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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.

ACKNOWLEDGMENT

The authors would like to thank Tehran University
of Medical Sciences to support this research (Project
no.: 50578-99-3-99), with ethical code of IR.TUMS.
SPH.REC.1399.221.

CONFLICT OF INTEREST
The authors declare that there are no conflicts of
interest regarding the publication of this manuscript.

How to cite this article:

Sajjad Mozaftari, Majid Bayatian, Nan-Hung Hsieh, Monireh Khadem, Amir Abbasi Garmaroudi, Khosro Ashrafi,
Seyed Jamaleddin Shahtaheri. Development of a Physiologically Based Toxicokinetic Model for Human Exposure
Risk Assessment of Methylene Diphenyl Diisocyanate(MDI). Iran Occupational Health. 2023 (01 May);20:5.

*This work is published under CC BY-NC 4.0 licence



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

bef’ b g 3 Al

http://ioh.iums.ac.ir o

BIVEY =Y+ o5

\

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

462190 Sy 1351 S (5989 0 Bl ) (e (S 9SS g Juho K A gd
(MDI) Sblw g 3158 Jwd 58 o b oyluit

Il el calas S5 pals oISl utligy uStils (gl cuiligy uie 09,5 il Lolid,lS (6 pilie Slomw

el -l ol oMl ST oSl (S pole sy sl 45y Cubligg iz 095 kil ¢l e

0] o130 U] il IS o 5 MA dSls ( Sibiy o psle 5 (S jols oS s pole 55 s 55y (81 (o Slagl
Il Ol e S5y psle oSl gy ouSily sl by cuiligy usis 09,5 ool (03B 0 pke

Ol el (ol Sy pole oSl udlagy 0aSils ¢ slad o Cubligy (uodigs 09,5 iyl Wb (539l )5 (il ymal

S SRLPRAYS RNIVS SN L - RPN § NCPETS-H NS NCSPSIT IR YL JIg- JUvc] PYUWES

90l Ol 6 (S pole oSl iz 018l 51 48> Cbligg puntizgs 09,8 lial (Jpns o1iuny g5 #) ¢ 6yl 8L eyl Jloo s
shahtaheri@tums.ac.ir .l )5 () (S pole oKl s § Laseo 03y el S’ lisins 5550

oS
ojlguuls GBI 593 i b5l el (PBTK) (S3glsn5id amlod o (iteo (St s 55 Jbo ol 4 g9 1800 g die
39 8 (S s 5 Je 655 3l 03latal b sl 00 o adllas ol 1> MDI (S50 Sl (50,00 @0 jualie e sty 9 (Satuo 22159)
Lelge Sy (b)) odol Cuwd 4 ulis 19 33,5 &1)) s 3 MDI (650035 i i (812 (St 58S 35 o <S5 29390 leMbsl g w0
Sllwgil 65 Jeid (63 e g5 o3lizl 51 b agalge Sy i) o
o o oyl conbad pus (78,5 i 3 b MDT L agzlyo Jwiliy 5 (515 59 (ool pslate @y adlllas ol 3 2oy 32 (B3

0305 (MCMUO) I8 atige 555 )lo 050055 L (52 el gy b g 4oy PBTK o S como 13 5181 (650 s

ol 0 e (Sofelam el slo o3l g & uSne (s ytajed ST Bob Sl i agzlye Sy o))

oS o7 4y 15 pbsl MDDl pobeols slo cdale b assly agalye o3l 5 MDI (Sy55ls S35 olyis & (MDA)

.\:); WLE.A 4.9?]99 )l?:p o )L\.B.A l: wi .)l?ul k_inu) DO RS> ‘5'>)l> 4.0?‘99 (X 03)9]).3 )Jbl.a.o

b5 Sl e 4 5 0,5 (7 VAY) 013 15 @a MCMC ol b b aallas 35 Jgaomo (slayily 1o iy

4 035 70 lieb] grdaw 53 loj dnly )3 0ad i i ¥X -MDA ]l @by Jlaie 4 o3 0l olis PBTK Juo

Ve JANY bl gl 6yt SaTupes Ag2lso 0 ) 55 93, 315 5 osSas £ iasjod gl (RY = +/2) Cal 005 35911 oty yolie
AW Mol 5o, 25 MOA (+1A0F) Hlro Bl 5ol) dgalpe clale fl5e A (ased )3 (5956 4 1idgy 03905 40,55 NOAE lude oy s
VEYANG  t by g ol 039 UGSV o+ (+1V+0) (Hae Blyl) agalge clale 500 B o
Slezlye Sy a5 3503 35505 ) o sl plail (s 590 g5 o0 8L Angi Joe Al 4 35 5 e

B azlse CBIE (e 0)5Tp 5 (Suislan Gl Lo 03l g 4 (wsSas (s kar0 el Bkl (L

Sy MDIL
C/.«:/a.lwuﬁ)/)fyb.o ué)w

Dl (K pale olKiiily 0S5 Sy los 2o
(Project no.: 50578-99-3-99), IR. TUMS. SPH.REC.1399.221.)

o ol 4y Slciw! o guy
Sajjad Mozaffari, Majid Bayatian, Nan-Hung Hsieh, Monireh Khadem, Amir Abbasi Garmaroudi, Khosro Ashrafi,
Seyed Jamaleddin Shahtaheri. Development of a Physiologically Based Toxicokinetic Model for Human Exposure
Risk Assessment of Methylene Diphenyl Diisocyanate(MDI). Iran Occupational Health. 2023 (01 May);20:5.

ol 43855 3920 CC BY-NC 4.0 b sl ST aw s 3 3940 4 alliio ¢yl plibassl™

Iran Occupational Health. 2023 (01 May);20: 5. 4



http://ioh.iums.ac.ir
https://orcid.org/0000-0001-7722-8976
http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

N 5elg st amled (e (SIS SLS S Jae Sy drwgl

slrosls aiileny b auas co JSid 1) o Jow ags sl p
QS i 9 S0 1y Sldllas x> 5ledel Cows 4
S8lsh 1 e S K55 (sl 5 (1Y)
Sloazlb 5l oS irog S (PBTK) Syl
&5 5 pedplio g8 i Jold St S SSss
OS2 0l o0 Dge G o leerd oobe
Soore il ims Yol slacgoms b aasl,s
SoolS )| > Sl il elS sl ,CODES)
L oVolee ol Zuly a5 Wis S o oy calizee
1) esle (Susgde it sl el )y plos (285 Sla o
03908 Ol @9 (sl o B9 sy st e
5 loerdsSa e (S8l (95 by 8l o o
(o> 128L doa 195 pas)l 2 aloerdisn
Cawsdy CBL JBls 500 ol 9 apalee Oladuiv
Ol silwdoe g9 ol boadly o (1Y) Wl e
ol el Gy palp sile Slaanld owyp b
o Crl 4 ops 5 @iP e pesdes e plie
2 lg o sleard oole 5l s lade ax” a5 aw,
dslio b oplply (V) "0, 31 oy (a0 Shas
HFB agzloe o polae boodds s L5050
(10) 598 o (903 NOAEL” ulul oS ygsl ) g3
(19 5,2 0 MDI L agzrlga S 21 ol

