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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• First national study of dechlorane plus 
in Canadian human milk. 

• Higher detection frequency for anti- 
dechlorane plus than syn-dechlorane 
plus. 

• Mirex was detected in 100% of the 
samples analyzed, a decrease in levels 
observed. 

• Higher concentrations of mirex were 
observed than syn- and anti-dechlorane 
plus. 

• Age was correlated with both mirex and 
ΣDDC-CO concentrations, but parity 
was not.  
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A B S T R A C T   

As part of the pan-Canadian Maternal-Infant Research on Environmental Chemicals (MIREC) study, human milk 
samples were collected between 2008 and 2011, and analyzed for mirex, an organochlorine insecticide and flame 
retardant, in addition to dechlorane plus (syn- and anti-DDC-CO), the flame retardant replacement for mirex. 
Mirex was analyzed separately, using a method for the analysis of existing organochlorine insecticides, while the 
presence of DDC-CO isomers was determined using a method developed for the detection of emerging flame 
retardants. Mirex was detected in all samples analyzed (n = 298), while syn- and anti-DDC-CO were present in 
61.0% and 79.5% of the samples, respectively (n = 541). Mirex concentrations have declined in human milk 
since the 1990s. Since this is the first pan-Canadian dataset reporting DDC-CO concentrations in human milk, no 
temporal comparisons can be made. Maternal age was correlated with concentrations of both compounds 
although parity did not impact concentrations of either analyte. Given the presence of this relatively recently 
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identified flame retardant (DDC-CO) in human milk from women across Canada, studies to identify dominant 
sources of this compound are critical. Despite low concentrations of environmental chemicals in human milk 
from Canadian women, Health Canada supports breastfeeding of infants because of the important health benefits 
to both the mothers and their infants.   

1. Introduction 

Mirex is a fully chlorinated organic compound that has been widely 
used in the control of fire ants and other insects globally (Environment 
Canada, 2013). In addition to its insecticidal properties, mirex had ap
plications as an additive flame retardant in paints, electrical goods, 
plastics and rubber between 1959 and 1972 (Feo et al., 2012; National 
Center for Biotechnology Information, 2022). Although mirex was never 
registered for use as an insecticide in Canada, it was manufactured in 
Niagara Falls, New York, USA by the company then named Hooker 
Chemical and Plastics Corp., currently OxyChem, and was imported into 
Canada (Kaiser, 1978; PSPC, 2019; Wang et al., 2013). Between 1959 
and 1975, the reported sales of mirex for non-insecticidal uses was 
primarily as a flame retardant. Annual usage ranged from 100 to 541, 
691 pounds, totalling 2,481,374 pounds (1126 tonnes), representing 
approximately 75% of company sales over this 17 year period (Kaiser, 
1978). While the insecticidal uses of mirex were largely within the US, 
the application as a flame retardant, under the name dechlorane, was 
not limited to the US (World Health Organization, 1990). 

Following the removal of most uses of mirex as an insecticide in the 
US in the late 1970s, due to toxicity concerns, other highly chlorinated 
compounds were developed as replacement flame retardant products, 
including dodecachlorodimethanodibenzocyclooctane (DDC-CO, dech
lorane plus or DP), present as syn- and anti-isomers (Bergman et al., 
2012; Hoh et al., 2006; Kaiser, 1978). DDC-CO has similar fire retardant 
properties to those of mirex and it is used in electronics, wires and 
roofing materials (Hoh et al., 2006; Shen et al., 2010). Globally, there 
are two main DDC-CO producers, one being OxyChem in Niagara Falls, 
NY which had an estimated production rate of 450–5000 tonnes annu
ally since 1986 and the other, Anpon, in Jiangsu Province, China where 
300–1000 tonnes annually were estimated to have been produced since 
2003 (Hansen et al., 2020). 

Broad spectrum flame retardant use in buildings, consumer products, 
electronics and vehicles has occurred in recent decades to address fire 
safety regulations (Dreyer et al., 2019), which has resulted in the 
identification of indoor environments as important sources of human 
exposure to flame retardants (Abou-Elwafa Abdallah and Harrad, 2022; 
Akinrinade et al., 2021; Chen et al., 2019). DDC-CO concentrations have 
been reported in dust from a variety of locations with elevated levels 
being observed in public microenvironments (hotel/
supermarket/classroom/lobby), similar to concentrations measured in 
cars and offices (He et al., 2018). 

Although DDC-CO was first reported relatively recently in environ
mental matrices (Hoh et al., 2006), it has been increasingly of research 
interest. The initial estimates of DDC-CO physical-chemical properties 
were consistent with long-range transport potential (Sverko et al., 
2011). Additionally, the high bioaccumulation potential has resulted in 
global investigations to determine DDC-CO in environmental matrices 
and biota (Smythe et al., 2020; Wang et al., 2010; Zafar et al., 2020), 
food (Sun et al., 2019; Tao et al., 2016; Zacs et al., 2021) and human 
tissues (Fromme et al., 2015; Qiao et al., 2018; Yin et al., 2020). Both 
syn- and anti-dechlorane plus have been observed in all investigated 
environmental compartments. Although the ubiquitous nature of 
DDC-CO has been increasingly confirmed, its toxicity has not yet been 
well studied. DDC-CO was not found to be acutely toxic and had low 
potential for mutagenicity in studies with bacteria (Dou et al., 2015). 
Oxidative stress has been associated with oral exposure to DDC-CO in 
mice and the liver appears to be the target organ (Li et al., 2013; Wu 
et al., 2012). 

DDC-CO has been reported in human tissues (Xian et al., 2011; 
Brasseur et al., 2014; Kim et al., 2016; Qiao et al., 2018; Fromme et al., 
2020; Martinez et al., 2021; Bao et al., 2022; Wielsøe et al., 2022), 
although investigations into the concentrations in human milk are 
relatively limited (Siddique et al., 2012; Ben et al., 2013; Zhou et al., 
2014; Čechová et al., 2017; Pan et al., 2020). The present work describes 
the determination of DDC-CO (syn- and anti-) and mirex, the compound 
it replaced, in human milk from the pan-Canadian Maternal-Infant 
Research on Environmental Chemicals (MIREC) study. 

