doi:10.1684/¢jd.2018.3247

Investigative report

Haneen HAMADA!
Ingrid LILJELIND?
Magnus BRUZE!
Malin ENGFELDT!
Marléne ISAKSSON!
Bo JONSSON?

Hékan TINNERBERG?
Christian LINDH?
Sara AXELSSON*
Erik ZIMERSON!

I'Lund University, Department of
Occupational and Environmental
Dermatology, Skéne University Hospital,
Malmo, Sweden

2 Department of Public Health and Clinical
Medicine, Occupational and Environmental
Medicine, Umea University, Umed, Sweden
3 Lund University, Department of
Occupational and Environmental Medicine,
Skane University Hospital, Lund, Sweden

4 Orebro University, Department of
Occupational and Environmental Medicine,
Orebro University Hospital, Orebro, Sweden

Reprints: H. Hamada
<haneen.hamada@med.lu.se>

Article accepted on 31/08/2017

Eur J Dermatol 2018; 28(2): 143-148

Assessment of dermal uptake
of diphenylmethane-4,4’-diisocyanate
using tape stripping and biological monitoring

Background: Very little is known about the dermal uptake of iso-
cyanates, and dermal exposure to isocyanates has been discussed as
a factor involved in the induction of respiratory diseases. Objectives:
To investigate the dermal uptake of diphenylmethane-4,4’-diisocyanate
(4,4’-MDI). Materials & Methods: Four volunteers were dermally
exposed to 10, 25, 49 and 50 mg 4,4’-MDI, respectively, for eight hours.
The exposed areas were tape stripped. Urine and blood were biologically
monitored for 48 hours. Tape strips, plasma, and urine were analysed
by liquid chromatography-mass spectrometry. Results: In total, 35-70%
of the applied dose of 4,4’-MDI was absorbed by the skin. Very low
fractions of applied dose were found in the tape strips. The 4,4’-MDA
concentration in plasma and urine was low, but peaked in urine at 10-14
hours and plasma at 8-32 hours after exposure. Conclusions: 4,4’-MDI
is readily absorbed by human skin. Only small fractions of 4,4’-MDI
remain as such in the superficial skin layers. The amounts found in
blood and urine were only small fractions of the total applied doses
which indicates that very small amounts of 4,4’-MDI penetrate the skin
and reach the blood stream. The dermal uptake and distribution of 4,4’-
MDI is much slower compared to that associated with airway uptake.
Our data strongly indicate that formation of 4,4’-MDA from 4,4’-MDI
upon reacting with water in the skin can only occur to a very limited
extent.

Key words: diphenylmethane-4,4’-diisocyanate, 4,4’-MDI, diphenyl-
methane-4,4’-diamine, 4,4’-MDA, contact dermatitis, dermal absorp-
tion, tape stripping

polyurethane polymers for the production of plas-

tics, rubbers, coatings, and foams. Polyurethanes are
formed as a result of a reaction between polyols and iso-
cyanates. Isocyanates can react with hydroxyl, amino, and
thiol groups of important biomolecules, such as proteins and
DNA. This contributes to the toxic effects of isocyanates.
One of the most used isocyanates industrially is diphenyl-
methane diisocyanate (MDI) which mainly consists of a
mixture of the three isomers: 2,2'-MDI, 2,4’-MDI, and 4,4’ -
MDI. Industrial samples may contain impurities such as
dimers, trimers, oligomers, and polymerization products.
The isomer 4,4’-MDI usually has the highest concentration
in industrial MDI mixtures and is available commercially
in pure form and therefore used in many studies regarding
MDI toxicity.
The main exposure routes for isocyanates are inhalation
and skin contact. There are several reports of occupational
asthma caused by exposure to isocyanates [1-3].
Interestingly, 4,4’-MDI has been shown to cause respiratory
hypersensitivity following dermal exposure in animals [4].
Other studies and current research supports the conclusion
that occupational skin exposure leading to sensitization can
cause the development of occupational asthma upon airway

I socyanates are mainly used in the manufacturing of
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challenge [3, 5]. 4,4’-MDI is classified as a respiratory as
well as a cutaneous sensitizer, according to The Swedish
Chemicals Agencyis classification and labelling regulations
[6].