5 @Ealejl g o Slalllas ol atyse 4 azgi |
Sloslal g laasbly g 1581 0 5 g (6 |38l Cdews 8yt b
Ssiluass 0I5 (Sl SYoles goue > ol
SleMblas bl 5l ol ioliéla gy calises pale o goue
Jibigs olite ppad Sl SEiS K Sy
dezg ;500 Byb 5l g el eyiws 0 Sllewgplige
ot Sty ST e Sl esle o) o5 (sla 3,
050 5 12 (sl (S K55 Jotn 55T
Seslatwl b el ] 5 orw adlllae (ol jo cplply el
S S 5 S0 Sy 39 30 UM 5 5,55
Cowd 4y zulil 3l g ol alll oy )0 (6 eu 30 (Sumien Sl
g3 00l MDI L ag>lge Sy b 5, g el

IX Y9
A i g0 o8 iy yo 1y anlllas cnl plosil Sy
:.394_3

PBIK Jao Lzl e

4 Physiologically Based Toxicokinetic
5 Ordinary Differential Equation
No-Dbserved Adverse Effect Level

\4

dodfo
S 5 S (MDD clilewspliss Juidsd ol

3y eog Gl sles 5o Gl e Jlad b Soiles)]
dw Oygo a4 odle ol LCwolallowgpligs oolgils
«Zews] 55750 MDI - (f g MDI-¥ .Y MDL-Y Y g5,
99 997y Sllwgnl SlaS 3 pled S ie Lls
MDI Logige -Camla o] Hloisle jo -N=C=0 aig
Cesd MDT (g ol oS 5 yulaiis 5| Jol> _alls oolo
MDI-Y f 5| oS ,olie LMDI-¥ . /Y Jols oS
Abboe MDI-Y (Y gl 5 6,00 jlas yolas g
L, CH2(C6HaNCO)z MDI agigs olooss es
a4 MDI - ¢ F gl abb oo YO/YE JsSUge (459
2ol 5o )8 5 9 95 o0 il (alls MDI lgie
SOMDI-F o F ogsls 1S o 5 Lol (A) cal s o 3]
5 08l il sl s ) Ly slapsd adsi ol
o oo Lo yogin¥l adg cogz 6 S A ) oo
ooliinl JB gl slagle gyl 5 boidg «,
ol Pl genile adgi auile i mlio ;0 5009
Caxio (Silw by g Ao Cais dadlg oS
o laky 0,508ls 19093 (Jaio wiile 9,095
lo (1S glgil (A5 g <o adgi g leyd Sy ogy055
(Ve Q) 05 o oolainl
@lizee mslio ;o ollawg il 51 938l 59, oolaiul
ol b agzlye 08 o mald 1) LT b agrlye Joilsy
9 S yd Sl 9 S0 25 sbwl 4y ymie DL 5
L oS dg2lg0 (V) 0l dlgs o] 8 ol s
5 5 lre donn Yl gla fusg 5laS 550 50 MDI
39750 (il 500) Yol JLlil (iudigy 5o oyl
sladdetdSsi b g oad (isdi lpe sl jans )
3 iy (GSH) plslf aile Jone 55 35750
MDI- al> po cpl jlass 395 o0 (2S5 815 by
cd b oS Shgeyn () C85 walys JSs SGP
ook 4 Sl 5 0ol glil AY ol glaJi892lS o
5 ond a8 Joho glié o el 5 (gloasyss
2830 £ (S 5 (Joke Cuens
ols loj oyge adlllas plgie 4y SIS S5y
Slabe 5l s oo 5 o o ool slacddsibie 5 o
b bl @b 5l Bae g o e o5
Jold Grizren iy (nl Sl ik @8 sl b,
09 Szl oSl a5 cunl (5L, Ll

1 Methylene diphenyl diisocyanate
2 Glutathione
3 Adducted glutathione


http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

Heart

l_+

MWD +&ir
MUCUSE
] Lung
Gut e m—
o Liver _I=

Metabeolism q—

4—| Kidney !:
Elimination

4—| Rest of body !:

i
-

[Whole body)

1-Compartment of MDA

Elimination

kidney .5 :heart . Jlxb « Spleen w. : Liver « 5,158 olfaws :gUt ) <l Kbl Tung 468 MDI 18 logs (s 51055 (s Ui sl Jdo IS sl ) S0
ol aeple g e (o y> (lginl g Joli Rest of body a8 5 als

dAInh

=(Qalvx(Cinh—Calv))-
K r % [Cinh - Cmuc} ]

Pm:air
dA;?’tluC Ky x( Cinh— PCmuc‘ j_
m:air
c (2)
(Kurr X( muC. - Cal")
Pm:air

Olest S ool jlade Sihlei A (599 OYoles ,o
Slsa b > ShlesQalv . cuul 4,65 o osle cdale C g
clale Calv (a5 glga ,o MDI clale Cinh  Jg5ol
o5 as oole il plSKpar o Jg5gll 4365 ;0 MDI
SLsS 355 SVolee 10 o alex 3gy SlEgd s
lg JIMDI 3585 35 2 (0,1929) (usS 90 Y yo clals
el S g0 Y &
L0 09> Ol Gk I leasS o esle e
SIS 055 by 45§94 055 o0 D50 S )]

ool 3 Jols asllas ol o colaiwl o906 izl
2555 i bz Jod 5l KitS 35S 5 L
(Y) 54 "USEPA lalllas  cogas Jow 51428,5 1 cads
obs ol ¢ Jals” g paix a0l o S
wzmdle (laziinl ¢ 0,2) Bl ple 5 0s,5 (b,
SloaysS 5l plaS e ol (o el (oo 5 oy
W8l yo ool i o po Slelily 4 azgi b S
a8l o oole Llade cand jleolainl b ley Jobo o
005 dwlie Tledly yo Ol5T (goole gl cu yo
VUSs o pol> adlllas jo PBTK Juw Lsle .(VY)
NEI PR WX K u“-'L‘”
MDI &l )3 .0g) (gl yunns ¢ oo (] jo 0> Joro
50 Shyd olawd 5l gae )8 g edd el (5o 0)lg
Soatams 02 3,1y (s 4L St (055 g0 Y
3o 00ke 390 Jlade yus g MDI _did Ol aiold oo

