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Abstract

Chemically-activated luciferase gene expression (CALUX) bioassay and gas chromatography/mass spectrometry (GC/MS) are used to
determine dioxin levels in food and humans. Valid measures of the agreement between the two methods would improve interpretation of
bioassay results. Paired breast milk samples from 250 mothers, as 11 pooled samples, were analysed by GC/MS for total WHO-TEQ (7
polychlorinated dibenzo-para-dioxins, 10 polychlorinated dibenzofurans and 12 dioxin-like polychlorinated biphenyls) and as individual
samples by CALUX. Mean difference between total WHO-TEQ (weighted by TEF system derived in 1997) and mean CALUX-TEQ in
each pool was 1.6 pg/g fat (95% CI: 0.7, 2.4), indicating a statistically significant overestimation of CALUX-TEQ compared to WHO-
TEQ, probably due to the presence of Ah-receptor agonists. CALUX estimated toxicity of 13 pg/g fat was greater than the WHO-TEQ
by 0.9, 3.1 and 0.3 pg/g fat for mothers from Hong Kong, mainland China and overseas territories, respectively. When the 2005 TEF system
was applied, a reduction of 14-26% in the WHO-TEQ and a larger but less disperse discrepancy between WHO-TEQ and CALUX-TEQ
(3.9 pg/g fat, 95% CI: 3.5, 4.4) were observed. Our study suggested that the mothers’ place of residence explained the discrepancy between
CALUX-TEQ and WHO-TEQ and should be considered in inter-country comparisons for CALUX-TEQ. For regulatory purposes bioas-
says for detecting quantitative dioxin contents in any setting must be combined with adequate extraction, clean-up and validation with
WHO-TEQs. The larger difference between the two measurements after using the new TEF system warrants further investigation.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction determined in humans since the 1970s. The accepted stan-
dard method of estimation for global population surveys

Levels of polychlorinated dibenzo-p-dioxins (PCDDs) and regulatory purposes is based on high-resolution gas
and polychlorinated dibenzofurans (PCDFs) have been chromatography/high-resolution mass spectrometry (GC/
MS). An established convention in this chemo-analytical

Abbreviations: PCDD, polychlorinated dibenzo-para-dioxins/dioxins; method s to rep.ort their concfent.ratlons n un1t§ of “.2’3’
PCDF, polychlorinated éibenzofurans/furans; PCB, polychlorinated bi: 7,8-tetra—chlorod1benzo-para—d10x1n (TCDD) toxic equiva-
phenyls; WHO, World Health Organization; GC/MS, gas chromatography lents” or TEQ, the sum of the concentrations of the target
with mass spectrometry; CALUX, chemically activated luciferase gene congeners, 17 2,3,7,8-substituted PCDD/Fs and 12 dioxin-
expression; TEQ, toxic equivalent; TEF, toxic equivalence factors; Ah, like polychlorinated biphenyls (PCBs), weighted according
aryl hydrocarbon; SD, standard deviation; TCDD, 2,3,7,8-tetra-chloro- to their toxicity by toxic equivalence factors (TEF) relative

dibenzo-para-dioxin. .
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The application of GC/MS and the TEF system is con-
sidered to be the most valid method or “gold standard” for
determining the toxicity of dioxin-like compounds in the
environment. Biotechnology has been applied to the esti-
mation of dioxin toxicity (Behnisch et al., 2001a), by mea-
suring biological responses such as enzyme activity (Safe,
1993), expression of reporter genes (Garrison et al.,
1996), ligand-receptor binding (Seidel et al., 2000) or anti-
gen—antibody reaction (Harrison and Eduljee, 1999), to the
unique structural properties of dioxin-like compounds.
These bioanalytical detection methods such as CALUX
(chemically activated luciferase gene expression), aryl
hydrocarbon (Ah) immunoassays, EROD (7-ethoxyresoru-
fin-O-deethylase) and enzyme immunoassays have been
used for rapid screening of various matrices such as food,
sediments, soil and fly ash. (JECFA, 2002) A reporter gene
assay [Method 4425] and an immunoassay [Method 4025]
have been approved by the United States Environmental
Protection Agency for screening extracts of environmental
samples for planar organic compounds and dioxins respec-
tively. Bioassay provides information about toxicological
effects (Behnisch et al., 2001b) and are potentially more effi-
cient and economical in assessing environmental health
risks than chemical methods. However, the European
Commission Directives required that positive results of
these bioanalytical detection methods for food stuff (Euro-
pean Commission, 2002a) and feeding stuff (European
Commission, 2002b) should be confirmed by GC/MS
analysis.