In dermatology departments, patch test preparations of
0.5% wiw 4,4’-MDI in petrolatum are routinely used to
detect MDI contact allergy. Almost all patients show-
ing positive patch test reactions to 4,4’-MDI show
positive test reactions also to the corresponding amine
diphenylmethane-4,4’-diamine (4,4’-MDA) [7]. The back-
ground for these two reactions is not known. An isocyanate
group that reacts with water liberates carbon dioxide and
is converted into an amino group. If this occurs for the
isocyanate groups of 4,4’-MDI, it is transformed into 4,4’-
MDA. The chemical structures of 4,4’-MDI and 4,4’-MDA
are shown in figure 1.

In rats, it has been shown that dermal absorption is below
1% of the applied dose of MDI [8]. However, another rat
study [9] has shown that dermal absorption is possible, as
20-30% of the applied dose was faecally excreted and 1%
of the applied dose was found in urine. Interestingly, in a
study performed using in vitro guinea pig skin, more than
80% of the applied dose of MDI disappeared from the skin
surface by diffusion [10]. However, there are no human
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Diphenylmethane-4, 4’-diisocyanate
CAS: 101-68-8
MW: 250

OCN NCO  og Po/w: 4.84

Diphenylmethane-4, 4’-diamine
CAS: 101-77-9
MW: 198

HN NH, Jog Po/w: 2.52

Figure 1. The chemical structure of diphenylmethane-4,4’-
diisocyanate and diphenylmethane-4,4’-diamine.

experimental studies that have shown data of skin absorp-
tion of MDI, and it is thus important to investigate dermal
uptake of 4,4’-MDI in humans. In this experimental study,
the objective was to investigate the dermal uptake of 4,4’-
MDI from exposed skin areas in volunteers.

Within the area of contact dermatitis, it is important for
clinicians to know, and for experts to understand, what is
happening upon skin exposure to a potential sensitizer with
regards to penetration, absorption, and metabolic events.
This can help predict the possibility of, for example, sys-
temic contact dermatitis and simultaneous reactions to
chemically related substances, as well as other systemic
toxic effects, for example, cancer caused by 4,4’-MDA.
This study provides information on such factors concerning
skin exposure to 4,4’-MDI.

Materials and methods

Volunteers

The volunteers included three females: Volunteers 1, 2 and
3, who were 22, 38, and 47 years old, respectively, and one
male, Volunteer 4, 54 years old. Volunteers 1 and 2 were
exposed to 4,4’-MDI in 2010 [11], and Volunteers 3 and 4
in 2012. Volunteers 1 and 2 were not known to have contact
allergy to 4,4’-MDI or 4,4’-MDA, while Volunteers 3 and 4
had been diagnosed with contact allergy to 4,4’-MDI prior
to the study.

Ethics

This study was approved by the Research Ethics Committee
of Umea University, Sweden (Dnr 09-214M). The volun-
teers gave their written informed consent to participate in
the study.

Chemicals and materials

Chemicals and materials used in this study were: 4,4’-
MDI, 4,4’-MDA, pentafluoropropionic acid anhydride,
toluene (Sigma-Aldrich Chemie GmBH, Schnelldorf, Ger-
many), sodium hydroxide (Merck, Darmstadt, Germany),
petrolatum USP/NF Kval E (Apoteket Production &
Laboratories, Gothenburg, Sweden), dibutylamine (DBA)
(Acros Organics, Geel, Belgium), methylene chloride
(Mallinckrodt Baker B.V., Deventer, The Netherlands),
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Figure 2. Dermal exposure. Application of diphenylmethane-
4,4’-diisocyanate in petrolatum on filter paper covered with
aluminium foil and later secured with scanpor tape.

acetonitrile multisolvent grade (Scharlau Chemie SA,
Barcelona, Spain), deionised water (18.2 M), MILLI-Q®
system ZFMQ23004 (Millipore SA, Molsheim, France),
formic acid analytical reagent grade (Riedel-deHaén,
Seelze, Germany), 4,4’-MDI reaction product with dibuty-
lamine (4,4’-MDI-DBA), 4,4’-MDI reaction product with
deuterated dibutylamine as an internal standard (4,4’-MDI-
DBA-dg) IFKAN AB, Hissleholm, Sweden), tape for tape
stripping (Fixomull, BSN medical GmbH & Co., Ham-
burg, Germany), filter paper Quality 1F (Munktell Filter
AB, Falun, Sweden), Scanpor® tape (Norgesplaster A/S,
Vennesla, Norway), and aluminium foil (Duni AB, Malmo,
Sweden).