1 United States Environmental Protection Agency
2 Compartment
3 Unbound plasma partition coeflicients



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

o (S8 5 Apled (e (SIS $SS g Joe G drwg

(V) e 00 (Yaloleo) )LuSs &¥olas
pbonds0 s sl polde glmill
S S 5 (o leenSan

PBIK (slaJoe asnsi )3 e sloyel)ly 51 (S0
52,0 axllas 0590 00le (gl el 18l s g po
ooy a8l iy oSN sloslaiul b gl jo -l 43S
5 ol oz 9 (Vo)) o 5 oy Slalllas o
laays5 o MDI gl 2ol b cpl poliedY -+ ¥) o San
o yiall (28,5 S 50 b o )80l enlhags 5 0 51 5
Sl ST s g 0 PKA Jd 5 loorsS 523
D leordiger 5 (Soilsn b (Al gl padl 0 22 9
3T ool dus yo oDl yo ol3loole dus jo 8L pH L3
(2L 5 09790 S 5 S vl ppolis el o
Sleogas (V4 AA) 8,5 0,915 1) el )b cpl lade
398 o rd o sge ()9 el coole (pliandisSy s
thsl o @l 1 JPUST s o ol 5 Ige )0 oobe
Lise 5l cbla> ulsT DSStox  sols oL 51,30
ool duo o el (Y+) ol gzl el (EPAY) o)
Yo Ko g asslge asdllas 4 axg5 L (Ffup) Lewdl ;]
L yelb opl wess (sl QSARY g, 5l as (Y4 VA)
G50 55 5 (10gP) ol &y JGbST gy 5l eoli
O polie 5l eoliiwl b g o yusas (Y1) 2592 08 0 0 0
35250 (VPh_p) o 5 (VPh_p) aidsans (VW_p)
u.,.,oj..ﬂ s -3 ﬁJJ..\.u oLM.'J 99, 6‘)-? LoDl o
3392110 Jolae oy <l ;o (RAD') Lowsdly a0 il
S0 0l5Tosle s y8 dlins (51,0 /00 Jolao sl plu
o ool (Mfut) sl

(B o392 e (139 Jold (Suele b sla el ik
Ol 52y ged o Soiler (JgpedlS (o> jLid
Sliee 5 il 5 s ot ol dacdly ez
S8 eolaiul 050 (g3l Jan pl Ho oole pedgilio
w0, 0 59 5l eolainl b el )l s lase .28 3
B A OYolro 3,k 5l Comoa j0 0L,81 T 6 p & s
it Jlaeh ¥

Qcardiac = F-CO-f x BW A 0.75 (N)

4 POULIN and THEIL (2001)

5 Environmental Protection Agency

6 frction unbounded in plasma

7 Watanabe et al. (2018)

8 Quantitative structure—activity relationship
9 Adjust

10 Ratio of albumin for tissue: plasma

11 fraction unbounded in tissue

12 Variability

q

(V aolee) Lol o, £ o0 015 (S92, <5 53 oo 3l MDI
00,5 oo g5 Bl plas 1o (V) alslee ull 5 500
(s 55 ol ople Jie cal 5 S b
oo S 5 (5)lsS oltws 5l (29,5 09> Ol
plxl GoS e plio 9 03,5 28l o Londiinns 55 1,
39,002 (0S e gilio p ogde (Faloleo) aao oo
r So 90 4 (MDA (LT (58 ekie 4, MDI
(7 dolro) 5 ol o9 ;o MDL L2y 550 Jlaiie jo
5 PBTK Jaw &ygots o] 280 o 50,5 Lol

20,5 3,51 () Woles Lubul  (slaysS

d/dt (Citissue)=Qtissuex

Kp _gutx . .
C _art—| Rbp/ xC _tissue ||/ Vtissue (V')
fub/ fut

, (Qgur x Rbp) (Qsplx Rbp)
Qliv X Cope+ F—r % Cour + s X Copt
Q +Qspl)x Rbp
%(.C )= Rp_tivn fublfue) G / Viiver
f(kpf X Cype )x Rbp— ) )
d C _ MDA/?-acrion . £ l d a
g eomparment =7 xinternal doseof )
distribution
MDI-K — eliminationx Ccmnpmtmunr
Ocardiac+ (Qliv +Qgut + Ospl ) xCor
KPiier
d : C *)
*(C_ven): +ZQtissuei X —tissuei / Vven
dt = KD
Rb,
x—P __ QcardiacxC,,
fub/ fut ven
d Cmuc

—(C,,)=0al —di -
dt( ') =0a VXPm:air t(mucus) )
(QalvxCalv+ Qcardiac(C,, -C,, )/ Vart

22 09 bz Sl Q B> «¥slee cnl o

Sl;T MDI 5o 0" fub o ] 5 p,59,500) solo clale
alsslio Clmet zdly of5T MDI o ,o” fut JLawsdly
GooLc Coansd Rbp ‘(hﬁLS 5 Celw > ).»..J) 6&5
iy 4 Km g Vmax dewdb a0 ;95 b= 5o ol
e lilSn ol g (Cslos o p 579 S0a) (2S5 253
Lol U audly oo 03l ol ;5 (2] 2 p,55,S000)
oowlgﬁsbuTledpmngw‘}!u)ya

1 4¢4’-Methylenedianiline
2 Fraction Unbounded Plasma
3 Fraction Unbounded Tissue


http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

O35 (s (F) TSt s g 50 5,951 31 anlllae
osls g Pty g 3l eolil b Ty mied
Jow sl oS E¥obee o b o oslitsl 20
SeiaS 5mS 55 50 2550 Sl o esle lade (V)