The MIREC study was established to investigate maternal exposure 
to many chemicals. Samples of blood and urine were collected as part of 
the MIREC study, during trimester visits to the study clinics (Arbuckle 
et al., 2013; Arbuckle et al., 2014; Arbuckle et al., 2016; Fisher et al., 
2016), in addition to human milk samples collected postpartum. 

2. Materials and methods 

2.1. Study population and sampling 

The MIREC study was developed to examine multiple classes of 
environmental contaminants in pregnant women across Canada, rather 
than focussing on individual cities. This pan-Canadian approach was 
adopted to provide insight into the levels of chemical contaminants in 
women during pregnancy and their children on a national scale for a 
period between 2008 and 2011. Those clinics with existing research 
frameworks were the focus for identification of sites as recruitment 
centres. Before any centre was confirmed as a research centre for the 
MIREC study, approval from the research ethics boards of the research 
centre itself, that of the MIREC coordination centre (Centre hospitalier 
Universitaire [CHU] Sainte-Justine, Québec) and Health Canada was 
required. Participant recruitment occurred during maternal visits to the 
clinics (Arbuckle et al., 2013) and allowed the MIREC program to 
maintain contact with participants throughout their pregnancy, 
following recruitment. Each participant provided written consent, in 
advance of participation in the MIREC study. 

Ultimately, 10 research centres were established in six provinces 
(British Columbia, Alberta, Manitoba, Ontario, Québec and Nova 
Scotia), with the majority of sites located in Ontario, which is the most 
populous province (Rawn et al., 2022). The research centres in Ontario 
represented different population densities and cultural backgrounds. 
Participation in the study was voluntary and, hence participants are not 
a representative random sample of the population. 

Eligibility requirements to participate in the study included the 
following: women had to be 18 years of age or older, <14 weeks 
gestation and capable of communicating in either official language (i.e., 
English or French) (Arbuckle et al., 2013). Among the women 
approached regarding the study, approximately 59% were eligible and 
39% of those agreed to participate in the study. A total of 2001 women 
enrolled in the study between 2008 and 2011. During each trimester, 
participants answered questions related to lifestyle, demographic and 
personal status, including pre-pregnancy body mass index (BMI), age 
and parity. 

Among the 2001 participants in the MIREC study, approximately half 
of them (n = 1017) provided human milk samples, while the remaining 
participants contributed to other components of the study, they did not 
provide human milk samples (Fig. 1). All human milk collection was 
performed by participants between two and 10 weeks following the 
birth of their babies (Arbuckle et al., 2013). 

Hand expression of both fore- and hind-milk was considered ideal for 
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the investigation; however, if participants experienced difficulty 
expressing the milk, a pump was provided for their use and retention. 
Participants were not required to collect milk for the samples at one 
sitting, but could collect it over a period of time for this study. If 
collection was completed within a few days, samples were kept at 4 ◦C 
between collections, but if it took a longer time, participants were asked 
to retain them in the freezer (− 20 ◦C). All samples were shipped frozen 
to the study coordination centre in CHU Sainte-Justine, Québec, fol
lowed by transfer to the designated laboratory for aliquot development. 
Samples selected for the determination of mirex and DDC-CO were 
collected in glass jars and aliquots were taken into glass containers for 
storage at − 80 ◦C until the laboratory was ready for analysis. 

2.2. Sample distribution 

Once research collection centres were established, data from the 
Canadian Community Health Survey (CCHS) (Statistics Canada, 2013) 
were used to develop a sampling framework for human milk. The 
sampling framework was developed to allow for sample distribution 
from all collection centres in a representative manner. Factors consid
ered during the development of the distribution plan included estimates 

of the number of participants who would continue to breastfeed their 
infants beyond two weeks from the birthdate of their baby, maternal age 
and parity. The number of samples capable of being analyzed in the 
required timeframe by individual labs was also considered during this 
process, to ensure that samples from across all sampling centres were 
included (Table 1). 

Separate aliquots of human milk received from participants were 
prepared for each type of analysis. Individual samples were coded with 
the same coding retained for all analyses, regardless of analyte class. All 
samples measured for one group of analytes were prepared for analysis 
within the same laboratory (i.e., samples for organochlorine in
secticides, including mirex/dechlorane determination were analyzed in 
one lab, while samples used for DDC-CO measurement were analyzed in 
the lab responsible for novel halogenated flame retardants). The lab 
responsible for mirex analysis received 298 samples, and the lab 
involved in DDC-CO analysis received 554 human milk samples. 

2.3. Extraction and Clean up 

As mirex was considered exclusively as an organochlorine insecticide 
through the analytical work in the MIREC program, it was quantified 

Fig. 1. Study population, sample distribution for analysis.  
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following the method used for pesticide analyses. In contrast, DDC-CO 
analyses were performed using a method developed for emerging 
flame retardants. The methods used for sample preparation and analysis 
for each of the methods described below were performed by the Food 
Research Division authors. 

2.3.1. Mirex 
Milk samples (25 g) were weighed into Erlenmeyer flasks and 1.35 ng 

13C labelled mirex (Cambridge Isotope Laboratories Inc., Tewksbury, 
MA, USA) was added as a surrogate standard to each sample. Samples 
were extracted with 300 mL acetone: hexane (2:1) (Omnisolv, EMD 
Science, Mississauga, ON) with homogenization using a Polytron. Ho
mogenized samples were transferred through a funnel fitted with glass 
wool (pre-cleaned by rinsing with dichloromethane) to a separatory 
funnel. The lower, water layer was discarded and the organic layer was 
treated with aqueous sodium chloride (EMD anhydrous, ACS grade, 
Ottawa, ON) and mixed. Following the dispersal of any emulsion, the 
water layer was discarded. The extract was dried over heat treated so
dium sulfate (EMD anhydrous Tracepur, 10–60 mesh, 675 ◦C for 18 h in 
a muffle oven) and collected in a 500 mL round bottomed flask using a 
funnel with pre-cleaned glass wool. Samples were then evaporated to a 
small volume using rotary evaporation and dried for a second time over 
sodium sulfate and collected in a pre-weighed 125 mL round bottomed 
flask. Samples were set aside in the fume hood until constant weight was 
achieved. Lipid content was determined gravimetrically. 