Dermal exposure

Dermal exposure was performed with a2.0% w/w 4,4’-MDI
petrolatum preparation made at the Department of Occu-
pational and Environmental Dermatology, Malmé. The
4,4’-MDI preparation was applied to the skin of the upper
arms of the volunteers using filter paper evenly covered
with the preparation and placing it on the outer aspect of the
upper arms. The filter paper was covered with aluminium
foil and then secured with Scanpor tape (figure 2). The 4,4’-
MDI surface concentration was approximately 0.8 mg/cm?
for all volunteers. Different doses were obtained by altering
the area of exposure, i.e. the size of the filter papers used for
application. Volunteers 1 and 2 were exposed on one arm
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Table 1. Exposure doses and areas per volunteer.

Volunteer 1

Volunteer 2 Volunteer 3 Volunteer 4

Exposed skin area (cm?) 12.5 31 62 62
Total amount 2% 4,4-MDI (g) 0.50 1.25 2.4 2.5
Total dose 4,4-MDI (mg) 10 25 49 50

using filter papers of size 12.5 and 31 cm?, respectively.
Volunteers 3 and 4 were exposed by applying duplicate,
31-cm? filter papers, one on each arm. The total amount
of 4,4’-MDI petrolatum preparation for each subject was
10 mg, 25 mg, 49 mg, and 50 mg, respectively (table I).
After eight hours of exposure, the aluminium foil backing
and filter paper were removed and the excess petrolatum
preparation on the skin was wiped off using two to three
compresses. The removed filter paper with its aluminium
foil backing and the contaminated compresses from the
exposed volunteers were placed in glass flasks, one for
each volunteer, containing 60 mL 0.10 M DBA in methy-
lene chloride and toluene, 50/50 v/v. The glass flasks were
sent for chemical analysis of 4,4’-MDI to the Department
of Occupational and Environmental Medicine in Orebro,
Sweden.

Tape stripping

After removal of the filter paper and wiping off the excess
petrolatum preparation, 10 cm? of the exposed area was
tape stripped using a set of 20 tape strips (2.5 x 4 cm). This
was performed on both arms of Volunteers 3 and 4, one set
on the right arm and one set on the left. Tape stripping was
not performed for Volunteers 1 and 2. The tape stripping
technique has been described in detail elsewhere [12]. The
set of tape strips from the right arm was intended for mea-
surement of 4,4’-MDI levels. Each of these tape strips was
placed in a glass test tube containing 10 ml 0.01 M DBA in
methylene chloride and toluene 50/50 v/v, and closed with
a screw-tight lid. The samples were stored refrigerated until
sent for analysis.

Urine and plasma samples

The volunteers in this study contributed plasma and urine
samples just before dermal exposure and full urine col-
lections during 48 hours from the start of the exposure.
The volunteers were handed urine flasks labelled with time
and date for each collection period, according to the daily
scheme (table 2). The urine samples were stored refriger-
ated during the entire collection time. Five plasma samples
were drawn for each volunteer and sent together with the
urine samples for chemical analysis at the Department of
Occupational and Environmental Medicine in Lund, Swe-
den.

Analysis of 4,4’-MDI in the excess
petrolatum preparation and tape strips

The samples of the recovered 4,4’-MDI from the skin and
the tape strip set on the right arm of Volunteers 3 and
4 were analysed using liquid chromatography-mass spec-

EJD, vol. 28, n° 2, March-April 2018

Table 2. Daily sampling scheme for urine and plasma for all
volunteers.

Time* Sample type
07:00-08:00 Urine and plasma before exposure
08:00 Start of dermal exposure
12:00 Urine

Day 1 16:00 Urine and plasma
16:00 End of dermal exposure
20:00 Urine
22:00-23:00 Urine
23:00-08:00 Urine and plasma®
12:00 Urine

Day 2 16:00 Urine and plasma
20:00 Urine
22:00-23:00 Urine

Day 3 23:00-08:00 Urine and plasma™

f’The plasma samples were drawn at 08:00.
*The actual sampling time was reported by the volunteers.

trometry (LC-MS). 4,4’-MDI was derivatized and measured
in the form of its stable reaction product with DBA. The
method is described elsewhere [11]. Unfortunately, one of
four glass flasks containing the samples of excess petrola-
tum preparations of Volunteers 3 or 4 was crushed during
transportation to the Department of Occupational and Envi-
ronmental Medicine in Orebro, which resulted in the labels
of the other three flasks being destroyed by the solvent.