W3,8 s

dg>loo Koy b)) 5 2 sloosld

Cdglie i oS (Y1) 7 e 5 Ssog
et agzlse Lyls L1, Gl slocblagy
SBUT slal (£) woges aslllas ylusl jo oals J,uS
LIS 25615 92 (48 <SG oS 09y canSlo o ) + gz lge
Sradl Sl 0,8 oz dadBs 0 CaSh e £/0
3l eSS diged ol plol myle- 35 985 g, Lo lastisl
ST 5 5,5 550 LS, 4235 5 5o Jolsh & g
90 4 ol,8l .0 plol HPLC! (iS5 alwg 40 ladiges
5 00 el (s 5 VL) agrlse Ll pd Jlas 5l o9 8
8l 4g>lee PPD O L /Y (ST L el ¥ o
Olej e X aglge golaw By 5l (cwdid o Glis
I U e e R i e
9§ S5 O)ge alee £9y5 5l el YE U jao
ol o ) pols dalllas jo .0l sl MDA e
Lol s sk sl as pFadlagrlse 5l 5 5o (Seiglen
Wbl Lawgie (wdis Sollad g Gl mhaw ;0 a2lse
50,8 eolasul

Gk 3l azlse Sy 2Lyl Al gk o
S 5 Sy e Syl sy cslaods
PBTK Jas «Jol o5 ;0 4S5 sbody s plol (Y+1Y)
51 po s (5Ll Joro 5l ooliil b oo 00ls anwgs

S ymosjee plol JI5 nl 29,5 cal >l MCMC
Syt daigablpas (28,5 L o b7 sSe
Oy 455 jobods 061 09250 2,20 (sools plad g ol 3
e o3l (s 3, 5) 3,8 o 5 4g 50
30 a5 j0 .0 5,515 loy axlg ;o MDA (g )l,0l 285
Looad S o e cdale jlade anslio
28,5 & g0 (AOEL) ag>lgn jloee g0

S8 o MDA (513l 283 y3lie (g 3luannd 9o B9,
> 5o g )yl ads polie b avslie cyz aidl aplse
el Sy o) IS ol 2 gzl sl

3 Metropolis-Hastings algorithm

4 Posterior distribution

5 Prior distribution

6 Budnik et al (2011)

7 High-performance liquid chromatography
8 Revers dosimetry

QGEFR = E-GFRfX BW A 75.0 (a)
Qalv = F-Alv-fxBWA75.0 (\+)
Qtissue = F-tissue-f X F-CO« (\Y)
Vtissue = V-tissue-f X BW: (\Y)
Cl-met = Cl-metabolis-f X BW: (\Y)

{Qeardiac) L5os 49 b2 sl 358 Lals ) 5o
FFdl 057 ok s (QGFR) (s pels (95 )La3
care VO Glg A o by Syse 4 (QalY)
arslns (B-CO-f F-Alv-f F-GFR-f) Loyl Ll
22 B3 093 Ol Gl (V- BA SYslas) w38
Ol 58b,8 9% pbyz cupo Jolas (Qtissue) il
ol 31 (F-CO) o8 050490 e o (F-tissue-f) sl
g (Vtissue) lacsl o> sl )l (VY doleo) oy
O% 033 b b oo 4 (Clmet) o Joli lode
s allas a5 0 0ol o )50 (S35l 508
(YY) 09 (Y2 oY) o) Kan

03$St  (Cl-metabolis-f)  so.S WSIAS le
Cowl 00id (g uSe3lasl MDI (4l In-Vitro & g0a
boi a pm aelsd loolainl b e ol lade 14
s 05l (il il Jsbo po 228 (sleosls
alaly 5l oslawl b olusl j0 (CO) L8 000y9 0 )0
PSS Ve 03s o Sl V8 X (o 039"
5hesliiwl b s,y o 9 (L/h) celw p xd YA+ Jolas
09 b Dy Sl Y0P X (G 039 ™ b,
g sl XIF/IFD Jolao 0,565 /YD Lawgie

S OYolro f> g (unigilS
SYoleo (Juw JlBle 3 SiiS e 5l e
Joe 5o ass 2 (ol SKble lsrear (Lewilians
SeYolee (cungiaS 5l - 050,8 cwwgs o5 PBTK
sheslaiwl b oy 5 glacnl (wlal 5 MC-Sim .55
JSSY e L OMOMCY) JIS aiige 558 o o0
sleas Slg3l,é gl RStudio. 4 18ls 5 o oY)
opl ool eolatul byl (g5ludiun g ool alig

1 Luttringer
2 Markov Chain Monte Carlo



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

o (S8 5 Apled (e (SIS $SS g Joe G drwg

Sl Jao (polaisl gloyially g olio )5l g by @i polio ) Jgoa

Q. WZD&W e Ol @3¢ S2s Olassh) pal)ly pb
YAIAY Wi2s Yelov O+~ A- Kg BW) 5 o3
FARE o[- OA DARKS Al (fub) Led ol;TMDI sy
-/a¥- -I¥YA -JOYA ) v/h MDA &85 o
<130 “IYVA BAas) Rbp) Ly 45 ;5> MDI s
AR Y -/-¥4 A o5 ol&ws ;o MDI &l)3 Gt oy
-ag. “IYAA -1OY0 - mg/h (VMax-¢) pedslis ce s Sl

- - ) -\ (Km) pecdglio s
<JAFA “IYAS ARV =) v/h S i oyl
Nz <A <IYY- - L/h/kg (C-metabolism-C) oS oo
ey N “feN - % MDA 4 MDI cdslio cu o
-/avs -1 -I¥Aa .- P-A:B) y55lsn d9is cupo

(i) 9290 (il Jlazizl &y 595 P(X) byl ol o
3 PX) cplplo il g0 (X) W ol )l ji0lie o)b)0
Sledbl 4 M cwl pinn Jlesa! as5e5 akaly oy
3,1 o Lol (HBM) (Si5slser (il @l Joo e
(X b ysa M i) el Jlis! ol S PMIX)
2l doe (L3 slo il wses (Jloiml &b g0l 5l
&SP TP (g WS (o0 geeal M glaosls bl
sloosls bbb 4y a5 w5 o cpans PXIM) iy
el odls ol oy

Coprd pas 56T 5 Llow (g 4 ol 5T
(stlB 00039 o (35 S 4y 03l (g pady e 5
O b plnl C8b e g 8L (8L o
sleoslo b Jow lawgh ool cmiion mls awlis
W8S D90 2

loasisly

&30 4 SLIPBTK Jas Jsgome sl yial )y 551 5
ooliinl L A0 S g lre Byl Sl (sl Lol
sl ol b (sl (F<V/AY) o0 1,5 0 MCMC s 5
Vdgaz )0 (oo ool bbb o luil colais]
LI PR 00)91

3 228 osls beads Jnie mls anslis
PBTK slul Jaw ol ons ool ioles ) loges
24 -MDA 4 51,0l 285 Jlade 5 651 sl atuilys
alie 4 S35 1, 10 liebl o )3 lej wly
5o cele 10 oga a8 Jlade -asles 8,95 00y25