The determination of dioxin toxic equivalents is based
on the assumption that all dioxin-like compounds act
through the Ah-receptor signal transduction pathway. It
has been shown that the strength with which congeners
bind to the Ah-receptor is directly proportional to the toxi-
city, enhanced gene transcription and enzyme activities
mediated by the Ah-receptor mechanism (Giesy et al.,
2002). Recently Windal et al. (2005) reviewed the perfor-
mance of CALUX as a bioanalytical tool for estimation
of dioxin-like toxicity and examined parameters which
might affect the quality and accuracy of the analysis. They
pointed to a number of parameters, including clean-up pro-
cedures, use of solvents and extracts and their exposure
duration, and types of cell-line, which may all affect the
result of CALUX. The presence of Ah-receptor agonists
in the mixtures might lead to false positive results in Ah-
receptor based bioassays (van Wouwe et al., 2004a). False
negative results are also possible if toxic effects of dioxins
and related compounds are Ah-receptor independent (But-
ler et al., 2004) or possibly because of competition between
the different compounds (van Wouwe et al., 2004a). There-
fore toxicity estimated from the CALUX bioassay and that
from chemical analyses could differ significantly.

The Special Administrative Region of Hong Kong,
together with 25 other countries, participated in the 2002—
2003 WHO/EURO co-ordinated dioxins and dioxin-like
PCBs exposure study (Malisch and van Leeuwen, 2003).
Hong Kong submitted pooled milk samples collected from

316 primiparous women and the pooled WHO-TEQ were
determined by GC/MS for comparison of between country
differences. (Hedley et al., 2006) The major limitation of this
approach is that without extensive stratification in the pool-
ing of samples important individual factors such as age can-
not be studied without potential confounding from other
characteristics of pooled subjects. In order to determine
individual demographic and lifestyle characteristics associ-
ated with levels of dioxin exposure in Hong Kong, CALUX
bioassay was used to determine the TEQ concentration
(CALUX-TEQ) of 250 individual milk samples, which were
paired samples of those forming eleven of the Hong Kong
pools for the WHO exposure study (Nelson et al., 2006).
In this paper we present an analysis of the agreement
between the CALUX-TEQ results of our south China milk
samples in the WHO survey and the corresponding GC/MS
results.

2. Materials and methods
2.1. Sample collection

The method for sample collection followed the standard
protocol for the 2002-2003 WHO/EURO co-ordinated
dioxin exposure study. Two hundred and fifty paired milk
samples collected from primiparous mothers from Hong
Kong, south China and overseas, who gave birth to a single-
ton in Hong Kong from December 2001 to September 2002,
were analysed by both GC/MS and CALUX bioassay for
determination of TEQ (Hedley et al., 2006; Nelson et al.,
2006). Each of these 250 milk samples was divided into
10 ml and 20 ml portions. CALUX bioassay was carried
out on each 10 ml milk sample and the 20 ml portions were
used to form eleven pools. The pools were created with the
highest possible internal homogeneity and between-pool
diversity achievable in terms of geographic origin defined
as Hong Kong, mainland China and Overseas, and dietary
(dairy products and seafood) exposures, for the GC/MS
analysis (Table 1). This study was approved by the institu-
tional review boards of Hong Kong University, the Chinese
University of Hong Kong and the Department of Health,
Hong Kong SAR Government. All participants gave writ-
ten consent before taking part in the study.

