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Abstract: The aim of this work was to demonstrate how human biomonitoring (HBM) data can be
used to assess cancer risks for workers and the general population. Ortho-toluidine, OT (CAS 95-53-4)
is an aniline derivative which is an animal and human carcinogen and may cause methemoglobinemia.
OT is used as a curing agent in epoxy resins and as intermediate in producing herbicides, dyes, and
rubber chemicals. A risk assessment was performed for OT by using existing HBM studies. The
urinary mass-balance methodology and generic exposure reconstruction PBPK modelling were both
used for the estimation of the external intake levels corresponding to observed urinary levels. The
external exposures were subsequently compared to cancer risk levels obtained from the evaluation by
the Scientific Committee on Occupational Exposure Limits (SCOEL). It was estimated that workers
exposed to OT have a cancer risk of 60 to 90:106 in the worst-case scenario (0.9 mg/L in urine). The
exposure levels and cancer risk of OT in the general population were orders of magnitude lower
when compared to workers. The difference between the output of urinary mass-balance method
and the general PBPK model was approximately 30%. The external exposure levels calculated based
on HBM data were below the binding occupational exposure level (0.5 mg/m3) set under the EU
Carcinogens and Mutagens Directive.

Keywords: ortho-toluidine; biomonitoring; urinary mass-balance; PBPK modelling; occupational
exposure; general population

1. Introduction

Aniline and many of its derivatives are known or suspected human carcinogens.
Ortho-toluidine, OT (CAS 95-53-4), also known as 2-aminotoluene, is one of these aniline
derivatives which is manufactured and/or imported in the European Economic Area in
quantities of 10,000–100,000 tonnes per annum [1]. OT is mainly used as a curing agent
in epoxy resins, an intermediate in producing azo dyes and pigments, acid-fast dyestuffs,
triarylmethane dyes, sulphur dyes, indigo compounds, photographic dyes, synthetic
rubber, and rubber vulcanising chemicals, and an intermediate in the manufacture of
herbicides [1,2].

OT is an animal and human carcinogen, classified as a category Carcinogenic 1B
according to harmonised classification and labelling in European Union, EU (Classification,
Labelling and Packaging (CLP) regulation 1272/2008). Other CLP classifications of OT are
Acute Toxicity 3 for oral and inhalation toxicity, Eye Irritation 2 for irritative properties and
Aquatic Acute 1 for environmental toxicity. In addition, OT may cause methemoglobinemia
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in humans [1,3]. Several aniline derivatives can be found on the candidate list of substances
of very high concern (SVHCs) and the list of substances restricted under Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH) EU regulation. OT
has been added to the candidate list for eventual inclusion in Annex XIV to REACH [4].
Inclusion in annex XIV to REACH means that future use of OT requires authorisation in
the EU. For authorisation purposes, users of OT need to demonstrate the adequate control
of exposure by providing reliable and representative exposure information from their uses.
Human biomonitoring (HBM) data could be a useful data source if measured biomarker
levels can be related to cancer risk assessment.

OT is rapidly absorbed via the gastrointestinal tract, and is rapidly distributed,
metabolised, and excreted (mainly via urine) in rats. The saturation of metabolic pathways
is not apparent in the urinary excretion data. Absorption via skin as well as via respira-
tory tract has been demonstrated by acute toxicity studies and in occupationally exposed
humans [1,2]. Metabolism studies have showed that N-acetylation and hydroxylation of
the aromatic ring of OT as well as sulphate and glucuronide conjugation are the major
metabolic pathways in rats. The human metabolic pathways are expected to be similar
to those reported in experimental animals based on studies of other aromatic amines and
knowledge of the key metabolising enzymes [5].

Occupational exposure to OT can be measured either by measuring air concentra-
tions or by biomonitoring. Since dermal uptake may contribute significantly to systemic
exposure to OT, biomonitoring can give a better picture on the total exposure than air
monitoring. Both urinary OT and OT haemoglobin adduct analyses have been used to
monitor occupational exposure to OT. However, the measurement of urinary excretion of
total (free and conjugated) OT after hydrolysis is currently the most used method [1]. Since
OT is a genotoxic carcinogen, there is no health-based biological limit value. In the EU, a
binding occupational exposure limit value (BOELV) of 0.1 ppm (0.5 mg/m3) has been set for
OT [6]. This is not a purely health-based value but considers also socio-economic aspects.

