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Abstract

Background

Naphthalene exposures for most non-occupationally exposed individuals oouarilpf

indoors at home. Residential indoor sources include pest control producifidaibe moth

balls), incomplete combustion such as cigarette smoke, woodstovesoakidge some

consumer and building products, and emissions from gasoline sources foundched
garages. The study aim was to assess naphthalene exposugnanpreomen from Canad
using air measurements and biomarkers of exposure.

Methods

Pregnant women residing in Ottawa, Ontario completed personahdadriair sampling
and questionnaires. During pregnancy, pooled urine voids were collectetivov24-houi
periods on a weekday and a weekend day. At 2-3 months post-birth, they grasge
urine sample and a breast milk sample following the 24-hour airtonmg. Urines wers
analyzed for 1-naphthol and 2-naphthol and breast milk for naphthalenpleSimear
regression models examined associations between known naphthalene, saurcesl
biomarker samples.

Results
Study recruitment rate was 11.2% resulting in 80 eligible womergbecluded. Weekda

and weekend samples were highly correlated for both personad.83xp < 0.0001) an
indoor air naphthalene (r = 0.91, p < 0.0001). Urine specific gravity (8{@%tad 2-naphthd
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y
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concentrations collected on weekdays and weekends (r = 0.78, p < 0.001), aednbetw

pregnancy and postpartum samples (r = 0.54, p < 0.001) were correlated.

Indoor and personal air naphthalene concentrations were significagiigr ipost-birth tha
during pregnancyp( < 0.0001 for signed rank tests); concurrent urine samples we
significantly different. Naphthalene in breast milk was assediatith urinary 1-naphthol:
10% increase in 1-naphthol was associated with a 1.6% increaseast milk naphthaler
(95% CI: 0.2%-3.1%). No significant associations were observed hetwaphthalen
sources reported in self-administered questionnaires and the air or biomarlettiaions.

Conclusions

Median urinary concentrations of naphthalene metabolites tended tomidar sio (1-
naphthol) or lower than (2-naphthol) those reported in a Canadian sofwsgmen of
reproductive age. Only urinary 1-naphthol and naphthalene in breast mékassociateg
Potential reasons for the lack of other associations include aofadources, varyin
biotransformation rates and behavioural differences over time.
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Background

Naphthalene is an abundant polycyclic aromatic hydrocarbon (PAH) faundrban
environments. It is typically present in the gas-phase under usb@&rgnconditions and is
routinely detected in both indoor and outdoor environments. Most naphthaleneresgios
non-occupationally exposed individuals occur primarily indoors at home [1]ATUSDR
considers naphthalene as reasonably anticipated to be a human car¢#jogkile IARC

has classified naphthalene as a possible human carcinogen (Group.2BdBh Canada’s
long-term £24-hour) maximum exposure limit for residential naphthalene indoor air
concentrations is 10g/m°® [4].

There are a number of known naphthalene indoor sources and these includenpes
products, (i.e., moth balls), incomplete combustion such as cigarette,snoadstoves and
cooking, as well as some consumer and building products [1,5-7]. Indoor naphthalene
concentrations have also been shown to be elevated in homes with srerkess homes
without smokers [8,9] and can off-gas and volatilize from vehiclessém@d petroleum
products found in attached garages [9-11].

Outdoor sources of naphthalene include exhaust from vehicles, includse) died gas-
powered equipment, as well as vapours from petroleum products. Otherssinaitcare less
common include asphalt, forest fires and some industrial processes [9,12,13].

To understand total human exposure to naphthalene a limited number of dtades
included both personal air sampling along with biomonitoring [14,15]. Uptakerpiios,
distribution, and metabolism can be affected by individual physiolbgigrences and
behaviours [14]. The overall rate of metabolism of naphthalene byarmiis unknown,
although it has been suggested that there is a two-phase exofetimaphthol in urine. The
first phase exhibits a half-life of approximately 1.2 — 1.9 hoursenthé second phase is 14 —
46 hours [16]. Naphthalene is metabolically activated by forms tdchyome P450 to
naphthalene 1,2-oxide, which can be detoxified by glutathtetransferase (GST) to
eventually be excreted as mercapturic acids in urine or spontayeousiert to 1- and 2-
naphthol and be eliminated in the urine as glucuronides and sulfatesh&lapitl,2-oxide
can also undergo other transformations to dihydroxydimethylthio anditokymethylthio
metabolites and trihydroxymercapturic acid in urine [17].

Biomonitoring can provide insight into the uptake of naphthalene. Only attelies [18-20]
have attempted to measure naphthalene in breast milk and to daarthao Canadian data
available. Conjugates of 1-naphthol and 2-naphthol in urine have been a&sbowuitit
predicted concentrations in the breathing zone but there arediatia available in non-
occupationally exposed individuals [14]. Meeker et al. [21] recommendeththedtio of 1-
naphthol to 2-naphthol be used to identify the metabolism of naphthalene. démtyied
situations where discrepancies between concentrations of rietsbolites (e.g., ratio >2)
were in fact related to the metabolism of the insecticidebacgl (1-naphthyl
methylcarbamate) which is primarily excreted as 1-naphthol.

