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Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous carcinogenic pollutants emitted in complex mixtures in the ambient air and contribute to the 
incidence of human cancers. Taking into account all absorption routes, biomonitoring is more relevant than atmospheric measurements to health risk as-
sessment, but knowledge about how to use biomarkers is essential. In this work, urinary elimination kinetic of 1-hydroxypyrene (1-OHP) and 3-
hydroxybenzo(a)pyrene (3-OHBaP) were studied in six electrometallurgy workers after PAHs exposure. Spot samples were collected on pre- and post-
shift of the last workday then the whole urinations were separately sampled during the weekend. Non-linear mixed effects models were built to study 
inter- and intra-individual variability of both urinary meta-bolites toxicokinetic and investigate diuresis correction ways. Comparison of models 
confirmed the diuresis correction requirement to perform urinary biomonitoring of pyrene and BaP exposure. Urinary creatinine was found as a better 
way than specific gravity to normalize urinary concentrations of 1-OHP and as a good compromise for 3-OHBaP. Maximum observed levels were 1.0 mmol/

mol creatinine and 0.8 nmol/mol creatinine for 1-OHP and 3-OHBaP, respectively. Urinary 1-OHP concentrations on post-shift were higher than pre-shift 
for each subject, while 3-OHBaP levels were steady or decreased, and maximum urinary excretion rates of 3-OHBaP was delayed compared to 1-OHP. 
These results were consistent with the sampling time previously proposed for 3-OHBaP analysis, the next morning after exposure. Apparent urinary half-
life of 1-OHP and 3-OHBaP ranged from 12.0 h to 18.2 h and from 4.8 h to 49.5 h, respectively. Finally, inter-individual variability of 1-OHP half-life 
seemed linked with the cutaneous absorption extent during exposure, while calculation of 3-OHBaP half-life required the awareness of individual urinary 
background level. The toxicokinetic modeling described here is an ef-ficient tool which could be used to describe elimination kinetic and determine 
diuresis correction way for any other urinary biomarkers of chemicals or metals exposure.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollu-

tants emitted during incomplete combustion of organic matter

and distillation of coal or petroleum. They are found in the at-

mosphere as complex gaseous and particulate mixtures, whose

composition varies according to the emission sources. Within this

chemical family, benzo(a)pyrene (BaP) is classified as a proven

human carcinogen while several other PAHs are classified as

possible or probable human carcinogens (IARC, 2010). By contrast,

pyrene is a non-carcinogenic PAH, extensively studied due to its

abundance in mixtures. Environmental exposure occurs by to-

bacco consumption, diet, and atmospheric pollution. In addition,

high occupational exposure levels are reported in some industries

using products derived from coal (Unwin et al., 2006). In France,
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1.6 million workers are exposed to PAHs with 93,000 worked in

the metallurgy industry (Guignon and Sandret, 2005) including

carbon electrode manufacturing, which is classified as probably

carcinogenic to humans (IARC, 2010). In this sector, the mean le-

vels reported for BaP and pyrene were 4.9 mg/m3 and 11.2 mg/m3,

respectively (Forster et al., 2008). These levels were largely higher

than the French recommended value for BaP, equal to 150 ng/m3.

However, atmospheric measurement cannot assess human ex-

posure: wearing respiratory mask can generate an over-estimation

of exposure and dermal uptake, which is the main absorption way

of PAHs for numerous tasks, can lead to an under-estimation of

exposure (Elovaara et al., 1995; VanRooij et al., 1993).

For assessing health risk, biomonitoring is more relevant than

air monitoring because it allows the evaluation of the internal

dose of chemicals. Urinary analyses are widely used, because ex-

posure biomarkers accumulate in the bladder between two ur-

inations and it is very easy to collect urine samples. To take into

account the variation of diuresis, urinary concentrations stated in

mass per volume unit need to be corrected. Normalization by ur-

inary creatinine is mainly used although age, sex, ethnicity and

muscular mass influence its excretion and can change the inter-

pretation of urinary biomarkers levels (Truchon et al., 2014). Fur-

thermore, this correction is valuable only if metabolites undergo

the same excretion mechanisms than the creatinine, ie via glo-

merular filtration (Boeniger et al., 1993). To overcome these diffi-

culties, normalization by specific gravity (SG) has been proposed

to take into account fluctuations in urine dilution (Sauvéet al.,

2015). Nowadays, research on the optimal approach to adjustment

of urinary concentrations in spot urine samples, in order to per-

form biomonitoring, is still an important challenge (Weaver et al.,

2015).