Data on urinary OT levels of the general population have been used to set a biological
guidance value (BGV) for urinary OT [1]. Based on the studies by Kütting et al. [7] and
Weiss and Angerer [8], the 95th percentile of urinary OT (free and conjugated) among
the non-smoking general population is approximately 0.2 µg/L which has been set as a
biological guidance value (BGV) for workers in Germany for OT measured from post-shift
urinary samples in the end of the working week [9]. Since smoking increases urinary OT
levels, this value applies only for non-smokers or can be considered only after abstaining
from smoking.

The aim of this work was to demonstrate how biomonitoring data can be used to assess
cancer risks for workers and the general population. Using available information on the
dose–response of OT carcinogenicity and published human biomonitoring (HBM) data, a
risk assessment was conducted by applying a simple urinary mass-balance-based approach
and a more refined exposure reconstruction algorithm coupled with a physiologically based
pharmacokinetic (PBPK) model to convert urinary total OT levels as external daily intake.

2. Materials and Methods

The hazard and dose–response assessment of OT was based on the existing risk
assessment from the Scientific Committee on Occupational Exposure Limits, SCOEL [1].
Since the SCOEL assessment covers only occupational exposure, cancer dose response for
the general population was derived using a published benchmark dose lower limit (BMDL)
level for OT as a starting point and using the general approach for cancer dose response
setting described in REACH guidance R.8 [10]. A PubMed literature search was conducted
for the past 20 years on OT in combination with occupation*, biomonitoring, and smoking,
since OTs exist in cigarette smoke, to retrieve available occupational and general population
biomonitoring data. Since the available HBM studies on the occupational exposure to OT
were very limited in number, all relevant occupational HBM studies were included in the
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risk assessment. In the case of general population exposure assessment, only European
HBM studies were included.

External exposure levels of OT were calculated from biomonitoring data of the general
population and workers using a urinary mass-balance approach and by PBPK exposure
reconstruction model to evaluate the cancer risk using the dose-response data published
by SCOEL [1].

2.1. Urinary Mass-Balance Approach

The urinary mass-balance approach, as described by Angerer et al. [11], was used
as a first-tier approach for the calculation of corresponding external intake levels from
biomonitoring data. For this, the following formulas were used:

Css = (D × BW × FUE)/V24 or D = (Css × V24)/(FUE × BW)

Here, D is the external dose as mg/kg bw, Css is the urinary level of the substance at
steady state (mg/L), V24 is the estimated average 24 h urinary volume (L), and FUE is the
mass of OT, including hydrolysed conjugate metabolites, excreted in urine during 24 h per
mass of parent compound ingested (percentage).

In the calculations, OT urinary levels (Css) were assumed to represent a steady-state
level, and 75% of the dose was assumed to be excreted in urine as measured parent
compound, including hydrolysed conjugate metabolites (FUE), which was based on urine
excretions observed in s.c. dosed rats after 24 h [2,5]. A value of 1.5 L/day was used as the
24 h urinary volume (V24) and 70 kg as the average body weight (BW).

As an example, the estimated urinary OT level corresponding to the BOELV 0.1 ppm
(0.5 mg/m3 = 0.07 mg/kg) assuming default 10 m3 inhalation volume during working
day, [10] is 2.5 mg/L (0.07 × 70 × 0.75/1.5). Conversely, the urinary OT BGV of 0.2 µg/L can
be estimated to 5.7 ng/kg of OT by using parameters presented above (0.2 × 1.5/0.75 × 70).