As pregnancy is associated with a number of physiologicalggsam women that could
affect the toxicokinetics of chemicals [22] and there arecatitperiods of development
during pregnancy for the fetus, it is important to study the expadyseegnant women to
potentially harmful chemicals such as naphthalene. Reports of prdbtdilexposure after



maternal inhalation or ingestion of naphthalene have been documentbé scientific

literature [22,23]. Infants, particularly those with a glucose-6-phdspldahydrogenase
(G6PD) deficiency, may be particularly sensitive to naphthalergosure. Cases of
hemolytic anemia, sometimes leading to more serious outcomgs (ernicterus

(irreversible neurological impairment) and death), have been rdportefants exposed to
naphthalene-treated household items [24-32]. Authors of a recently hmeblldew York

study of 5-year old children’s urinary naphthalene metabolite comatiems identified an

association with chromosomal aberrations (including translocatvamsh are precancerous
changes in adults [33].

We conducted a cohort study in a group of pregnant women residing waQttmtario,

Canada to assess naphthalene exposure and biomarkers in mateenahdrbreast milk. We
assessed naphthalene sources and concentrations inside residemgesyitd personal
exposure measures, to assist in determining both source and routie-Spémimation

related to naphthalene exposure in a non-occupationally exposed populatiorstudy

addresses current knowledge gaps by attempting to measure naghthaty burdens,
identify major sources of naphthalene exposure, and quantify their coiotmibiat an

individual's exposure.

Methods

Pregnant women (<20 weeks gestation) from the Ottawa areargeuited to participate in

the P4 Study: Plastics and Personal-care Product Use in Peggreanwider study
investigating pregnant women’s exposure to a range of chemidagésnmibnuscript focusses

on the personal and indoor air exposure to naphthalene and resulting biomarkers. Betcruitm
was clinic-based and occurred at an obstetrical clinic atOtteava Hospital (TOH) and a
privately run obstetrical clinic. A poster and pamphlets about tity stere placed in the
obstetrical and ultrasound clinics of TOH and physician officese&eh nurses from the
clinical sites were trained in patient screening, recruitjr@staining consent, specimen and
data collection, and processing, as well as the shipment of biospecimens.

The women completed detailed consumer product diaries along with reotiyngise of
products containing naphthalene for a 48-hour period during the eaggyancy visits and
24-hours prior to the post-partum visit. Typically the biomarker anddiection started at
the midpoint of the diary, i.e. 24-hours after the start of the diary.

Biomarker collection and analysis

For the purposes of this analysis, the women provided urine samples erotieasions:

twice during pregnancy (<20 weeks) and once at two to three monthbiplostn order to

assess activity related differences in exposure, prior to 20 veégkggnancy women were
asked to collect all voids over two 24-hour periods (multiple spot grinesice on a week
day and again on a weekend day. After collection, a small equal afmoomieach void

during the 24-hour period was pooled to create an aggregated sampiapfahalene

biomarker analysis. At two to three months post-birth, the women prbwadgngle spot

urine sample at the end of the 24-hour air monitoring period. Theseesamgile stored at
—20°C until analyses. One paper has reported that 1- and 2-naphthol iwasiséable for at
least 1 month at —20 ° C [34].



Analyses of 1-naphthol and 2-naphthol were undertaken on the 24-hour aggregated
pregnancy urine samples and the post-birth spot sample using thergllmethod. Internal
standards (1-naphthol-cand 2-naphthol-g were added to a 1 mL volume of urine. The
conjugated forms of 1-naphthol and 2-naphthol were hydrolyzed at 37°C for 16 hitus w
glucuronidase helix pomatiad. The extraction of the analytes was performed on a mixed
mode solid-phase extraction (SPE) cartridge Oasis MAX (i4gt@€0 mg. The analytes were
eluted with methanol, dried and reconstituted in 2ZDMf a mixture of mobile phase A and

B (72:28) containing gallic acid (200 mg/L). The extracts werdyaaed by UPLC-MS-MS
(Acquity UPLC system and Xevo TQ-S tandem mass spectronWeders; Milford, MA).

The LC separation was performed on a Halo C18 column (2.1 x 50 mmn2 Advanced
Materials Technology) with 0.01% NBH in water as mobile phase A and acetonitrile as
mobile phase B. The separation was achieved isocratically witha2@®wver 3.5 minutes,

and the column was flushed with 100% B for 0.3 minutes at a flowofdd& mL/min. The

total run time was 4 minutes. The limits of detection for 1-rfagtdand 2-naphthol were 0.03
ug/L, and the calibration curves were linear up toug@L. Field blanks for the urinary
samples were analyzed and no contamination was found. The anagresnonitored by
Multiple Reaction Monitoring (MRM) in the negative mode for the deling ions: 1-
naphthol and 2-naphthol : m/z 143.0 > 115.1 (quantifier) and 143.0 > 143.0 (qualifier)1-
naphthol-d and 2-naphthol-d: m/z 150.0 > 122.1 (quantifier) and 150.0 > 150.0 (qualifier).