2.2. Determination of dioxin and dioxin-like toxicities

GC/MS analyses were carried out by the reference labo-
ratory for WHO/EURO co-ordinated dioxin exposure
study, the State Institute for Chemical and Veterinary
Analysis of Food, Freiburg, Germany (Malisch and van
Leeuwen, 2002) and CALUX bioassay was performed by
the BioDetection Systems b.v. (http://www.biodetection-
systems.com/) in the Netherlands. For ease of comparison,
dioxin levels obtained from the GC/MS analysis were pre-
sented as picogram of WHO-TEQ per gram of fat in breast
milk (pg WHO-TEQ/g fat) and the dioxin levels estimated
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Table 1

Difference (mean, 95% CI) between CALUX-TEQ and 1997-WHO-TEQ and 2005-WHO-TEQ among 11 pooled milk samples

Pool characteristics* Number Mean CALUX-TEQ 1997-WHO-TEQ/(pg/g fat) 2005-WHO-TEQ/(pg/g fat)
of age (pg/g fat)
subjects  (years) Mean+S.D.” TEQwno® (TEQcaLux-who)' TEQwno® (TEQcaLux-wro)*
1. Hong Kong (ever-smokers) 25 26.5 11.8 £5.8 10.6 1.3 8.5 3.3
2. Hong Kong (high dairy product 16 31.0 14.5+4.2 13.7 0.8 11.2 33
intake)
3. Hong Kong (high seafood intake) 17 30.5 16.3+6.2 15.2 1.2 12.4 3.9
4. Hong Kong (low dairy AND low 32 314 149+ 5.6 134 1.5 10.7 4.2
seafood intake)
5. Hong Kong (high dairy OR high 28 32.6 16.2 +6.3 16.7 -0.4 13.0 3.3
seafood intake)
6. Mainland China  (low dairy AND low 21 26.6 12.24+5.0 9.0 32 7.7 4.5
seafood intake)
7. Mainland China  (high dairy OR high 34 28.1 14.34+7.0 11.6 2.7 10.0 4.3
seafood intake)
8. China Immigrant (2-6 years stay in 22 27.6 14.2 + 6.1 10.9 33 9.2 5.0
Hong Kong)
9. China Immigrant (7 years stay in Hong 23 30.1 16.4 4.5 13.5 2.9 11.4 5.0
Kong or above)
10. Overseas (1-10 years of 18 32.1 15.5+44 15.0 0.5 12.1 3.4
overseas stay)
11. Overseas (11 years of overseas 10 25.7 11.5+6.1 11.3 0.2 8.4 3.1
stay or above)
Overall 246 30.0 145+5.8 12.8° 1.6 [0.7, 2.4] 10.5° 3.9[3.5, 4.4]

@ High dairy product intake: 17 highest dairy product intake and dairy product intake >2.5 x seafood intake. (Seafood includes riverine and marine fish
and seafood.) High seafood intake: 17 highest seafood intake and seafood intake >2.5 X dairy product intake. Low dairy AND low seafood: <2 kg/mth
dairy product intake and <2 kg/mth seafood intake. High dairy OR high seafood: >2 kg/mth dairy product intake OR > 2 kg/mth seafood intake.

® §.D. = Standard deviation.

¢ WHO-TEQ derived from mass concentrations determined by GC/MS and the TEF of the 29 target congeners.

d TEQcaLux-TEQwno (pg/g fat).

¢ Mean for WHO-TEQ was weighted by the number of subjects in each pool.

by the CALUX bioassay as picogram CALUX-TEQ per
gram of milk fat (pg CALUX-TEQ/g fat).

The mass concentrations of the targeted 7 PCDD, 10
PCDF and 12 PCB congeners of the eleven pools were
determined by GC/MS chemical analyses in 2003. The toxi-
city of 7 PCDD, 10 PCDF and 12 PCB congeners were
expressed as TEQ which was the sum of the mass concen-
trations of the individual dioxin or dioxin-like compounds
multiplied by their respective TEFs derived in 1997
(TEF;997) (van den Berg et al., 1998). In 2005, the TEF sys-
tem was revised (van den Berg et al., 2006) and a set of new
TEFs (TEF,00s5) was also applied to calculate the WHO-
TEQ for comparison. To distinguish the WHO-TEQs cal-
culated with TEF 997 and TEF,(s, they are presented as
1997-WHO-TEQ and 2005-WHO-TEQ respectively.