2.2. PBPK Modelling

A generic PBPK model implemented in the INTEGRA platform for integrative expo-
sure and risk modelling [12,13] was used to reconstruct external exposures of OT from HBM
urinary data. Generic PBPK models are well-defined compartmental models capturing tox-
icokinetics of xenobiotics, accounting for real-life anatomy and physiology, independently
of the compound considered. The applicability of the model to the different substances
is ensured by parametrising the model for each compound. The generic human PBPK
model developed on INTEGRA covers major ADME processes occurring in the human
body at different stages of life. The model describes in detail the absorption, distribution,
metabolism, and excretion (ADME) process of both OT and its metabolite OH-o-toluidine.
This data was used as an input for the toxicokinetic model of INTEGRA, properly parame-
terised for the assessment of internal dose of OT. Non-compound specific parameters of
the model have been presented in Sarigiannis et al. [13], while further parameterisation
of the compound specific parameters illustrated in Table 1 was derived on quantitative
structure–activity relationship (QSAR) modelling as described in the literature [14,15].
Validation of the estimates was done by comparing the predicted OT levels with the urinary
levels obtained from occupational studies reporting urinary OT concentrations, and the
results have been presented in the European Human Biomonitoring Initiative (HBM4EU)
deliverable “AD12.3 Exposure model testing results” [16].

Regarding the exposure reconstruction, human biomonitoring data assimilation and
their conversion into intake distributions is defined formally as a computational inversion
problem. In such mathematical problems, the goal is to identify the specific input distribu-
tions that best explain the observed outputs while minimising the residual error. In our
case, inputs comprise spatial and temporal information on micro-environmental media
concentrations of xenobiotics and ancillary information on human activities, food intake
patterns, or consumer product use that results in intakes; outputs are the observed levels of
biomarkers in human biospecimens. In this study, we started from the urinary levels of OT
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and its hydrolysed conjugate metabolites; then, exposure levels were estimated for both
occupational groups and the general population.

Table 1. Compound specific PBPK parameters for ortho-toluidine and the considered metabolite
OH-o-toluidine.

Ortho-Toluidine OH-o-Toluidine

Tissue: Blood Partition Coefficients

GI: Blood 3.8 0.7
Liver: Blood 1.9 0.65
Kidney: Blood 1.8 0.68
Fat: Blood 8.3 0.18
Bone: Blood 1.7 0.42
Brain: Blood 3.6 0.75
Gonads: Blood 0.79 0.83
Heart: Blood 1.6 0.57
Muscle: Blood 2.2 0.74
Skin: Blood 5.7 0.69
Lung: Blood 2.4 0.58

Fractions

Fraction bound to plasma proteins

0.035

0.95
Fraction bound to red blood cells 0.005
Fraction of transformation from
o-toluidine to OH-o-toluidine 1

Kinetic parameters

Km (µmol/L) 27.2
Vmax (µmol/h) 2835.3

Clearances

Kidney clearance rate (L/min) 0 0.17

Absorption GI tract

Absorption fraction from GI tract 1
Absorption rate in GI tract 1

Variability and uncertainty of the overall model were addressed through the implemen-
tation of a Bayesian Markov Chain Monte Carlo [17,18] probabilistic framework. Markov
chain Monte Carlo (MCMC) techniques are numerical approximation algorithms. They are
used in Bayesian inference models to sample from probability distributions through the
construction of Markov chains. In Bayesian inference processes, the target distribution of
each Markov chain is a marginal posterior distribution. Each Markov chain begins with a
seed value; the algorithm attempting to maximise the logarithm of the non-normalised joint
posterior distribution eventually arrives at each target distribution by multiple iterations.
Each iteration is considered a state. A Markov chain is a random process with a finite
state-space. In Markov chains, the next state depends only on the current, not past, states.
The method requires defining the prior distributions, the biomonitoring data upon which it
will be applied, as well as a likelihood function, defining the likelihood of the data being
correct given a set of forward model parameters. The MCMC approach takes into account
an acceptance criterion that considers the likelihood of the data, given parameters. The
MCMC process we have used samples using algorithms based on the Metropolis Hastings
(M-H) (simulated annealing) or on differential evolution algorithms. Several studies have
used MCMC techniques combined with PBPK models for inverse modelling [19–22]. Key
factors that introduce variability are the anthropometric parameters (i.e., bodyweight) and
the metabolic constants, for which a coefficient of uncertainty equal to 30% is considered as
adequate [23]. In this study, 10,000 MCMC iterations were used in the model.
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2.3. Risk Assessment