Quality control (QC) materials, including method analyticalnkéa were prepared from
human urine obtained from volunteers in the analytical laboratory.ufihe, previously
tested for 1- and 2-naphthol content, was spiked, with a solution of 1- amphwolafrom a
different supplier, at a concentration of 2G/L to obtain a high concentration QC material.
The low concentration QC material was composed of the unchanged (concentrations:
1.0 ug/L for 1-naphthol and 0.hg/L for 2-naphthol). The two QC materials were used in
alternation and placed after each set of ten samples in eagficahddatch. The INSPQ
laboratory participates in the German external quality ass® scheme (http://www.g-
equas.de/) in which 1- and 2-naphthol are assayed.

As concentrations derived from urine may be affected by thatiatil of the urine,
concentrations were corrected by the specific gravity (SGhe sample. The following
formula was used (adapted from Just et al., [35]):

Pc = R [(SGw— 1)/(SG - 1)], where P; is the specific gravity-adjusted metabolite
concentration (ng /mL)P; is the observed metabolite concentration, 8@&lis the specific
gravity of the urine sample and @& the median specific gravity for the cohort.

Breast milk was collected at the two to three month post-bisih @it the end of the 24-hour
air monitoring period. The breast milk sample was collected twerehand or pump in a
glass container, kept cool until delivered to the laboratory whevasttransferred to 30 mL
Nalgene® containers and stored at —20°C until analysis as phodsetlescribed by other
studies [19,20]. Breast milk was analyzed for naphthalene using tlosvifgd method.
Briefly, the internal standard (naphthaleng¢-as added to a 1 mL volume of breast milk.
The extraction of naphthalene was performed with a silicone/PEptira, by heating at
80°C for 16 hours. The septum was transferred into a headspacecuakited at 145°C for
5 minutes and injected by the headspace techniqgue on a GC-MS-MS (Ag20A
chromatograph with 7000B tandem mass spectrometer, Agilent Tecleslddjssissauga,
Ontario, Canada) equipped with a PAL Combi-xt injector (Leap Techmedp@Giarrboro, NC,
USA). The GC separation was achieved on a DB-5 ms column (30 m m@n260.25um,



Agilent Technologies). The temperature of the injector was 25)€ the temperature
gradient was: Initial temperature of 100°C for 0.5 minutes, then 40AGtenuntil 320°C,
then hold for 2 minutes. Carrier gas was helium at a flow a2 mL/min. The limit of
detection for naphthalene was 0gL. The analytes were monitored by Multiple Reaction
Monitoring (MRM) in the positive mode for the following ions:naphthalengz 128 > 128
(quantifier) and 128 > 102 (qualifier)naphthalere-th/z 136 > 136 (quantifier) and 136 >
108 (qualifier).

Quality control (QC) materials, including method analyticalnk&a were prepared from
human milk obtained from volunteers in the analytical laboratory. Titke pneviously tested
for naphthalene content, was spiked with a solution of naphthalene froferardifsupplier,
at a concentration of 14@g/L to obtain a high concentration QC material, and a concentration
of 0.4 ug/L to obtain a 0.qug/L low concentration QC material. The two QC materialsewer
used in alternation and placed after each set of ten sampleshiaealytical batch. While no
studies on the stability of naphthalene in milk stored at —20 ° C dwmailébund in the
literature, one study has reported naphthalene contamination from ipackaaterials of
milk samples stored at room temperature in low-density polyetbylntainers [36].
However, our breast milk was collected in glass jars, kepgeséied until aliquoted in the
laboratory into Nalgene® containers and immediately frozen at —20f€MEndela® breast
pump provided to participants was tested and no naphthalene was detected.

As naphthalene is fat soluble and concentrations are affected lygidheoncentrations in an
individual's breast milk, the naphthalene concentrations were catrefie lipid
concentration and are reported in ng/g lipid.

Air monitoring and analysis

Personal and indoor air measures of naphthalene were completed eothcwrith the 24-
hour urine collection and prior to the spot urine and breast milk toledPersonal air
monitoring was completed in the women’s breathing zone by attathengampler to their
collar, while indoor air monitoring required the women to place a sanpltheir living
rooms at a height of approximately 1.5 m, away from any sourcéeaif Each passive
sampler measured 24-hour air samples for naphthalene (OVM 3500, 3 RauEtMN). As
the air monitoring was participant-based, replicate samplingneasttempted due to the
complexity of conducting this additional monitoring.

Naphthalene was extracted using toluene, which was previously deatedsto have a
recovery of 72%. The analysis protocol has been described previously [8fly,Bhis
involved extracting the samples with 2 mL of toluene for one hour orchanical shaker.
The toluene extraction solvent was spiked with 1,2-dichlorobenze(®2% ngil). The
extraction solvent was then transferred to a 1.5 mL autosampleandaanalyzed via GC-
MS (HP5890 Il GC & HP5792 MS). The GC was equipped with a capilalymn (J&W
123-1364 DB-624, 60 m x 0.32 mm x Lu8). The carrier gas (helium) head pressure was
6.0 PSI and injector and detector temperatures were kept consta@0°& and 260°C,
respectively. The temperature program yielded a 12.9 min retdimtier(initial temperature,
80°C for 1 min, 80°C to 260°C at 15°C/min, hold for 1.5 min). The MS was configared
guantify the following 3 characteristic ions of naphthalene: 128, 10%64ramu. The ion
ratios and peak integration were verified manually for each sample.