Analysis of urine and plasma samples
for systemically distributed 4,4’-MDI

The dermal uptake of 4,4’-MDI was determined by mea-
surement of 4,4’-MDA in hydrolysed urine and plasma.
The 4,4’-MDA levels in the hydrolysed urine and plasma
samples were analysed according to Sennbro et al. 2003
[13]. In principle, the biological samples were hydrolysed
for 24 hours in 0.3 M sodium hydroxide (NaOH) in order
to release the 4,4’-MDI-corresponding amine, 4,4’-MDA,
which was extracted with toluene. After derivatization with
pentafluoropropionic acid anhydride, the derivatives were
quantified by gas chromatography and mass spectrometry.
This method detects 4,4’-MDI that has reacted with the
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Figure 3. Diphenylmethane-4,4’-diamine concentrations in
plasma. Dermal exposure doses were 10 mg (V1), 25 mg
(V2), 49 mg (V3), and 50 mg (V4) diphenylmethane-4,4’-
diisocyanate. V: volunteer.

cell components, but also 4,4’-MDA if present in the sam-
ple. The limit of detection was 0.05 ng/ml for 4,4’-MDA
in hydrolysed urine and plasma [13]. The chemical analy-
sis was performed at the Department of Occupational and
Environmental Medicine, Lund.

Results

The amounts of unreacted and unabsorbed 4,4’-MDI in the
recovered excess 4,4’-MDI petrolatum preparation were 7.0
and 17.5 mg 4,4’-MDI for Volunteers 1 and 2, respectively,
which represents 70% of the applied dose for both volun-
teers. Three out of the four samples from Volunteers 3 and
4 contained 5.2, 9.0, and 11.3 mg 4,4’-MDI. Considering
all possible combinations of these unmarked samples, the
average value of unabsorbed 4,4’-MDI in the three analysed
samples was calculated as 35 & 4% of the applied dose.
In hydrolysed plasma, the concentration of 4,4’-MDA did
not rise above the baseline concentration in Volunteer 1,
but maximum concentration was reached after approxi-
mately eight hours of exposure at 0.18 ng/mL, 0.22 ng/mL,
and 0.20 ng/mL in Volunteers 2, 3, and 4, respectively. In
hydrolysed urine, the concentration of 4,4’-MDA did not
increase in Volunteer 1, but reached maximum concentra-
tion after 10-14 hours exposure at 1.4 ng/ml, 2.0 ng/mL,
and 4.3 ng/mL in Volunteers 2, 3, and 4, respectively. The
results are presented in figures 3, 4.

The total amount of 4,4’-MDI found in the skin layers,
removed by tape strips, was 21.14 g and 6.64 g for Vol-
unteers 3 and 4, respectively. Data for each tape strip layer
is provided in figure 5.

Discussion

Foreign substances absorbed by the human body are
transported and distributed by blood flow. They can be
transformed by metabolism mainly in the liver. Eventually,
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Figure 4. Diphenylmethane-4,4’-diamine concentrations in
urine. Dermal exposure doses were 10 mg (V1), 25 mg
(V2), 49 mg (V3), and 50 mg (V4) diphenylmethane-4,4’-
diisocyanate. V: volunteer.
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Figure 5. Amounts of diphenylmethane-4,4’-diisocyanate on
tape strips. Dermal exposure dose for the tape-stripped areas
(10 cm?) was 8 mg diphenylmethane-4,4’-diisocyanate for V3
and V4. V: volunteer.

metabolites of absorbed foreign substances are eliminated
in the urine and faeces. It has previously been shown that
occupational airway exposure to 4,4’-MDI can be traced
and monitored by analysing 4,4’-MDA as a biomarker for
this exposure in hydrolysed plasma and urine in animals
[14, 15]. In hydrolysed blood and urine samples from MDI
airway-exposed individuals, MDA has been identified as a
metabolite or biomarker [16, 17]. This has been utilised to
trace the absorbed amount of 4,4’-MDI in blood and urine
samples [13]. In the present study, we used similar meth-
ods to detect dermal uptake of 4,4’-MDI by analysis of
4,4’-MDA in hydrolysed blood and urine samples. We also
used tape stripping [12] of the exposed skin areas to detect
4,4’-MDI remaining in the superficial skin layers.