Urinary 1-hydroxypyrene (1-OHP), the main metabolite of

pyrene, was proposed as the first biomarker of PAHs exposure by

Jongeneelen in 1985 (Jongeneelen et al., 1985). It is the most

commonly used biomarker to perform PAH biomonitoring

(Strickland et al., 1996) and many exposure data are available

(Hansen et al., 2008). 1-OHP was correlated with genotoxic effect

in some studies (Siwińska et al., 2004; Talaska et al., 2014), but not

systematically (Marczynski et al., 2011), probably due to the high

variability of the BaP/pyrene ratio according to industrial sectors

and activities of workers (Barbeau et al., 2015; Lafontaine et al.,

2004). Thus, 1-OHP might be not the most appropriate biomarker

to assess carcinogenic PAHs exposure. Urinary 3-hydroxybenzo(a)

pyrene (3-OHBaP) is more appropriate to evaluate carcinogenic

exposure because it is an urinary metabolite of BaP (Boogaard,

2008). Due to a complex BaP metabolism with production of many

metabolites (Gelboin, 1980) and elimination predominantly via the

feces, urinary 3-OHBaP represented only 0.21% of BaP dose in-

jected in rats (Marie et al., 2010). A high sensitive and reliable

analytical method has recently been developed to use urinary

3-OHBaP as biomarker for occupational biomonitoring (Barbeau

et al., 2011). The maximum urinary 3-OHBaP concentration of

workers involved in an electrode manufacturing plant was found

at 5.27 nmol/mol creatinine, while maximum of 1-OHP was higher

by three orders of magnitude, reaching 6.99 mmol/mol creatinine

(Barbeau et al., 2014).

In order to set the best sampling time representing the ex-

posure and being convenient to implement, biomonitoring re-

quires knowledge about elimination kinetic and related influen-

cing factors. The different absorption routes affect considerably the

urinary elimination rate of 1-OHP. In human, the maximum ur-

inary excretion took place between 2.2 h and 9.7 h after a dietary

exposure (Buckley and Lioy, 1992; Chien and Yeh, 2010; Li et al.,

2012), while this maximum appeared 1–2 h after the post-shift for

a respiratory absorption (Lafontaine et al., 2002) and 10–15 h for a

dermal uptake (Viau and Vyskocil, 1995). In the same way, the

urinary half-life of 1-OHP ranged from 3.0 to 5.7 h (Li et al., 2012),

from 3.7 to 9.9 h (St Helen et al., 2012) and from 11.5 to 15 h (Viau

and Vyskocil, 1995) after oral, inhalation and dermal absorption,

respectively. Thus, in addition to individual characteristics, differ-

ences of exposure conditions in workplaces, especially the cuta-

neous absorption extent, could explain the important variability of

apparent 1-OHP half-lives observed in occupational studies, as

well in different industrial sectors (Lafontaine et al., 2004), as in

the same sector for several tasks (Buchet et al., 1992; Sobus et al.,

2009). Pre-shift urine sample collected at the end of the workweek

is considered as the best sampling time to analyse 1-OHP when

the main route of exposure is skin uptake, while post-shift sample

collected at the end of the workweek remains the best if inhalation

is the main way of absorption (Bouchard and Viau, 1999). However,

there is still no consensus and ACGIH recommends only post-shift

at end of workweek as sampling time for 1-OHP (ACGIH, 2015). For

3-OHBaP, maximum urinary excretion appeared between 10 and

17 h after the post-shift (Gendre et al., 2002) and the only appar-

ent urinary half-life calculated in humans for this metabolite was

8.8 h (Lafontaine et al., 2004). But urinary 3-OHBaP concentrations

measured in the urine collected at the post-shift of the penulti-

mate workday were not statistically different than those found at

the pre-shift of the last workday, when the exposure is relatively

constant over the workweek (Barbeau et al., 2014). Conversely,

when occupational exposure is variable during the workweek, 60%

of the maximum urinary 3-OHBaP concentrations were found on

pre-shift, versus 17% on post-shift of the last workday (Barbeau

et al., 2015). Currently, pre-shifts of the first and of the last

workdays remain the proposed urine sampling times to analyse

this metabolite (Gendre et al., 2004).