The naphthalene concentrations were calculated using the mass ddsorbach sampler,
the specific uptake rate for naphthalene, exposure times to thestnease minute and
laboratory blank PSDs analyzed at the same time as the safipéemethod detection limit
(MDL), including handling and extraction was determined by the @FRethod. The MDL

was 0.1ug/m® [37].

To calculate concentrations, the laboratory results were ohewgth log sheet data.
Concentrations were calculated based on sample mass, samplingndwatnpling rate and
recovery efficiency. All samples were coded as valid, flaggednwalid, based on the
sampling period and field technician comments. Samples witlmalisg period + 25% of
the target duration (24-hours) were deemed invalid. If the sampérigdowas + 12.5 to
25%, the samples were flagged. Samples with technician commehtaswontainer not
sealed on time, unknown sampling location, were also flagged.

Statistical methods

Given the naphthalene exposures were not normally distributed, Speaomelations were

conducted to determine correlations between the air and urine naphthedesarements
within visits and across visits. The non-parametric signed rankwast used to test
differences between levels measured at different visitea-thdss correlation coefficients
(ICC) were calculated using a one way random effects mdttelc (Mixed) on air and

biomarker concentrations that were transformed using the nabgaithm. ICC measures
the ratio of between-subject variance to total variance rgnigom 0 (meaning no within

person reproducibility) to 1 (meaning perfect reproducibility). Wiendd 0.75 as high; 0.40
to 0.75 as moderate; below 0.40 as poor reproducibility [38]. Simple liegaession models
were used to examine associations between a number of known naphtkalirces and
measured concentrations in log transformed air and biomarker samplélsere were no

significant differences between air or urinary biomarker comagohms measured on the
weekday and weekend pregnancy visit, these were averaged for tramg models;

separate models were created for the pregnancy and the post-partum visits.

The independent variables examined were: age, body mass index((BMulated from pre-
pregnancy weight), season, moth ball use, exposure to smoke (current,gone@kieusly a

smoker, exposure to second hand smoke (SHS) and exposure to SHS in theskposeire

to traffic pollutants including the presence of an attached garagsijtydef roads and

highways in neighbourhood (total road or expressway segment lengtlparticipant's 3-

digit postal code divided by the area of the 3-digit postal coeeposure to indoor
combustion (presence of wood-burning fireplace), and type of vemorilaiid heating in the
home. Naphthalene in indoor and personal air, 1-naphthol and 2-naphthol in amthe
naphthalene in breast milk were examined as the dependent vamahles. In biomarker

models, personal and indoor air naphthalene concentrations were atsd estendependent
predictors in turn.

Since 1-naphthol in urine can also originate from exposure to carvargxamined the ratio
of 1-naphthol to 2-naphthol as an indicator of its source. Ratios above hadicate that a
portion of the 1-naphthol originated from carbaryl rather than naphthalgosure [21,39].
Where this occurred, a sensitivity analysis excluding these thails was conducted. All
data processing and analyses were conducted using SAS Eet&piike 4.2 (SAS Institute,
Inc.).



Results

A total of 1307 potential research participants were approachedtér the study from
November 2009 to December 2010. 769 potential participants were eligiliteefstudy of
whom 86 were recruited during this time period, with an acceptateeof 11.2%. The
reasons for the low recruitment included significant participant burde interest in
participating, too busy, and unease about wearing the air monitordlic. pthere were a
total of 86 participants recruited, six participants agreed tacipeate and signed the consent
form but then shortly afterwards withdrew leaving 80 participarite wompleted the first
visit in early pregnancy. 70 participants completed visit 2, 71 cdetpleisit 3, 73 had
completed chart reviews at delivery and 63 completed the final pdastypsisit. A total of 7
participants withdrew from the study, 7 were lost to follow-up &neet had early outcomes
(miscarriage, stillbirth, neonatal death). Initially recruitmeftthe women was aimed at
before the 14 week of pregnancy; however, this had to be expanded to include the window
of 19 weeks 6 days gestation in the winter of 2010 due to low recniissevomen seemed
hesitant to participate early in pregnancy. This change dramaticaiasex recruitment.

Table 1 includes details of the participant characterisiios. average age of participants at
time of delivery was 33 years, with a range from 20 to 47 y@ais.was the first pregnancy
for 37 of the participants. Fifty-five percent of the participamésl a household income
exceeding $100,000CDN and 89% had a college or university degree.

Table 1 Characteristics of the study population

- . Frequency (%) or mean (SD
Participant characteristics and exposures* g y () (SD)

(N = 80)
Age (years) 324 +5.0
BMI (Kg/m?) 24.0+4.3
Education level — college/university degree 71 (89)
Household income Below $50 k 4 (5)
Above $100 k 44 (55)
Parity Primiparous 37 (46)
Multiparous 43 (54)
Ever smoked more than 100 cigarettes 25 (32)
Smoke currently 23)
Exposed to second hand smoke 18 (23)
Exposed to second hand smoke inside home 3(4)
Road density in postal code (km/Rm 2.03+1.32
Highway density in postal code (km/Rm 0.41+0.37
e wc Pregnancy Post-birth
Home Characteristicé’ (N = 56) (N = 53)
Moth balls used 5 (9%) 0 (0%)
House with an attached garage and connecting door 5 (4520) 24 (45%)
Fireplace 33 (59%) 33 (62%)
Wood 16 (29%) 13 (25%)
Natural gas 14 (25%) 17 (32%)
Heating type
Electric 3 (5%) 6 (11%)
Natural gas 46 (82%) 39 (74%)
Oil 4 (7%) 6 (11%)

* Participant characteristics were asked at thgnmaacy visit only.

