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Abstract

Diisocyanates are a group of chemicals that are widely used in occupational settings. They are known 
to induce various health effects, including skin- and respiratory tract sensitization resulting in al-
lergic dermatitis and asthma. Exposure to diisocyanates has been studied in the past decades by 
using different types of biomonitoring markers and matrices. The aim of this review as part of the 
HBM4EU project was to assess: (i) which biomarkers and matrices have been used for biomonitoring 
diisocyanates and what are their strengths and limitations; (ii) what are (current) biomonitoring 
levels of the major diisocyanates (and metabolites) in workers; and (iii) to characterize potential re-
search gaps. For this purpose we conducted a systematic literature search for the time period 2000–
end 2018, thereby focussing on three types of diisocyanates which account for the vast majority 
of the total isocyanate market volume: hexamethylene diisocyanate (HDI), toluene diisocyanate 
(TDI), and 4,4′-methylenediphenyl diisocyanate (MDI). A total of 28 publications were identified 
which fulfilled the review inclusion criteria. The majority of these studies (93%) investigated the cor-
responding diamines in either urine or plasma, but adducts have also been investigated by sev-
eral research groups. Studies on HDI were mostly in the motor vehicle repair industry [with urinary 
hexamethylene diamine result ranging from 0.03 to 146.5 µmol mol−1 creatinine]. For TDI, there is 
mostly data on foam production [results for urinary toluene diamine ranging from ~0.01 to 97 µmol 
mol−1 creatinine] whereas the available MDI data are mainly from the polyurethane industry (results 
for methylenediphenyl diamine range from 0.01 to 32.7 µmol mol−1 creatinine). About half of the 
studies published were prior to 2010 hence might not reflect current workplace exposure. There is 
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large variability within and between studies and across sectors which could be potentially explained 
by several factors including worker or workplace variability, short half-lives of biomarkers, and dif-
ferences in sampling strategies and analytical techniques. We identified several research gaps which 
could further be taken into account when studying diisocyanates biomonitoring levels: (i) the devel-
opment of specific biomarkers is promising (e.g. to study oligomers of HDI which have been largely 
neglected to date) but needs more research before they can be widely applied, (ii) since analytical 
methods differ between studies a more uniform approach would make comparisons between studies 
easier, and (iii) dermal absorption seems a possible exposure route and needs to be further inves-
tigated. The use of MDI, TDI, and HDI has been recently proposed to be restricted in the European 
Union unless specific conditions for workers’ training and risk management measures apply. This 
review has highlighted the need for a harmonized approach to establishing a baseline against which 
the success of the restriction can be evaluated.

Keywords:  biomarker; biomonitoring; diisocyanates; review; worker

Introduction

Diisocyanates are a group of chemicals containing two 
isocyanate functional groups (R–N=C=O). These low 
molecular weight compounds first alter a human pro-
tein before becoming allergenic. As such they are further 
known to induce various health effects, including skin 
and respiratory tract sensitization resulting in allergic 
dermatitis and asthma (DECOS, 2018). There is also 
concern of potential genotoxicity and carcinogenicity of 
diisocyanates, with the degradation products and me-
tabolites of 4,4′-methylenediphenyl diisocyanate (MDI) 
and toluene diisocyanate (TDI) both being classified as 
mutagenic and carcinogenic (IARC, 1999; ECHA, 2005; 
DECOS, 2018).

The two major diisocyanates in the European 
market are MDI (CAS 101-68-8; 100 000–1 000 000 
tonnes per annum; ECHA, 2019a) and TDI (CAS 584-
84-9 for 2,4-TDI and CAS 26471-62-5 for the mix-
ture of 2,4-TDI/2,6-TDI; 100 000–1 000 000 tonnes 
per annum; ECHA, 2019b,c). A  third diisocyanate 
with widespread use, especially in vehicle paints, is 
hexamethylene diisocyanate (HDI; CAS 822-06-0; 
10 000–100 000 tonnes per annum; ECHA, 2019d). 
In Europe, MDI, TDI, and HDI account for more than 
95% of the volume of diisocyanate production (ECHA, 
2017). Since there are no suitable alternatives for the 
majority of applications, the usage is not expected to de-
cline in near future (ECHA, 2017). In addition to these 
three compounds, several oligomeric products (e.g. for 
HDI) and various other diisocyanates are registered in 
the European market [e.g. 1,5-naphthalene diisocyanate 
(NDI), CAS 3173-72-6; isophorone diisocyanate (IPDI), 
CAS 4098-71-9] and are manufactured and/or imported 
in smaller yet notable amounts.