Samples were then diluted in 1:1 dichloromethane: cyclohexane 
(Omnisolv), filtered through 0.45 μm polytetrafluorethylene (PTFE) 
filters (Sigma Aldrich, St. Louis, MO, USA) and cleaned up using gel 
permeation chromatography (Autoprep 2000; OI Analytical, College 
Station, Texas) using 60 g S-X3 biobeads (200–400 mesh, Bio-Rad 
Laboratories, Mississauga, ON) with dichloromethane: cyclohexane 
(1:1, v/v) as the mobile phase with a flow rate of 5 mL min− 1. Following 
gel permeation chromatography, samples were concentrated to 2 mL in 
hexane for column chromatography using 6 g 2% water deactivated 
Florisil (EMD 60–100 mesh, Ottawa, ON) topped with anhydrous so
dium sulfate and the extract was eluted with 60 mL hexane and collected 
for mirex analysis. Approximately 200 μL iso-octane (Omnisolv) was 
added as a keeper and extracts were concentrated to approximately 500 
μL using rotary evaporation, transferred to 5 mL graduated centrifuge 
tubes and taken to less than 200 μL under a gentle stream of nitrogen in a 
water bath set to 29 ◦C. 13C PCB 141 (Cambridge Isotope Laboratories, 
Tewksbury, MA, USA) (256 pg) was then added as a performance 
standard and samples were brought to a final volume of 200 μL with 
isooctane. Samples were then transferred to amber glass autosampler 
vials with glass inserts and stored at − 80 ◦C until ready for analysis. 

2.3.2. DDC-CO 
Human milk samples were prepared for DDC-CO analysis using the 

method developed for novel halogenated flame retardants in cow milk 
(Rawn et al., 2016). Briefly, milk (10 g) was transferred into poly
propylene centrifuge tubes, fortified with 625 pg 13C syn-DDC-CO 
(Cambridge Isotope Laboratories), allowed to sit for 30 min on the 
laboratory bench and 1 mL HCl (ACS grade, J.T. Baker, Fisher Scientific) 
was added prior to sonication for 15 min. Following sonication, samples 
sat on the laboratory bench for 15 min and then 10 mL deionized pu
rified water (minimum resistivity 18.2 MΩ) and 20 mL acetone: hexane 
(2:1, v/v), were added to the centrifuge tube. Samples were homoge
nized using an Omni Tissue Homogenizer for 1 min, capped and mixed 
for 10 min using a Roto-torque variable speed rotator (Cole-Parmer, 
Montréal, QC, Canada). Samples were centrifuged for 10 min at 12, 
857×g in an Eppendorf centrifuge 5810R (Eppendorf, Mississauga, ON), 
set at 10 ◦C and the supernatant was transferred to a 15 mL graduated 
glass centrifuge tube and set aside while the sample was re-extracted 
using an additional 10 mL acetone: hexane (2:1) and a third extrac
tion using 8 mL acetone: hexane (2:1), and the supernatants of the 
additional extractions were combined with the first. The extract was 
concentrated to 2.5 mL in a water bath set to ~40 ◦C with a gentle 
stream of nitrogen. Sample volumes were adjusted to 5 mL with 
dichloromethane and vortexed. Lipid determination was performed 
gravimetrically by removing an aliquot of the extracts (0.5 mL) and 
transferring them to pre-weighed aluminum dishes placed in the fume 
hood overnight to allow the solvent to evaporate and lipid determina
tion was performed the following day. 

Following the removal of 0.5 mL for lipid determination, similar to 
the mirex analysis protocol, DDC-CO samples were cleaned up using gel 
permeation chromatography (Gilson GX-271, Middleton, WI, USA) 
using 35 g of S-X3 biobeads (200–400 mesh) (Bio-Rad). The mobile 
phase was 1:1 dichloromethane: hexane (v/v) with a flow rate of 5 mL 
min− 1 and extracts were concentrated to 5–10 mL using rotary evapo
ration. Additionally, samples were further cleaned up using columns of 
8 g 3% water deactivated Florisil (60–100 mesh) with anhydrous sodium 
sulfate on the top and bottom of each column. DDC-CO was eluted using 
50 mL of 1:1 dichloromethane: hexane and concentrated to ~1 mL using 
rotary evaporation, transferred to a 2 mL graduated centrifuge tube 
containing 50 μL toluene as a keeper and concentrated further to ~40 μL 
using a gentle stream of nitrogen in a water bath maintained at 40 ◦C. 
13C polybrominated biphenyl 194 (12.5 ng) purchased from Wellington 
Laboratories (Guelph, ON) was added as a performance standard and the 
final volume was adjusted to 50 μL with toluene. Samples were trans
ferred into amber glass autosampler vials with a glass insert and samples 
were capped and stored at − 80 ◦C until they were to be analyzed. Of the 
554 samples included for analysis of DDC-CO, 13 were lost during 
sample preparation, resulting in the analysis of 541 human milk 
samples. 