The aim of this study was to fill the lack of data about the

toxicokinetic of urinary 3-OHBaP and make a comparison with

1-OHP, the common PAH exposure biomarker. Furthermore, the

usefulness of different kinds of diuresis correction was studied for

these urinary metabolites. The maximum urinary excretion rate,

the influence of inter-individual variability and the appropriate

normalization technique of urinary concentrations were studied

using non-linear mixed effects models in a group of electro-

metallurgy workers.

2. Materials and methods

2.1. Study population

The subjects were 6 non-smoking, healthy, male volunteers

between 30 and 60 years old, working in a prebaked electrodes

production plant. A questionnaire was completed by each worker

in order to inform them about the study and obtain their consent.

No special instruction concerning diet was given. Urinary analyses

were prescribed by the occupational physician of the plant as part

of PAHs exposure monitoring. During the last day of the work-

week, one worker (W1) stored the cooled electrode after its ex-

trusion, three workers (W2, W3, W4) loaded raw materials (car-

bon and pitch coke), one (W5) was in charge of administrative

tasks in an office and the last one (W6) performed electrode ex-

trusion and cleaning installations. All workers carried P3 masks

and handling gloves, except workers 5 and 6.

2.2. Urine collection

Urine samples were collected at the beginning and at the post-

shift on the last workday of the week in 50 ml propylene bottles.

From this post-shift, subjects collected separately all urinations in

their entirety in 500 ml propylene bottles during the weekend.

Urine volume was measured at the laboratory before storage at
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�20 °C until analysis. Data of W6 was excluded for toxicokinetic

modeling because urine samples were not collected during the

first 24 h following post-shift.

2.3. Urinary analyses

After thawing urine overnight, the 3-OHBaP analysis was con-

ducted using the method previously described by Barbeau et al.

(2011). Briefly, a 10 ml aliquot was diluted in acetate buffer before

enzymatic hydrolysis. The sample was purified and concentrated

by automated solid phase extraction from Gilson (Villiers-le-Bel,

France) using Sep-Pak C18, 500 mg with a capacity of 6 ml from

Waters (Guyancourt, France). Urinary 3-OHBaP was quantified by

high pressure liquid chromatography coupled with fluorescence

detection (HPLC-FLD). The heart-cut technique (Campins-Falco

et al., 1993) was used: a first chromatographic separation was

performed on a purification Supelcosil LC-18 column

(50 mm�4 mm, 5 mm) from Sigma-Aldrich (Saint-Quentin-Falla-

vier, France), then a second on an analytical column PAH-C18

(250 mm�3 mm, 5 mm) from Waters. Excitation and emission

wavelengths were fixed at 425 and 465 nm, respectively. The limit

of quantification (LOQ) was 0.2 pmol/l (0.05 ng/l).

Urinary 1-OHP was determined using a modified method of

that previously described by Jongeneelen et al. (1988). Briefly, a

2 ml aliquot of urine was diluted in acetate buffer before enzy-

matic hydrolysis and directly injected into a HPLC-FLD system

from Waters. On-line extraction of 1-OHP was performed with a

Supelguard C18 column from Sigma-Aldrich and elution was per-

formed with a LiChrospher C18 column from Merck (Billerica,

USA). Excitation and emission wavelengths were fixed at 333 and

390 nm, respectively. The LOQ was 91.6 pmol/l (20 ng/l). The la-

boratory meets the German Society for Occupational and En-

vironmental Medicine external quality control system standards

for 1-OHP.

Urinary creatinine was determined by Jaffe's method from a

2 ml aliquot of urine, while urinary SG was measured using a re-

fractometer PEN-Urine S.G from ATAGO (Tokyo, Japan). For each

sample, three successive measurements of SG were performed and

arithmetic means was calculated. SG of distillated water (typically

equal to 1) was measured at regular time interval to avoid any drift

across time.