The CALUX bioassay comprises a genetically modified
HA4IIE rat hepatoma cell-line, incorporating the firefly
luciferase gene coupled to dioxin responsive elements
(DREs) as a reporter gene for the presence of dioxins
and dioxin-like compounds (Aarts et al., 1996). Fat soluble
compounds were extracted from milk by means of shaking
with hexane: diethylether (97:3). Fat extracted from the
samples was cleaned on an acid silica column (20% and
33% H,S0,), topped with sodium sulphate, to remove
non-stable compounds. The cleaned extracts were evapo-
rated and redissolved in 25 ul DMSO, after which the

CALUX activity was determined on 96-well microtiter
plates (24 h exposure; 0.4% DMSO). Dioxins and dioxin-
like compounds in the cleaned extracts bind to cytosolic
Ah-receptor and the complex was translocated to the
nucleus of the cell where it induced the transcription
of the recombinant gene. Luciferase was produced and
by addition of the substrate luciferin, light emitted.
The amount of light being produced was proportional to
the amount of ligand—Ah-receptor binding, which was
expected to be directly proportional to the toxicity medi-
ated by the Ah-receptor. On each 96-well microtiter plate,
a standard TCDD calibration curve was constructed by
exposing cells to quantitatively prepared serial dilutions
of TCDD dimethylsulphoxide. In this way, the CALUX
bioassay reported TEQs benchmarked against TCDD as
CALUX-TEQs. CALUX-TEQ was the only product of
the CALUX bioassay used this time (DR-CALUX®,
dioxin responsive-CALUX). Each milk sample was ana-
lysed at multiple dilutions and for each dilution a triplicate
assay was performed. Procedure blanks and DMSO blanks
were used to control the quality of the analysis. To deter-
mine the recovery in the DR-CALUX® bioassay, multiple
of analyses of reference samples per series of unknown
samples analysed were performed. The results for the refer-
ence sample were plotted on a Shewhart Chart. The result
of an assay was considered correct if the results were within
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the 95% CI (Confidence Intervals) of the Shewhart Chart.
If results were outside the 95% CI, the series was consid-
ered false and those samples were re-analysed.

2.3. Data analysis

The individual CALUX values for each pool are pre-
sented as means and standard deviations (S.D.). The differ-
ences between the WHO-TEQ (derived from GC/MS) and
CALUX-TEQ were calculated for each pool. For each
milk sample the difference between the two estimates was
plotted against the mean of the two estimates, to highlight
the relationship between the two measures (Bland and
Altman, 1986). The second visualisation was made by
plotting the WHO-TEQ against CALUX-TEQ for each
paired milk sample.

The agreement between the mean CALUX-TEQ and the
pooled results by the GC/MS among the eleven pools was
then assessed by adopting the approach recommended by
Altman and Bland (Altman and Bland, 1983; Bland and
Altman, 1986). The difference d between the two measure-
ments was calculated and a 95% confidence interval for d
was calculated from the appropriate ¢ distribution. The
two measurement methods could be used interchangeably
to obtain a single estimate of dioxin activity when the dif-
ferences d between CALUX-TEQ and WHO-TEQ were
considered to be acceptable.

We formulated a simple regression model for WHO-
TEQ on CALUX-TEQ, and two multiple regression mod-
els to predict WHO-TEQ from CALUX-TEQ, where the
first allowed for constant systematic errors depending on
the residential characteristics of the mothers and the sec-
ond additionally allowed for a proportional systematic
error by the level of toxicity (van Wouwe et al., 2004b).
Multiple regression models were compared based on the
adjusted R-square statistics. We first performed the above
analyses using 1997-WHO-TEQ and presented the results
as our main findings. Then all analyses for agreement were
repeated for the 2005-WHO-TEQ for comparison. Data
analysis was performed by using the Statistical Package
for Social Sciences (SPSS for Windows, version 10.1; SPSS
Inc., Chicago, United States) and R version 2.3.1 (R Devel-
opment Core Team, Vienna, Austria).