2.4. Analysis 

2.4.1. Mirex 
Mirex samples were analyzed using an Agilent 6890 (Agilent Tech

nologies Canada, Mississauga, ON) gas chromatograph coupled to a 
MicroMass AutoSpec magnetic sector mass spectrometer. Separation of 
mirex from other analytes, surrogates and performance standards was 
achieved using a 30 m DB5 column (0.25 mm i. d. x 0.25 μm film 
thickness) coupled to a 3 m, 0.53 mm i. d. retention gap (Agilent 
Technologies). The injector was set to track the oven temperature. The 
initial temperature was 80 ◦C where it remained for 2 min, followed by 
an increase at a rate of 8 ◦C min− 1 to 240 ◦C and a final increase to 280 
◦C at 15 ◦C min− 1, where it was held for 5 min. The head pressure was 
ramped from 28 kPa to 173 kPa throughout the analytical run. The 
carrier gas was helium. The mass spectrometer was operating in EI 
positive mode at 50 eV, the source temperature was 250 ◦C and the trap 
current was set to 650 μA. Injection volumes were 1 μL and the mass 

Table 1 
Participant summary information corresponding to the human milk samples 
analyzed for mirex and DDC-CO.  

Characteristic Summary Statistics 

Mirex analyses N = 298 
Age Range: 21–46 years; mean 33.6 
Parity Range: 1–4 
Age Group (years) <30 years ≥30 years  

Primiparous Multiparous Primiparous Multiparous 
Maternal Country of Birth 
Canada 38 21 89 104 
Other 2 2 17 25 
Total 40 (13%) 23 (8%) 106 (36%) 129 (43%) 
DDC-CO analyses N = 541 
Age Range: 20–44 years; mean 32.6 
Parity Range: 1–5 
Age Group (years) <30 years ≥30 years  

Primiparous Multiparous Primiparous Multiparous 
Maternal Country of Birth 
Canada 88 44 129 198 
Other 11 5 25 41 
Total 99 (18%) 49 (9%) 154 (29%) 239 (44%)  
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resolution was 4000 for these analyses. 
The quantification and qualifying ions for mirex were m/z 271.8102 

and 269.8131, respectively. The surrogate and performance standard 
quantification and qualifying ions were 278.8240/280.8210 and 
371.8817/373.8788, respectively. Retention times for mirex, 13C mirex 
and 13C PCB 141 were 31.67 min, 31.66 min and 26.31 min, respec
tively. Compounds were confirmed if the relative retention time 
matched with that of the corresponding analytical standard (±0.1 min) 
and the response ratio of the quantification/qualifying ions also agreed 
with the standard. 

2.4.2. DDC-CO 
DDC-CO samples were analyzed using an Agilent 7890A gas chro

matograph (Agilent Technologies, Mississauga, ON) coupled to a Waters 
AutoSpec Premier high resolution mass spectrometer (Waters Corpora
tion, Milford, Massachusetts, USA). Analyte separation was achieved 
using a 15 m DB-5MS column (0.25 mm i. d. x 0.10 μm film thickness) 
coupled to a 5 m, 0.53 mm i. d. deactivated fused silica retention gap 
(Agilent Technologies). The oven temperature was initially set to 80 ◦C 
and held for 2 min, followed by an increase to 170 ◦C at 20 ◦C min− 1 and 
held for 5.5 min with a final increase to 320 ◦C at a rate of 25 ◦C min− 1 

and held for 10 min. Similar to the mirex analyses, the injector was set to 
track the oven temperature for these analyses, helium was used as the 
carrier gas at a constant flow of 1.2 mL min− 1. The mass spectrometer 
was operating in EI positive ion mode at 36 eV, the trap current was 600 
μA and the source temperature was 250 ◦C. Sample volumes of 1 μL were 
injected and the mass spectrometer was operated at resolution 10,000 
for DDC-CO analyses. 

The quantification and qualifying ions of DDC-CO (syn- and anti-) 
were m/z 271.8102 and 269.8131, respectively. Syn-DDC-CO eluted first 
(retention time 17.91 min) followed by anti-DDC-CO (18.10 min). The 
surrogate and performance standards 13C syn-DDC-CO and 13C PBB194 
quantification and qualifying ions were 278.8240/280.8210 and 
637.5593/635.5618, respectively. As indicated for mirex, DDC-CO 
detection was confirmed based on relative retention time (±0.1 min) 
and response ratio of two characteristic ions to that of individual 
standards. 

2.5. Quality assurance/quality control 

With each set of samples analyzed for mirex, a reagent blank was 
included to correct results for any laboratory background contributions. 
In addition, an internal quality control human milk sample, was tested 
as unfortified and paired with a fortified sample, spiked at either 0.78 
ng g− 1 or 0.39 ng g− 1 sample weight. Additionally, one of two standard 
reference materials (SRM 1953; non-fortified human milk or SRM 1954; 
fortified human milk; NIST, Gaithersburg, MD, USA) was run with each 
set of samples. The mean mirex concentration in the unfortified internal 
quality control human milk sample was 7.83 pg g− 1, with few results 
beyond ±2 standard deviations from the mean result. The mean mirex 
recovery from fortified human milk was 102%, ranging from 85.1% to 
117%. The reference value for mirex in SRM 1953 was 68 pg g− 1 and all 
analyses of this SRM were within one standard deviation of this result. 
The SRM 1954, had a certified mirex concentration of 515 pg g− 1 and all 
aliquots of SRM 1954 tested were ±2 standard deviations of the certified 
value with the exception of a single aliquot tested. Mean recovery of the 
surrogate standard (13C mirex) from human milk samples tested was 
78.1%. 