The risk assessment was based on the SCOEL [1] OT urinary bladder cancer risk
estimation using the results from a two-year rat feeding study [24]. Since no adequate
epidemiological data were available, SCOEL identified data on the formation of the urinary
bladder transitional-cell carcinomas in female rats as being the most relevant for hazard
characterisation, and derived a benchmark dose (BMD) causing 10% tumour incidence
above background level (BMD10) of 42.2 mg/kg bw per day. This BMD10 of 42.2 mg/kg
bw per day was estimated to correspond to an inhaled dose of OT about 840 mg/m3 as
an 8 h time-weighted average (TWA) in occupational exposure [1]. This assumes a body
weight of 70 kg, a default inhaled volume of 10 m3 for an 8 h working day, and exposure
of 48 weeks/year and 5 days/week. Absorption via inhalation and oral exposure was
assumed the same. Allometric scaling of this dose level of 840 mg/m3 from rat to human
using a default value of 4 [10] provided a point of departure (POD) for 10% increase in
tumour risk of 210 mg/m3 (48 ppm). This resulted in linear OT occupational cancer risk
estimations presented in Table 2 columns one and two. Using the same default numbers
for a body weight and inhaled volume and mass-balance approach described in Section 2.1,
we calculated the intake as mg/kg bw/d and steady-state urinary levels corresponding to
the defined tumour risk levels (Table 2, columns 3 and 4).

Table 2. Ortho-toluidine linear cancer risk estimations, corresponding to occupational exposure to
specific air levels, calculated daily occupational intake, and calculated urinary steady-state levels.

Tumour
Risk

Ortho-Toluidine
Concentration, mg/m3 (ppm)

Occupational Intake
(mg/kg bw/d) 1

Steady-State Urinary
Level (mg/L) 2

1:10 210 (48) 30 1000
1:1000 2.1 (0.48) 0.3 10

1:10,000 0.21 (0.048) 0.03 1
1:100,000 0.021 (0.0048) 0.003 0.1

1:1,000,000 0.0021 (0.00048) 0.0003 0.01
1 Converted to mg/bw/working day (as occupational exposure 8 h/day, 5 d/week, 70 kg worker, inhaling 10 m3

of air during the working day). 2 Calculated urinary steady-state levels with mass-balance equation (75% of
parent compound excreted to the urine including hydrolysed conjugate metabolites (FUE), 1.5 L/day of 24 h
urinary volume (V24) and 70 kg body weight (BW).

The same BMD10 of 42.2 mg/kg bw per day was used as a starting point for the
general population cancer risk assessment. After allometric scaling of this dose level from
rat to human using a default value of 4, this provided a 10% increase in tumour risk
of 10.6 mg/kg bw/d. Since the cancer data were based on the continuous oral feeding
study in rats, no further dose adjustments were made. Linear OT lifetime cancer risks are
presented in Table 3.

Table 3. Ortho-toluidine linear cancer risk estimations for general population, corresponding to
specific lifetime cancer risk, and calculated urinary steady-state levels.

Tumour Risk Ortho-Toluidine Intake
(mg/kg bw/d) Steady-State Urinary Level (mg/L) 1

1:10 10.6 371
1:1000 0.106 3.71

1:10,000 0.0106 0.371
1:100,000 0.00106 0.0371

1:1,000,000 0.000106 0.00371
1 Calculated urinary steady-state levels with mass-balance equation (75% of parent compound excreted to the
urine including hydrolysed conjugate metabolites (FUE), 1.5 L/day of 24 h urinary volume (V24) and 70 kg body
weight (BW).



Toxics 2022, 10, 217 6 of 11

3. Results
3.1. Summary of Exposure Biomonitoring Data

The literature search resulted in four relevant papers with occupational OT exposure
biomonitoring data and three relevant papers for the general population. All studies
measured OT after hydrolysis of the conjugated metabolites from urinary samples. The
studies concerning occupational and the general population HBM data selected in the risk
assessment are presented in Table 4.

Table 4. Human biomonitoring studies for ortho-toluidine in occupational settings and background
concentrations of the general populations.