3 Human biomonitoring
4 Sensitivity analysis
5 Uncertainty analysis

)|

590 MDIL agrlge Sy Slasein (reed S L)l
P00 (il s 53 j9085 3wl 5 (050 (S 3Dle
ol 4 a0 /Y mg/m3)'| YL slojgo b agzlge
Olgie 4 (NOAEL) jl svslive (yos o jlade Koo
PO MDIL agzlye Sty lasine s sl (55lxe

V) sl + 1Y Jolro (pape (gmndis YN 5900

Jto (ot el 5 gl IS

PBTK JM Qo)f o}.t.:.llf S Oy 6}&‘ J.J.’o
dwlie Byb 5l byl polie colas 1 leebl
2 e Sopgen aml g e ughn ol
o ,s5d) o plosl sl o 458 Calisee Slallas
BoS )l 0,y s adlllas pl (o colatul 540
S 1S Wgel ped a5 (MCMO) coul ¢l IS Cige
(YY) asS oo zlyoinl | boiged Jloiol o595 5 S
3 = MCMC oSS SaS @ dalllas o) o 1A
loools by ay () Lo yialyly atge yolie o515
Sl plo byl )b iy slagajes polie 5l )25
Sy ) abge BsS Lo 00 0 | 2l S LAt
“olelz> sBuss 5l ooL[:;_M,l LT oS jlade da il )b
(2T we £8s 5l o Laled (0) 0d ale T,
el sl cond 9l 0 i 5l e el )b ey 0l
Al oolatwl oaly  gm i polie auslie ¢ (5lwans
ol ool V Fadolas 48 (5w (5,95

P(X|M) « P(M|X) x P(X) 0%

1 Convergence diagnostic
2 Gelman-Rubin


http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

3.5
3

s

0
05 0 5 10 15

4,4 MDA [ug/g creatinine]

Time (hr)

RMSE =0.84

Model

Expriment

20 25 30

el b layye )53759 sles Jlads (275 (Sleald g Bl drwg Jdo I oslaiwl b adly apslse J‘)él Sl (MDA-‘4,4) MDI Soiglam Sl clale polie R )|.>90.5
ol ol 03l QL;’.S‘ RMESE

1 Root Mean Square Error

Model
=
(9]

y=0.711x + 0.6126
R2=0.9

1.5 2 2.5 3

Expriment

o cledly bl 53 Je bawsss MDT Sujslomr ;555 53] calé o s g olie Q-Q PIOE Jlagos .Y 13505

40309 03905 43,55 |, (NOAEL = 0.2 ug/l) NOAEL
(lre Bl y0l) agalan Cale e A ased 5 sg5
agloe clale e B jasd j0 9 ) /OA (+/AOF)
Cdale sl 005 UG/ V]« 8 (+ 1Y+ 8) lome Bl o)
(AOEL) ag=>lge jlme Loyl ;0 4'-MDA 4 (50
2B A plal sl ead 5yl agzlye Ll
el ool o0ls Jioles ¥ loges
e deoyd dwle omlas RJUT 1 jslace
golie o w1 il 4 Joe sl zg,5 5 bl
&3 (5152 010905 ;0 a5 el Joe (6395 sl 7l
Syl ol ools ioled Jow wie sloyial)ly
097 Ol ez 51) (S5l 58 sl el 5l golass
T o o 3 s sl (a2l
Lawsdly 4 (355 MDI s  (RAtp_tis) Lawwdly 4 il

Sl 0dan; 395 ke () yiion 4 g2 lge £900

@l alic jslate 4 QQ plot jlages ¥ jloges )3
Siog axlllas ;5 (075 & j90 4 a5 a4zl g gjlward
e o imles 1) sl oals Jol> (Y1) o) an o
Silwad § 2,25 slosls o (oo, A llas
el o0ld & oas

OB S a8 ) Lts 51 85 90 (598 dgzle (e 991
Gl i) e L aS oY) +) S 5 Seiogs aslllas
(89,8 Oyg0s &) Jae &jgoas ¥ (V/Y) (Lo
85 3 ()32 090 pol gl 50 aiiils agye
Sl ads polie jloslawl b osSae (5 yias 390 gl
33 0dd 00ls axwgs PBTK Juw lawgs 4'MDA 4
ol 00 03,91 ¥ o g

S 4y S 6y Soreta 44190 J45 930

Y



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

o Sele 5 apled (e (SIS eSS 5 Joe G dnugl

2
3

rka OB ¢ Hli

o

§ = PersonA
>

3 14 E Person B
Q

>

w

|

Person A PersonB

o3l g3 polie ) alizal L (Yo 1) olSon 5 SKings dalllae (A Lie 51 85 53 (sl pogSao (5 yionjod 5l o3lizul b dgalye bulps o)) .Y jl3g0d

7
g
c®
© 5
g
(S

4
£ Person A
g 3
E. ) Person B
{ 1 e AOEL
<

0 10 20 30 40
Time (hr)

By A ol oy s 3,91 4glse Lyl s - NOAEL = 0.2 mg/m3 (AOEL) agslso sloze Ly s MDA (5,5l cdalé F 13905

Vc_spl

Vc_liv =
Vc_gut =
Vc_blood

Qf res=

Pa¥s
2r=mes

i

Qf

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

-3.00

-2.50

-2.00

|

Qgfrc
RAtp_tis __

kgutabs

4

-1.50 -1.00 -0.50 0.00 0.50 1.00

[ DOI: 10.61186/i0h.20.1.46 ]

PBTK Juo (Sjglsnsed closiall 5 obowdsn loyiehl j1 solas sl Joo copslucs cond polie 0 jl3505

W Iran Occupational Health. 2023 (01 May);20: 5.