3. Results and discussion
3.1. Subject characteristics

The majority (98%) of the 250 mothers (aged 17-42
years old) were Chinese; about half (52%; n = 130) were
born in Hong Kong, 43% (n = 107) were born in mainland
China and the remainder in other Asia Pacific countries.
Sixty-nine mainland mothers came to Hong Kong prior
to delivery and their mean duration of stay in Hong Kong
was less than a year. The mean age of donors in each of the
eleven pools ranged from 26.5 years to 32.6 years (Table 1).
The mean age of babies at the time of sampling the mothers

was 4.1-4.6 weeks. Mothers who recently came from main-
land China (Pools 6-8) were likely to be younger, less edu-
cated and with less household income compared with
mothers who resided in Hong Kong for longer periods
(Pools 1-5 and 9-10). They were also more likely to prac-
tice exclusive breastfeeding. Detailed characteristics of the
participants and their allocation to geographic residential
categories have been described elsewhere (Hedley et al.,
20006).

3.2. GCIMS analyses

The GC/MS analyses generated the mass concentration
for each of the 29 target congeners in the 11 pools. (Hedley
et al., 2006) All but two (2,3,4,6,7,8-hexachlorodibenzofu-
ran and PCB123) of the congeners were found to have
detectable contents in all the 11 pooled milk samples.
The analytical difference between upper and lower bound
calculations of TEQ values was negligible (<0.1%), there-
fore upper-bound concentrations were used. In all pools,
the 1997-WHO-TEQ was larger than the corresponding
2005-WHO-TEQ and the difference ranged from 1.3 to
3.72 pg/g fat (Table 1).

3.3. CALUX bioassay

Two hundred and thirty-three out of 250 individual milk
samples gave quantifiable responses ranging from 3.2 to
33 pg CALUX-TEQ/g fat. The fat content of one sample
was reported as missing and the TEQ content could not
be determined. An estimated TEQ was allocated to 13 sam-
ples (belonging to pools 1, 2, 6, 7, 8 and 11) with responses
just below the limit of quantification and a further 3 were
classified as undetectable. As a result, CALUX-TEQ values
were obtained for a total of 246 milk samples. Further
analysis shows that exclusion of the 13 estimated
CALUX-TEQ did not affect the study findings (data not
shown). Among mothers with the same residential class
(Hong Kong, mainland China, China immigrant and Over-
seas) and/or similar dietary pattern of dioxin containing
foods (dairy products and seafoods), an intra-pool range
of 12.9-31.8 pg CALUX-TEQ/g fat was observed. The
four samples with no values for CALUX-TEQ were from
Pool 2 (n=1), Pool 5 (1) and Pool 11 (2). The CALUX-
TEQs of the individual milk samples averaged by pools
ranged from 11.5 to 16.4 pg/g fat (Table 1).

3.4. Comparison between WHO-TEQ and CALUX-TEQ

Fig. 1a shows the difference between the two estimates
of toxicity for each milk sample (CALUX-TEQ and
1997-WHO-TEQ) plotted against the mean of the two esti-
mates. The CALUX-TEQ was typically higher than the
1997-WHO-TEQ, while the degree of discrepancy appears
unaffected by the mean value of the two measurements. A
greater discrepancy was observed among the four pools
comprising mothers from mainland China compared to
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Fig. 1. (a) Difference against mean of CALUX-TEQ and WHO-TEQ in
11 pools and (b) comparison of the mean CALUX-TEQ and the 1997-
WHO-TEQ in 11 pools.

the pools of Hong Kong mothers and those who had spent
time overseas (Fig. la). When the 1997-WHO-TEQ was
plotted against average CALUX-TEQ of the correspond-
ing pool, the lowest level of agreement between the two
measurements, that is those furthest away from the line
of equality, was found in the four pools comprising moth-
ers who came from mainland China (Fig. 1b).