2.4. Data analyses

Metabolites concentrations lower than the LOQ were assigned

values equal to half of the LOQ for graphical representations and

data analyses.

Metabolites excretion rates (mol/h) were calculated from the

first urine after the post-shift, by the sum of metabolites quantities

excreted in different urine collected during five periods of 12 h.

These quantities were obtained by multiplying concentration by

volume for each sample.

Urinary metabolite concentrations were normalized by urinary

creatinine (mol/mol creatinine), or by SG (mol/l) as follow:

( )=
( )

C mol molcreatinine
C

Cr
/

1Cr

( )=
× ( − )

( − ) ( )
C mol l

C SG

SG
/

1

1 2
SG

ref

where C was uncorrected metabolite urinary concentration (mol/

l), Cr was urinary creatinine concentration (mol/l), SG was urinary

specific gravity of the sample and SGref¼1.017 was the reference

specific gravity, i.e. the calculated mean of SG values from all

collected urines.

2.5. Toxicokinetic modeling

3-OHBaP and 1-OHP elimination kinetics were studied from

the observed individual excretion maxima that is the urinary

sample after occupational exposure for which creatinine adjusted

concentration of metabolites was the highest. To describe these

data, a non-linear mixed effect model which assumed a mono-

exponential urinary elimination kinetic and takes into account

background exposure and inter-individual variability was used

(Bartell, 2012). In order to compare different correction modes of

diuresis, three models were developed from unadjusted urinary

concentrations. Firstly, urinary creatinine concentration was in-

cluded as independent variable, according to Eq. (3) (Cr-model):

ε= ( × + ) × + ( )
− ×C Cm e C Cr0 3ij i
k t

i ij ij
i ij

where i was an index for workers and j was an index for each

urinary sample. tij was the time from individual excretion max-

imum (h). Cij was metabolite concentration (mol/l) and Crij was

Table 1

Urinary 1-OHP and 3-OHBaP concentrations.

Metabolite Worker Creatinine adjustment SG adjustment Non adjusted concentration N (noLOQ)

(nmol/mol creatinine) (pmol/l) (pmol/l)

Pre-shift Post-shift Week-end Pre-shift Post-shift Week-end Pre-shift Post-shift Week-end

(min-max) (min-max) (min-max)

1-OHP W1 420 500 30–660 5703 5303 367–8251 7514 6644 477–7885 13 (0)

W2 320 580 60–690 4708 9875 665–10,381 4948 12,005 916–11,088 14 (0)

W3 530 700 130–1000 7010 9311 2192–15,887 4948 11,867 2712–20,871 11 (0)

W4 690 860 50–700 5876 8322 454–8156 5911 5727 545–6460 19 (0)

W5 580 730 260–750 7894 10,830 2123–8455 11,455 17,136 820–11,721 8 (0)

W6 310 400 120–250 2286 3991 944–2512 1649 4765 527– 3556 10 (0)

3-OHBaP W1 0.13 0.16 oLOQ–0.26 1.70 1.73 oLOQ–3.31 2.24 2.16 oLOQ–2.78 13 (2)

W2 0.40 0.23 0.02–0.39 5.85 3.86 0.22–5.06 6.15 4.70 0.34–7.78 14 (0)

W3 0.04 0.05 0.02–0.03 0.53 0.70 0.26–0.43 0.37 0.89 0.28–0.54 11 (0)

W4 0.80 0.64 0.07–0.28 6.85 6.23 0.55–3.20 6.90 4.29 0.50–2.54 19 (0)

W5 0.18 0.16 0.17–0.27 2.47 2.38 1.45–2.62 3.58 3.76 0.56–3.63 8 (0)

W6 0.19 0.12 0.02–0.11 1.45 1.22 0.16–1.21 1.04 1.45 0.09–1.24 10 (0)

LOQ: limit of quantification.
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creatinine concentration (mol/l), for urine j of worker i. Cmi (mol/

mol creatinine) was the concentration increase above the back-

ground after occupational exposure. C0i (mol/mol creatinine) was

the background concentration. ki was the individual first-order

urinary elimination rate constant (1/h) and εij was the error term.