Study Origin Urine Sample Type
(n) Urine Ortho-Toluidine (Range) Reference

Workers, Liquid SO2 plant, France Post-shift (13) Mean: 523 µg/L, P95: 962 µg/L
(<LOD-984.1 µg/L) [25]

Workers, Rubber industry, Germany Post-shift (51) Mean: 38.6 µg/L, P95: 292.4 µg/L
(<LOD-292.4 µg/L) [26]

Workers, Rubber industry, Sweden Post-shift (157) Median: 0.46 µg/L, (0.03–108 µg/L) [27]
Workers, Pigment industry, Japan Post-shift (36) Mean: 55.5 µg/L, (<LOD-129.12 µg/L) [28]
General population, Germany 24 h urine (81) Median: 61.8 ng/24 h, Max: 401 ng/24 h [29]

General population, Germany 24 h urine (20)
Mean (non-smokers): 167 ± 199.4 ng/24 h

[30]Mean (smokers): 204.2 ± 59.1 ng/24 h.
General population, Germany,
Switzerland, United Kingdom 24 h urine (1631)

Mean (non-smokers): 64 ± 128 ng/24 h
[31]Mean (smokers): 179 ± 497 ng/24 h

LOD = limit of detection, n = number of study participants, P95 = 95th percentile.

Labat et al. [25] measured urine concentrations of OT among individuals (n = 13) who
worked in a French liquid SO2-plant polluted with OT. Pre-shift urine concentrations of OT
had a range of 1.7 ± 1.5 µg/L, while the mean post-shift levels were 523 ± 321.6 µg/L, 95th
percentile being 962 µg/L. Korinth et al. [26] assessed occupational exposure to aniline and
OT among people (n = 51) working in the manufacturing of rubber products in Germany.
The measured total urinary OT concentrations in post-shift samples were 38.6 µg/L (mean)
and 292.4 µg/L (95th percentile). Li et al. [27] examined the relationship between DNA-
damaging chemicals and average telomere length in 157 workers working in the Swedish
rubber industry. OT levels were measured in urine samples collected during the last four
hours of an eight-hour shift. Measured concentration range was 0.03–108 µg/L with a
median of 0.46 µg/L. Eitaki et al. [28] studied OT-exposed workers (n = 36) in the Japanese
pigment industry. Post-shift urinary OT measurements showed a mean concentration of
55.5 µg/L and a range of 16.5–129.12 µg/L.

Seidel [29] studied urinary excretion of aromatic amines including OT in general
population in Germany. 24 h urine samples were collected from 81 non-smoking individ-
uals aged 20–61 years. The median and maximum OT levels were found to be 61.8 and
401 ng/24 h, respectively. Another German study associated with exposure to carcinogenic
aromatic amines was conducted by Riedel et al. [30]. Twenty-four urine samples were
collected from 20 people (including 10 smokers). The non-smoking group had a mean
OT concentration of 167 ± 199.4 ng/24 h while the concentration in the smoker group
was 204.2 ± 59.1 ng/24 h. Lindner et al. [31] assessed the exposure of smokers and non-
smokers to smoke constituents, including OT, by analysing 24 h urinary excretion of OT
in 1631 adults (including 1223 smokers) from three countries (Germany, Switzerland, and
United Kingdom). Exposure levels were lower in non-smokers than smokers, with mean
OT urine concentrations of 64 ± 128 and 179 ± 497 ng/24 h respectively.

3.2. Reverse Calculation of External Exposure Based on Urinary Mass-Balance Approach and
Generic PBPK Model

External exposures calculated for occupational and general population by using a
urinary mass-balance method and a generic PBPK model for reverse dosimetry are pre-
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sented in Tables 5 and 6. In addition, corresponding cancer risks estimated using linear
extrapolation as described in the Methods are presented.

Table 5. Estimated occupational cancer risk values for o-toluidine using a urinary mass-balance
method and a PBPK model in INTEGRA.

