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Sammanfattning 
Sedan 1996 har Livsmedelsverket regelbundet samlat in prover från förstföderskor i Uppsala för analys 
av persistenta halogenerade organiska miljöföroreningar (POP). I följande rapport redovisas halterna av 
bromerade flamskyddsmedel (PBDE, HBCD) i 48 samlingsprover av serum (3 samlingsprover per 
provtagningsår) insamlade 1996-2014. Halter och trender för perioden 1996-2010 har rapporterats 
tidigare, och i denna rapport har data från prover insamlade 2011-2014 lagts till. 
Halterna av BDE-47, BDE-99, BDE-100 och HBCD låg under analysmetodens kvantifieringsgräns, LOQ 
(limit of quantification), i 75-94% av proverna medan BDE-153 kunde kvantifieras i samtliga prover och 
BDE-209 i 46 av 48 prover. Högsta medelkoncentrationen uppmättes för BDE-209 (1,4 ng/g mjölkfett). 
Vid den statistiska utvärderingen av trender användes uppmätta halter under LOQ (justerade för 
halterna i blankprover) trots att dessa har en större osäkerhet. För BDE-47, BDE-99, BDE-100 och 
HBCD var andelen prover med halter under LOQ stor, vilket gör att dessa trender mer osäkra än 
trenderna för BDE-153 och BDE-209.  
Linjär regression visade att halterna av BDE-47, BDE-99 and BDE-100 minskade signifikant med 7-17% 
per år, medan halterna av BDE-153 ökade något (+1,8% per år). Ingen signifikant trend kunde påvisas 
för BDE-209. Trenderna för PBDE stämde överens med de trender som tidigare observerades för 
perioden 1996-2010. För HBCD påvisades tidigare en signifikant nedåtgående trend för perioden 1996-
2010, men utvärderingen av perioden 1996-2014 visade ingen trend. Detta visar att det kan vara 
problematiskt och osäkert att utvärdera trender för substanser med halter som i huvudsak ligger under 
LOQ. Att använda samlingsprover för utvärdering av tidstrender kan också vara problematisk eftersom 
enstaka prover med höga halter i vissa samlingsprover kan ha stor påverkan på resultaten.  
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INTRODUCTION 
 
Polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCD) are 

brominated flame retardants that have been found in breast milk from Swedish first-time 

mothers included in the POPUP-cohort (Persistent Organic Pollutants in Uppsala Primiparas) 

of Swedish first-time mothers (Lignell et al. 2009). Temporal trends for PBDEs and HBCD in 

breast milk were earlier evaluated for the time period 1996-2012 (Lignell et al. 2014). As a 

complement to the breast milk analyses, a trend study of PBDEs and HBCD in pooled blood 

serum samples from POPUP-cohort (1996-2010, ca 3 pools per year) has been performed 

(Lignell et al. 2011, Darnerud et al. 2015). The reason to start monitoring blood serum in 

addition to breast milk was to initiate a time series for the deca-brominated congener (BDE-

209). Since BDE-209 is poorly transferred to milk (Fängström et al. 2008, Inoue et al. 2006, 

Lignell et al. 2013), the study of PBDEs in breast milk did not include BDE-209, a limitation 

as this congener could be of importance for the total PBDE exposure. The industrial decaBDE 

preparation, mainly containing BDE-209, has been used as an industrial flame retardant with 

similar field of application as the lower brominated PBDEs, i.e. for use in electric, electronic 

and textile products. However, biological properties of BDE-209 are different from the lower 

brominated PBDEs by being less persistent, and the half-time in animals and in man is 

estimated to be relatively short. Calculations give decaBDE a half-life of only 15 days in 

occupationally exposed workers (Thuresson et al., 2006), whereas the half-life of the 

heptabrominated BDE-183 and hexabrominated BDE-153 are reported to be 94 and 2380 

days, respectively (Geyer et al., 2004; Thuresson et al., 2006). Although low persistence 

would seem to be a beneficial property for an industrial chemical, the breakdown of the BDE-

209 molecule may result in lower brominated PBDEs, or other products, with increased toxic 

potential. These issues have been discussed by e.g. U.S. Environmental Protection Agency 

(US-EPA, 2008). 