Since diisocyanates are widely used in different ap-
plications in industry (including in the manufacturing 

of polyurethanes (PURs) and as hardeners in industrial 
paints, glues, varnishes, and resins), occupational ex-
posure during production and handling of these mater-
ials is a concern (McDonald et al., 2005). Workplace 
exposure to diisocyanates has been studied historic-
ally by using different types of biomonitoring markers 
and matrices. Because of the diversity of industrial us-
ages of diisocyanates, and the variety of biomarkers, 
we aimed to systematically identify and report relevant 
occupational biomonitoring studies reporting use of 
diisocyanates published between 2000 and 2018, fo-
cussed on addressing the following questions:

 (1) Which biomarkers and matrices have been used 
for biomonitoring diisocyanates; what are their 
strengths and limitations?

 (2) What are (current) biomonitoring levels of the major 
diisocyanates (and metabolites) in workers?

 (3) What are potential research gaps with regard to 
studying diisocyanate biomonitoring levels?

Methods

A literature search was conducted according to Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) methodology (Moher et al., 2009) 
from year 2000 to end 2018 in PubMed and Web of 
Science, using the following search terms for MDI, 
HDI, and TDI: (‘Occupational’ OR ‘worker*’) AND 
(‘biomonitor*’ OR ‘biomarker*’ OR ‘urin*’). The full 
chemical names were also used.

A total of 161 publications were retrieved. 
Publications were subsequently evaluated based on the 
abstract (independently by two reviewers). Publications 
were excluded if published in a language other than 
English, they reported in vitro or animal studies, or 
were mechanistic papers. Review papers identified from 
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the 161 papers were screened for potential additional 
studies that were not retrieved via the systematic re-
view. This evaluation process resulted in 59 publications 
being identified for full review by two reviewers. Upon 
full review, 31 studies were additionally excluded due to 
various criteria such as results being reported in earlier 
studies, no report of any biomarker results, volunteer 
studies, or method development papers. One paper by 
De Palma et al. (2012) could not be retrieved. One rele-
vant paper, by Jones et al. (2017), was missed by the 
predefined search criteria. Twenty-eight publications 
were then taken forward to the next stage of the review 
process.

Data from these publications were extracted by using 
a bespoke template that collected information on: study 
type, study participants, chemicals investigated, type of 
biomarker and matrix, measurement techniques, and 
quality assurance. In order to compare results across 
studies, we standardized results as far as possible as 
µmol mol−1 creatinine for urine [converting any uncor-
rected values using an approximate creatinine value of 
12 mmol l−1 (Cocker et al., 2011) and marking any ap-
proximate corrections as ~], nmol l−1 for plasma, and 
pmol g−1 for haemoglobin (Hb) and albumin.

The publications were reviewed and ranked inde-
pendently by one of two reviewers using a modified 
version of the LaKind scoring criteria (Table 1; LaKind 
et al., 2014). The LaKind criteria were developed to as-
sess study quality for non-persistent biomarker studies 
and were used here to give an indication of the overall 
quality of the study. This considers the specificity of 
the biomarkers used and the analytical techniques, 
the quality of the study design, sample handling, and 
quality assurance. A sample of papers (15, ~20%) was 
independently scored by both reviewers, with the results 
being compared for quality assurance purposes. Very 
few instances were identified where scoring was dia-
metrically opposed (one reviewer scored Tier 1 (highest 
quality), the other Tier 3 (lowest quality). Both sets of 
scoring for these sample papers were reviewed by a 
third researcher with discussion on harmonizing scoring 
approaches for the remaining papers. Papers were 
scored against eight categories with the total score po-
tentially ranging from 8 (highest quality) to 24 (lowest 
quality), see Table 1.

Results

Overview of various biomarkers available
Several biomarkers and matrices have been used to study 
diisocyanate exposure. Considering the very high chem-
ical reactivity of diisocyanates molecules due to the two 

NCO chemical groups, the direct analysis of the parent 
compounds in human matrices, like urine or blood, is 
not possible. For this reason, the biomonitoring tech-
niques used to monitor diisocyanates exposure investi-
gate the presence of products of chemical degradation, 
such as diamines in urine, or products of metabolism, 
such as acetylated amines or protein adducts in urine or 
blood samples. Here, we will provide an overview of the 
available biomarkers, including reported suitability and 
half-life.

Amines
The majority of the papers accessed for this review 
(>90%) studied the corresponding diamines in either 
urine or plasma. This is based on analysing isocyanate 
derived diamines released by hydrolysis of protein ad-
ducts in plasma or urine (Cocker, 2007). The corres-
ponding diamines for the three diisocyanates in this 
review are hexamethylene diamine (HDA) for HDI, 
toluene diamine (TDA) for TDI (both isomers), and 
methylene dianiline (MDA) for MDI. Since the elimin-
ation half-lives of these derived diamines in urine are 
relatively short (2–5 h), urine samples should be col-
lected at the end of exposure (i.e. end of workshift for 
occupational exposure). Indeed, most of the papers here 
report post-shift samples (‘spot’ samples in the case of 
urine) although some also report pre-shift and others 
after a weekend. Diamines are not specific, i.e. diamines 
themselves can also be common industrial chemicals. 
In addition, where the primary exposure is not to the 
diisocyanate monomer (particularly HDI exposures), it 
is unclear whether the diamine method is measuring only 
monomer exposure; data suggest that it may be more 
than just monomer but unlikely to include all oligomers/
pre-polymers (Cocker, 2011).