Secondly, urinary SG was included as independent variable

instead of creatinine, according to Eq. (4) (SG-model):

ε= ( × + ) ×
−

−
+

( )

− ×C Cm e C
SG

SG
0

1

1 4
ij i

k t
i

ij

ref
ij

i ij

Finally, no correction term was introduced as Eq. (5) (Zero-

model):

ε= × + + ( )
− ×C Cm e C0 5ij i
k t

i ij
i ij

For SG-model and Zero-model, Cmi and C0i were expressed in

mol/l.

For the three models, C0i, Cmi and ki were further assumed to

be independent and normally distributed among workers, with

mean mC0, mCm and mk, respectively. Akaike Information Criterion

(AIC) was used for models comparison and the percentage of root

mean square error (%RMSE) was used to compare their residual

error.

Apparent urinary half-life (t1/2) was calculated as Eq.6:

=
( )

t
k

ln2
61/2

Non-linear mixed effect models were performed with R 3.1.2

software (R Foundation for Statistical Computing) using “nlme”

function from “nlme” package (Pinheiro and Bates, 2000). Para-

meters were maintained in the models if they were significantly

different from null at pr0.10.

3. Results

3.1. Urinary levels

Urinary levels of both metabolites for the last workday and

during the weekend were summarized in Table 1 and showed in

Fig. 1. Urinary 1-OHP concentrations were systematically higher at

post-shift than pre-shift. For 3-OHBaP, concentrations were steady

between pre- and post-shift for 3 workers (W1, W3 and W5) and

decreased for the others (W2, W4 and W6). Among 65 urine

samples, only 2 concentrations were below the LOQ for 3-OHBaP

(W1) and none for 1-OHP. From the end of the shift and after

exclusion of W6, urine samples were collected during 5373 h

except for W5 who stopped sample collection after 30 h. For

Fig. 1. Urinary creatinine adjusted concentration of 1-OHP (mmol/mol creatinine, open circle) and 3-OHBaP (nmol/mol creatinine, closed circle) during the weekend of

6 electrometallurgy workers (W). Sample at post-shift of the last workday took place at time 0 and the previous spot urine sample is the pre-shift of the same day.

Fig. 2. Average and standard deviation of excretion rates into twelve hours periods

for 1-OHP (pmol/h; open circles) and 3-OHBaP (fmol/h; closed circles).
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1-OHP, average of minimum concentrations and average of max-

imum concentrations were 108 and 727 nmol/mol creatinine, 1124

and 9610 pmol/l and 1000 and 11,520 pmol/l, for creatinine ad-

justed, SG adjusted and non-adjusted concentrations, respectively.

For 3-OHBaP, they ranged from 0.05 to 0.33 nmol/mol creatinine,

0.45–3.46 pmol/l and 0.30–3.93 pmol/l. Among workers, urinary

1-OHP levels were less fluctuating than 3-OHBaP, with relative

standard deviation of maximum concentrations equal to 28%

versus 79% for creatinine adjusted, 41% versus 70% for SG adjusted

and 55% versus 72% for non-adjusted concentrations.

3.2. Urinary elimination rates

Urinary elimination rates profiles were different between the

two metabolites during the first 24 h after the shift (Fig. 2). For

1-OHP, mean excretion rates decreased constantly throughout

sampling time period. Conversely, for 3-OHBaP, mean excretion

rates increased slightly from 75 to 98 fmol/h between 0–12 h and

12–24 h periods, before decreasing until the end of urine

sampling.

3.3. Elimination kinetic models

Figs. 3–7 showed the observed and predicted urinary 1-OHP

and 3-OHBaP concentrations for each worker. Models including

correction term (Cr-model and SG-model) improved the model

fitting for both metabolites compared to the Zero-model. Nor-

malized residuals of predicted urinary 1-OHP and 3-OHBaP con-

centrations were heteroscedastic from Zero-model whereas those

from Cr-model and SG-model were more homoscedastic (Fig. A.1).