 

The earlier report on PBDEs and HBCD in serum pools showed slightly increasing levels of 

BDE-153 and stable levels of BDE-209 during the time period 1996-2010 (Lignell et al. 2011,  

Darnerud et al. 2015). The results also suggested decreasing levels of BDE-47, BDE-99, 

BDE-100 and HBCD. However, the levels of these congeners were below the limit of 

quantification (LOQ) in 72-94% of the samples which makes the estimates of temporal trends 

uncertain. The observed trends in serum pools were similar to trends earlier reported from 

analyses of individual breast milk samples (Lignell et al. 2014). In the present report we add 
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new data points (3 pools per year, 2011-2014) to the trend study of PBDEs and HBCD in 

blood serum pools and temporal trends for BDE-47, BDE-99, BDE-100, BDE-153, BDE-209 

and HBCD are evaluated. 

 

 

MATERIALS AND METHODS 
 
Recruitment and sampling 

In the POPUP study, first-time mothers from the general population living in Uppsala County 

were recruited between 1996 and 2006 (N=335) (Lignell et al. 2009). Additional women were 

recruited in 2007-2014 (N=29-30 every year). The participants donated breast milk and a 

blood sample 3 weeks after delivery. Blood sampling was done using 9 ml Vacutainer® or 

Vacuette® serum tubes and serum was stored at -20°C. The study was approved by the local 

ethics committee of Uppsala University, and the participating women gave informed consent 

prior to the inclusion in the study. 

 
 
Table 1. Composition of the pooled serum samples used for analyses of PBDEs and HBCD. 
Sampling year Na No of pools N in each pool Age (yrs)b 

mean (range) 
1996 19 3 6-7 30 (21-41) 
1997 62 3 20-21 28 (21-37) 
1998 74 3 24-25 29 (21-35) 
1999 17 3 5-6 27 (21-31) 
2000 20 2 10 30 (21-37) 
2001 9 1 9 29 (22-35) 
2002 31 3 10-11 30 (24-37) 
2004 32 3 10-11 29 (20-34) 
2006 30 3 10 30 (19-40) 
2007 29 3 9-10 30 (21-39) 
2008 30 3 10 29 (20-35) 
2009 30 3 10 29 (22-39) 
2010 30 3 10 30 (20-41) 
2011 29 3 9-10 30 (21-38) 
2012 30 3 10 29 (21-38) 
2013 30 3 10 29 (22-39) 
2014 30 3 10 30 (20-38) 
aTotal number of serum samples from the specific sampling year. 
bMean age of the women donating blood during the specific sampling year. 
 

In this study we used pooled serum samples from the participants for analysis of PBDEs and 

HBCD. The composition of the pools from 1996-2010 has been described earlier (Lignell et 
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al. 2011), and we have now added 3 pools per year from women recruited in 2011-2014 

(Table 1). The total number of individual samples included in all pools was 532.  

 

Method for determination of PBDEs and HBCD in blood serum from 2011-2014 

Sample preparation 

The extraction and clean-up method used and described earlier (Darnerud et al. 2015, Lignell 

et al. 2011) has been modified. Briefly, serum was extracted with methanol and a diethyl 

ether/n-hexane mixture. The organic phase was washed twice with aqueous potassium 

chloride (1% w/w) and transferred to a pre-weighed test tube. The lipid weight was 

determined gravimetrically. 

 

In order to remove lipids and other polar materials the lipid extract was re-dissolved in n-

hexane and treated with concentrated sulphuric acid and the sample was transferred to an 

impregnated silica/sulphuric acid gel column and eluted with a mixture of dichloromethane/n-

hexane.  The lipid-free extract was transferred to a pre-washed silica gel column and eluted 

with n-hexane (fraction 1) and dichloromethane/n-hexane (fraction 2). The volume of the 

second fraction was adjusted to 100 µl using a gentle stream of nitrogen and then kept in an 

amber GC vial until analysis. 