The actual difference between the two TEQ estimates in
each pool was calculated (Table 1). Compared with the
1997-WHO-TEQ, a higher CALUX-TEQ was observed in
each pool except Pool 5 comprising Hong Kong residents
with high intake of seafood and dairy products (Table 1).
The overall mean difference between the two TEQs was
1.6 pg/g fat (95% CI: 0.7, 2.4). When the TEF,qs was
applied, there was a 14-26% decrease in the 2005-WHO-

TEQ resulting in a larger the difference between the
CALUX- and WHO-TEQs (mean: 3.9 pg/g fat; 95% CI:
3.54.4).

A simple linear regression of 1997-WHO-TEQ (y) on
CALUX-TEQ (x) obtained the equation y=—-2.6+
1.08x, (adj. R*=0.66). However given the clear relation-
ship between the residential characteristics and the degree
of deviation (Fig. 1a), we investigated two multiple regres-
sion models (Table 2). In Model 1, the discrepancy between
1997-WHO-TEQ and CALUX-TEQ was allowed to vary
by residential characteristics of the mothers, while Model
2 adjusted for residential characteristics and additionally
allowed the difference to vary by the level of CALUX-
TEQ i.e. the discrepancy was proportional to the CALUX-
TEQ value. The adjusted R-square for Model 2 was higher
(adj. R*> = 0.92) than that for Model 1 (adj. R* = 0.81) indi-
cating that the inclusion of a term for the proportional sys-
tematic error is warranted. In a sensitivity analysis, Model
2 fitted better than Model 1 after exclusion of the outlying
point for Pool 5, for which the CALUX-TEQ was lower
than its 1997-WHO-TEQ. These results suggested that
there was a slight (f = 1.1) proportional systematic error
where the CALUX bioassay gave greater overestimation
of lower toxicities (Table 2). According to Model 1 and
Model 2, a CALUX-estimated toxicity of 13 pg/g fat
would overestimate the 1997-WHO-TEQ by approximately
0.9, 3.1 and 0.3 pg/g fat for mothers from Hong Kong,
mainland China and Overseas, respectively. In the regres-
sion model of 2005-WHO-TEQ on CALUX-TEQ, the
regional difference in the discrepancy between the two mea-
surements was narrower and the small proportional sys-
tematic error disappeared (data not shown).

3.5. Interpretation of the study findings

The bioanalytical technique in quantification of dioxin
levels in humans is increasingly being explored and used
in population research, however, the interpretation of the

Table 2
Multiple regression models to predict 1997-WHO-TEQ from CALUX-
TEQ

Model 1* Model 2°

B [95% CI] B 195% CI]
CALUX-TEQ® 1 1.1 [-0.2,0.3]
Residential characteristics
Hong Kong —0.9 [-1.5,-0.3] -2.2[-6.0,1.5]
Mainland China —3.1[-3.7,-2.4] —4.4 [-8.0,—0.7]
Overseas —0.3[-1.2,0.6] —-1.6 [-5.1,1.9]
R 0.85 0.95
Adjusted R* 0.81 0.92

% Allowing for discrepancies related to the residential characteristics of
the mothers.

® Allowing for discrepancies related to the level of CALUX-TEQ and
the residential characteristics of the mothers.