Urinary
Ortho-Toluidine (µg/L)

External
Ortho-Toluidine

Exposure (µg/kg bw/d)

Estimated
Cancer Risk

Urinary
mass-balance

Labat et al. [25] Mean: 523, P95: 962 Mean: 14.94, P95: 27.49 50–92:106

Korinth et al. [26] Mean: 38.6, P95: 292.4 Mean: 1.10, P95: 8.35 4–28:106

Li et al. [27] Median: 0.46, Max: 108 Median: 0.013, Max: 3.09 0.04–10:106

Eitaki et al. [28] Mean: 55.5, Max: 129.1 Mean: 1.6, Max: 3.69 5–12:106

PBPK model

Labat et al. [25] Mean: 523, P95: 962 Mean: 9.96, P95: 18.74 33–62:106

Korinth et al. [26] Mean: 38.6, P95: 292.4 Mean: 0.70, P95: 5.57 2–19:106

Li et al. [27] Median: 0.46, Max: 108 Median: 0.012, Max: 2.06 0.04–7:106

Eitaki et al. [28] Mean: 55.5, Max: 129.1 Mean: 1.1, Max: 2.5 4–8:106

P95 = 95th percentile.

Table 6. Estimated lifetime cancer risk values of o-toluidine for the general population using a urinary
mass-balance method and a PBPK model in INTEGRA.

Urinary Ortho-Toluidine (ng/24 h) External Ortho-Toluidine Exposure
(µg/kg bw/d) Estimated Cancer Risk

Urinary mass-balance

Seidel [29] non-smokers: Mean: 61.8, Max: 401 non-smokers: Mean: 0.0012,
Max: 0.008 0.0011–0.0072:106

Riedel et al. [30]
non-smokers: 167 ± 199.4 non-smokers: 0.0032 ± 0.004 0.001–0.01:106

smokers: 204.2 ± 59.1 smokers: 0.0039 ± 0.001 0.004–0.007:106

Lindner et al. [31]
non-smokers: 64 ± 128 non-smokers: 0.0012 ± 0.0024 0.002–0.005:106

smokers: 179 ± 497 smokers: 0.0034 ± 0.0095 0.009–0.018:106

PBPK model

Seidel [29] non-smokers: Mean: 61.8, Max: 401 non-smokers: Mean: 0.00078,
range 0.00012–0.00514 0.0001–0.005:106

Riedel et al. [30] non-smokers: 167 ± 199.4 non-smokers: Mean 0.00133,
range 0.0001–0.0031 0.0001–0.003:106

Lindner et al. [31] non-smokers: 64 ± 128 non-smokers: Mean 0.0008,
range 0.00006–0.0019 0.0001–0.0018:106

3.3. Comparison of the Results

External dose estimations based on the urinary mass-balance method gave approxi-
mately 30% higher OT external exposure values both for workers and the general popula-
tion when compared to corresponding values of the generic PBPK model. For example, in
the study with the highest mean OT urinary concentration [25] the urinary mass-balance
method gave a mean external exposure of 14.94 µg/kg whereas the PBPK reconstruction
model gave a corresponding value of 9.96 µg/kg. The corresponding effect on OT cancer
risk is in this example 50:106, compared to 33:106, respectively.
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4. Discussion

A cancer risk assessment was performed for OT using existing HBM studies concern-
ing workers and the general population. A urinary mass-balance method and a generic
exposure reconstruction PBPK model were both used to estimate the external intake levels
corresponding levels in urine.

In the case of OT, there are no measured correlation data on external exposure and
urinary concentrations. Therefore, the urinary mass-balance method was selected, which is
a rather rough method to correlate external exposure with the urinary levels. This can be
further refined by using PBPK models, however, there is no specific model available for
OT. A generic PBPK model was used to investigate the relation between external exposure
and urinary values. The output of both models did not differ considerably; the urinary
mass-balance method gave approximately 30% higher external exposure values. This
difference results from the fact that the PBPK model considers exposure dynamics; hence, it
can capture the intra-day variability of OT in urine and to attribute the higher concentration
identified in the post-shift samples as the result of the 8 h shift. On the contrary, the
biomonitored levels used for estimating intake with the urinary mass-balance method are
assumed as steady-state values. If this assumption is applied on samples that have been
taken from workers post-shift (representing a peak level rather than steady state level), this
may result in an overestimation of external exposure. However, the 30% differences are
minor when considering the uncertainties related to the cancer dose–response based on
animal data.