 

GC/MS analysis 

The quantification of the analytes was performed with minor modifications of previously 

described method (Lignell et al. 2011).  A smaller sample amount (2 x3 µl), was injected 

(pulsed splitless) using a programmable temperature vaporizing (PTV) injector with an initial 

temperature of 70°C followed by rapid heating to 300°C. The analytes were separated on a 

DB-5MS capillary column and the oven temperature was programmed from 60°C to 325°C. 

The mass fragments m/z 79 and 81 were monitored for BDE-28, -47, -66, -85, -99, -100, -116 

and -154; m/z 79, 81 and 160 for BDE-138, -153 and -183 as well as for HBCD; m/z 486.6 

/484.6 and 494.6/496.6 (target/qualifier) were monitored for BDE-209 and 13C-BDE-209, 

respectively.  

 

Calibration standard solutions corresponding to a level range in serum of 1.25-100 ng/kg fresh 

weight for BDE-28 through BDE-183 (2.5-200 ng/kg for BDE-47 and HBCD) and 0.625-750 

ng/kg for BDE-209 were included in the run. The different analytes were identified by their 
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retention times relative to the internal standards. The samples were quantified using 

calibration curves created from the calibration standards analysed in the same run. Quadratic 

regression with the inverse square of concentration was used for the calibration curves. The 

analytical method used now for the analysis of the pooled serum samples 2011-2014 was 

modified to eliminate matrix effects seen in the previous method used. However, the modified 

method failed to separate brominated biphenyl 153 (BB-153) and BDE-154 on the silica gel 

column and the GC-column. Since the serum method lacks specificity for BDE-154, the 

concentration of BDE-154 is reported as a sum of BDE-154 and BB-153. However, the levels 

of BDE-154/BB-153 reported 2011-2014 are very low, below the LOQ. The internal 

surrogate standard used for the quantification of BDE-28, -47, -66, -100, -99, -154, -153, -138 

and -183 as well as HBCD was BDE-85. 13C-BDE-209 was used for the quantification of 

BDE-209 (isotope dilution technique).  

 

Quality assurance 

All solvents used were tested for trace amounts of analytes. The glassware was either rinsed 

with acetone or heated in an oven at 450°C for at least 3 hours before use. Due to possible UV 

induced degradation of the analytes, particularly for BDE-209, all sample extracts and 

standard solutions were stored in amber glassware and all the steps were performed in a UV-

free environment. N-hexane was injected in between sample and calibration standard series to 

make sure there were no memory effects. A chemical blank was included in each extraction 

series to monitor background levels. A spiked in-house control sample was also included in 

each extraction series. For each batch of samples, the corresponding blank sample levels were 

subtracted from the sample levels. The limit of quantification (LOQ) for the analysed pool 

serum samples from 2011-2014 was determined as ten times the standard deviation of the 

blanks or the lowest calibration level. The LOQ varied between 1.3 and 9.7 ng/kg fresh 

weight. The expanded uncertainty in the measurements was 20-40% (calculated using a 

coverage factor of 2 which gives a level of confidence of approximately 95%). 

 

Calculations and statistics 

Serum levels of PBDEs and HBCD below LOQ were reported (corrected for levels in blank 

samples) and used in the calculations  in order to improve the statistical power, although they 

are less accurate and probably with higher uncertainty. Lipid adjusted levels were used in the 

statistical analysis.  
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The analyses of temporal trends were performed in MINITAB® for Windows 14 using simple 

linear regression. The serum PBDE and HBCD levels were ln-transformed due to log-normal 

distributions of the data. The ln-transformation of the data resulted in missing values for data 

determined to have the value zero after subtraction of the blank value. These few zero values 

(Table 2) were replaced with the value of the lowest determined level above zero. In a first 

step, all results (N=48) were used in the regression analyses. Thereafter, a few outliers (with 

standardized residuals ≥3) were omitted and the regression analyses were performed again. 

