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Particle research at the National Research Centre for 
the Working Environment, Copenhagen

• Government research institute under the Ministry of Employment
• Nanosafety/particles as strategic research area since 2005
• At present 35-40 persons in chemical occupational health
• Advisors for the Danish Working Environment Authorities, EPA, EU, OECD, WHO
• Past and present partners in >30 EU projects on (nano)particle safety



• DEE consists of gases (VOC, COx, NOx) and 
particles

• Diesel exhaust particles (DEP):
• Solid carbon core, often aggregated
• Adsorbed PAH and organic carbon
• Adsorbed metals
• Specific surface area ca. 100 m2/g
• Can be regarded as a process-generated

nanomaterial
• Elemental carbon, black carbon or PM are often

used as measures of DEP

• Classified as carcinogenic to humans
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Diesel exhaust emission (DEE)



95% of the global burden of occupational cancer is caused by 4 
agents including diesel engine exhaust
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• Close to sources, ie diesel engine outlet

• Higher in confined areas/inside buildings

• Lower outdoors

• Limited knowledge on Danish exposure levels
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Exposure

https://at.dk/media/6236/graensevaerdier-
dieselpartikler-2020.pdf



Why are they hazardous?
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Aerodynamic size in air is the important predictor of 
pulmonary deposition during inhalation exposure

1 .10 3 0.01 0.1 1 10 100
0

20

40

60

80

100

Diap

Total deposition

Head Deposition (larynx)

Thoracic deposition

Alveolar

Particle Size [um]
1 .10 3 0.01 0.1 1 10 100

0

20

40

60

80

100

Diap

Total deposition

Head Deposition (larynx)

Thoracic deposition

Alveolar

Particle Size [um]

Biological relevant size fractions (CEN, 1992)

%
 D

ep
os

ite
d

100

1000

10000

100000

1000000

10 100 1000 10000
Diameter, Dp [nm]

To
tal

 ge
ne

rat
ed

 pa
rti

cle
s, 

dN
/dl

og
Dp

  [#
/cm

3 ]

TiO2 pigment

TiO2 ultrafineNanomaterials aggregate in air



Low clearence of nanoparticles from the lung

Airways

Particle deposition and 
removal by  mucociliar

clearance

Particle phagocytosis 
by macrophage

release of 
mediators

INFLAMMATION

Fine particles
Nanoparticles

Ultrafine particles

Inflammatory cells 
and inflammatory 
mediators

ROS

Marianne Dybdahl



Inhaled TiO2 nanoparticles in the lung are removed very slowly

Exposure Days after exposure N TiO2 in  lung (mg/kg)
(mean ± sd)

Procent of 
deposited dose

TiO2 5 3 63 ± 10 24%

Air 5 3 < 8

TiO2 25 3 55 ± 30 21%

Air 25 3 < 1

Mice inhaled 40 mg/m3 nanosized TiO2 1 hour daily for 11 days. 

TiO2 content in lung tissue was measured by ICP-MS.

Hougaard et al, PF&T, 2010



2012:  IARC classified diesel exhaust as carcinogenic to humans

2016: The Danish Working Environment Authority asked NRCWE to 
provide documentation for health-based occupational exposure limit for 
diesel exhaust particles

2018: NRCWE submitted the documentation ultimo 2018. The social 
partners negotiated an occupational exposure limit based on the 
documentation for health-based risk estimates and a Socioeconomic
assessment report

2019-2020: Additional scientific data was published and communicated

2021: The EU occupational exposure limit of 0.05 mg/m3 effective from 
Feb 20th, 2021 was replaced by  a Danish occupational exposure limit at 
0.01 mg/m3 on July 1st, 2021
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From IARC classification as human carcinogen to occupational
exposure limit: 9 years, short or long time.. 



The available evidence

The documentation report is avaiable at
https://nfa.dk/da/Forskning/Strategiske-
forskningsomraader/Kemisk-arbejdsmiljo/Graensevaerdier
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• Focus on inhalation exposure

• IARC (2014): 
• sufficient evidence of carcinogenicity of diesel engine exhaust, diesel exhaust

particles, diesel partilcle extracts in experimental animals
• sufficient evidence that diesel engine exhaust is carcinogenic to humans and 

causes lung cancer

• DECOS/NEG (2016): critical effects of diesel engine exhaust inhalation are lung
cancer and inflammation

Præsentationstitel

12

Critical effects: 
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Proposed key characteristics of carcinogens

Smith MT EHP, 2016, PMID: 26600562 

Release of toxic
substances; fx 
PAH, metals

Surface-
dependent ROS 
generation

Deposited total 
surface area
Shape (HARN)



Mechanism of action

• Both DEP and NOx induces inflammation. So inflammation cannot be used for risk
assessment of DEP

• 2 year cancer studies in rats: Diesel Engine Exhaust (DEE) induces lung cancer, but 
not filtered diesel engine exhaust. Thus, the particulate fraction is the 
carcinogenic component (Brightwell 1989).

