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Abstract
Keywords

Background and aims: Introduction: This study aims to develop a
physiologically based toxicokinetic (PBTK) model for human systemic PBTK model
exposure assessment of methylene diisocyanate (MDI) and prediction of its

. . . Exposure risk assessment
urinary metabolites, given the lack of a developed model.

Methods: A PBTK model was constructed with parameter uncertainty and Methylene diisocyanate
variability to assess potential exposure to MDI. The model was calibrated (MDI)
using Bayesian analysis via the Markov chain Monte Carlo approach. Exposure
reconstruction or reverse dosimetry was performed as an occupational
exposure risk assessment through time-kinetic urinary elimination of
methylenedianiline (MDA), the biomarker of MDI, in those exposed to
unknown exposure scenarios.

Bayesian inference

Results: The amount of MDA excretion peaked approximately 15 hours
after the start of exposure. Simulation results of reverse dosimetry for both
exposed persons to the unknown concentration of MDI revealed experienced
more systemic exposure than NOAEL (NOAEL = 0.2 ug/l). The exposure
concentration (+SD) was 1.58 (+0.856) and 1.005 (+0.705) ug/l for person A

and B, respectively. Comparison of predicted results with experimental data Received: 2021/12/13
shows the model can estimate kinetic elimination closely to experimental data Revised: 2023/01/24
(R2=0.9).

Accepted: 2023/04/4
Conclusion: The developed model can estimate the internal dose of body

tissues and understand the risk of occupational exposures by comparing
the simulation of biological monitoring with acceptable limit values and
determining the potential of external exposure.
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EXTENDED ABSTRACT

INTRODUCTION

Methylene diphenyl diisocyanate (MDI) is an aro-
matic diisocyanate with three common isomers, vary-
ing by the positions of the isocyanate groups around
the rings: 2,2’-MDI, 2,4’-MD], and 4,4’-MDI. The 4,4’
isomer, also known as 4,4’-diphenylmethane diisocya-
nate or pure MDI, is the most widely used. The main
application of MDI-4,4 isomer in the world is the pro-
duction of rigid polyurethane foams. It is also used in
casting, wood production, and elastomers such as ad-
hesives, paints, coatings, thermal insulation, sandwich
panels, pipe insulation, and refrigeration. The increas-
ing use of isocyanates in many industries results in
potential exposure to them, which can cause irritation
and sensitivity in the skin and respiratory system.

Aerosols of MDI deposited in the alveolar epithelial
lining fluids (surfactant) react with nucleophiles such
as glutathione (GSH), peptides, and proteins. The lat-
ter may also be transcarbamoylated via adducted glu-
tathione (MDI-SG). If the nucleophilic capacity of this
layer is overwhelmed, surfactant becomes increasingly
dysfunctional and cell membrane deterioration and
cytotoxicity occur. The resultant reaction products are
phagocytosed by alveolar macrophages which rely on
the surfactant pool of GSH to provide precursors for
de novo GSH synthesis to protect themselves from ox-
idative injury under stressed conditions. The availabil-
ity of GSH is essential to safeguard their membrane
integrity and homeostasis for optimal cell functioning.
If impaired, their ability to execute phagocytosis and
microbial clearance and control the respiratory burst
become compromised. The role of GSH in control-
ling lung inflammation, redox-sensitive transcription
factors, and necroptosis has been dealt with in detail
elsewhere.

Physiologically based toxicokinetics (PBTK) mod-
eling is a mathematical approach for predicting the
absorption, distribution, metabolism, and excretion
(ADME) of a toxic substance or its metabolites in hu-
mans and other animal species. Each of the ADME
processes is described by a set of ordinary differential
equations (ODEs) based on physiological clearance
in different organs. The response of these equations
depends on physiological parameters (such as pul-
monary ventilation, cardiac output, flow rate, blood,
body weight, tissue volume, tissue blood flow),
physicochemical (molecular weight, octanol-water
partition coeflicient), biochemical (blood partition
coefficient: air, tissue: blood), and exposure charac-
teristics. By comparing the predicted internal dose
by the PBTK model with acceptable exposure limit
values obtained based on NOAEL and LOAEL, the
potential of exposure risk to cause damage can be
determined.

Due to a lack of information on the prediction of
internal dose for MDI and its metabolite and the ab-
sence of a suitable computational model for MDI do-
simetry in risk assessment applications, this study was
designed to develop a physiologically based pharma-
cokinetic model based on toxicokinetics for exposure
risk assessment of methylene diisocyanate (MDI).