 

 

RESULTS AND DISCUSSION 

 

Levels of BDE-28, BDE-66, BDE-138, BDE-154 and BDE-183 were below LOQ in all serum 

pools from 2011-2014 (results not shown). Concentrations of BDE-47, BDE-99, BDE-100, 

BDE-153, BDE-209 and HBCD in the serum pools are shown in table 2. Levels in samples 

from 1996-2010 have been reported earlier (Lignell et al. 2013). Levels below LOQ are 

reported in the table since these were used in the statistical analyses of temporal trends. The 

concentrations of BDE-47, BDE-99, BDE-100 and HBCD were <LOQ in 75-94% of the 

samples, while BDE-153 levels were above LOQ in all samples and BDE-209 in all but two 

samples. Differences in LOQs for BDE-47 and BDE-99 between samples from 1996-2010 

and samples from 2011-2014 can be explained by differences in blank levels over time. BDE-

209 showed the highest mean concentration, followed by BDE-47, BDE-153, BDE-99, 

HBCD and BDE-100. Due to the large number of samples with levels <LOQ, the results for 

BDE-47, BDE-99, BDE-100 and HBCD are however uncertain. Serum levels of BDE-153 

and BDE-209 in our study are generally similar to the levels reported from other European 

countries and also from other parts of the world, although higher levels of BDE-153 have 

been reported from e.g. the US and higher levels of BDE-209 have been reported from e.g. 

China and Japan (Fredriksen et al., 2009; Vorkamp et al. 2014; Whitehead et al. 2015). 

 

Linear regression analyses showed that the levels of BDE-47, BDE-99 and BDE-100 

decreased significantly in serum during the study period (Table 3, Figure 1). When one outlier 

was omitted from the statistical analysis, a small significant increasing trend was shown for 

BDE-153. There were no significant trends for BDE-209 or HBCD.  
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Table 2. Levels of PBDE and HBCD in 48 pooled samples of serum from first-time mothers in Uppsala (ng/g 
lipid weight). For levels <LOQ (limit of quantification) in serum, the actual determined value is given in italics. 
Year BDE-47 BDE-99 BDE-100 BDE-153 BDE-209 HBCD 

1996 <2.18 1.4 <0.90 0.67 <0.49 0.45 0.73 1.5  <0.51 0.49 
1996 <1.95 1.1 <0.80 0.40 <0.44 0.24 0.53 1.4  0.47 

 1996 6 
 

1.62  1.79 
 

1.85 1.2  0.69 
 1997 <1.98 1.2 <0.81 0.43 <0.44 0.35 0.70 0.85  <0.46 0.11 

1997 <1.98 1.9 1.11  0.56 
 

0.74 0.57  <0.46 0.24 
1997 <1.95 1.0 <0.80 0.45 <0.44 0.31 0.62 0.64  <0.45 0.24 
1998 <2.06 1.8 0.92  0.56 

 
0.75 0.85  0.50 

 1998 <1.91 1.4 <0.79 0.41 <0.43 0.41 0.75 0.71  <0.45 0.14 
1998 <1.91 0.79 <0.79 038 <0.43 0.30 0.75 2.4  <0.45 0.20 
1999 <2.18 1.3 <0.90 0.39 <0.49 0.43 0.73 1.4  <0.51 0.49 
1999 <1.84 1.1 <0.76 0.31 <0.41 0.40 0.59 4.0  <0.43 0.38 
1999 <2.28 1.1 <0.94 0.34 <0.51 0.36 0.85 1.3  <0.53 0.43 
2000 <2.14 0.44 <0.88 0.88 <0.48 0.38 0.62 2.5  <0.50 0.30 
2000 <2.06 0.31 0.98  0.60 

 
0.48 2.5  <0.48 0.35 

2001 <1.95 0.07 0.93  <0.44 0 0.60 1.1  <0.45 0.29 
2002 <1.84 0.69 0.93  <0.41 0.28 0.74 1.7  <0.43 0.40 
2002 <2.02 0.28 <0.83 0.72 0.45 

