selected indi-
viduals from Germany between 20 and 68 years of age. The median concentration of total
PCB exposure was 254 ng/g l.w. For instance, exposure to approximately 300 ng PCB/m3

in indoor air would result in an extra PCB blood burden of approximately one-third of
the usual PCB background exposure. When comparing our data with the background
PCB burden of the population, it must be considered that the total body burden of PCBs
generally increases with age [3]. For example, Apostoli et al. [31] found an increase of
1.7 µg/L in concentrations of PCBs in whole blood for every 10-year increase in age. For
older people, therefore, the relative additional contribution of PCBs from indoor air to the
total PCB blood burden will be significantly lower than that of younger people. When
comparing our data on PCB blood burden, one has to consider studies with stratification
of age. Schettgen et al. [32] analyzed the concentrations of PCB138, PCB153 and PCB180
in plasma samples of 2750 individuals from Germany aged between 6 and 65 years. Con-
verted to concentrations according to blood lipids (s. [24]), the median total PCB values
for adults were 109 ng/g l.w. (18–25 years), 143 ng/g l.w. (26–35 years), 263 ng/g l.w.
(36–45 years), 451 ng/g l.w. (46–55 years) and 689 ng/g l.w. (56–65 years). For children, the
background PCB levels are lower. The total median PCB (∑PCB138,153,180×2) exposure of
German children (n = 1134) aged between 3 and 17 years is between 50 and 63 ng/g blood
lipids [33]. From these data, it becomes clear that the proportion of PCBs from indoor air is
particularly high compared to the general background burden of the population, especially
among children. Exposure to approximately 300 ng PCB/m3 in indoor air would lead to a
concentration of approximately 70 ng ∑PCB1–127 per gram blood lipids, which is higher
than the background PCB levels in children from Germany. In young adults, such indoor
air exposure would account for approximately two-thirds of the background exposure. At
a concentration of 1000 ng/m3 in indoor air, the blood concentration would be increased up
to 110 ng ∑PCB1–127/g blood lipids, which is two times higher than the typical background
PCB level in children. In young German adults up to 25 years of age, the exposure due
to inhalation would be as high as that due to the general background burden. In older
individuals, this proportion decreases continuously with age. In the 56–65 age group, even
indoor air exposure to 1000 ng PCB/m3 would account for only approximately 16% of the
general background level.

Our data on the absorption of PCBs from indoor air were obtained from a PCB-
exposed, older study group (median: 58 years). We also assessed the quantified PCB
concentrations in younger population groups. The PCB exposure in the population is
significantly higher in older than in younger people with respect to the higher-chlorinated
PCBs (PCB138, PCB153, PCB180). Data on age dependency for low-chlorinated PCBs are
very limited. However, there is evidence that concentrations of low-chlorinated congeners,
such as PCB28, are not lower in children than in older individuals. For example, Danish
children (n = 116) between 6 and 11 years of age have even higher PCB28 levels than their
mothers [34]. This finding is in contrast to those of the higher-chlorinated PCB138, PCB153
and PCB180; these congeners showed significantly higher concentrations in the blood of
the mothers than in the blood of the children. This relationship has also been reported
by Egsmose et al. [27], who showed that children had significantly higher concentrations
of PCB28 in the blood than their mothers. The authors found that this difference was
particularly stronger when mother and child lived in a building built between 1950 and
1977, i.e., during a period when PCBs were frequently used in the construction sector. The
results of Egsmose et al. [27] may indicate that the transfer of the data collected in this study
does not lead to an overestimation of PCBs absorbed in children from indoor air and it is
quite conceivable that, on the basis of Danish data, there may even be an underestimation
of PCBs absorbed via inhalation in children. However, a final conclusion is not possible
due to a lack of human biomonitoring data of children exposed to contaminated indoor
air. Therefore, the relevance of PCB inhalation from contaminated indoor air on the blood
burden of PCBs in children and adolescents should also be considered in future exposure
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studies. Finally, due to our limited knowledge, it cannot be ruled out that children and
adolescents may absorb more PCBs via inhalation than adults. Our data shows that
inhalation is an important contributor to total PCB exposure. Future risk assessments of
PCBs on human health should also focus on the relevance of the inhalation pathway. The
previous assumption that PCBs are predominantly absorbed through food even when
individuals are exposed to contaminated indoor air cannot be maintained.

5. Conclusions

Our study used empirical measurement data to quantitatively show the extent to
which PCBs from indoor air contribute to the PCB blood burden of exposed individuals. We
found that there was a clear correlation between PCB-contaminated indoor air and exposure
to the sum of the concentrations of mono- to pentachlorinated biphenyls (∑PCB1–127) in the
blood of exposed individuals. From our data, we estimated that inhalation of PCBs from
contaminated indoor air, especially in children, adolescents and younger adults, may lead
to a blood burden that is higher than the general background levels or in approximately
the same range.
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