Protein adducts
Protein adducts, isolated from blood samples, can be 
divided in two groups: albumin adducts and Hb adducts 
(Sabbioni et al., 2007). The first group can be produced 
by direct reaction of diisocyanates with the protein, or 
through an intermediate step where diisocyanates react 
with glutathione, in both cases adducts of albumin are 
formed (Fig. 1). These adducts are considered specific 
biomarkers of diisocyanates exposure; only molecules 
that contain one or more isocyanate (N=C=O) group 
can react directly with albumin or through an inter-
mediate step with glutathione (Sabbioni et al., 2010). 
For albumin adducts, the most studied molecules are 
represented by MDI or acetyl-MDI reacting with lysine 
residues (MDI-Lys and AcMDI-Lys). It has been shown 
that albumin adducts, having a half-life of 20–25 days, 
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could be used for the determination of short- to 
medium-term exposure to diisocyanates (Sabbioni et al., 
2010).

The second group of protein adducts, the Hb ad-
ducts, are formed through the reaction between 
diisocyanates and globin proteins. Hb adducts are also 
assumed to form through an intermediate step where 
diisocyanates react with glutathione (Gries and Leng, 
2013). These Hb adducts can be measured directly 
(Gries and Leng, 2013) and are therefore specific, or they 
can be released by hydrolysis, resulting in diamines and 
are therefore non-specific. Hb has a lifetime of 120 days 
and its adducts therefore reflect longer-term exposure to 
diisocyanates (Flack et al., 2011).

Whilst the mechansims of sensitization are still un-
clear, it seems that glutathione conjugates may promote 
immune responses (Wisnewski et al., 2013) and there-
fore albumin adducts could potentially be considered 
biomarkers of effect as well as exposure.

Biomarker data
For amines data, the presented results focus on post-shift 
samples as these are most commonly reported and allow 
comparison between studies.

HDI
Reported biomonitoring levels
HDI is predominately used in spray paints within the 
motor vehicle repair (MVR) industry, see Table 2 for a 
summary of the studies identified. Seven studies were 
identified as being from the MVR sector, two of these 
are from European countries (UK and Netherlands) 
(Pronk et al., 2006; Jones et al., 2013). The number 
of workers in all these studies varies substantially 
from 45 (Netherlands) to 995 (UK). The Netherlands 
study (Pronk et al., 2006) observed urinary HDA levels 
up to 150.2 µg g−1 creatinine (146.5 µmol mol−1 cre-
atinine). Sampling was carried out at multiple time 
points throughout the day with the highest mean ex-
posures occurring between the early afternoon and 
evening. Mean exposures for these time points were all 
~20 µmol mol−1 creatinine. This is high compared with 
the UK study results (Jones et al., 2013) where the max-
imum result was ~20 µmol mol−1 creatinine and to an 
Australian study of 196 MVR workers which had al-
most 100% ‘none detects’ with only three results above 
the limit of quantification (LoQ) of 0.5 µmol mol−1 
creatinine (Hu et al., 2017). Also the Netherlands may 
be considered high in comparison to results from the 

Figure 1. General overview of the metabolic pathway of 4,4-MDI as proposed by Gries and Leng (2013) and Sabbioni et al. (2010, 
2017).
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USA (Gaines et al., 2010) that reported post-shift urine 
samples with HDA levels between <0.04 and 65.9 µg 
l−1 (~<0.03–47.3 µmol mol−1 creatinine). Other industry 
sectors have not been so well studied, with only two UK 
studies adding to the list. These were studies at small- 
and medium-sized enterprises (SMEs) producing PUR 
elastomer (Cocker et al., 2009) and a survey of SMEs 
with a variety of uses (Creely et al., 2006). Results were 
reported as total isocyanates (HDA + TDA + MDA + 
IPDA urine levels) and so it was not possible to com-
pare HDI exposure with other studies. There were a 
low number of detects in the PUR study (Cocker et al., 
2009), with 9 of the 13 positive sample results being 
above the UK biological monitoring guidance value 
of 1 µmol mol−1 creatinine showing potential for indi-
vidual exposure in this industry (HSL, 2005).