The physical properties, log Py, and molecular weight of
4,4’-MDI are favourable for skin penetration (figure 1). Our
data show that a substantial proportion (mean value: 47%)
of the 4,4’-MDI dose was absorbed by the skin. Although
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problems occurred with the samples regarding Volunteers
3 and 4, we believe that we could make a good estimation
of the absorbed amounts. For clinical patch testing, many
allergens are tested in petrolatum preparations and similar
proportions of the tested substances are absorbed by the
skin [18]. These results are clearly in line with the physical
properties of 4,4’-MDI and indicate that 4,4’-MDI readily
penetrates the skin.

However, in the present study, the detected amounts of 4,4’ -
MDA in hydrolysed blood and urine of the volunteers were
very low and represented a very small fraction of the applied
4,4’-MDI dose. We estimate, based on an assumption of a
plasma volume of approximately 5 litres, that the sum of
the amounts in plasma and urine is in the range of 0.01-
0.2% of the applied 4,4’-MDI dose for Volunteers 2, 3,
and 4. For Volunteer 1, no such calculations could be per-
formed due to blood and urine concentrations below the
detection limits. The non-absorbed amounts of 4,4’-MDI
cannot account for this result. We conclude that the explana-
tion may be based on an alternative event that takes place in
4,4’ -MDI-exposed skin, in addition to diffusion-based pen-
etration as the predominate skin penetration mechanism for
many other non-polar substances. The most plausible expla-
nation is that 4,4’-MDI reacts and binds chemically to skin
constituents. This explanation is supported by earlier find-
ings that suggest 4,4’-MDI undergoes specific reactions to
the site of first contact and forms adducts, conjugates, and/or
polyureas [19].

Biological monitoring of exposure to airborne 4,4’-MDI
has been studied in workers exposed to airborne 4,4’-
MBDI in an industrial MDI product [20]. The study showed
that eight hours of exposure to a median air concen-
tration of 0.2 pg/m> 4,4’-MDI (range: 0.03-7.8 pg/m?)
resulted in 4,4-MDA concentrations with a median of
2 ng/mL in hydrolysed urine and 0.7 ng/mL in hydrol-
ysed plasma. Approximately 10 hours after the volunteers
had started the dermal application of 4,4’-MDI in the
present study, we found that the highest concentrations
of 4,4’-MDA were 4.32 ng/mL in hydrolysed urine and
0.22 ng/mL in hydrolysed plasma (figures 3, 4). In a
Finnish study, workers exposed to airborne 4,4’-MDI at
0.66 pg/m® showed hydrolysed urinary 4,4’-MDA lev-
els of 0.12-0.2 nmol/mmol creatinine [21]. In the present
study, the corresponding levels of 4,4’-MDA were 0.11-
0.25 nmol/mmol creatinine. Thus, eight hours of skin
exposure to 25-50 mg 4,4’-MDI gave similar blood and
urine values as air exposure to 2-7 g 4,4’-MDA over eight
hours, based on an inhaled air volume of 10 m? per day. This
indicates that the distribution and elimination after dermal
uptake of 4,4’-MDI are much slower processes compared
to similar events during airway uptake.

The very low recovery of 4,4’-MDI in blood and urine
could possibly be explained by accumulation of 4,4’-MDI
in the upper skin layers. However, analysis of the tape
strips showed that only 0.1-0.3% of the total applied dose
of 4,4’-MDI could be retrieved from Volunteers 3 and 4,
respectively (figure 5), showing that accumulation of 4,4’-
MDI, as such, in the upper layers of the stratum corneum
is very low.