With each set of human milk samples analyzed as part of the MIREC 
study for DDC-CO, a reagent blank was included to correct for back
ground levels in the laboratory. No reference materials with certified 
DDC-CO concentrations were identified throughout the duration of the 
human milk sample preparation and analysis. With each set, however, 
either an internal quality control sample of human milk, or cow milk 
known to be free of the compounds of interest, fortified at a concen
tration of 0.025 ng g− 1 sample weight, was included. Mean 

concentrations in the human milk samples tested throughout the MIREC 
analyses were 34.4 pg g− 1 lipid syn-DDC-CO and 52.0 pg g− 1 lipid anti- 
DDC-CO. With few exceptions, concentrations remained within two 
standard deviations of the mean result. Recoveries of DDC-CO in forti
fied cow milk ranged from 80.4%–104% (mean = 90.8%) and 79.6%– 
119% (mean = 91.9%), syn- and anti-DDC-CO, respectively. The mean 
recovery of 13C syn-DDC-CO from the MIREC samples tested in this study 
was 99.1%, although there were a few samples (n = 5 of 541) with very 
low recoveries (<10%). Each of the samples having low recovery were 
found to have DDC-CO concentrations below limits of detection. 

2.6. Limits of detection 

Method detection limits (MDLs) were established based on a 3:1 
signal to background noise ratio and were determined for each sample 
individually, to account for instrument sensitivity and differences in 
sample size. The average mirex MDL was 0.024 pg g− 1 sample; 0.776 pg 
g− 1 lipid. Average detection limits for DDC-CO syn- and anti-were 
elevated compared to those for mirex, 0.107 pg g− 1 sample and 0.076 pg 
g− 1 sample; 2.93 and 2.72 pg g− 1 lipid, respectively. 

2.7. Statistical analysis 

Statistical analyses were performed using SigmaPlot 12.5 (Systat 
Software Inc.). For those samples with DDC-CO concentrations < LOD, 
the concentration was set to ½ LOD (i.e., LOD/2) for statistical data 
analysis. Spearman correlations were developed to examine the rela
tionship between mirex and DDC-CO for those samples that had been 
analyzed for both mirex and DDC-CO (n = 270), as well as between syn- 
and anti-DDC-CO concentrations in human milk samples (n = 541). 
Flame retardant concentrations were examined in defined groups (age, 
pre-pregnancy body mass index) to establish whether the concentrations 
were significantly different by grouping. Owing to the fact that the data 
were not normally distributed, one-way analysis of variance (ANOVA) 
tests were performed using Kruskal-Wallis ANOVA on ranks, followed by 
Dunn’s method. Relationships were considered statistically significant if 
the p-value was less than 0.05. 

3. Results 

Mirex was detected in every sample analyzed from the present study 
with concentrations ranging from 44.9 pg g− 1 lipid to 4540 pg g− 1 lipid 
(Fig. 2). In contrast, syn-DDC-CO was detected in 61.0% of the samples 
analyzed while anti-DDC-CO was observed at concentrations above the 

Fig. 2. Mirex and ΣDDC-CO concentrations in Canadian human milk collected 
from all sampling sites. Box indicates 25th, 50th and 75th percentiles. Points 
indicate data outside of 10th and 90th percentiles. 
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detection limit in 79.5% of the samples. The maximum syn-DDC-CO and 
anti-DDC-CO concentrations were observed in the same sample, with 
syn-being elevated over anti- (2380 and 530 pg g− 1 lipid, respectively) 
(Table 2). While the mirex concentrations were distributed throughout 
the observed concentration range, DDC-CO concentrations were gener
ally low, with <10% of the samples having greater than 50 pg ΣDDC-CO 
g− 1 lipid (Fig. 2). The maximum ΣDDC-CO concentration was 2910 pg 
g− 1 lipid, only 64% of the maximum concentration of mirex in the 
present study. The maximum mirex and ΣDDC-CO concentrations were 
present in different samples. Among the samples analyzed for both mirex 
(n = 298) and DDC-CO (n = 541), 270 were analyzed for both analytes. 
The mirex concentrations observed in these samples were significantly, 
but weakly correlated with ΣDDC-CO concentrations (Spearman corre
lation 0.182, ρ = 0.003). 

Syn- and anti-DDC-CO concentrations were positively correlated 
(Spearman correlation 0.646, ρ < 0.001) with each other in the human 
milk collected in the present study. The fraction of ΣDDC-CO present as 
the anti-isomer in the samples, fanti-, was calculated using only those 
samples where both syn- and anti-DDC-CO were present (n = 313). Anti- 
DDC-CO represents approximately 75% of the DDC-CO in the technical 
product (Sverko et al., 2011), although this value is thought to vary 
between lots and manufacturers (Ben et al., 2013). The fanti- varied 
widely among the Canadian human milk samples (0.182–0.951) in the 
present study (Table 2). The mean and median fanti- determined in the 
MIREC samples were 0.622 and 0.627, respectively. The lowest fanti- 
(0.182) was determined in the sample with maximum ΣDDC-CO con
centrations (2910 pg g− 1 lipid ΣDDC-CO). 

Positive, but weak Spearman correlations were observed between 
maternal milk concentrations of both mirex and ΣDDC-CO, and maternal 
age (Spearman correlations 0.516, ρ < 0.001 and 0.104, ρ = 0.02, 
respectively) (Fig. 3). Mirex concentrations were significantly higher in 
participants ≥30 years (mean 292 pg g− 1 lipid) than those <30 years 
(mean 169 pg g− 1 lipid) (ANOVA p < 0.001). A weaker difference was 
observed between ΣDDC-CO concentration in women <30 years, mean 
12.3 pg g− 1 lipid relative to those ≥30 years, mean 14.3 pg g− 1 lipid; p 
= 0.019). While relationships between parity, the number of previous 
viable pregnancies, and some legacy persistent organic contaminant 
concentrations in human milk have been reported in the literature 
(Klinčić et al., 2016; LaKind et al., 2004), this was not the case for either 
mirex (ANOVA, p = 0.740) or ΣDDC-CO (ANOVA, p = 0.883) in the 
present study. 