One of the biomarkers reported for the first time 
was TAHI (trisaminohexyl isocyanurate), a specific me-
tabolite to the oligomer HDI isocyanurate (Robbins 
et al., 2018). TAHI was detected in a third of the 111 
exposed workers. Most of the data in the retrieved 
studies from the MVR described exposure to the HDI 
monomer (due to methods and standards not being 
available for oligomer exposure detection in urine prior 
to 2018) even though oligomers make up the bulk of 
2-pack spray paints (Rosenberg and Savolainen, 1986; 
Fent et al., 2008). Pronk et al. (2006) also demonstrated 
significantly higher concentrations of HDI oligomers in 
personal inhalation samples when compared with HDI 
monomer. Mean values of NCO (isocyanate content) 
exposure for sprayers was 2.1 µg m−3 of NCO from 
monomer exposure and 116.3 µg m−3 of NCO from 
oligomer exposure.

Correlations
Some studies show a relationship between plasma 
levels of HDA and air levels of HDI, such as a US 
MVR study (Flack et al., 2010) here plasma HDA 
levels were weakly correlated (r = 0.22) with personal 
inhalation exposure samples. A study in the following 
year (Flack et al., 2011) from the same researchers 
showed that plasma HDA correlated best with inhal-
ation exposure when taking cumulative exposure into 
account, r = 0.61. This was also observed for Hb ad-
ducts, however Hb and plasma levels were not correl-
ated, most likely due to the different turnover times 
of these proteins in the body. Gaines et al. (2010) and 
Pronk et al. (2006) reported that dermal, as well as 
inhalation exposure, was a significant predictor of 
urinary biomarker levels.

TDI
Reported biomonitoring levels
TDI is a volatile diisocyanate used in foam blowing, 
glues/adhesives, and lacquers, see Table 3 for a summary 
of the studies identified.

Continuous foam production has been the most 
studied individual process [six papers from five different 
European Union (EU) countries], although the number of 
workers per study was generally small (N < 30) (Table 3). 
Maximum observed results ranged from 3.9 µmol mol−1 
creatinine (Swierczynska-Machura et  al., 2015) to 
97 µmol mol−1 creatinine (Geens et al., 2012).

Moulding processes have been studied in larger 
(n = 18–90) worker populations than for continuous 
foam production (n = 4–26) but were only reported in 
two countries: the UK (Cocker et al., 2009; Keen et al., 
2012) and Sweden (Sennbro et al., 2004; Tinnerberg 
et al., 2014). If mixed processes (which include some 
moulding companies but results are not reported separ-
ately) are included (Littorin et al., 2007; Säkkinen et al., 
2011) then three countries are covered (UK, Sweden, 
and Finland) and maximum results for urinary TDA 
range from ~3.2 (Tinnerberg et al., 2014) to ~110 µmol 
mol−1 creatinine (Sennbro et al., 2004). If the Sennbro 
study (2004) is excluded, the results are more compar-
able across studies, with maximum urine TDA levels of 
~3.2 (Tinnerberg et al., 2014), >6.5 (Keen et al., 2012), 
only 90th percentile reported, 15.5 (Cocker et al., 2009), 
~29.3 (Littorin et al., 2007), and 39 (Säkkinen et al., 
2011) being reported; all results in µmol mol−1 creatinine.

There were very few studies looking at other uses of 
TDI, such as glues, spray adhesives, or heat guns; these 
were sometimes included in ‘mixed’ studies involving 
multiple sites but the results were not reported separ-
ately. Sakai et al. (2005) reported on urethane spray 
painting for lacquering musical instruments. This study 
showed a good correlation between urine TDA and air-
borne TDI (r > 0.9 for post-shift creatinine-corrected 
urinary 2,6-TDA and 2,6-TDI). Results up to 19 µmol 
mol−1 creatinine were reported. One study (Rosenberg 
et al., 2002) examined thermal degradation processes 
such as cutting, welding, and grinding. Airborne levels 
were generally less than 5% of the occupational ex-
posure limit (OEL) and urine TDA levels were very low 
(all less than 1 µmol mol−1 creatinine).

Correlations
Except where respiratory protective equipment (RPE) 
use or skin contact was significant (and noted), there 
was generally a strong correlation (r > 0.8) between 
urine TDA and airborne TDI (Sennbro et al., 2004; Sakai 
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et al., 2005; Littorin et al., 2007; Säkkinen et al., 2011; 
Geens et al., 2012; Swierczynska-Machura et al., 2015). 
However, the resulting estimates of a urine TDA level 
from a 5 ppb TDI exposure varied significantly from 
4.1 µmol mol−1 creatinine (Swierczynska-Machura et al., 
2015); (only based on GM correlations) to ~66 µmol 
mol−1 creatinine (Sennbro et al., 2004).

Fewer data were presented on correlation with air 
monitoring in other studies compared with continuous 
foam production (Table 3) although Sennbro et al. 
(2004), Littorin et al. (2007), and Säkkinen et al. (2011) 
all report positive correlations (r > 0.75).