In figure 4, an increased pattern of urinary metabolites fol-
lowing an increased applied dermal dose, ranging from
25-50 mg, is presented. The peak in urinary metabolites
appears after 10-14 hours and declines to approximately
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starting values, 48 hours after the start of the exposure.
In an earlier study, following exposure to 4,4’-MDI dur-
ing handling of orthopaedic casting products, no urinary
metabolites could be shown [22]. This was probably due to
much lower skin exposure compared to our study.
Theoretically, 4,4’-MDI may react with water in the skin
forming 4,4’-MDA which then penetrates the skin. This
theory is supported by the low amounts of 4,4’-MDI found
in the tape strips. However, if 4,4’-MDA is formed in the
skin, it would be expected to easily penetrate the skin since
it has been shown that 4,4’-MDA easily penetrates human
skin [23, 24]. If this scenario applies, we would expect high
4,4’-MDA levels in the urine. However, we have found only
traces, indicating that only a very small fraction of 4,4’-MDI
could have reacted, according to the suggested mechanism.
The most plausible explanation for the low recovery is that
4,4’-MDI reacts with proteins and other cell components,
and possibly polymerizes as a result of hydrolysis of some
of its isocyanate groups. This would mean that 4,4’-MDI
remains bound in the upper layers of the skin and results in
low concentrations of 4,4’-MDA from hydrolysed plasma
and urine, as we found. Patch testing in individuals aller-
gic to 4,4’-MDI has shown that positive test reactions to
4,4’-MDI may appear after two to three weeks while a con-
tact allergy reaction usually appears after one to three days
[25]. The authors hypothesize that the unusually late reac-
tions are due to the binding of 4,4’-MDI to cell constituents
and a subsequent slow release of 4,4’-MDA as hydrolysis
of the formed conjugates occurs. The positive patch test
reactions are then caused by 4,4’-MDA allergy. The low
recovery of 4,4’-MDI in the present study supports our sus-
picion that a large proportion of the skin-absorbed 4,4’-MDI
rapidly reacts with cell constituents in the upper skin layers.
Polymerization in the upper skin layers is also a possible
contributing mechanism.

The volunteers were exposed to up to 50 mg 4,4’-MDI der-
mally and the approximate order of absorption was half
of the applied amount. This absorbed amount is probably
released as 4,4’-MDA by spontaneous or enzymatic hydrol-
ysis during weeks or months, systemically distributed and
finally eliminated. The very low levels of 4,4’-MDA in
hydrolysed plasma and urine samples indicate that only
a small fraction of 4,4°-MDI penetrates the skin in an
unchanged form (figures 3, 4).

Conclusions

4,4’-MDI is readily absorbed by human skin. Only small
fractions of 4,4’-MDI remain as such in the superficial
skin layers. Our results indicate that a large proportion of
4,4’-MDI reacts rapidly with cell constituents. A small pro-
portion of the 4,4’-MDI dose seems to penetrate the skin in
an unchanged form. Our data strongly indicate that forma-
tion of 4,4’-MDA from 4,4’-MDI upon reacting with water
can occur only to a very limited extent.

The dermal uptake and distribution of 4,4’-MDI are much
slower processes compared to those during airway uptake.
The distribution of 4,4’-MDI from the skin and the subse-
quent elimination are slow processes. ll

Disclosure.  Financial support: The authors thank the

Swedish Research Council for Health, Working Life, and
Welfare for providing funds. Conflict of interest: none.

— 1477




E—
References

1. McDonald JC, Chen Y, Zekveld C, Cherry NM. Incidence by occu-
pation and industry of acute work related respiratory diseases in the
UK, 1992-2001. Occup Environ Med 2005; 62: 836-42.

2. Redlich CA. Skin exposure and asthma: is there a connection? Proc
Am Thorac Soc 2010;7:134-7.

3. Redlich CA, Herrick CA. Lung/skin connections in occupational
lung disease. Curr Opin Allergy Clin Inmunol 2008; 8:115-9.

4. Rattray NJ, Botham PA, Hext PM, et al. Induction of respiratory
hypersensitivity to diphenylmethane-4,4'-diisocyanate (MDI) in guinea
pigs. Influence of route of exposure. Toxicology 1994;88: 15-30.

5. Engfeldt M, Isaksson M, Zimerson E, Bruze M. Several cases
of work-related allergic contact dermatitis caused by isocyanates
at a company manufacturing heat exchangers. Contact Dermatitis
2013;68:175-80.

6. Agency SC. The Swedish Chemicals Agency’s Classification and
labelling regulations (KIFS 7). Stockholm, 2005.

7. Engfeldt M, Goossens A, Isaksson M, Zimerson E, Bruze M.
The outcome of 9 years of consecutive patch testing with 4,4'-
diaminodiphenylmethane and 4,4'-diphenylmethane diisocyanate.
Contact Dermatitis 2013; 68:98-102.

8. Hoffmann HD, Leibold E, Ehnes C, et al. Dermal uptake and excre-
tion of 14C+oluene diisocyante (TDI) and 14C-methylene diphenyl
diisocyanate (MDI) in male rats. Clinical signs and histopathol-
ogy following dermal exposure of male rats to TDI. Toxicol Let
2010;199:364-71.