 
0.81 1.7  <0.47 0.36 

2002 <2.23 0.56 0.98  0.54 
 

1.1 1.4  <0.52 0.48 
2004 <2.18 0.63 <0.90 0.14 1.35  1.6 0.80  0.78 

 2004 <2.18 1.1 <0.90 0.31 0.98  1.0 0.53  <0.51 0.45 
2004 <2.28 0 <0.94 0.34 <0.51 0.49 0.74 0.74  <0.53 0.38 
2006 <2.14 0.42 <0.88 0.06 <0.48 0.26 0.86 0.74  <0.50 0.38 
2006 <2.02 0.25 <0.83 0 <0.45 0.15 1.1 0.83  <0.47 0.40 
2006 <2.02 0.17 <0.83 0.08 <0.45 0.19 0.92 1.1  <0.47 0.38 
2007 <1.88 1.0 <0.77 0.51 <0.42 0.35 0.84 1.1  <0.44 0.23 
2007 3.3 

 
1.33  0.80 

 
0.85 1.3  <0.46 0.22 

2007 <1.78 0.60 <0.73 0.20 <0.40 0.27 0.85 1.3  <0.42 0.30 
2008 <2.14 1.7 <0.88 0.42 0.54 

 
1.8 0.86  <0.50 0.14 

2008 <1.91 0.66 <0.79 0.21 <0.43 0.25 0.88 0.88  <0.45 0.32 
2008 <2.06 0.87 <0.85 0.35 <0.46 0.29 0.88 0.98  <0.48 0.27 
2009 <1.98 0.76 <0.81 0.17 <0.44 0.22 0.56 1.5  <0.46 0.13 
2009 <1.98 0.54 <0.81 0.22 <0.44 0.20 0.80 1.5  <0.46 0.13 
2009 <2.02 0.57 <0.83 0.04 <0.45 0.26 0.83 0.96  <0.47 0.17 
2010 <1.88 0.26 <0.77 0.02 <0.42 0.14 0.77 1.1  <0.44 0 
2010 <2.14 0.24 <0.88 0 <0.48 0.08 0.58 0.88  <0.50 0.06 
2010 <2.10 0.49 <0.86 0.18 <0.47 0.27 1.0 0.84  <0.49 0 
2011 <1.1 1.1 <1.7 0.26 <0.38 0.30 1.0 0.72  0.49 

 2011 <1.2 0.02 <2.0 0 <0.43 0 0.71 2.0  0.61 
 2011 <1.1 0.76 <1.8 0.66 <0.38 0 0.86 1.4  0.56 
 2012 <1.2 1.0 <1.9 0.26 <0.41 0.21 0.72 <0.65 0.50 0.51 

 2012 <1.2 0.89 <1.9 0.07 0.48 
 

1.7 0.87  <0.48 0.24 
2012 <1.2 0.19 <1.9 0.02 <0.42 0.21 0.74 1.3  2.59 

 2013 <1.2 0.29 <1.8 0.06 <0.40 0.14 1.3 <0.62 0.51 <0.47 0.29 
2013 <1.3 0.17 <2.0 0 <0.44 0.09 0.96 2.8  <0.52 0.10 
2013 2.11 

 
1.91  0.55 

 
0.90 6.2  0.87 

 2014 <1.3 0.14 <2.1 0 <0.46 0.08 0.75 1.7  <0.54 0.32 
2014 <1.1 0.23 <1.7 0.10 <0.37 0.24 0.96 1.0  0.79 