No specific albumin adducts of TDI have been 
measured in plasma samples, only plasma TDA was as-
sessed after alkaline or acid hydrolysis. Säkkinen et al. 
(2011) analysed 2,4-TDA (6–270 nmol l−1) and 2,6-TDA 
(3–310 nmol l−1) in plasma after acid hydrolysis with sul-
phuric acid 3 M (100°C for 16 h) and found a very good 
correlation (r = 0.91) between the plasma total TDA 
and the airborne TDI. Sennbro et al. (2004), Littorin 
et al. (2007), and Tinnerberg et al. (2014) used basic hy-
drolysis with 0.3 M NaOH (24 h) in order to measure 
plasma concentration of TDA. Similar to Säkkinen et al. 
(2011), both Sennbro et al. (2004) and Littorin et al. 
(2007) found same range levels of plasma TDA as well 
as good correlations with the air levels of TDI (r = 0.50 
for 2,4-TDA and 0.78 for 2,6-TDA; and r = 0.72 for 2,4-
TDA and 0.86 for 2,6-TDA, respectively).

As for albumin adducts, no direct measure of TDI 
Hb adducts has been performed. Säkkinen et al. (2011), 
after isolation of globin and acid hydrolysis with sul-
phuric acid 3 M (100°C for 16 h), were able to quantify 
2,4-TDA (13–120 pmol g−1) and 2,6-TDA (12–210 pmol 
g−1) in globin, as representative for Hb adducts, but no 
correlation was observed between the Hb total TDA and 
airborne TDI. This might be, amongst others, due to the 
relatively low number of detects amongst the occupa-
tionally exposed workers (n = 4 for 2,4-TDA and n = 10 
for 2,6-TDA), or Hb total TDA might be a reflection of 
long-term exposure unlike airborne TDI measurements.

MDI
Reported biomonitoring levels
Available studies on MDI (Table 4) are mostly from the 
PUR sector with five papers classified under PUR pro-
duction/use (Rosenberg et al., 2002; Sennbro et al., 
2006; Robert et al., 2007; Cocker et al., 2009; Keen 
et al., 2012). Exposures reported in studies from France 
(Robert et al., 2007) and Sweden (Sennbro et al., 2006) 
are in reasonable agreement; urine levels of MDA up to 
33.7 µg g−1 creatinine (19.2 µmol mol−1 creatinine) in 

the Robert et al. (2007) study and 78 µg l−1 (~32.6 µmol 
mol−1 creatinine) in the Sennbro et al. (2006) study. Low 
levels were reported in the UK PUR elastomer industry 
with only 6 of the 71 workers sampled having detectable 
exposures (<0.5–0.7 µmol mol−1 creatinine) in one study 
(Cocker et al., 2009) and a reported 90th percentile of 
0.5 µmol mol−1 creatinine in a second study (Keen et al., 
2012). A study conducted in Finland (Rosenberg et al., 
2002) examined exposure to thermal degradation prod-
ucts of PURs in a number of processes including grinding 
and welding in MVR, milling and turning of PUR-coated 
metal cylinders, injection moulding, welding, and cut-
ting heating pipes, joint welding, and heat-flexing of 
PUR floor covering. Exposures were low overall (0.01–
3.1 µmol mol−1 creatinine) with pipe layers receiving the 
highest exposures.

One paper was identified from Sweden (Littorin 
et al., 2000) in which 150 workers were using glue con-
taining MDI, with some of these workers using the glue 
heated. Maximum MDA urine levels from workers using 
heated glue were over five times higher than those using 
non-heated glue, 9.4 µg l−1 (~3.9 µmol mol−1 creatinine) 
and 1.8 µg l−1 (~0.8 µmol mol−1 creatinine), respectively.

Three papers were identified from the construction 
industry (Sabbioni et al., 2007, 2010; Henriks-Eckerman 
et al., 2015). Urine MDA levels were low for both study 
groups: 0.017–16.4 nmol l−1 (~0.001–1.4 µmol mol−1 
creatinine) in a Switzerland study (Sabbioni et al., 2007) 
and 0.1–0.2 µmol mol−1 creatinine in a Finnish study 
(Henriks-Eckerman et al., 2015). Workers were reported 
to be involved in a range of activities, including spray 
foaming which could generate higher exposures, but 
RPE was used in the majority of cases.

In the 2007 study from Sabbioni, MDA in urine 
from acid hydrolysis correlated well with acetyl-MDA 
(acMDA), released by alkaline hydrolysis, and Hb-MDA 
with r = 0.86 and r = 0.39, respectively (P < 0.01). 
Inhalation and dermal were both identified as routes 
of exposure in the study of Finnish workers (Henriks-
Eckerman et al., 2015); this was also the only study to 
report dermal concentrations (88% workers <2 µg MDI 
10 cm−2 on hand). A French PUR study of 169 workers 
also noted evidence of dermal exposure (Robert et al., 
2007).