Scatter plots of observed versus predicted urinary concentrations

indicated a better fit for models included diuresis correction term

(Cr-model and SG-model) than Zero-model (Fig. A.2). Akaike In-

formation Criterion (AIC) for Cr-model, SG-model and Zero-model

were �600.38, �555.97 and �497.40, respectively, for 1-OHP and

�581.53, �581.25 and �567.09 for 3-OHBaP. Residual variance of

each model, compared with %RMSE, decreased in order Zero-

model (48%)44SG-model (28%)4Cr-model (18%) and Zero-

model (43%)4SG-model (32%)ECr-model (31%), for 1-OHP and

3-OHBaP, respectively (Fig. 8). Calculated parameters for Cr-model

and both metabolites were summarized in Table 2. mCm and mk

were significantly different from null, for both metabolites, while

mC0 was not significantly different from null for 1-OHP. Mean

calculated urinary 3-OHBaP half-life was lower than 1-OHP with

8.9 h and 14.4 h respectively. Inter-individual variability was

higher for 3-OHBaP than for 1-OHP with calculated half-life con-

fidence interval wider.

4. Discussion

Elimination kinetics of urinary PAHs exposure biomarkers was

studied for six workers after a whole workweek. Maximum ob-

served levels adjusted with creatinine were 1.0 mmol/mol creati-

nine and 0.8 nmol/mol creatinine for 1-OHP and 3-OHBaP, re-

spectively. These values are lower than those previously reported

in the same industrial sector (Petry et al., 1996) but was in con-

sistency with decreasing of levels over the last 20 years. Average of

minimum observed concentrations adjusted with creatinine was

0.11 mmol/mol creatinine and 0.06 nmol/mol creatinine for 1-OHP

and 3-OHBaP, respectively. For both metabolites, the highest

minimum concentrations were found for W5 because he collected

urines only for the thirty first hours after post-shift. Such urinary

levels at the end of the weekend in non-smoking workers corre-

sponded to those of non-occupationally exposed smokers which

ranged from 0.03 to 0.53 mmol/mol creatinine and from o0.01 to

0.08 nmol/mol creatinine for 1-OHP and 3-OHBaP, respectively

(Barbeau et al., 2011; Lafontaine et al., 2006). Increase risk of

cancer due to smoking is well-known and PAHs belong to carci-

nogenic compounds emitted by tobacco combustion (IARC, 2004).

Thus, even for moderate occupational PAHs exposure noticed here,

the health risk for workers is real.

Excretion rate profiles of the two urinary metabolites were

clearly different. While 1-OHP followed a mono-exponential

elimination as soon as the end of the shift, 3-OHBaP mean ex-

cretion rates slightly increased during the first 24 h, probably due

to an accumulation of 3-OHBaP in the kidney as shown in rats

(Marie et al., 2010). Indeed, physiologically-based pharmacokinetic

model developed from rats data was used to modeling human

3-OHBaP urinary elimination kinetic and the results seemed in-

dicate that specific 3-OHBaP kinetic, including atypical renal ex-

cretion, is similar between human and rat (Heredia Ortiz et al.,

2014). Among workers involved in different industrial sectors, an

important inter-individual variability of excretion gap between the

two metabolites was shown, with a delay for 3-OHBaP ranging

from 3 to 24 h (Gendre et al., 2004). In case of occupational ex-

posure very variable one day to another, 60% of urinary 3-OHBaP

maximum were occurred at the pre-shift of the last workday

(Barbeau et al., 2015). On the other hand, in case of steady occu-

pational exposure throughout workweek, urinary 3-OHBaP con-

centrations were not statistically different between sample at

post-shift of penultimate workday and sample at pre-shift of the

following (Barbeau et al., 2014). These discrepancies complicate

the choice of an appropriate sampling time for urinary 3-OHBaP.

Urinary metabolites excretion rates were calculated to reduce the

error on the assessment of maximum 3-OHBaP excretion that

could come from the use of urinary concentrations (mass per vo-

lume unit). Such a method is more relevant because it takes into

account the total excreted quantities in function of time. The ur-

inary excretion delay between 3-OHBaP and 1-OHP, observed even

from excretion rates, confirmed that urinary 3-OHBaP analysis

should be performed the next morning after occupational ex-

posure rather than at post-shift.