 2014 <1.0 0.21 <1.6 0 <0.34 0.06 0.75 0.72  <0.41 0.10 
Mean 1.1a 0.90 0.68a 0.43 0.36a 0.37 0.88 1.4a 1.4 0.37a 0.39 

aLevels <LOQ were set to ½LOQ in the calculations of mean. 
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Table 3. Annual change in levels of PBDE and HBCD in pooled blood serum 1996–2014.  
 N Change per year (%) R2 (%) p 
  Mean SE   
BDE-47 48 -7.3 2.6 13 0.008 
BDE-47a 45 -7.2 1.9 24 <0.001 
BDE-99 48 -15 2.8 37 <0.001 
BDE-99a 47 -17 2.6 47 <0.001 
BDE-100 48 -6.9 1.7 24 <0.001 
BDE-153 48 1.2 0.72 4.1 0.09 
BDE-153a 47 1.8 0.66 13 0.008 
BDE-209 48 -0.41 1.3 0 0.76 
BDE-209a 47 -1.2 1.2 0.3 0.29 
HBCD 48 -1.2 1.9 0 0.51 
HBCDa 47 -2.2 1.7 1.4 0.20 
aA few (1-3) outliers with high standardized residuals (≥3) were omitted in the regression analysis. 

 

The trends for BDE-47, BDE-99, BDE-100 and BDE-153 are in agreement with what we 

observed previously for the period 1996-2010 (Lignell et al. 2011; Darnerud et al. 2015) and 

the trends are also similar to the trends that we have observed in breast milk from the 

participants in the POPUP-study (Lignell et al. 2014). However, a biphasic curve could be 

seen for BDE-153 in breast milk, with increasing levels from 1996 to about year 2003 and 

decreasing levels from about 2004 to 2010 (Lignell et al. 2014). When data for serum pools in 

the present studies were analysed for the period 2004-2014, no significant trend could be 

detected (results not shown). Nevertheless, it is possible that there is a biphasic BDE-153 

trend in serum although it is not possible to detect using pooled samples. In pooled samples it 

is not possible to handle the problem with individual women with very high levels of PBDEs 

that may have strong influence on the results of the statistical analysis. No significant trend 

for BDE-209 could be detected for the period 1996-2010 (Lignell et al. 2011), and there is 

still no trend when data for 2011-2014 has been added. A significant downward trend for 

HBCD in serum was observed for the period 1996-2010 (Lignell et al. 2011), but when data 

for 2011-2014 was added, this trend could no longer be detected. The shift from a significant 

trend to a non-significant trend when new data was added suggests that it may be problematic 

and uncertain to use data that is mainly below LOQ in analyses of temporal trends. However, 

individual samples with high HBCD levels in some pools may also have a large impact on the 

results. 

 

Decreasing trends of lower brominated PBDEs in humans are in agreement with risk 

management measures taken to reduce the emissions of PBDEs to the environment. The use 

of mixtures containing lower brominated congeners (e.g. BDE-47 and BDE-99) was reduced 

voluntarily already in the 1990s, and pentaBDE and octaBDE mixtures were banned within  
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Figure 1. Concentrations of BDE-47, BDE-99, BDE-100, BDE-209 and HBCD in pooled samples (N=48) of 

blood serum from first-time mothers in Uppsala sampled between 1996 and 2014. Linear regression models 

(with ln-transformed data) showed significant decreasing trends for BDE-47, BDE-99 and BDE-100 and an 

increasing trend for BDE-153 (Table 3). Outliers (indicated in the figure) were omitted from the dataset before 

the final statistical analyses of temporal trends for BDE-47, BDE-99, BDE-153, BDE-209 and HBCD. 
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the EU in 2004 (EU 2003a). DecaBDE was banned in electric and electronic equipment in 

2006 (EU 2003b). The lack of temporal trend for BDE-209 in humans may be due to the more 

recent use of decaBDE mixtures or ongoing exposure to older products still present on the 

market. In addition, the use of pooled samples makes it difficult to detect temporal trends. 

 

We could not find any other temporal trend study of PBDEs in human matrices covering the 

same time period as our study. Fängström et al. (2008) analysed PBDEs in breast milk from 

women in Stockholm (1980-2004) and found decreasing levels of BDE-47 from about 1995, 

while the levels of BDE-153 and HBCD seemed to have stabilized but not decreased after 

year 2000.  
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