Specific albumin adducts (MDI-Lys and AcMDI-
Lys) have been measured by Sabbioni et al. (2010) in 
two groups of workers: construction workers (n = 65) 
and workers of a non-specified MDI plant (n = 27). 
The specific biomarker MDI-Lys was found in 63% of 
the construction workers, in 64% of the plant workers, 
and in only 15% for the control group. In Sabbioni 
et al. (2017) a higher concentration (750 pmol g−1) was 
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found in workers with asthma who had recently worked 
with MDI compared with asthmatic workers who had 
not used MDI for more than 3 months (MDI-Lys 191 
pmol g−1). These MDI-Lys biomarkers are more spe-
cific than hydrolysed MDA levels (as they are not con-
founded with MDA itself) and can be used as exposure 
biomarkers. Sabbioni et al. (2007) found that these bio-
markers accumulate in the body over time. Elevated 
levels were observed in workers samples after working 
with MDI over a period of 4–7 months.

Gries and Leng (2013) have found a higher concen-
tration of the specific MDI biomarker ABP-Val-Hyd in 
exposed workers (0.15–16.2 pmol g−1) compared with 
non-exposed workers (below LoQ). Säkkinen et al. 
(2011) measuring MDA after acid hydrolysis of globin, 
found the same order of magnitude between exposed 
and non-exposed workers; this is most likely due to the 
hydrolysis releasing non-specific adducts and converting 
them to MDA.

Correlations
Although MDI is less volatile than HDI and TDI, correl-
ations with air levels were still observed. Sennbro et al. 
(2006) reported weak but significant correlations (r > 
0.5) with air levels for both urine (P < 0.01) and plasma 
(P < 0.05) biomarkers. The Finnish study from the con-
struction industry (Henriks-Eckerman et al., 2015) ob-
served that the use of RPE led to lower post-shift urine 
levels of MDA.

Säkkinen et al. (2011) reported urine MDA levels of 
workers (n = 65) at 0.015–1.4 µmol mol−1 creatinine in 
post-shift samples and plasma concentrations of MDA 
at 9–13 nmol l−1. There were insufficient positive plasma 
results to investigate correlations between urine and 
plasma levels of MDA. Tinnerberg et al. (2014) reported 
MDA urine levels of workers (n = 21) at 0.5–8.4 µg l−1 
(~0.2–3.5 µmol mol−1 creatinine) and plasma concen-
trations of MDA at 0.4–19.4 µg l−1 (2.0–98.0 nmol l−1). 
Significant correlations (P < 0.01) were seen between 
plasma MDA and urinary MDA levels (r = 1.000, 0.988, 
and 0.986 for unadjusted, specific gravity adjusted, 
and creatinine adjusted urine, respectively) (Tinnerberg 
et al., 2014).These results cannot be directly compared 
with the Säkkinen study as the samples were taken on a 
Monday morning after a weekend of no exposure.

Discussion

Biomarkers for biomonitoring of diisocyanates
The majority of the papers (>90%) assessed for this re-
view studied the corresponding diamines in either urine 

or plasma. Where both have been studied, a good cor-
relation (r > 0.85) is generally seen between diamines 
in urine and plasma (Sennbro et al., 2003; Tinnerberg 
and Mattsson, 2008; Tinnerberg et al., 2014) although 
significant individual variation was observed and cor-
relations could not be compared between studies due to 
sample collection differences or the way the data were 
reported. Aside from the diamine biomarkers, the quan-
tity of identified literature published is limited. The use 
of adducts has been investigated by several research 
groups although different adducts have been used such 
as diisocyanate-specific Hb adducts, diamine-specific Hb 
adducts, and diisocyanate-specific albumin adducts. One 
major benefit of the adduct biomarkers is the ability to 
study exposures over the longer term; amines are really 
only representing same day or previous day exposures 
whereas adducts can represent exposures over weeks 
(albumin) and months (Hb). It is probably necessary to 
consider both peak and chronic exposures in the assess-
ment of occupational asthma risk as the exact mechan-
isms of sensitization and exacerbation are still unclear. 
Development of more specific biomarkers (U-TAHI for 
HDI-isocyanurate, ABP-Val-Hyd for MDI, and MDI-
lysine for MDI) is reported by individual papers. These 
are yet to be used widely and there are potential issues 
with standards (they are not commercially available yet) 
so demonstrating comparability of results will be diffi-
cult initially. To date there are few data correlating ad-
ducts to diamines or airborne levels so these cannot be 
interpreted with respect to risk at this time. Although 
the LaKind scoring criteria provide useful clarity on 
the strengths and weaknesses of papers when consid-
ering papers as part of a review, the ‘total score’ is less 
useful as papers that have different strengths may have 
the same ‘total score’. The ‘total score’ should therefore 
not be the sole consideration when differentiating pa-
pers. Despite this, the best quality papers can be iden-
tified by a low score. From this review, it is clear that 
many papers still do not adequately present methodo-
logical details (often citing another paper with no rele-
vant details in the present paper). Other factors, such as 
quality assurance and sample handling, are also often 
not reported although they may have in fact been done. 
There is therefore a need for journal reviewers to request 
these details more often. Given the widespread facility to 
submit supplementary data for papers, more reporting 
of both corrected and uncorrected urine data should be 
encouraged because there is still not always a consensus 
on whether particular biomarkers are best reported in 
one or other format. Some criteria (such as study size) do 
not reflect quality per se but rather the generalizability 
of the study results to other scenarios.
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Reported biomonitoring levels
With regard to our second aim: we have provided an 
overview of available studies on reported exposure in 
available diisocyanate biomonitoring studies. About half 
of the studies were prior to 2010 hence perhaps do not 
reflect current workplace exposures, especially given 
subsequent EU restrictions and more recent product 
developments (ECHA, 2010). Also we noticed that a 
substantial number of studies measured airborne levels 
below the OEL. This indicates that secondary expos-
ures such as cutting, welding, and grinding (after curing) 
are likely to be minimal. Exposure levels can only be 
considered for the urinary and plasma diamines where 
there is a sizeable body of data. There is large variability 
within and between studies and across sectors making it 
difficult to identify high-risk sectors. The observed large 
variability indicates that elevated exposures are most 
likely due to individual (whether worker or workplace) 
factors rather than reflecting an industry or a process as 
a whole.