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

Yu Lhugs

Y

o=k

Conxlad pue/ (g 313y gt
omb
AMDI o ey | bt spd Sloogas
VpA St slozel colls
Sleogas (Hd 9 W,
ol
sl s

o3litol 3,90 (1o 20,y o pis g sl olud 2 PBTK Juo slasel bl oy lo gulis .V JSW0

JeIs @ (8,l65 2 (e s MDA 4, MDI g 00
Shgods S U Hao Jlade el 3 Cosnlad pue 092>
50 &lgn MEMC b ol a3 )3\l o o3 1eSh ao 598
g_:jL.aS G»JPU Lng"‘)“) .Laj,m LE Lbu—‘ )‘..\.Q.c uow
sols plod (18 5 las o L) ke 1y 5 fetione g 0
35910 sl a5 Lol Joe ;o ouus solizwl oy
Gl 3 MDL &lp8 cnis pliee ey @395
YU coalad sae glilo el SO Ogod i
Sde ol and 8 L 0 (VU jao S 1eiSs a5 s,l0)
(1Y) ol )b ol oo 00,91 (lae Bl poul) (uS5les
adlas 4 ooy aBdl pl ol fols oy /YY
OLen 570958 Geize 5 (129%) () Ken 57 55,
/Y 1, MDI &l)d S Cncid )50 a5 090 (Y4 ))
(YO YF) Woged i,l38
I, 3] MDI &Sz (Y+ <) )], Ko g ool
OIS 930 Sl 418l aglge sloc, ol 1500 5o
Joe 5 MDI L] Jgsame by9u56 905 ¢yl ol .(YF)
S yiiSTy 51 S (YY) s STy oo 40
55 5 MDL 35 5 (So3ls s o MDI
4 B (YA YY) cosl (MDA-'S of) - T oo oyl
sleieslio 5wl 5l (5o MDA'S (55
S gl T 31 Olgise a5 il oo MDI (gl 5,0
Jsb 55 Sl agzlye gl eess 5 MDD Syl

2 Reuzel et al (1994)
3 Feron et al (2001)
4 Gledhill et al. (2005)

Joli lassSe5sb sloyia )y izen 5 (RbP)
Sl s g (s el )b (SCY > +/0) ael s
oy pl laie (Deposition) .o s,lxe o MDI
ol plaislogs 4 ol Cawlus o o
Sldas slezel cobld Sb 5,1 sl p WHO oS s 5le
l;w‘ 0 OQ)QT YJLA B Sl 009.03 L.;)‘*n PBTK
Oz w2 9 01350 0 Cenle U S 4 4y
(Jowe o eolatnl 550 sl yial b plod coalad pue LS
S8 lawgie o YU slazel colld aml (o syl )b ST

b S

sloosls  wosls PBTK Joaw SO drwys

&S pa oo s aloz 5l (o loonige sl il Ly 5|
&5 05l In-Vitro & gy Lawodly ol ;TMDI s )0 4
6l el b polie b Jow dewgs 51 L3 18] sl oouis
ol Gimgh 0 09d 859l canlin gy 4 Joeme
MCMC (S35 gz o 55 (it Jyl 3 osli
Al Ay ed i polae 4y glows bl o
)°%ﬁ“d‘ﬁ*ﬁ;)ﬁ)°bm&‘)°
Febil ol sl (il a8 Sy Gliae jl il pgas
MCMC &y s (i zo)99) 0 a8 5 JLa3 o
7S swoosls b b a1y Jlade oy g B ol ools ol
oyl i g Sondy adlas pl s

4 lga 5l MDI 3445 ausyo dowsdly a5 (j9> MDI 1500

1 Sensitivity Coefficient



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

N 5elg st amled (e (SIS SLS S Jae Sy drwgl

2 o blawgnl g0 e (Sojglsm Ll oad plxl
aglge o8l ool dg,oue Lol o pelgd bl
o> g Jged JL iceslio by, Sy Wil oo aily
Jel Sldlas (YY) (YA YA) all aplge 25,0 !y
Gl o Dglae [ Slo a5 Wilosged wol 3 (sonleds
aS 5 ebay Wil oo loy axly ;o blluwgpl o280
L SoladT slacsblawgpl jo (28 Sy ol e
Sl Slas &8s el Sewe bl !l
Jol el Y 51 s (YY) g, oo (YY) aceln b
Sade asdllas cpl jo auly dolsl olisS c:.@‘.?b.o S5 5w
Al 4 apalge jlom celu VO o loga> MDA #ds
1o aelol lizes o280 (56Xl 151 e g 00y oo
Slazlsa > Seislsas il sloasly b lbas asil o
By (Y1) LKee 5 Soog asllas jo ol 8l 5]
lasgi ool gwim polie ddow anlio a4 ¥ loges
bl Joe (255 i 0195 Se Ol - aikBls Jo
Al oo o,y Ve logas oolatul 8,90 (0,20 slaols
oS8 ,o MDA @éo:_id(\’w\() ohSen g & 4l
azlge 3l o celu g3 logas |, MDI L aidly ag2lse
Cdglio g lol ads clale Jlaae wis S Ly g adl
awly 09 Cdled i g edn Slizlae 4 DL
YY) ol oo

ol addllas ;o MDT L aglge Sy 255 molis
aslllas agrlge gyl b a18ly agrlge o131 51 a5 90 6l
Olwe 0o Vb slsS (V1) (e 5 Soios
90 (RN 039 (AOEL) )9.:‘)." 4.@‘_7-‘9.0 )L>u) > )‘
'“)'3‘°‘>9?W&*”'1)&J"“°)‘>)‘5

Oledbl sl L PBTK sldow lods &g o
Bas 5] e Ll cdale ool SilS $SuS
PR SR O 039 9>y 5o ailis; aglae (e Jolee
Jolao SanS wir ,556 gy e« pise
ENRRCEERRCE SN SN
b plood dlgo uizmen g 0> 5 (poje Slezlse
@lize sloo5)l o wlize o )ls, § Slogas
Sy9lse omb |y azlpe S slagols)l <ds
(oo (Suiele 8 sl el Jlesl 1A L(YY)
@l gla )51 10 590 ailoe jo o lond s 58

10

o9 U"‘ o Y-YA &) b; oolaul Lg)lf S
o sloylly pgas ;o (S salel plais fsay
M5 S5 Jae 5y 51 MDA (5,5 IS o505 o
90 9 9903 b, |, MDL L2ls 550 5l pi5w o5
ooliiwl 4-MDA 4 2ds 50 5,51 Cg wled oo
Slodae 5o eoliial 550 layelly IS
Oleeds MDA & MDI sl sl PBTK
e 35y gLl Slozlya ;s MDI Sp3glgey SiLes
polasl (S oSSy Sllllae o yalily
2 Sul oledbl 4 axgi Lol oals (3155
3429 IN-ViVO & ja0as MDA (5 .8 SCs 63,5080 50
loyaed 50 Gy aliZe Glldl ppw (55T g o)l
Jow 1 el oo aseine (MDA sbu! ) MDI
(MDA ) MDI odgbin gl (St s5en 55
el g2l o )d el ol atdigl glay oS ST O 50
Canhad pae l)ls il )b SO &0 4 MDA 4, MDI
9 (s_i’ (4 ).a..a )‘ ‘S:l.z..:‘ @)5;) ol eolawl YL:
58,8 s s bl ol Jlade B o eols ojlsl MCMC
sosls g 4l 0l o MDA jgiilogn o ,20 slaosls
) wuled 3551 (Gloem (S 5SS 58