METHODS AND MATERIALS

This study was broken down into three interrelat-
ed steps: Physiological Based Toxicokinetic (PBTK)
modeling, solving and calibration of parameters (sta-
tistical modeling), and risk assessment. The first step
was developed to assess potential operator exposure
to MDI particles. A hierarchical statistical model as a
second step was composed to validate TK parameters

Table 1. Prior and posterior distribution for non-informative parameters

Prior

Parameters Abbreviation Mean (SD), min, Shape P(;t::‘ilor SD Q95th
max
Hepatic clearance Cl-metabolism 0-1 Uniform 0.220 0.180 0.600
Permeation from air to mucus Pa:m 0-1 Uniform 0.719 0.190 0.970
MDA -fraction MDA-frac 0-0.1 Uniform 0.001 0.000 0.003
Bodyweight BW 70 (21), 60, 80 ;Zt:al 70.03 5668  78.96
Ratio of blood to plasma Rbp 0-1 Uniform 0.439 0.278 0.915
Respiratory deposition efficiency DE 0.079 (0.018), Trunc- 0.079 0.016 0.106
0.038,0.153 Normal

Gut absorption coefficient k-gutabs 0-1 Uniform 0.498 0.286 0.948
Max velocity of reaction Vmaxc 0-1 Uniform 0.535 0.286 0.960
Michaelis—-Menten constant Km 1 - - - -

Fraction unbound plasma Fub 0-0.2 Uniform 0.100 0.058 0.190
MDA elimination coefficient k-elim-MDA 0-1 Uniform 0.538 0.229 0.940
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using the Markov Chain Monte Carlo (MCMC) tech-
nique. The reverse dosimetry via human urinary time
kinetic elimination data was performed as a final step.

PBTK modeling: PBTK modeling: MDI absorption
into the systemic circulation resulting from inhalation
and mucosal uptake are described in Equations 1 and
2, respectively. These equations were adopted from
Linakis et al. (1).

dAInh .
o (Qalv x(Cinh— Calv)) -

M] ()

Pm:air

Kipr x(Cinh -

dAmuc
dt

(wa( Crmuc —Calvj

Pm:air

= Ky % (Cinh _ Cmuc ]—

Pm:air

()

Where Qalv is the alveolar airflow, Cinh is the air
concentration (“dose”), Calv is the concentration in
the “alveolar” compartment, K_URT is clearance
from the air to the upper respiratory tract, scaled
by alveolar blood flow rate and bodyweight 0.75,
Cmuc is the concentration of chemical trapped in
the mucus/URT, and Pm:air is the mucus: air par-
tition coefficient. “A” in these equations represents
the MDI amount. Due to the high reactivity of MDI
particles and the high glutathione content of respira-
tory airways, it was assumed in this study that MDI
particles are absorbed as soon as they deposit on the
wall. Therefore, the term of Cmuc/(Pm:air) was as-
sumed to be equal to Deposition Efficiency (DE) x
MDI Dose.

Poulin and Theil's (2000) algorithm (2) under
steady-state conditions was used to calculate tissue:
plasma partition coefficient. Then its elimination was
estimated using a one-compartment PBTK model ac-
cording to Equation (5). The MDI is distributed in the
model’s compartments through the received blood.
The blood containing MDI enters the main artery
(Equation 7) from the pulmonary artery and is dis-
tributed into all tissues using Equation (3). A liver
compartment in this model, plus the gastrointestinal
blood flow, receives spleen blood and performs hepat-
ic metabolism on the received blood flow (Equation
4). In addition to hepatic metabolism, hydrolysis of
MDI to 4,4" -methylene aniline (MDA) was applied as
a fraction of all internal doses of MDI in venous blood
(Equation 6).

d/dt (C_tissue) = Qtissue X (C_art
— (Rbp/(Kp_gut X fub/fut) x C_tissue))/Vtissue (3)

/Qliv X Core + (Qgut x I}E:’l:) X Coue (@spl x ;ZI;) X me\
| (o) (o))

Kplivx fubjfun) < Clver

d
E(Clivcr) = l / Vliver
Vmaxxiaw
Cl Kpliv

fup
Kpuver X Fut m+ Kpliv

y

d MDAgrces
—TJTaCton o internal dose of MDI — K_elimination X Copmpartment

= Ceom =
partment
dt Vaistribution

d liv + Qgut + Qspl) X Cy
2 (c.vem - ((Qm,diac , (QUiv +Qgut +QspD) X Cuwver

Kpiiver (6)
" . o Crissuei ) Rbp .
+ Z Q tissuei X ———— | X ————— Qcardiac X C,
i=1 KPrissue i fub/fut ven
/Vven
d Cmuc .
E(C“”) = Qalv x Pmiar dt(mucus) — (Qalv X Calv + Qcardiac(Core — Cypen)/Vart

In these equations, Q represents blood flow (L/h),
V represents tissue volume (L), Kp represents tissue
partition coefficient, C represents the concentration
of MDI (ug/l), fub is the fraction unbounded plasma,
fut is the fraction unbounded tissue, Clmet is hepat-
ic metabolism (L/h/kg), Rbp is the ratio of blood to
plasma, Vmax and Km are the reaction rate (ug/h) and
the Michaelis-Menten constant (ug/l) in metabolism,
respectively (2).

Solving and calibration of parameters: After de-
termining the kinetics and structure of the model,
differential equations of compartments were coded
into MCSim under R as a modeling program for
Bayesian inference via MCMC simulation (3). In
this study, the Metropolis Hasting algorithm was
applied to estimate the posterior distribution using
experimental data and the prior distribution (4). The
Gelman-Rubin test (5) was applied for convergence
diagnostic confirmation by running four indepen-
dent Markov chains with various random seeds and
calculating potential scale reduction factors (7) for
all parameters.