• Both inhalation of diesel engine exhaust and instillation of diesel exhaust particles and 
diesel exhaust particle extracts induced mutations in lungs of mice (Hashimoto 2007)

• Evidence that both carbon core and diesel exhaust particle extracts (PAH, OC) 
contribute to carcinogenicity (Hashimoto, 2007, Heinrich 1995)

• PAH adduct formation and particle surface-induced ROS: primary genotoxicity
and non-threshold effects



Five different two-year inhalation studies in rats
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F344; inbred
Wistar: outbred



Dose-response relationship for carcinogenicity in male and 
female rats
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• New technology engines emit: 
• Lower amount of PM
• DEP with lower EC content (13% of PM instead of 75%)
• Relatively higher NOx emissions

• All epidemiological studies and the majority of chronic inhalation studies were performed using
tradtional DEE

• One chronic inhalation study in rats using new technology DEE used 12 ug/m3 DEP as the highest
dose. No increased cancer incidence compared to controls were found with group sizes of 100 
males and 100 females.

• The NFA working group regarded the DEP concentrations as being too low to allow detection of 
DEP-induced cancer (considering that 1:1000 has required 5-50 ug/m3 in other chronic inhalation 
studies)

• A comparison of 5 diesel exhaust particles including 2 biodiesels showed that DNA damage levels
correlated with EC content (Bendtsen et al 2020, PFT; PMID: 32771016)
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Traditional technology diesel engine exhaust (DEE) vs new 
technology DEE



• Inclusion criteria:

• 1) DEE exposure was given as cumulative expoure in the exposure response analysis

• 2) an appropriate no/low exposure group was used as control

• 3) no major methological shortcomings were identified.
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Systematic meta-analysis of epidemiological studies



Steensland (1998) Garshick (2012) Silverman (2012)
Design Nested case-control study

All cases and control died
1982-83 and were long-
term Teamster members
(N=10 699) (1949-1990)

Cohort study of male 
workers in the US 
trucking industry
(1985-2006)

Nested case-control of 
8 non-metal mining
facilities including
12,315 workers
(1947-1997)

N 994 lung cancer cases, 
1,085 controls

31 135 male workers,
779 lung cancers
Mechanics excluded
(unreliable JEM)

198 lung cancer and 
562 controls

Exposure JEM based on 242 
samples quantified 1988-
89

JEM based on 4000 
measurements 2001-
6

JEM based on 700 
measurements 1998-
2001

Adjustments Age, race, smoking, diet, 
self-raported asbestos

Not adjusted for 
smoking

Adjusted for smoking
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Three epidemiological studies in the meta-analysis



Cumulative dose-response relationship based on 3 studies

Vermeulen et al, EHP



Risk estimate for DEP based on epidemiological evidence

Vermeulen et al, 2014, EHP

The EU OEL for 
DEP is 50 ug/m3



Derived health-based OEL based on epidemiological data  

Vermeulen et al, EHP, 2014

Risk estimates were calculated
based on Danish lung cancer 

incidence (4.9%) and the slope
of the dose-response

relationship

Excess lung cancer 
risk (45 years of work)

DEP air concentration
(measured as EC)

1: 1 000 0.45 µg/m3

1: 10 000 0.045 µg/m3

1: 100 000 0.0045 µg/m3



• Based on lung burden:
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Lung cancer risk based on 2 year inhalation studies in rats based
on lung burden
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Lung cancer risk based on air concentrations in animal studies
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Summary of risk estimates for epidemiological studies, low- and 
high responders in rat studies



• The DECOS estimates that the exposure concentrations of respirable elemental 
carbon (REC) in the air, which serve as parameter for exposure to diesel engine 
exhaust powered by petroleum-diesel fuels, and which corresponds to:

• 4 extra death cases of lung cancer per 100,000 (target risk level), for 40 years of 
occupational exposure, equals to 0.011 µg REC/m3,

• 4 extra death cases of lung cancer per 1,000 (prohibition risk level), for 40 years 
of occupational exposure, equals to 1.03 µg REC/m3.