Both mirex and DDC-CO are lipophilic compounds and, therefore, 
these flame retardant concentrations observed in human milk were 
examined in relation to the pre-pregnancy BMI. Mirex concentrations in 
human milk from individuals having lower pre-pregnancy BMI (<20 kg 
m− 2) were elevated (median concentration = 362 pg g− 1 lipid) over 
those with higher pre-pregnancy BMI. Median mirex concentrations 
decreased with each BMI grouping (20–25, 260 pg g− 1 lipid; >25–30, 
227 pg g− 1 lipid; >30–35, 209 pg g− 1 lipid; >35, 119 pg g− 1 lipid). 
There were some participants who did not provide the pre-pregnancy 

BMI and, as a result, those milk concentration data were compiled 
into a separate group; the median mirex concentration in this group was 
227 pg g− 1 lipid. Median mirex concentrations in milk from participants 
having a pre-pregnancy BMI <20 were significantly higher (p < 0.001) 
than found in the milk of women with pre-pregnancy BMI values in the 
ranges of >25 to 30, >30 to 35 and > 35 (Fig. 4). Additionally, median 
mirex concentrations in the milk of participants having pre-pregnancy 
BMI values between 20 and 25 were significantly higher than those 
with pre-pregnancy BMIs >35 (p = 0.019). 

Similar statistical analyses were performed for ΣDDC-CO concen
trations with respect to pre-pregnancy BMI. ΣDDC-CO concentrations in 
milk were significantly different (p = 0.007) among women belonging to 
the different pre-pregnancy BMI ranges. Significant differences in me
dian ΣDDC-CO concentrations in milk were only found between pre- 
pregnancy BMIs of <20, 20–25 and > 25–30 (16.1 pg g− 1 lipid, 14.3 
pg g− 1 lipid and 13.8 pg g− 1 lipid, respectively) relative to concentra
tions in milk from individuals with pre-pregnancy BMIs >35 (4.02 pg 
g− 1 lipid) (Fig. 5). 

4. Discussion 

Mirex was identified as one of the original persistent organic pol
lutants (POPs) as part of the Stockholm Convention adopted in 2001 and 
was added to Annex A, ultimately identified for virtual elimination 
(Secretariat of the Stockholm Convention, 2019). In advance of this 
decision, mirex was included in the suite of analytes as part of Canadian 

Table 2 
Mirex and DDC-CO concentrations (pg g− 1 lipid) in Canadian human milk from 
the MIREC study. Concentrations < LOD were replaced with LOD/2.  

Parameter Mirex syn-DDC- 
CO 

anti-DDC- 
CO 

ΣDDC-CO fanti- 
DDC-CO 

Detection 
frequency (%) 

100 61.0 79.5 82.6 N/A 

Minimum 44.9 0.098 
(<LOD) 

0.120 
(<LOD) 

0.239 
(<LOD) 

0.182 

Maximum 4540 2380 530 2910 0.951 
Mean 373 11.9 14.7 26.6 0.622 
Median 251 4.21 8.59 13.7 0.627 
Geometric Mean 273 3.45 6.65 11.6 0.602 
Standard 

Deviation 
445 103 32.9 128 0.148  

Fig. 3. Concentrations of A) Mirex and B) ΣDDC-CO in relation to maternal age 
(years) of MIREC participants. 
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human milk studies. During some of the early Canadian studies where 
mirex was considered, it was not observed at detectable concentrations 
(Mes et al., 1986; Mes and Davies, 1979). Mirex was, however, observed 
in Canadian human milk in the 1990s with detection frequencies of 
approximately 60% (Mes et al., 1993; Newsome et al., 1995). Median 
mirex concentrations in the milk from these studies were 2.3 ng g− 1 lipid 
(Mes et al., 1993) and 1.55 ng g− 1 lipid (Newsome et al., 1995). While 
the mirex detection frequency observed in the present study has 
increased relative to the earlier work, a corresponding decrease in 
concentrations has occurred over time (median 251 pg g− 1 lipid/0.251 
ng g− 1 lipid; present study), approximately nine and six fold lower than 
the work reported in 1993 and 1995, respectively. The increase in 
detection frequency noted may be associated with the decrease in 
detection limit, rather than changes in the mirex profile within Canada. 
The temporal changes in mirex concentrations observed in Canadian 
human milk highlight the importance of continued biomonitoring to 
ensure understanding of human exposure to environmental chemicals 
and the effectiveness of regulatory action to reduce concentrations of 

hazardous chemicals. 
Since DDC-CO has been identified as a chemical of concern relatively 

recently (Sverko et al., 2011), investigations into its presence in human 
tissues supports the work to understand DDC-CO distribution among 
environmental compartments, biota and the impacts of its exposure. 
DDC-CO has been reported in the literature in Canadian human milk 
from two cities; Kingston, ON, which is situated along Lake Ontario and 
Sherbrooke, QC, some distance from the Great Lakes (Siddique et al., 
2012). Samples were collected from Kingston in 2003–2004 and from 
Sherbrooke in 2008–2009. While the only North American facility 
producing DDC-CO was in Niagara Falls, NY, USA, near Lake Ontario, 
DDC-CO detection frequencies were higher in Sherbrooke (77% and 
96%, syn- and anti-, respectively) relative to Kingston (74% and 85%, 
syn- and anti-, respectively) (Siddique et al., 2012). The mean anti-
DDC-CO (0.66 ng g− 1 lipid) concentrations was slightly lower in Sher
brooke relative to Kingston (0.78 ng g− 1 lipid, respectively), while the 
mean syn-DDC-CO was slightly higher (0.28 ng g− 1 lipid) in Sherbrooke 
than observed in Kingston (0.26 ng g− 1 lipid) (Siddique et al., 2012). In 
some additional work from the Sherbrooke area, Zhou et al. (2014) re
ported lower detection frequencies in human milk (40% and 50%, syn- 
and anti-, respectively) and lower median concentrations (syn-not 
detected, anti- 0.02 ng g− 1 lipid) in human milk relative to serum sam
ples (77%, 0.49 ng g− 1 lipid syn- and 87%, 1.9 ng g− 1 lipid anti-) from the 
same women. 