The prior distribution shape of the parameters in
this study was uniform. Large intervals were set to re-
flect minimal prior knowledge and a high degree of
uncertainty in the true values and to minimize selec-
tion bias (4). The prior distribution of exposure con-
centration, percentage of air MDI penetration into
mucus (Pa:m), hepatic clearance (Clmet), maximum
kinetics (Vinax), fraction unbound plasma (fup), Ra-
tio of blood to plasma (Rbp), gastrointestinal absorp-
tion coeflicient (K_gutabs), MDI particle deposition
efficiency in the airway (DE), MDI hydrolysis rate
(MDA _fraction) and MDA removal rate (K_elimina-
tion) were uniformly assigned to uniform and allowed
statistical inference to determine the optimum value
of the parameters.

Bayesian inference using a numerical method,
MCMC sampling was applied to calibrate the PBTK
model using prior distribution and experimental data.
It was measured based on Bayes’ theorem:

P(X|M) « P(M|X) x P(X) (8)
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Fig 1. MDI biomarker levels (4,4 MDA [ug/g creatinine]) in the urine of the exposed people using the developed model regarding the mea-
surement data(a). Evaluation of exposure conditions using reverse dosimetry for two participants of the study Budnik et al. (2011) using
urinary excretion values (b).

Where P(X) is a probability distribution repre-
senting the state of current knowledge regarding the
system of interest. The experimental data, such as
HBM data, are considered as (M) in equation 1. The
quantity P(M|X) is a likelihood function that gives
the probability of obtaining M considering the model
and parameters, X. Thus P(X|M) represents the new
knowledge state regarding the model after new data
are considered. After MCMC calibration of the model
parameters, reliability analysis, including sensitivity
and uncertainty analysis, and comparison of the re-
sults predicted by the model with experimental data
were performed.

Risk assessment: In this study, exposure risk assess-
ment was conducted through human biomonitoring
(HBM) data from the study by Budnik et al. (2011)
(6). In the first step, the developed PBTK model was
implemented using the MCMC hierarchical statistical
model. The output of this execution was reverse do-
simetry taking into account uncertainties, individual
variability, and all available experimental data. The
amount of external exposure (via respiration route)
was estimated using MDA urinary excretion per time.
The predicted external exposure concentration was
compared with allowable exposure limits (AOEL) in
the second step.

According to the European Union risk assessment
report for determining the risk characteristics of
methylene diphenyl diisocyanate, the incidence of
chronic respiratory symptoms and lung tumors has
occurred in humans exposed to higher doses of 0.2
mg/m3. The NOAEL value as a criterion for deter-
mining MDI exposure risk assessment in the occur-
rence of chronic respiratory disorders is equal to 0.2
(7). Therefore, in this study, to perform exposure risk
assessment, the predicted results of biological moni-

toring were compared to the exposure characteristics
of Budnik et al’s study (2011) and the anticipated
results of biological monitoring at NOAEL level of
0.2. In other words, occupational exposure risk as-
sessment was performed by comparing the estimated
biomarker kinetic elimination of two groups of expo-
sure scenarios: group one was no observed adverse
effect level (NOAEL), and group two was data ob-
tained by measurement.

RESULTS

Estimation of non-informative parameters using
converged MCMC results (7 > 1.72) for non-infor-
mative specific human parameters is presented in
Table 1.

A comparison of the predicted results with the ex-
perimental data is shown in Figure la. The human
PBTK model estimated the pattern and amount of
urinary excretion of 4,4'-MDA per unit time at a 95/,
confidence level close to the experimental values. Ap-
proximately 15 hours after the start of exposure, the
amount of MDA excretion peaked.

The results of estimating the level of personal ex-
posure for two participants of Budnik et al’s study
(2011), who were environmentally exposed to an un-
known concentration of MDI via reverse dosimetry,
are shown in Figure 1b. Both participants experienced
more systemic exposure than NOAEL (NOAEL = 0.2
ug/l). In person A, the exposure concentration (stan-
dard deviation) was 1.58 (0.856) and in person B,
the exposure concentration (standard deviation) was
1.005 (0.705) ug/l.

CONCLUSION
Measuring just the concentration of pollutants in
the air is not enough to understand the risk of ex-
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posure. Given the characteristics of MDI, such as
volatility, reactivity, and excitability, exposure to
these substances must be kept to a minimum level.
Using a valid PBPK model for MDI that covers the
necessary parameters in estimating the internal dose
can be helpful in assessing the level of exposure. This
study showed that a developed PBTK model could
determine the exposure level and internal amounts
of MDI through reverse dosimetry and help deter-
mine the risk of occupational exposure, exposure
potential, and damage inflicted by the contaminant.
In addition, the statistical technique used in this in-
vestigation estimated the most probable value of the

model parameters with respect to experimental data,
variability of individuals in the population, and cur-
rent uncertainties.
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