# Home characteristic questionnaires were not fidet by all participants in each phase of the stddhe total number filled out in each
period is given in brackets. Models examining thes@ables were limited to participants with regortiata.



For the air monitoring component, a total of 375 participant days wmrgleted. These
included 322 valid samples, 28 flagged samples due to sampling temes 2.5 to 25%
greater or less than the targeted 24-hours, 24 invalid samples dampiing times being
beyond the targeted 24-hours + 25% or due to damage of the sampler, anglé Iselow
detection. Blank corrections were not required as no blanks had detextabéntrations of
naphthalene. There were no duplicates collected due to the compleldying participants
complete their own data collection.

A total of 191 urine samples (all samples were included from botheopregnancy visits)
were analyzed for 1-napthol and 2-napthol (62 from weekday and 67weakend visits
during pregnancy, and 62 from the post-delivery visit). Fifty-tweabt milk samples were
analysed for naphthalene.

Descriptive statistics for the naphthalene in air and brea&t amd the biomarker urinary
metabolites are presented in Table 2. Results for the urinamyabkers are presented with
and without adjustment for specific gravity (SG), which accounts for diftes in individual
hydration status. SG-adjusted geometric mean urinary concentrations tendéigteeb¢han
the corresponding unadjusted concentrations. Median SG-adjusted urinargtiaiioes of
1-naphthol collected on a weekday and weekend day were 1.19 antyA.1gespectively.
SG-adjusted median concentrations of 2-naphthol in urine varied from 23533qg/L,
depending on when the sample was collected. Concentrations of SGehdjusaed 2-
napthol in urine did not significantly differ between the three collection periods.



Table 2 Descriptive statistics of measured naphthalene and metabolite comteations in environmental and biological samples in the P4

Study
Sample Pregnancy - weekday Pregnancy - weekend Weekday vs 2-3 Months post-birth Pregnancy
weekend day vs. post-birth
N Q1 Median Q3 GM 95"%ile  Min — N Q1 Median Q3 GM 95"%ile Min — Max Sign rank testN Q1 Median Q3 GM 95"%ile Min —Max  Sign rank
(GSD) Max (GSD) (GSD) test
Air (pg/m®)
Personal 560.38 0.73 1.030.7 (2.18) 3.14 0.2-6.37 5837 0.79 1.210.79(2.41) 39 0.2-14.85 0.10 611.09 1.74 2.461.68(1.86) 451 0.3-12.31 <0.0001
Indoor 57 0.5 0.68 1.060.8(2.01) 3.51 0.27-5.97 5845 0.73 1.090.76 (2.05) 3.56 0.22-4.79 0.55 601.14 1.83 2.481.79(1.82) 4.94 0.31-11.71 <0.0001
Urine (pg/L)
1-naphthol 620.73 1.14 2.281.32(2.80) 6.06 0.13-126.0870.67 1.05 1.911.16 (2.44) 3.85 0.23-81.57 620.65 1.06 1.621.04(2.69) 6.16 0.14-11.62
1—r1aphtho|— 62 0.7 119 2.221.34(2.72) 6.3 0.2-140.7 6@.78 1.15 1.741.23(2.41) 3.68 0.22-133.4 0.34 620.73 1.09 1.671.23(2.08) 4.46 0.38-12.48 0.4
SG corrected
2-naphthol 621.7 273 5.092.92(2.08) 9.57 0.81-16.41671.72 2.56 4.2®.72 (2.14) 12.4 0.68-19.93 62156 2.86 5.852.86(2.86) 13.47 0.19-32.8
2-naphthol— 62 1.73 253 4.7 2.94(1.99) 9.47 0.87-14.43 6%.97 2.84 3.952.92(1.93) 11.56 0.77-17.53 0.44 62.09 3.33 5.663.39(2.16) 12.19 0.74-25.39 0.15
SG corrected
Breast Milk (ng/g lipid)
Naphthalene N/A B06 7.55 13.059.12(1.92) 40.17 3.86-79.36 N/A

*Specific Gravity.



Indoor and personal air naphthalene concentrations did not significaffidly lmtween the
weekday and weekend visits (Table 2). However, both indoor and persomeaagiurements
were significantly higher at the post-partum visit than aptlegnancy visitsg < 0.0001 for
signed rank tests). The air samples were analysed throughout tee obthie data collection
with some samples from the pregnancy visits and post-partumbeisiy analysed at the
same time, therefore reducing the likelihood of bias resulting tfiff@rences in timing of
analyses.