Ol e gSae (5 %0s 590 plxl b adlllas (] jo
5 Seivy eallln Sasslym il sloosls Ly o
Jolee (63m zliiwl 5l eolazal b (Yo V+) o, Ken
o 0,5 5,50 ot 90 duoyo +/e o+ FA
Olslp 4 Olgies 1) bl cnl Jlde g SasS
6o Ne N dalem> 51 MDI slacdgln slass o4
Fo¥ sl o NeN (Jg a0y groligo Fof e
‘U.J.,.:T 6o ophie Fo¥ - JtwI N g Lo Jmswido
S szl s aib sl O YL hles (o
O 3l o Loty elsil el e naslSon alo
ey Jols (piled bl 1o aS d(YF) iy (55665 L
g anlgs > MDA & MDI |05 g

e Slegdge | (o Cumex 0 S8 (g pdy S
solie iyl o el (B 5e0 0yl )
Ol o Ois Jed 3l o (Seiele s byl
csibaie o3l G )0 (o LSl e 5 (8L 50 (9>
Caraz 0 0L,8l ol iws 6LsS aS /Y Jlae Gl >l b
Olsblmhaw 10 Jao slo g5 g 60l Jaw o)y 392
IRV PVIRWESOR YA

P Sy bl 6 rNin qu“uLSJ P sl
SEML] 9,5 00 plan slaoaus VL of 3l Las Olgxlge


http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

6;‘&)5&3 S.‘.».

pole olKiils Cgan Slinios &b Juol> dllis oyl
IR. TUMS. SPH. REC. 1 auliss b ol Sbp

-2 liios b ojled) sl e 1399, 221
S slacosles 3 alie (Eaays 130 (8- OVA-2]
pole olKisls (5,9l 9 lidiod Coglee Slais o

Ly $loy08 coles ik cnl szl caa s Sy
...\.S)lo

REFERENCES

1. Linakis MW, Sayre RR, Pearce RG, Sfeir MA,
Sipes NS, Pangburn HA, et al. Development and
evaluation of a high throughput inhalation model
for organic chemicals. Journal of exposure science
& environmental epidemiology. 2020;30(5):866-
77.

2. Pearce RG, Setzer RW, Strope CL, Sipes NS,
Wambaugh JE httk: R Package for High-
Throughput Toxicokinetics. 2017. 2017;79(4):26.

3. Bois FY. GNU MCSim: Bayesian statistical
inference for SBML-coded systems biology
models. Bioinformatics. 2009;25(11):1453-4.

4. Hastings WK. Monte Carlo sampling methods
using Markov chains and their applications.
Biometrika. 1970;57(1):97-109.

5. Gelman A, Rubin DB. Inference from iterative
simulation using multiple sequences. Statistical
science. 1992;7(4):457-72.

6. Budnik LT, Nowak D, Merget R, Lemiere C, Baur
X. Elimination kinetics of diisocyanates after
specific inhalative challenges in humans: mass
spectrometry analysis, as a basis for biomonitoring
strategies. Journal of Occupational Medicine and
Toxicology. 2011;6(1):1-8.

7. Horsfield K, Dart G, Olson DE, Filley GE
Cumming G. Models of the human bronchial tree.
Journal of applied physiology. 1971;31(2):207-17.

8. Pauluhn ]. Interrelating the acute and chronic
mode of action of inhaled methylenediphenyl
diisocyanate (MDI) in rats assisted by
computational toxicology. Regulatory Toxicology
and Pharmacology. 2011;61(3):351-64.

9. Soltani Gerdfaramarzi R. Evaluation of Exposure
Methyl diisocyanate and Review of the Respiratory
Capacity of the Workers Employed in the Foam
Manufacturing Industry. Occupational Medicine
Quarterly Journal. 2016;7(4):58-66.

10. Mortasavi S, Jabbari Gharabag M, Asilian H,
Khavanin A, Solimanian A. Evaluation of 4,
4-methylene diphenyl diisocyanate effects on foam
producing workers of car manufacture. Journal of
Inflammatory Disease. 2005;9(1):43-50.

Sl bt Olge b agzlye S 2Ll e
el (55970

0318 axwgs MDI g, PBTK Jow G canlllas ol jo
K% ‘Sg;w)l,:.cl 7S osls S 4y e g O
osle ol i g Jlsl sloanl b plgn oSS 4 b
QP o 9 St (305 & (oS s
Ol oo @l ool 09039551501, T @80 5 padgilio
;o MDI clale conl auiles PBTK Jow cuils Lol
ety LS lgie MDA bl (yizen 5 Landly
les 8,90 &5 polie a4 SGop |y lhel ;o MDI
PBIK Jas ;5 (oS (65090 plol b (i o2
Sl @ds polie Byl Sl ) a2l v Oy
5 4zle Jemdly ¢ id Slazlye Sy 4y 5 spedd
B e 5l Gleogas 4 a9 Loy (g ol obx]
Lo llowy 2l sly 039 S 2me (09 pS 1Sy ()09
oS Cosl Cornal Sl Lo 9290 (nl (oS (5 lme
SIB S 2 (Soe jlade (2 550 0 Rl Slge (0l b gy
azlye Sty & (05 (5 9095 SS9l ] Sl
W3l g 0095 (B 19a 50 0an VI oS15 pomiw LB yo
il 0233 (i o Jae layil)ly IS
Jae Gl eolatnl 1 abb co cole 280 5 au395
ot Sle 90 Gyl il a5 (SS $SlS 5
gl (sl 5o Wlgioe wm oo (tudsy 1) S 590
S50 GHlel ST Lall 0SS ol 3l aglge
35810 ln 698 ST Syl gy 5o ooliil
b SeiS SIS gslo )l ane polie Jloel
2 018l Gl et (225 Slaodls (185 A s
O3l Olgise 45 35 957 90 (slaealad pue 5 Corax
20,5 oolaiul Jaw sl sl