Considering workers as a random effect on urinary biomarkers

concentrations, kinetic models built in this study were able to

estimated inter-individual variability of PAHs uptake (Cm), urinary

background (C0) and toxicokinetic process (k) coming from oc-

cupational exposure conditions, lifestyle and personal character-

istics, respectively. By contrast, intra-individual variability parti-

cipated to residual variance (variance of error term). If diuresis was

a factor of intra-individual variability of urinary PAHs metabolites

concentrations, addition of a term linked to urine dilution in the

models could reduce residual variance and improve the para-

meters calculation. Indeed, normalized residuals of Zero-model

were heteroscedastic for both metabolites, while addition of a

variable adjusting urine dilution allowed decreasing of hetero-

scedasticity. In the same way, scatter plots indicated a better fit for

models included diuresis correction. Finally, AICs which penalize

complex models were lower for Cr-model and SG-model even if

they included one more independent variable than Zero-model.

These results confirmed the diuresis correction requirement to

perform urinary biomonitoring of pyrene and BaP exposure. Pre-

vious mixed effects models simulating urinary elimination kinetic

of gaseous PAH metabolites after dietary exposure were developed

from urinary creatinine corrected concentrations (Li et al., 2012;

Motorykin et al., 2015). This approach assumed that urinary

creatinine correction is a relevant normalization method while

age, sex, ethnicity and muscular mass influenced its urinary levels.

Thus, SG adjustment was recommended for occupational biomo-

nitoring (Truchon et al., 2014). However, this method requires the

choice of a reference density (SGref) ranging from 1.016 to 1.024

(Heavner et al., 2006; Lee et al., 1996; Levine and Fahy, 1945). A
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Fig. 3. Comparison of measured urinary concentrations for W1 (open circles) and model simulations (lines and closed circles).

Fig. 4. Comparison of measured urinary concentrations for W2 (open circles) and model simulations (lines and closed circles).
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Fig. 5. Comparison of measured urinary concentrations for W3 (open circles) and model simulations (lines and closed circles).

Fig. 6. Comparison of measured urinary concentrations for W4 (open circles) and model simulations (lines and closed circles).
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SGref equal to 1.020 was widely used (Goldberger et al., 1995; Vij

and Howell, 1998). For SG-model in the current work, the mean of

urinary SG from samples of studied population (1.017) was used as

SGref, as recommended (Truchon et al., 2014). Regarding 1-OHP,

lower %RMSE was obtained for Cr-model compared to SG-model.

Viau et al. (2004) had already shown that creatinine adjustment

was an adapted diuresis correction method for this metabolite.

However, for 3-OHBaP, the difference was less evident, with quite

similar %RMSE between the two correction modes. To our

knowledge, diuresis normalization method was not previously

studied for the latter exposure biomarker. Comparison of different

diuresis correction ways should provide information about the

renal excretion mechanisms of urinary metabolites. First, sub-

stances excreted in urine by passive diffusion should not be nor-

malized (Boeniger et al., 1993). Results of this current study were

thus in accordance with renal elimination of 1-OHP and 3-OHBaP

by glomerular filtration or tubular secretion. Secondly, since Cr-

model was better than SG-model for 1-OHP, this metabolite is

probably excreted by the same renal mechanism than creatinine, ie

glomerular filtration without tubular reabsorption (Boeniger et al.,

1993). Finally, SG-model was not better for 3-OHBaP, while nor-

malization by SG should be more adapted if it was excreted by

active tubular secretion (Truchon et al., 2014), as previously pro-

posed to explain its accumulation in kidney (Marie et al., 2010).

Recently, a potential reabsorption of mono-hydroxylated BaP

metabolite (including 3-OHBaP) was proposed to explain kidney

accumulation (Moreau et al., 2015). Results of the current study

were more in accordance with 3-OHBaP tubular reabsorption than

active tubular secretion. This hypothesis could also explain the

higher %RMSE of kinetic models for 3-OHBaP than 1-OHP since

they were built from linear first-order elimination kinetic. How-

ever, further works were required to define accurately renal

mechanisms of 3-OHBaP excretion. In the end, Cr-model seemed a

bit more appropriate to reproduce urinary kinetic than SG-model

for both metabolites in case of W3 and W4 and was distinctly

better for the others. Thus, use of urinary creatinine adjustment

was proposed as good compromise to take into account diuresis

effect on urinary 1-OHP and 3-OHBaP concentrations.