The concentrations of syn- and anti-DDC-CO observed in human milk 
from this pan-Canadian MIREC study are low (Table 2), particularly 
when compared to concentrations observed in milk from women living 
near electronic-waste (e-waste) recycling activities. Mean ΣDDC-CO 
concentrations determined in milk from women who had been living in 
Wenling, China for more than five years, a location where recycling of 
both metals and electronic components has occurred since the 1970s, 
were 1.64 ng g− 1 lipid (1640 pg g− 1 lipid) syn- and 3.91 ng g− 1 lipid 
(3910 pg g− 1 lipid) anti-DDC-CO (Pan et al., 2020). Maximum concen
trations observed in milk from this Chinese study were close to 10 times 
higher than the mean concentrations for both DDC-CO isomers (20.0 ng 
g− 1 lipid, 31.5 ng g− 1 lipid, syn- and anti-, respectively) and detection 
frequency of both isomers was 100% in the milk samples from this 
Wenling study (Pan et al., 2020). Additionally, an earlier study was 
performed to examine DDC-CO concentrations in human milk from 
women who had been living in Wenling, China for more than 20 years 
compared to those who had lived in the region for <3 years (Ben et al., 
2013). Mean concentrations in milk from long-time residents were more 
than an order of magnitude higher (10.4 ng g− 1 lipid syn- and 27.4 ng 
g− 1 lipid anti-) than milk collected from women who had not lived in the 
region for many years (0.620 ng g− 1 lipid syn- and 2.06 ng g− 1 lipid anti-) 
(Ben et al., 2013). These data contrast with the results reported by 
Čechová et al. (2017) in human milk from European countries where 
detection frequencies were <10% syn-DDC-CO and <30% anti-DDC-CO. 
Mean reported concentrations from Slovakia, the Netherlands and 
Norway were 0.111 ng g− 1 lipid, 0.278 ng g− 1 lipid, 0.355 ng g− 1 lipid 
syn- and 0.057 ng g− 1 lipid, 0.155 ng g− 1 lipid, 0.055 ng g− 1 lipid 
anti-DDC-CO, respectively (Čechová et al., 2017). While the concentra
tions reported in European milk are low relative to similar samples from 
China, they remain above the mean concentrations of syn- (11.9 pg g− 1 

lipid) and anti-DDC-CO (14.7 pg g− 1 lipid) observed in the present Ca
nadian study. 

While the range in fanti- observed (0.182–0.951) in the present study 
is wider than what was reported previously for Canadian human milk 
(0.64–0.93, N = 105) and serum (0.61–0.97, N = 102) (Zhou et al., 
2014) from Sherbrooke, QC alone, the mean fanti- (0.622) determined in 
the present study is similar to that reported for Canadian human milk 
between 2003 and 2009 from Kingston, ON (0.68, N = 39) and Sher
brooke (0.67, N = 48) (Siddique et al., 2012). The fanti- in human sera 
and placental tissue from China ranged from 0.33 to 0.948 (Ben et al., 
2014). The mean fanti- determined in the present study was similar to 
mean fanti- values reported in human serum from two communities in 

Fig. 4. Mirex concentrations in human milk in relation to pre-pregnancy BMI. 
Box indicates 25th, 50th and 75th percentiles. Points indicate data outside of 
10th and 90th percentiles. 

Fig. 5. ΣDDC-CO concentrations in human milk in relation to pre-pregnancy 
BMI. Box indicates 25th, 50th and 75th percentiles. Points indicate data 
outside of 10th and 90th percentiles. 
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China; one involving e-waste recycling (0.57) and the other largely 
involved in the fishing industry (0.63) (Ren et al., 2009). DDC-CO has 
been reported in samples of terrestrial and aquatic biota globally, 
resulting in a wide range in fanti- (0.12–0.93) (Feo et al., 2012), indi
cating that fanti- varies among organisms and regions sampled. 

Maternal age has been associated with increased concentrations of 
numerous persistent organic chemicals (e.g., β-HCH, p,p’-DDE, hexa
chlorobenzene, PCBs) in human milk around the world (Aerts et al., 
2019; Klinčić et al., 2016; Rawn et al., 2017; Rovira et al., 2022); 
however, this relationship appears to be inconsistent among the 
different organochlorine compounds, and may be a function of the 
narrow age range associated with this type of investigation (LaKind 
et al., 2004). In contrast to the observations of the present work where 
the relationship was confirmed, mirex concentrations considered on a 
whole weight basis, were not associated with maternal age in previous 
Canadian human milk surveys (Mes et al., 1993; Newsome et al., 1995). 
While there are limited studies to determine DDC-CO in human milk 
reported in the literature, additional investigations into these mea
surements will be important for temporal trend development and un
derstanding what factors impact DDC-CO concentrations in humans. In 
addition, DDC-CO has been proposed for listing under the Stockholm 
Convention and should it be confirmed as a POP, data to follow changes 
in its concentrations will be important on a global scale (Secretariat of 
the Stockholm Convention, 2019). 

A woman’s parity, the number of children she has had, has been 
considered in terms of contaminant loads in the milk produced for 
several organochlorine compounds (Du et al., 2017; Klinčić et al., 2016; 
Lignell et al., 2016; Rovira et al., 2022). Interactions between age and 
parity were reported for polychlorinated dibenzo-p-dioxins/furans 
(PCDD/Fs) in Canadian human milk from the MIREC study (Rawn et al., 
2017). Previous Canadian human milk studies have shown that ΣPCBs 
were at higher concentrations in milk from primiparous women relative 
to milk from multiparous women, although it was not the case for mirex 
(Mes et al., 1993). Additionally, parity has been shown to impact ΣPCB, 
ΣDDT and ΣHCH concentrations in human milk from Croatia (Klinčić 
et al., 2016), but no relationship between parity and concentration was 
established for p,p’-DDE concentrations in human milk from Australia 
(Du et al., 2017). While an association between parity and ΣPCB con
centration in human milk was identified in a Spanish study, it was not 
found for other organohalogen compounds analyzed as part of the study 
(Rovira et al., 2022), suggesting that this relationship is compound or 
compound class specific. 