• The exposure levels are 8-hour time-weighted average concentrations.
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Dutch Committee on Occupational Safety (DECOS) in 2019:

https://www.healthcouncil.nl/documents/advisory-
reports/2019/03/13/diesel-engine-exhaust.

https://www.healthcouncil.nl/documents/advisory-reports/2019/03/13/diesel-engine-exhaust


• Assessment of the socioeconomic consequences of an occupational
exposure limit at 50 and 5 ug EC/m3

• Associated health effects were not assessed

• Conclusions:

• Urban background levels are now 0.5-2 ug EC/m3

• An OEL at 50 ug EC/m3 would not infer any additional expenses for 
industry

• An OEL at 5 ug EC/m3 would infer additional expenses for industry to 
lower diesel exhaust exposure

• An OEL at 1 ug EC/m3 would infer considerable additional expenses for 
industry to lower diesel exhaust exposure
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Assessment of socioeconomic consequences

https://at.dk/media/6236/graensevaerdier-
dieselpartikler-2020.pdf



• New pooled analysis of 14 case-control studies with almost 17,000 lung cancer 
cases and 21,000 controls, 

• Exposure was estimated using job-exposure matrices.

Præsentationstitel

28

Additional data: pooled analysis of diesel case-control studies 
published in 2020



The two studies were not directly comparable, and consequently we averaged the 
slopes of the dose-response curve

Additional pooled analysis of diesel case-control studies

EC= Elemental carbon, ie the carbon core

The EU OEL of 50 µg/m3 respirable EC  would correspond to a risk estimate of 4-10% risk of lung cancer

Risk-
estimates 
for lung
cancer (EC)

based on 
Meta-
analysis
(Vermeulen)

based on
pooled
study
(Ge et al.)

average of 
two studies

1:100 4.5 µg/m3 12 µg/m3 6 µg/m3

1:1000 0.45 µg/m3 1.3 µg/m3 0.67 µg/m3

1: 10 000 0.045 µg/m3 0.13 µg/m3 0.067 µg/m3



• 29 voluneers took the train for 6h/day for three
conseqtive days, either diesel-driven trains or 
electric trians.

• In the dieseldriven trains, the average expure was
10.3 µg/m3 EC as compared to 0.8 µg/m3 EC in 
electric trains.

• After 3 days of exposure for diesel engine exhaust, 
the volunteers had:
• Increased levels of DNA damage in blood cells as 

indication of carcinogenic exposure
• Slightly reduced lung function
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Diesel Electric P-value

#observations 54 29

Black Carbon
(EC) (µg/m3)

10.3 ± 2 0.8 ± 0.5 < 0.001 

#ultrafine
particles/cm3

189 200 ±
91 900

8100 ± 2400 < 0.001 

DNA-damage 0.18 ± 0,13 0.12 ± 0.13 0.025

Lung function
(FEV1, L)

3.24 ± 0.96 3.32 ± 0.96 0.0003

Biomonitering study on volunteers shows effect of expoure to 
10 µg/m3 EC

Andersen et al. 2019, Part Fibre Tox



The Danish social partners will re-negotiate in 2024 whether the OEL can be lowered to 0.005 mg/m3

New Danish occupational exposure limit for diesel exhaust at 
0.01 mg/m3 July 1st, 2021 (similar to the Dutch OEL) 



• Diesel engine exhaust particles are measured as Elemental carbon (EC)

• Exposure should be measured in the inhalation zone of the workers

• NIOSH 5040 method:

• Total dust is collected on a quartz filter

• The content of elemental carbon is measured using thermic or optical methods

• Several companies offer occupational exposure measurements for diesel engine
exhaust exposure
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How do you measure diesel engine exhaust exposure



Conclusions

• Denmark now has (together with the Netherlands) the lowest occupational exposure limit for diesel exhaust
particles in EU and in the world

• The OEL will be revisited, and possibly further lowered in 2024

• Diesel engine exhaust is classified as carcinogenic to humans by IARC

• There is a considerable body of evidence for the dose-response relationship in humans and in rodents

• The European occupational exposure limit of 50 ug/m3 corresponds to an excess life time risk level of 4-
10% for lung cancer

• Volunteers exposed to diesel engine exhaust at 10 ug/m3, the Danish and Dutch occupational exposure
limit, have increased levels of DNA damage in blood cells, suggesting genotoxic/carcinogenic exposure

• Exposure should be as low as reasonably achievable (AT)
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Tak for opmærksomheden
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