¢ In Model 1, the slope of this regression coefficient was restricted to be
1. In Model 2, we allowed for a proportional systematic error i.e. dis-
crepancies related to the level of CALUX-TEQ.
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dioxin toxicity determined by CALUX bioassay is
more complex than the WHO-TEQ (Windal et al., 2005).
The value of the CALUX bioassay in surveillance
work depends on the assessment of the validity of the
CALUX-TEQ. There are several reports on the compari-
son between CALUX results and those from GC/MS on
human milk samples (Aarts et al., 1996; Laier et al.,
2003; Kayama et al., 2003) and human blood samples
(Koppen et al., 2001; Kayama et al., 2002; van Wouwe
et al., 2004b; Warner et al., 2005). Most of them assessed
the relationship between the two measurements by calcu-
lating the correlation coefficients. However high correla-
tion does not necessarily mean the two measures are
interchangeable and comparable. Moreover, the typical
hypothesis test against a correlation coefficient of 0 is not
as useful when the two measures are expected to be corre-
lated (Bland and Altman, 1986). In this study we have
adopted another approach suggested by Bland and Altman
(1986) and also multiple regression modelling to further
investigate the interpretation of the CALUX-TEQ.

In this study, the 95% confidence interval of the differ-
ence between the two measurements among the 11 paired
samples did not include zero indicating that there was a sta-
tistically significant difference between the WHO-TEQ and
CALUX-TEQ. An even larger discrepancy was observed
when the TEF,ps was used to calculate the WHO-TEQ
as the change in TEF system resulted in about a 20% (14—
26%) decrease in the TEQ, as also suggested by van den
Berg et al. (2006). The GC/MS measures the concentrations
of a selected number of dioxin and dioxin-like compounds
while the CALUX bioassay detects all compounds acting
as Ah-receptor agonists so the systematically higher values
with bioassays observed in this study were plausible and in
line with some previous reports on human samples (Aarts
etal., 1996; Laier et al., 2003; van Wouwe et al., 2004b). Ille-
gal electronic waste recycling has been prevalent in certain
region of southern China (Puckett et al., 2002) and we
believe part of the overestimation of CALUX-TEQ was
probably contributed from the presence of compounds pos-
sessing Ah-receptor activity (Behnisch et al., 2003), such as
polybrominated diphenyl ethers, polybrominated dibenzo-
p-dioxins and polybrominated dibenzofurans, in the matrix.
It has been suggested that the use of lower bound concen-
trations determined by GC/MS analysis could induce
greater discrepancies between the two measurements at
lower toxicities (van Wouwe et al., 2004b). However this
could not explain the observations in our data because the
analytical difference between upper-bound and lower-
bound calculations of WHO-TEQ is negligible (<0.1%)
and upper-bound concentrations were used.

The deviation of CALUX-TEQ from WHO-TEQ was
greater in milk samples from recent (Pools 6 and 7) and
earlier (Pools 8 and 9) immigrants from mainland China
while the smallest deviation was observed among mothers
who had spent some time away from Hong Kong (Pools
10 and 11). The residential characteristics of the mothers
significantly improved prediction of WHO-TEQ by

CALUX-TEQ in the multiple linear regression model.
Although the newly published TEFs resulted in a narrower
variation in the size of overestimation, regional differences
remained and this effect is evident in regression models on
the 2005-WHO-TEQ. These observations indicated that
taking into account differences in the residential histories
of the mothers, even within the same region, improved
the interpretation of the CALUX-TEQ in their breast milk
samples and this should be considered in inter-country
comparisons of CALUX-TEQ. Regional differences in
the overestimation of CALUX-TEQ in paired human
serum has been reported among subjects living in urban
and rural areas (Koppen et al., 2001), implying that the
source of the discrepancy is geographic specific and related
to the environmental exposure of the mothers. Milk sam-
ples from the mainland China had a higher % PCDF-
TEQ of the total PCDD/F-TEQ (44-45%) and a lower %
mono-ortho PCBs in the total PCB-TEQs (23.4-32.2%)
compared to those for Hong Kong (respectively 37-38%
and 41.3-49.7%) (Hedley et al., 2006). Such differences in
PCDD, PCDF and PCB congener profiles might also con-
tribute to the discrepancy in the bioassay performance. For
example, Hoogenboom et al. (2001) has reported an under-
estimation of TEQ in the bioassay with increasing concen-
tration of mono-ortho PCB in eel samples as some of them
showed a relatively weak response in the bioassay com-
pared with the WHO-TEF (Gizzi et al., 2005). However
since we did not have information on the CALUX-TEQ
of individual congeners we could not tell exactly how the
congener profiles and difference in REPs and TEFs inter-
acted in the regional differences in the CALUX-TEQ and
WHO-TEQ.