Personal and indoor air naphthalene concentrations collected during pregreaacyighly
correlated, within each visit and across visits with Spearmarel@bon Coefficients ranging

from 0.83 to 0.91value = <.0001). The average of the two pregnancy measures and the
postpartum concentrations were also significantly correlated, @grson 0.4 p-value =
0.0026) and indoor r = 0.4p-alue = 0.0004).

Significant correlations were observed in the urinary SG-adjusteghthol concentration in
samples collected during pregnancy on weekdays and the weeke@dr@,p < 0.001) and

when comparing pregnancy and postpartum samples (r =®.54).001). There were no
significant correlations seen with the postpartum breast millplesmvith any of the air or
urine measures.

The ICC analysis suggested moderate reproducibility for SGtadj@snaphthol across the
study period (weekday, weekend and post-partum samples) (ICC =Th@d)CCs were low
for indoor air (ICC = 0.31), personal air (0.32) and 1-naphthol (0.24).

Simple linear regression models examined associations betweensvaaphthalene sources
(e.g., moth ball use, exposure to smoke, attached garage, densigdsfand highways in
neighbourhood, presence of a wood-burning fireplace, type of ventilatioheatithg in the
home) and measured concentrations of naphthalene in air and biomarkeignifioant
associations were found (gtvalues greater than 0.05, see Additional file 1. Table S1).
Similarly, no consistent associations were seen with age or BMd data suggested that
samples collected during the winter had lower indoor and personahaginthalene
concentrations compared to summer. This was significant at the é/@bfbr indoor air
concentrations post-partum, and for personal air concentrations during ranggra both
sampling days (see Table 3). The weekday 2-napthol concentratenes significantly
different in the fall and winter compared to the summer. We did wbsesmall association
between urinary 1-naphthol concentrations and naphthalene in brdadespite there being
no correlations: a 10% increase in 1-naphthol in urine was as=sbuigh a 1.6% increase in
naphthalene in breast milk (95% CI: 0.2% - 3.1%). Two observations were removed from this
analysis due to their high influence on the association, as indicated by Cookisalista



Table 3 Seasonal simple linear regression results for naphthalene in aud/m°)

Exposure Season N Median Mean GM p-value*
Fall 19 0.947 1.254 1.029 0.341
Spring 13 0.827 1.349 0.903 0.728
Weekday Indoor
Summer 15 0.780 1.005 0.827
Winter 15 0.489 0.626 0.524 0.063
Fall 9 1.024 1532 1.258 0.006
Spring 22 1.798 1.923 1.815 0.074
Post-Partum Indoor Summer 8 2.355 3.164 2.781
Winter 19 1.849 2.223 1.639 0.031
Fall 20 0.950 1.423 1.083 0.583
Spring 13 0.801 1.156 0.840 0.695
Weekday Personal Summer 15 0.734 1.449 0.940
Winter 13 0.295 0.477 0.338 0.001
Fall 9 1.023 1.183 1.153 0.002
Spring 22 1.739 1.742 1.665 0.031
Post-Partum Personal Summer 8 2,501 3.219 2.819
Winter 20 1556 2.236 1,538 0.015

*Simple Linear Regression with Summer as the refegecategory.

There were 4 women in the pregnancy period and 2 women in the pgbgbdiiod with 1-

naphthol to 2-naphthol ratios above 2 which could be indicative of exposurebtrytas

opposed to naphthalene. Excluding these individuals from the simple liegagssion

models did not change the results, with the exception of the assodiatween urinary 1-
naphthol and naphthalene in breast milk; this association was redueetl. 166 (95% CI:

-0.3% - 2.6%) increase in naphthalene with a 10% increase in 1-naphtsohsBociation

should be interpreted with caution due to the small sample sizeireéaand the fact that
the association was reduced when we removed individuals suspectedngf &iéernative

sources of 1-naphthol.

Discussion

The measured indoor air concentrations of naphthalene (medians #wo8ssampling
periods ranging from 0.68 to 1.8@/m") are comparable to findings from previous studies.
Jia and Batterman [9] summarized residential indoor air naphthaemeentrations for
studies conducted from 1986 to 2006. The authors reported a median conceninggdiora
homes without smokers of 0.18 to Ju@/m®. Only one indoor air measurement from the
three monitoring sessions in this study was found to be above thespdopealth Canada
guideline of 10,Lg/m3 [4] at 11.71ug/m3. This measurement was taken at the post-birth visit;
the source for this higher level was not clear but the pregnaerayd measurement at the
same home was well below the guideline (3:681°) suggesting that this was not the result
of an ongoing source.

Canadian levels of indoor air naphthalene have been measuredral sawdies. The median
naphthalene level in Quebec City homes without smokers wasufj/i® for a seven day
integrated sample [40]. Measurements made in a population-based&tDdgadian homes
in 1991 over multiple seasons had a range of 24-hour mean concentadtibd® — 8.10
ng/m® [41]. An Ottawa based study of 75 residences had a 24-hour meaB7qfg/n’.
These studies included both homes with and without smokers [42]. Indawadithalene
was also measured in homes without smokers in Edmonton, Alberta, whase niedian
concentrations were 0.32 and 0@29'm°, for winter and summer seasons respectively [43].
This contrasts with our findings where summer indoor concentrations svgnificantly



higher than both fall and winter. The sampling time frame for tfferdnt studies may
explain some of the differences in concentrations of naphthalene in indoor air.