4.1. Uncertainties in the Risk Assessment

The toxicokinetics of OT in humans were assumed to correspond to toxicokinetics
observed in experimental animals. This is one source of uncertainty in this risk assessment.
In the urinary mass-balance calculations, 75% of the OT dose (FUE) was assumed to be
excreted in urine as parent compound or as hydrolysed conjugate metabolites. This was
based on urinary excretion observed in s.c. dosed rats after 24 h [2]. The urinary mass-
balance method used for reverse calculation assumes that the measured urinary levels
represent steady-state levels. This must be considered especially in case of occupational
exposure with rapidly eliminating chemicals because occupational exposure levels may
vary during the working day. The half-life of OT has been reported in human plasma to
be approximately four hours [32] and the available HBM data was based on post-shift
urinary samples. OT is absorbed also through the human skin, which [26,33] can contribute
significantly to the toxicokinetics of the compound. This should be considered when
collecting/analysing HBM samples, since dermal absorption is slower when compared to
inhalation exposure, resulting also in slower elimination. HBM data collected from 24 h
urinary samples could better highlight the exposure. On the other hand, measurement of
OT air concentrations does not consider the effect of personal protection of the worker and
cannot inform us of the dermal exposure.

The carcinogenic properties of OT cause uncertainty in cancer risk assessments, since
a threshold value for the cancer risk cannot be established. In this risk assessment, a linear
extrapolation of cancer risk for humans was used from a BMD10 reference value derived
for bladder tumours observed in rats. An allometric uncertainty scaling value of four
was used for interspecies differences between rat and human. Linear extrapolation is
considered as a conservative approach potentially resulting in the overestimation of risks
at low levels. On the other hand, there is epidemiological evidence on the carcinogenicity
of OT in occupationally exposed humans [3].

Individual variability in OT metabolism can have an influence on OT urinary levels.
Genetic polymorphisms in human N-acetyltransferases can increase susceptibility to aro-
matic amine-induced cancer for slow-acetylators [34]. However, this can be considered to
have a much smaller impact on the risk assessment than uncertainties in dose–response.
Cigarette smoking can cause uncertainty to risk assessment since smoking elevates OT
levels in the urine of smokers [31].
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4.2. Recommendations for the Regulatory Risk Assessment

This assessment gives an example how HBM data can be used in occupational and
general population risk assessments. The urinary mass-balance method may give a rough
estimate of external exposure when using workers’ post-shift urinary biomonitoring data.
Since OT is a rapidly metabolised chemical, the best option would be to collect consecutive
urinary samples covering a whole day, i.e., 24 h (i.e., pre-shift, during shift, post-shift,
evening, and next morning). The data on consecutive periods of production of urine
would be also very informative for parameterising a specific PBPK model in the future.
Development of a PBPK model for the chemical group of arylamines would benefit future
risk assessments, especially regarding exposure reconstruction modelling.

In the future, risk assessment would benefit from well-designed biomonitoring studies.
In addition, proper toxicokinetic correlation studies for controlled OT air concentration and
urine excretion in humans may benefit future modelling. Moreover, exposure assessment by
biomonitoring OT haemoglobin adducts can highlight exposure for longer and cumulative
time periods. Mean OT Hb-adduct levels have been 10 times higher in exposed versus
unexposed workers and >100 times higher than the mean levels in unexposed populations
previously studied [35]. Human metabolism and kinetics of OT should be studied further.

OT has been added to the candidate list of SVHC for eventual inclusion in Annex XIV
to REACH [4]. This risk assessment can be beneficial for chemical authorities as well as
manufacturers in the situation that the use of OT will require authorisation in EU.

5. Conclusions

In conclusion, by applying the urinary mass-balance methodology and the PBPK
modelling based on four OT biomonitoring studies, we found that workers exposed to
OT have a cancer risk of 60 to 90:106 in the worst-case scenario (i.e., the biomonitoring
study with the highest urinary levels). The exposure levels and cancer risk of OT in the
general population were orders of magnitude lower when compared to workers. Although
there is no generally agreed acceptable cancer risk levels, usually, risk levels in the order of
1:105–106 for general population and around 1:105 for workers are considered acceptable,
but in case of workers higher levels have also been considered to be tolerable under certain
circumstances [10]. The estimated external exposure levels for workers were also well below
the intake levels, corresponding to the BOELV (0.5 mg/m3) set under EU Carcinogens
and Mutagens Directive. However, results should be considered carefully because of the
limited number of HBM data. There is clearly a need for further biomonitoring data on
OT exposure.
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