Ololpsdion 9 o dguzxo

g oS cnlllae cpl slacosgame 5 So ()
by o slrosls o8 5l S 5S¢ Sldlao oloss
sl il 5 (o280 lagSll 5 MDT udsilio o,
Al B el wla b ablie gl aS og Ll )0 60,8
Conlad pae o5l (5285 H1a3 10 00 1S L) (gl S
Dgad Jlesl b ol )by

oo QBB adlllae Cpl jo Al drwy Joe (Y
‘G’;T Slallas )0 04 o Slgiinn 1) 09y Slwgs 4g>lg0
PBTK sla Jow ;o bioblws ! sy S5 o0 g ode
S B asdllas 5 () 2 950 5

\#



http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html

[ Downloaded from ioh.iums.ac.ir on 2026-02-21 ]

[ DOI: 10.61186/i0h.20.1.46 ]

N 5elg st amled (e (SIS SLS S Jae Sy drwgl

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Hamada H, Liljelind I, Bruze M, Engfeldt M,
Isaksson M, Jonsson B, et al. Assessment of dermal
uptake of diphenylmethane-4, 4-diisocyanate using
tape stripping and biological monitoring. European
Journal of Dermatology. 2018;28(2):143-8.

Tan Y-M, Conolly R, Chang DT, Tornero-Velez R,
Goldsmith MR, Peterson SD, et al. Computational
toxicology:  application in  environmental
chemicals. Computational Toxicology: Springer;
2012. p. 9-19.

Sager JE, Yu ], Ragueneau-Majlessi I, Isoherranen
N. Physiologically based pharmacokinetic (PBPK)
modeling and simulation approaches: a systematic
review of published models, applications, and
model verification. Drug Metabolism and
Disposition. 2015;43(11):1823-37.

Krishnan K, Peyret T. Physiologically based
toxicokinetic (PBTK) modeling in ecotoxicology.
Ecotoxicology modeling: Springer; 2009. p. 145-
75.

Cooper AB, Aggarwal M, Bartels M]J, Morriss A,
Terry C, Lord GA, etal. PBTK model for assessment
of operator exposure to haloxyfop using human
biomonitoring and toxicokinetic data. Regulatory
Toxicology and Pharmacology. 2019;102:1-12.
Organization WH. Characterization
and application of physiologically based
pharmacokinetic models in risk assessment. World
Health Organization, International Programme on
Chemical Safety, Geneva, Switzerland. 2010.
Schmitt W. General approach for the calculation of
tissue to plasma partition coefficients. Toxicology
in Vitro. 2008;22(2):457-67.

Poulin P, Theil FP. A priori prediction of tissue:
plasma partition coefficients of drugs to facilitate
the use of physiologically-based pharmacokinetic
models in drug discovery. Journal of
pharmaceutical sciences. 2000;89(1):16-35.

Poulin P, Theil FP. Prediction of Pharmacokinetics
Prior to In Vivo Studies. 1. Mechanism-Based
Prediction of Volume of Distribution. Journal of
Pharmaceutical Sciences. 2002;91(1):129-56.

EPA. Distributed Structure-Searchable Toxicity
(DSSTox) Database [Available from: https://www.
epa.gov/chemical-research/distributed-structure-
searchable-toxicity-dsstox-database.

Watanabe R, Esaki T, Kawashima H, Natsume-
Kitatani Y, Nagao C, Ohashi R, et al. Predicting
fraction unbound in human plasma from
chemical structure: improved accuracy in the
low value ranges. Molecular pharmaceutics.
2018;15(11):5302-11.

Luttringer O, Theil FP, Poulin P, Schmitt-Hoffmann
AH, Guentert TW, Lavé T. Physiologically based
pharmacokinetic (PBPK) modeling of disposition
of epiroprim in humans. Journal of pharmaceutical

v

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

sciences. 2003;92(10):1990-2007.

Bois FY. Bayesian inference. Computational
toxicology. 2013:597-636.

Feron V, Kittel B, Kuper C, Ernst H, Rittinghausen
S, Muhle H, et al. Chronic pulmonary effects of
respirable methylene diphenyl diisocyanate (MDI)
aerosol in rats: combination of findings from two
bioassays. Archives of toxicology. 2001;75(3):159-75.
Reuzel P, Arts ], Lomax L, Kuijpers M, Kuper C,
Gembardt C, et al. Chronic inhalation toxicity
and carcinogenicity study of respirable polymeric
methylene diphenyl diisocyanate (polymeric
MDI) aerosol in rats. Toxicological Sciences.
1994;22(2):195-210.

Gledhill A, Wake A, Hext P, Leibold E, Shiotsuka
R. Absorption, distribution, metabolism and
excretion of an inhalation dose of [14C] 4,
4’-methylenediphenyl diisocyanate in the male rat.
Xenobiotica. 2005;35(3):273-92.

Sabbioni G, Dongari N, Kumar A. Determination
of a new biomarker in subjects exposed to
4,4'-methylenediphenyl diisocyanate. Biomarkers.
2010;15(6):508-15.

Sabbioni G, Wesp H, Lewalter J, Rumler R.
Determination  of  isocyanate  biomarkers
in construction site workers. Biomarkers.

2007;12(5):468-83.

Bello A, Xue Y, Gore R, Woskie S, Bello D.
Assessment and control of exposures to polymeric
methylene diphenyl diisocyanate (pMDI) in spray
polyurethane foam applicators. International
journal of hygiene and environmental health.
2019;222(5):804-15.

CREELY KS, Hughson GW, Cocker ], Jones K.
Assessing isocyanate exposures in polyurethane
industry sectors using biological and air
monitoring methods. The Annals of occupational
hygiene. 2006;50(6):609-21.

Kaarid K, Hirvonen A, Norppa H, Piirild P, Vainio H,
Rosenberg C. Exposure to 4, 4'-methylenediphenyl
diisocyanate (MDI) during moulding of rigid
polyurethane foam: determination of airborne
MDI and urinary 4, 4-methylenedianiline (MDA).
Analyst. 2001;126(4):476-9.

Robert A, Ducos P, Francin J, Marsan P.
Biological monitoring of workers exposed to 4,
4'-methylenediphenyl diisocyanate (MDI) in 19
French polyurethane industries. International
archives of occupational and environmental
health. 2007;80(5):412-22.

Tebby C, van der Voet H, de Sousa G, Rorije E,
Kumar V, de Boer W, et al. A generic PBTK model
implemented in the MCRA platform: Predictive
performance and uses in risk assessment of
chemicals. Food and Chemical Toxicology.
2020;142:111440.


https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
http://dx.doi.org/10.61186/ioh.20.1.46
https://ioh.iums.ac.ir/article-1-3272-en.html
http://www.tcpdf.org