Very little data exists on personal monitoring for naphthalengosxe; however, the
concentrations we measured among pregnant women (medians rangin@.7®no 1.74
ng/m°) are slightly lower than concentrations found in other populationstafiari study of
non-occupationally exposed adults living and working in Milan and the surrouadeag
included 108 subjects, 18 of whom completed both personal air samplingim@adamples
which were analysed for naphthalene. Median personal naphthalenmpies@aken during
the 5-hour work period was 3.dg/m® (interquartile range: 1.4 — 4.8g/m°), with no
differences between smokers and non-smokers. They also measuredtrations of un-
metabolized naphthalene in urine (median: 46 ng/L, interquartileeratig— 56 ng/L) but
found no associations between the personal air and urine naphthaleapti@ions. They
were also unable to identify any predictors for either the air or urinplsaf4].

In an Atlanta, GA-based study of 8 non-occupationally exposed individdralssompleted a
personal air sample along with urine samples, median exposure tevephthalene ranged
from a low of 0.13ug/m® at work (interquartile range: 0.095-0.2¢/m% to a high of 0.92
ng/m® indoors at home (interquartile range: 0.37—-3u87°). Indoor home concentrations
were higher than concentrations measured while driving, which re¢fiectmportance of
residential indoor sources for naphthalene. A comparison of persomakasurements and
urinary excretion of naphthalene between days with high and law déts suggested that
inhalation is the primary route of exposure for naphthalene [14].

The study by Bouchard et al., [45] asked participants to record laaloitactivities involving
potential PAH exposures. They were only able to identify passnakiag with exposure
associated with higher 2-naphthol excretion. The authors felt thaaktbence of a link
between most of the variables from the questionnaire and theyuenaretion of PAH
biomarkers was due to the low reporting of exposure to these variables.

Indoor air measurements of naphthalene have previously been recogniea good proxy
for personal naphthalene air exposures [46]. The high correlationsbgerved between
indoor and personal naphthalene concentrations confirm this, see Additional fiez $il.

There are a number of sources of naphthalene in the indoor environmamdjngainoth
balls and deodorizers, smoking, attached garages, construction and woodspriodiocir
combustion, and heating systems [9,47]. Although we examined a number of krdmon i
sources, we were unable to confirm associations with measured iadoompersonal
concentrations, as has been the case for previous studies [45,46]d{#emAl file 1: Table
S1 for the univariate analyses). Moth balls are available withdifferent formulations in
Canada (para-dichlorobenzene or naphthalene) and we did not collechdeatéch type our
study participants used therefore limiting our ability to ioter the influence of this
particular source. In a larger study of 288 homes in MichiganeiBadin et al. [8] identified
pest repellant use, presence of an attached garage, cigareke, and outdoor sources as
contributing to indoor naphthalene concentrations. This may indicatéothatany homes,
the total naphthalene level reflects a number of smaller soamegscannot easily be
attributed to distinct sources without significant statistipalver. An exception is the
improper use of moth balls, which can be associated with extreimgly indoor
concentrations of naphthalene [48]. Only 4 homes in the current studyegtpsing moth
balls, and they did not have elevated indoor naphthalene concentratiotth. Ceaada’s



Pest Management Regulatory Agency re-evaluated naphthalene pestqmarducts in 2010
and concluded that they do not present unacceptable risks to human heafthused
according to label directions. In this study, there were algoitetl number of smokers and
exposure to SHS was also limited so it was not possible to éxaheaimpact of smoking as
a source of naphthalene.

We observed that indoor and personal naphthalene concentrations in asigngieantly
higher at the post-birth visit than the two pre-birth visits. Thesyrbe a result of new
products being introduced into the home during this period, as waghlossible home
renovations. Consumer product uses of naphthalene include some comyneradtble
coatings and paints. As we did not specifically ask about theseewmable to confirm this
hypothesis.

Monitoring was quite evenly distributed throughout the year; somersaay was seen for
the indoor air concentrations but not for the biomarkers. In studieslifior@ia there was

evidence that PAH concentrations increased as temperaturessddcrdawever, this trend
in seasonality was most pronounced for particle phase PAHs. Vapaa PA&ls (i.e., 99%

of naphthalene) did not demonstrate any dramatic seasonality [4PhtHdéene data
collected in the Halifax and Edmonton indoor air studies conducted bythHEahada

demonstrated that homes sampled during both the winter and summerinhid s
concentrations to one another [37,43].