Calculated urinary 1-OHP half-life from Cr-model (14.4 h) was

two times higher than mean half-life obtained after pyrene in-

halation in smokers (St Helen et al., 2012) and corresponded to

those observed after dermal uptake in volunteers (Viau and Vys-

kocil, 1995). In rats, cutaneous absorption of pyrene increased

threefold the apparent urinary half-life of 1-OHP compared to

intraperitoneal injection (Payan et al., 2008). This skin reservoir

effect combined with occupational exposure conditions could ex-

plain the high variability of 1-OHP half-lives previously observed

(from 2.7 to 14.9 h) in six different workplaces with different

personal protection equipment (Lafontaine et al., 2004). In the

current study, the low inter-individual variability of 1-OHP half-

lives (CI95%¼12.0–18.2 h) indicated that PAHs exposure was

mainly via cutaneous absorption for every worker. On the other

hand, calculated urinary 3-OHBaP half-life from Cr-model (8.9 h)

was the same that the previously obtained from occupational ex-

posed workers (Bouchard and Viau, 1996; Lafontaine et al., 2004;

Payan et al., 2009) and from rats exposed to BaP via intravenous

injection (8.1 h) or via cutaneous application (8.9 h) (Bouchard and

Viau, 1996; Lafontaine et al., 2004; Payan et al., 2009). Skin re-

servoir effect in case of dermal uptake of BaP previously showed

(Bouchard and Viau, 1997; Chu et al., 1996) was probably hidden

by the accumulation of this metabolite into the kidney. Unlike to

1-OHP, inter-individual variability of 3-OHBaP half-lives from Cr-

model was very high. This result was partly due to the short

sampling period of W5 (22 h) responsible for consideration of a

Fig. 7. Comparison of measured urinary concentrations for W5 (open circles) and model simulations (lines and closed circles).
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high urinary 3-OHBaP background (C0) for this worker. Indeed,

delay in the excretion of 3-OHBaP compared to 1-OHP was de-

monstrated and C0 for this metabolite was significant in the Cr-

model (mean 3-OHBaP half-life was increased by 42% when C0

was excluded). Consequently, after exclusion of W5, upper limit of

CI95% for calculated 3-OHBaP half-life was drastically decreased,

from 49.5 h to 20.9 h while mean was less affected (from 8.9 h to

6.8 h). This result were in agreement with previous studies

showing that including background allowed to prevent mis-

calculation of half-lives (Bartell, 2012; Lafontaine et al., 2000; Li

et al., 2012). However, in this study, urinary 1-OHP background

coming from lifestyle seemed too low compared to pyrene occu-

pational exposure to impact calculated half-life.

5. Conclusions

Knowledge about urinary elimination kinetic is required to find

a compromise between excretion maximum of biomarkers and

convenience to perform biomonitoring. The delay observed for

maximum urinary excretion rates of 3-OHBaP confirmed that

sampling time should be performed the next morning after ex-

posure. Considering workers as a random effect, toxicokinetic

mixed effect models proposed in this work allowed to observe

inter- and intra-individual variability of urinary biomarkers con-

centrations. Impact of diuresis, as part of intra-individual varia-

bility, was studied and urinary creatinine was found as a better

way than SG to normalize urinary concentrations of 1-OHP and as

a good compromise for 3-OHBaP. Study of diuresis correction

modes also allowed to strengthen the hypothesis of tubular re-

absorption of 3-OHBaP as a specific excretion mechanism. Mean

apparent urinary half-life of 3-OHBaP and 1-OHP was equal to

8.9 h and 14.4 h, respectively. Finally, due to homogeneous influ-

ence of dermal uptake among workers on the kinetic of 1-OHP,

inter-individual variability of its half-life was low. On the contrary,

high inter-individual variability of 3-OHBaP half-life came from

heterogeneous urinary background levels among workers. Such

toxicokinetic mixed effects model could be used to other urinary

biomarkers of chemicals or metals exposure in order to perform

biomonitoring.
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