Austin (2007) observed that ‘handlers’ of foam 
blocks had much greater urinary TDA levels (by up to 
20 times) for the same airborne TDI exposure as ‘non-
handlers’. This finding points to the potential for dermal 
TDI uptake although co-exposure to TDA (known to be 
well absorbed through the skin and shown to be gener-
ated in foam blowing processes (Jones et al., 2017) pos-
sibly contributed to the body burden.

The short half-lives of amines and the timing of 
sampling in relation to the activities are probably also 
influential and another factor that could contribute to 
the observed large variability is the use of RPE; when 
comparing the studies on HDI in the MVR we noticed 
that virtually all sprayers in the UK study wore air-fed 
visors whereas these were not used in the Netherlands. 
Swierczynska-Machura et al. (2015) also stated that the 
lack of observed correlation with air levels in their study 
could be due to the use of RPE.

Another possibility for the observed variability is 
the potential issue with comparing TDI results across 
studies with regard to the different sample hydrolysis 
procedures. Generally, one of three different conditions 
is applied (acid hydrolysis for 1.5 h, acid hydrolysis for 
16 h, or alkaline hydrolysis for up to 24 h). Alkaline hy-
drolysis has been reported to give higher results as more 
adducts are released. Note, e.g., that Geens et al. (2012) 
and Kääriä et al. (2001) used the higher release alkaline 
method in comparison to the other TDI biomonitoring 
studies (Table 3).

A couple of papers (Sennbro et al., 2003; Sakai et al., 
2005) examined different hydrolysis conditions and 
concluded that the results from the different techniques 

are well correlated but that alkaline hydrolysis can re-
sult in ~50% higher results in urine and ~10% higher in 
plasma. Such differences are not so extreme as to negate 
a comparison of the different studies, processes and ex-
posure risks so we have not ‘corrected’ reported results 
for hydrolysis method. Furthermore, although methods 
are well described and published by respected institutes, 
the lack of reported external quality assurance means 
that direct equivalence of the studies cannot be assumed. 
Although this issue is not specific to diisocyanates, it is 
an area where journals could seek to improve reporting. 
It also highlights the value of studies such as HBM4EU 
(www.hbm4eu.eu) and DEMOCOPHES (Casteleyn 
et al., 2015) where significant effort has gone into en-
suring that results from different studies/countries within 
the project are comparable.

Research gaps
We have identified a number of research gaps based on 
an analysis of the available data. Firstly, much of the 
focus of diisocyanate exposure assessment has been, 
naturally, inhalation exposure (given it causes occupa-
tional asthma); however, several studies (Austin, 2007; 
Robert et al., 2007; Robbins et al., 2018) indicate the 
possibility of dermal absorption or the need to further 
investigate routes of exposure (Keen et al., 2012). As 
these studies have used the diamine biomarkers, it is 
not certain that any dermal uptake is from the intact 
diisocyanates. Obviously one of the primary advantages 
of using biomonitoring is that exposures when relying 
on RPE or where skin uptake is possible are difficult to 
assess by other means. Further, in general, we found that 
most studies showed a fair correlation between urinary 
amines levels and airborne measurements. However, in 
some cases where dermal exposure was likely or RPE 
was used, the correlation was weaker. This also illus-
trates the added value of taking biomonitoring samples.