The urinary results for this study indicated that there wergigroficant differences between
the three visits with the medians across the 3 sampling periogggarom 1.05 to 1.14 for
1-naphthol and 2.56 to 2.8&)/I for 2-naphthol. The results are similar to those identified by
Bouchard et al., [45] where the geometric mean urinary concentrafidaeaphthol in first
morning voids varied from 0.99 to 1.238nol/mol creatinine over an 8-month period; the
corresponding figures for 2-naphthol were 1.37 to 218®l/mol creatinine. This indicates
that there are some small differences in concentrationsrmy eollection days which may be
lost in our sampling approach of using 24-hour samples in the pregpenacg. Our results
for 1-naphthol are also comparable with those from another pregnahoyt study and with
population-based Canadian data, but lower than the Canadian data for Iibhajphthe
CHAMACOS study of pregnant women in California, the medidntrimester urinary
concentrations of 1- and 2-naphthol were 1.9 angid/lz, respectively [39]. For females 20—
39 in the Canadian Health Measures Survey (2009-2011), the median 1- agplotHdina
concentrations in urine (measured by the same laboratory agutig svere 1.2 and 5.4
ug/L, respectively [50], (Figure 1).

Figure 1 Median urinary concentrations of 1- and 2-naphthol from the CHAMACOS f'
and 2 prenatal sampleg[39], NHANES pregnant women[39], the Canadian Health
Measures Survey (CHMS) (females 20 — 39 years of g§&@] and our P4 Study.

Median concentrations of naphthalene in breast milk were sigmifyceower than observed

in previous studies at 7.55 ng/g lipid. The study by Tsang et alifli8png Kong showed
mean naphthalene concentrations of 786 ng/g lipid in breast milk. Té&rckers found a
positive correlation between PAH concentrations in milk and matawgel our study was
unable to reproduce this result. The Turkish study of Cok et al., [19] fbxahchaphthalene
was one of the most abundant PAH (contributing 42.6% to the total PAHijfiele in
human milk from 47 women (mean = 45.75 ng/g lipid). When they sepahetehélyses by
smoking status some of the non-smoking mothers did not have detectable leaphtha



concentrations. Similarly, Zanieri et al., [20] found that human milkveld from non-
smoking women had approximately half the concentrations of naphthetenpared to
smokers (5.56 vs. 10.54g/kg of fresh weight milk). The participants in our study were
overwhelmingly non-smokers (97%), which may contribute to their low naehtha
concentrations.

Limitations of this study include the relatively small sangilee measured and the lack of
detailed information on possible indoor sources including the use of demdpisanitizers
and air fresheners. Another limitation of the low recruitmet# mthe ability to generalise
the findings to other pregnant women and populations. Methods for measuring naphthalene in
air may be inferior compared to other volatile organic compounds §YQiftie to
methodological limitations (e.g., recovery and reproducibility) @ffjough this may be less
problematic as the analytical approach used in this study imtladeaphthalene specific
extraction to ensure maximum recovery [37]. In general, vevystedies have attempted to
identify predictors of naphthalene concentrations in indoor air. The stindiedid examine
predictors found that indoor naphthalene concentrations were positively gmficantly
associated with the presence of forced air heating systathsfiliration [40], attached
garages [40,52], bathroom cleaners/deodorizers [53], and moth control products [9,54].

This study provides valuable information on personal exposure to haphtasalereasured in
air, urine and breast milk in the prenatal and post-natal windows. Gedpeaphthalene
transfer across the placenta has been documented in case stinligsraaternal exposure
concentrations, with the fetus apparently more vulnerable to naphthabeoity than the
mother [22,23]. In a pilot study conducted in California, 70% of the amrfiatds tested
positive for 1- or 2-naphthol indicating direct exposure of the youtus fie these phenols;
however as the authors did not distinguish between the two metaboliteabeastudy was
conducted in an agricultural area, exposure to carbaryl as opfmseeghthalene cannot be
ruled out [55]. Since the rate of metabolism of naphthalene in humamstisvell
characterized, information on the urinary biomarker concentrationsbmangeful for future
attempts to characterize the rate of metabolism in humans irrafjeme in specific
populations (e.g., pregnant women). One possible reason for the lack chtamsdietween
the biomarkers and the indoor and personal air samples may be thendiéecretion rates
identified by Heikkila et al., [16]. They also found that in workexposed to occupational
concentrations of naphthalene that there were poor association®beiiweoncentrations
and the urinary metabolite 1-naphthol with correlation coefficiests tiean 0.5. Kuusimaki
et al., [13] also failed to observe any associations betweersaanples and urinary
metabolites which they attributed to the fact that the workeq®ures were a combination
of diet and occupational exposures. The lack of association betweemna@ntrations and
urinary metabolite concentrations could also be due to geneticedifies. P450 isoform
screening of naphthalene metabolism, performed with human P450 isoéxpressed in
baculovirus-infected insect cells, identified CYP1A2 as the moastiesft isoform for
producing dihydrodiol and 1-naphthol, and CYP3A4 as the most effective-riapthol
production [56]. Genetic variations in these enzymes as well as theslved in forming
naphthol conjugates (SULT1A1 and UGT1A9) could lead to difference®irabhsformation
capacity among participants [57,58].

Conclusions

The results from this study suggest that indoor air monitorimgphthalene provides a good
indication of personal air exposures for pregnant women. Potential soairdeomarker



concentrations of naphthalene could not be identified, which is consisténseveral other
studies. While urinary 1-naphthol and naphthalene in breast milk weseiated there were
no other associations found for the personal and indoor air concentratidrisomarkers.
Potential reasons for this include a potential lack of signifiemirces, physiological
(excretion rates) and behavioural differences that were not captured.
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