9. Vock EH, Lutz WK. Distribution and DNA adduct formation of radi-
olabeled methylenediphenyl-4,4'-diisocyanate (MDI) in the rat after
topical treatment. Toxicol Let 1997;92:93-100.

10. Bello D, Smith TJ, Woskie SR, et al. An FTIR investigation of iso-
cyanate skin absorption using in vitro guinea pig skin. J Environ Monit
2006; 8:523-9.

11. Hamada H, Isaksson M, Bruze M, et al. Dermal uptake study with
4,4'-diphenylmethane diisocyanate led to active sensitization. Confact
Dermatitis 2012; 66: 101-5.

12. Fent KW, Jayaraj K, Gold A, Ball LM, Nylander-French LA. Tape-
strip sampling for measuring dermal exposure to 1,6-hexamethylene
diisocyanate. Scand J Work Environ Health 2006; 32: 225-40.

13. Sennbro CJ, Lindh CH, Tinnerberg H, et al. Development, valida-
tion and characterization of an analytical method for the quantification
of hydrolysable urinary metabolites and plasma protein adducts of
2,4- and 2,6-oluene diisocyanate, 1,5-naphthalene diisocyanate and
4,4'-methylenediphenyl diisocyanate. Biomarkers 2003; 8:204-17.

148

14. Robert A, Ducos P, Francin JM, Marsan P. Biological monitor-
ing of workers exposed to 4,4'-methylenediphenyl diisocyanate (MDI)
in 19 French polyurethane industries. Int Arch Occup Environ Health
2007, 80:412-22.

15. Vock EH, Hoymann HG, Heinrich U, Lutz WK. 32P-postlabeling
of a DNA adduct derived from 4,4'-methylenedianiline, in the olfac-
tory epithelium of rats exposed by inhalation to 4,4'-methylenediphenyl
diisocyanate. Carcinogenesis 1996;17:1069-73.

16. Sepai O, Henschler D, Sabbioni G. Albumin adducts, hemoglobin
adducts and urinary metabolites in workers exposed to 4,4’
methylenediphenyl diisocyanate. Carcinogenesis 1995;16:2583-7.

17. Schutze D, Sepai O, Lewalter J, Miksche L, Henschler D, Sab-
bioni G. Biomonitoring of workers exposed to 4,4'-methylenedianiline
or 4,4'-methylenediphenyl diisocyanate. Carcinogenesis 1995;16:
573-82.

18. Kim HO, Wester RC, McMaster JA, Bucks DA, Maibach HI.
Skin absorption from patch test systems. Contact Dermatitis 1987;17:
178-80.

19. Pauluhn J, Lewalter J. Analysis of markers of exposure to poly-
meric methylene-diphenyl diisocyanate (pMDI) in rats: a comparison
of dermal and inhalation routes of exposure. Exp Toxicol Pathol
2002; 54: 135-46.

20. Sennbro CJ, Lindh CH, Mattsson C, Jonsson BA, Tinnerberg H. Bio-
logical monitoring of exposure to 1,5-naphthalene diisocyanate and
4,4'-methylenediphenyl diisocyanate. Int Arch Occup Environ Health
2006;79:647-53.

21. Kaaria K, Hirvonen A, Norppa H, Piirila P, Vainio H, Rosen-
berg 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:
4769.

22, Pearson RL, Logan PW, Kore AM, Strom CM, Brosseau LM,
Kingston RL. lsocyanate exposure assessment combining industrial
hygiene methods with biomonitoring for end users of orthopedic cast-
ing products. Ann Occup Hyg 2013;57:758-65.

23. Hotchkiss SA, Hewitt P, Caldwell J. Percutaneous absorption
of 4,4'-methylene-bis (2-chloroaniline) and 4,4’-methylenedianiline
through rat and human skin in vitro. Toxicol In Vitro 1993;7:
141-8.

24. Brunmark P, Bruze M, Skerfving S, Skarping G. Biomonitoring
of 4,4" methylene dianiline by measurement in hydrolysed urine and
plasma after epicutaneous exposure in humans. Int Arch Occup Environ
Health 1995; 67:95-100.

25. Frick-Engfeldt M, Isaksson M, Zimerson E, Bruze M. How to
optimize patch testing with diphenylmethane diisocyanate. Contact
Dermatitis 2007;57:138-51.

EJD, vol. 28, n° 2, March-April 2018




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /FRA <>
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B004800610075007400650020007200E90073006F006C007500740069006F006E005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [566.929 822.047]
>> setpagedevice