Furthermore, the vast majority of papers discovered 
were studying HDI, TDI, and/or MDI. There were brief 
mentions of NDI (Tinnerberg and Mattsson, 2008; 
Tinnerberg et al., 2014) and IPDI (Creely et al., 2006); 
however, these were not a focus of the review and so 
not specific search terms in the initial literature search. 
One of the new ‘innovations’ in isocyanate use has been 
the introduction of so-called ‘blocked isocyanates’ into 
paints and coatings, where the –NCO group is chem-
ically blocked until the reaction process (which usu-
ally takes place in an enclosed booth or oven). This is 
proposed to be a safer use although the diisocyanate 
is still released during the reaction process. No pa-
pers were found looking specifically at the expos-
ures from blocked diisocyanates so the assumption of 
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safer use has not been demonstrated and may warrant 
investigation.

Lastly, we looked into potential research gaps with re-
gard to industrial sectors studied. For TDI, there is a reason-
able amount of data on flexible foam production (Poland, 
Sweden, UK, Belgium, and Finland). Less data are available 
for the uses of TDI in rigid PUR manufacture and the use of 
heated glues. Littorin et al. (2000) suggest that heated glues 
may present a greater exposure risk than unheated glues.

The available MDI data are mainly from the PUR in-
dustry with just one study looking at exposure from glues 
and two concerned with the construction sector where 
there are potentially several different sources of exposure 
such as sprayed insulation. Paint spraying in MVR has 
long been considered potentially high risk due to the very 
high concentrations of HDI that have been measured in 
spray booths (hundreds to thousands of µg m−3, well in 
excess of current exposure limits). Whilst MVR has been 
well studied globally (including in the Netherlands and 
UK in Europe), exposures in other transport sectors such 
as aerospace, shipping, and large commercial vehicles 
have not been widely reported, with data only available 
from Netherlands (Pronk et al., 2006). These sectors 
may present different exposure issues as the use of en-
closed spray booths is impractical. The most relevant in-
dustrial uses of diisocyanates have been reported to be 
in the manufacturing of: diisocyanate compounds them-
selves, PUR and PUR composite materials, foam (spray 
foam applications), coatings, and adhesives (RAC/SEAC, 
2017). The direct manufacture of PUR plastic materials 
accounts for more than 90% of the use of diisocyanates. 
We did not find any European studies on manufacture 
of spray adhesives or coatings; hence these sectors might 
also be worthwhile investigating.

The use of MDI, TDI, and HDI has been recently pro-
posed to be restricted in the EU unless specific conditions 
for workers’ training and risk management measures 
apply (RAC/SEAC, 2017/2018). The aim of the restric-
tion is not, however, to ban the use of diisocyanates 
but rather to improve the control of diisocyanate use 
by obligatory training for good working practices and 
risk management. There is evidence that exposures can 
be well controlled within a study population e.g. 98% 
of 196 workers less than LoQ (Hu et al., 2017), >90% 
of 995 workers less than Great Britain guidance value 
of 1 µmol mol−1 creatinine (Jones et al., 2013), both for 
HDI in MVR. However, there are also examples of sig-
nificantly elevated results of up to 100 µmol TDA mol−1 
creatinine (Geens et al., 2012; Sennbro et al., 2004), 
which are well in excess of the American Conference 
of Governmental Industrial Hygienists guidance value 
(ACGIH, 2019) of 4.6 µmol mol−1 creatinine, meaning 

that health effects cannot be ruled out. This is the first 
time that this type of restriction has been proposed at 
the EU level and there might be an interest to follow-up 
on the effectiveness of the restriction if implemented. 
This review has highlighted the wide range of results 
that can be found within workers, workplaces, and 
sectors. If the restriction proposal on diisocyanates 
does come into force, it should have an impact on the 
exposure to diisocyanates, but small and medium en-
terprises (with the cost implications of the restriction 
and being traditionally hard to reach) may still pose a 
challenge. Therefore, a follow-up on the effectivity es-
pecially in SMEs is of high interest to evaluate whether 
exposures overall have been reduced through improved 
training (the restriction proposal), as has been seen to 
some extent in the UK (Piney, 2015).

Conclusion

Based on a systematic review we provide a comprehen-
sive summary on available biomarkers and matrices for 
diisocyanate exposure. Further, we summarized available 
occupational diisocyanates biomonitoring studies pub-
lished since 2000 including reported exposure levels, and 
discussed the studies in detail. Although biomonitoring 
studies have a number of advantages over external ex-
posure measurements—for example when dermal 
exposure is likely or when respiratory protection is 
used—this review has highlighted the need for a har-
monized approach to study and report biomonitoring 
levels; also to provide a baseline against which the suc-
cess of the recently proposed restriction can be evalu-
ated. We identified several knowledge gaps which could 
further aid studying diisocyanates biomonitoring levels: 
(i) the development of specific biomarkers is promising 
(e.g. to study oligomers of HDI which have been largely 
neglected to date) but needs more research before they 
can be widely applied, (ii) a more uniform approach of 
analytical methods would make comparisons between 
studies easier, and (iii) dermal absorption seems a pos-
sible exposure route and needs to be further investigated.
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