The lack of a relationship between participant parity and either 
mirex or ΣDDC-CO concentrations in the present study may be a func
tion of the relatively low concentrations of these compounds across the 
majority of the samples collected, with only 10 of 298 samples having 
mirex at >1000 pg g− 1 lipid and fewer than 10% of the samples analyzed 
for ΣDDC-CO having concentrations exceeding 50 pg g− 1 lipid. Con
centrations of mirex and DDC-CO were lower in the milk of women 
having higher pre-pregnancy BMIs (Figs. 4 and 5) and weak, but sig
nificant negative correlations were obtained between compound con
centration and pre-pregnancy BMI (− 0.259, ρ < 0.001 mirex; − 0.141, ρ 
= 0.001 ΣDDC-CO) in the present study. Relationships between human 
milk concentration of organochlorine compounds and BMI are not 
clearly delineated, with some literature reporting no relationship while 
others do find them to be significant (LaKind et al., 2004). Weak positive 
correlations have been reported between BMI and HCH (β and Σ) con
centrations in human milk from Chinese women (Lu et al., 2015). No 
associations, however, were found between BMI and other organo
chlorine compounds (ΣDDT, Σendosulfan, Σchlordane, etc.) (Lu et al., 
2015). BMI has also been positively correlated with serum organo
chlorine concentrations from the Romanian population, with some as
sociations related to age, gender, etc. (Luzardo et al., 2019). 

Mirex concentrations are very low, when present in foods of animal 
origin (<10%), in retail food prepared as for consumption as part of the 
Canadian Total Diet Study (unpublished data), however, this compound 

was found in every human milk sample analyzed as part of the present 
study. Low concentrations of mirex have been reported in recent studies 
of fish and seafood samples globally (Ghelli et al., 2021), consistent with 
mirex concentrations observed in the Canadian Total Diet Study. 

A review of fish data indicate that ΣDDC-CO concentrations may be 
in the range or extend beyond those reported for mirex (Ghelli et al., 
2021). Initial analyses of DDC-CO isomers in Canadian Total Diet Study 
samples are similarly low, with concentrations in most samples tested 
remaining below detection limits, however, positive detections have 
been observed in processed meat products (e.g., organ meats, wieners; 
unpublished data). Dechlorane related compounds, including mirex and 
DDC-CO isomers, were reported in various food commodities (e.g., milk, 
meat, fish) collected in Belgium and it was determined that concentra
tions in food from Belgium were similarly quite low (L’Homme et al., 
2015). The highest mirex concentration was observed in salmon (15.53 
pg g− 1 lipid) while the highest syn- (20.00 pg g− 1 lipid) and anti-DDC-CO 
(6.61 pg g− 1 lipid) concentrations were observed in eggs and vegetable 
oil, respectively (L’Homme et al., 2015). A survey of food from Korea 
found mirex to be elevated in fish with the maximum concentration 
reported in Spanish mackerel 107.30 ± 39.29 pg g− 1 on a wet weight 
basis, but the highest concentrations of both syn- (43.02 ± 24.75 pg g− 1 

wet weight) and anti-DDC-CO (126.83 ± 79.81 pg g− 1 wet weight) were 
observed in bovine liver (Kim et al., 2014). 

Human milk samples were collected from across southern Canada for 
the present study and, therefore, indicate bioaccumulation of both mirex 
and DDC-CO across the country. Although food is known to be the pri
mary source of legacy persistent compounds such as polychlorinated 
dibenzo-p-dioxins/furans (PCDD/Fs) and polychlorinated biphenyls 
(PCBs) to humans (Ryan et al., 2013), the current Canadian data suggest 
other important sources of dechlorane related compounds for the Ca
nadian population. Both mirex and dechlorane plus were detected in 
human milk collected from across Canada, despite point sources being 
limited to near Lake Ontario, which suggests other potential routes of 
exposure. This aligns with the conclusions of L’Homme et al. (2015), 
who suggested that other routes of human exposure should be explored. 

5. Conclusion 

While human milk is known to be a source of exposure to environ
mental contaminants for infants and young children, the benefits of 
human milk consumption are generally considered to outweigh the 
potential impacts of chemical exposure. In addition to providing energy 
to the infants, human milk provides antibodies and a wide range of 
nutrients including, proteins, non-protein nitrogen, and carbohydrates 
(Andreas et al., 2015). The World Health Organization recommends that 
infants breastfeed exclusively for the first six months of life (World 
Health Organization, 2021). 

Human milk collected from across six provinces in southern Canada 
was analyzed for mirex (n = 298) and DDC-CO (n = 541). These highly 
chlorinated flame retardant chemicals were both produced along the 
Canada: USA border, with DDC-CO being used as a replacement for 
mirex. Mirex was observed in all of the human milk samples analyzed 
while syn-DDC-CO and anti-DDC-CO were detected in 61.0% and 79.5% 
of the samples analyzed. The range of mirex concentrations (44.9 pg g− 1 

lipid – 4540 pg g− 1 lipid) exceeded that of ΣDDC-CO (<method detec
tion limits – 2910 pg g− 1 lipid). These data represent the first pan- 
Canadian dataset describing DDC-CO in human milk. Concentrations 
of both mirex and DDC-CO (syn- and anti-) are low relative to concen
trations reported from regions where e-waste recycling occurs. Mirex 
and ΣDDC-CO concentrations in the milk were positively, although 
weakly significantly correlated with maternal age, however, no rela
tionship was found between parity and either compound. Higher BMI 
appeared to be negatively correlated with mirex and DDC-CO concen
trations in human milk. The data appear to show a decline in mirex 
concentrations in Canadian human milk relative to previous work, 
although a paucity of data exist for DDC-CO in the Canadian situation, 
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and additional investigations into human exposure to DDC-CO are 
warranted. 
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