There has been no established acceptable range of differ-
ence between the CALUX-TEQ and WHO-TEQ. In this
study, we demonstrated that the valid measure of difference
between the assays varied between subjects from different
regions. A judgement on what is an “acceptable difference”
(Bland and Altman, 1986) would be based on the absolute
magnitude and dispersion of the TEQs, and the size of the
difference between the assays. We believe that the size of
the differences in the two estimates for Hong Kong and
Overseas samples are small and implicitly acceptable. The
departure from this pattern in mainland China samples,
where the CALUX appeared to over-estimate TEQ com-
pared with GC/MS, clearly points to potentially important
issues of interpretation when the assay is used across pop-
ulations with marked regional differences in social demo-
graphic and environmental characteristics. We found a
small proportional systematic error (van Wouwe et al.,
2004b), which indicated that the relationship between
WHO-TEQ and CALUX-TEQ was also dependent on the
actual level of toxicity with larger CALUX over-estimation
for lower toxicities. This effect was not very strong and
it even disappeared when the 2005-WHO-TEQ was used
for comparison. The deviation of CALUX-TEQ from
WHO-TEQ was more dependent on the geographic charac-
teristics of the mothers.
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In our defined population of nursing mothers, using
paired milk samples, we showed there was a significant dif-
ference between the gold standard WHO-TEQ and the
CALUX-TEQ. The CALUX bioassay generally gave an
over-estimation of the toxicity (of 0.2-3.3 pg/g fat) com-
pared with the GC/MS method but the degree of over-esti-
mation varied among different geographic origins of the
mothers. Since the TEFs and relative potencies for some
congeners are different and the congener profiles vary
between geographic regions, our findings cannot be gener-
alised to all regions. The comparison between the two mea-
surements is however altered when the new TEF system
(van den Berg et al., 2006) is used. In this new system,
TEFs for 14 congeners were revised among which 7 were
found to be closer to the relative effect potency (REP)
used for CALUX bioassay while 7 were more separated.
After applying the new TEF, the overestimation by the
CALUX-TEQ was found to be two to three times greater
and the regional difference in the discrepancy between the
two measurements was narrower. More studies are needed
to investigate the effect of the new-TEF system on the inter-
pretation of CALUX-TEQ.

There are a few limitations in this study. First, the rela-
tively small sample size within multiple pools limited the
power of the multiple regression analyses and did not allow
the investigation of other discrepancies between CALUX-
TEQ and WHO-TEQ, which may arise because of varia-
tions in concentrations of probable agonists. Second, since
CALUX-TEQ was not determined on pooled milk samples,
we cannot affirm whether the arithmetic mean of individual
CALUX-TEQ is exactly equivalent to the CALUX-TEQ of
the pooled samples. Third taking the mean of TEQ, in either
individual or pooled samples, reduces the dispersion of the
data which could over simplify the comparison between
WHO-TEQ and CALUX-TEQ and would likely cause us
to overestimate the fit (R?) of the regression models.

In view of the fact that CALUX measurements do not
always reflect real dioxin-like toxicity and that its perfor-
mance may be affected by a number of different factors
(Windal et al., 2005), the use of the CALUX bioassay must
be combined with appropriate and adequate extraction and
clean-up procedures to prevent non-dioxin responses (van
Overmeire et al., 2001) as this is crucial to ensure compat-
ibility (Harrison and Eduljee, 1999) and interpretation (van
Wouwe et al., 2004a) of bioanalytical detection methods.
Knowledge of substances with potential CALUX assay
activities in any specific sample matrix, such as endogenous
activators or other sources of pollutants, is also needed
(Ziccardi et al., 2000). Validation with toxicity determined
by chemical analysis on paired samples would improve
interpretation of the bioassay results in population surveys.
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