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guidance to evaluate quantitative risk assessment of 
human exposure to occupational carcinogens. This is 
the first study to utilize USEPA methodology to cal-
culate the excess lung cancer risk caused by railroad 
workers’ cumulative exposure to diesel exhaust.
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1 Introduction

Occupational inhalation exposure to diesel exhaust 
in the railroad work environment causes a significant 
and quantifiable cancer risk to many railroad workers. 
Diesel exhaust is a complex mixture of hundreds of 
constituents in either a gas or particle form (USEPA, 
2002). Diesel particulate matter (“DPM”) is the par-
ticulate fraction of diesel exhaust and has historically 
been used as a surrogate measure of exposure for 
whole diesel exhaust (USEPA, 2002). DPM primar-
ily consists of a solid elemental carbon (“EC”) core, 
adsorbed organic compounds, and small amounts 
of sulfate, nitrate, metals, and other trace elements 
(USEPA, 2002). Many of the adsorbed organic com-
pounds (organic carbon, or “OC”) are individually 
known to have carcinogenic and mutagenic proper-
ties (USEPA, 2002). The OC are carbon- and hydro-
gen-containing molecules emitted largely as a result 
of unburned diesel fuel and, to a lesser extent, from 
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engine lubrication oil (USEPA, 2002). Together, the 
mass of the solid EC cores and OC molecules constitute 
the mass of total carbon (“TC”) of DPM (Liukonen et 
al., 2002).

DPM particle sizes range in diameter from < 2.5 
to < 0.1 µm, which makes DPM highly respirable and 
capable of reaching the deep lung (USEPA, 2002). 
DPM contains ultrafine particles (“UFP”) that pen-
etrate further into the lungs and accumulate in lung 
tissue due to their size (Diaz et  al., 2019). UFP, 
which are particles of less than 0.1  µm in diameter, 
account for 1 to 20% of the mass of DPM and 50 to 
90% of the number of DPM particles (USEPA, 2002). 
Ultrafine DPM particles are capable of translocation 
into the vasculature and lymphatics allowing access 
to essentially all organs throughout the human body 
(Schraufnagel, 2020). DPM exposure is also associ-
ated with DNA strand breaks in peripheral blood 
mononuclear cells, and mutagenesis has been demon-
strated (USEPA, 2002; Andersen et al., 2019). Many 
chemicals present in DPM exhibit mutagenic activity, 
namely polycyclic aromatic hydrocarbons (“PAHs”) 
and nitro-PAHs which comprise the OC mass of 
DPM particles (USEPA, 2002).

Occupational exposure limits for whole diesel 
exhaust have been proposed by the ACGIH; however, 
no such limits have been established. OSHA enforces 
Permissible Exposure Limits (“PELs”) for select con-
stituents of diesel exhaust; however, OSHA has stated 
that its PELs are not protective of human health and, 
furthermore, are bound by non-health considerations 
such as feasibility (OSHA, 1989). OSHA considers 
NIOSH guidance to determine its PELs for carcino-
genic and non-carcinogenic occupational contami-
nants (Howard, 2020). NIOSH has identified diesel 
exhaust as a potential carcinogen (NIOSH, 1988).

IARC identifies Diesel Exhaust as a known human 
carcinogen, while USEPA, OEHHA, and NIOSH 
consider diesel exhaust a potential carcinogen (IARC, 
2012a; USEPA, 2003; OEHHA, 2001; NIOSH, 
1988). In 2017, NIOSH published an updated Bulle-
tin 68, which states that there is “no known safe level” 
of exposure to carcinogens (NIOSH, 2017a). Bulletin 
68 recommends evaluation of the USEPA Integrated 
Risk Information System (“IRIS”) guidance to quan-
tify risk assessment of human exposure to chemical 
carcinogens (NIOSH, 2017a). However, the peer-
reviewed literature has yet to quantify the excess 
lung cancer risks posed to railroad workers due to 

their occupational exposures to diesel exhaust using 
USEPA IRIS risk assessment methodology. The pur-
pose of this study is to quantify the increase in lung 
cancer risk experienced by several railroad occupa-
tions due to occupational diesel exhaust exposure.

The peer-reviewed literature defines the ambi-
ent air concentrations of diesel exhaust in the rail-
road work environment as being above background 
levels for several railroad occupations (Pronk et  al., 
2009). This study uses ambient diesel exhaust levels 
in the railroad work environment in conjunction with 
USEPA risk assessment methodology to quantify the 
additional cancer risk posed to some railroad workers 
due to occupational diesel exhaust exposures.

2  Methods

In order to calculate the cancer risk from inhalation 
of diesel particulate matter (“DPM”), this health 
risk assessment (“HRA”) relies upon methodology 
from USEPA’s IRIS. This HRA uses a range of DPM 
annual air concentrations and occupational expo-
sure durations to quantify occupational cancer risks 
caused by DPM exposure. It is important to note that 
for carcinogenic risk assessment, USEPA considers 
diesel exhaust and DPM to be synonymous, as DPM 
“is the most frequently determined measure of DE 
and the measure reported in toxicological studies of 
diesel engine exhaust” (USEPA, 2003).

The Exposure Concentration (“ExpC”) was first 
quantified for the exposed workers. The following 
equation was used to calculate the  ExpC of DPM for 
the railroad workers (USEPA, 2009).

ExpC = Exposure Concentration (µg/m3).
Cair = Annual average concentration of DPM in air 

(µg/m3).
EF = Exposure frequency (250-days/year).
ED = Exposure duration (years).
ET = Exposure time (8-h/day).
AT = Averaging time (365  days/year × 70  year 

lifetime).
This study calculated a range of  ExpCs based on 

the following information: The average annual air 
concentrations of DPM (“Cair”) used are 1, 5, 10, 25, 

ExpC =
Cair × EF × ED × ET × (

1 day

24 hrs
)

AT
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50, and 100 µg per cubic meter (“µg/m3”) over expo-
sure durations (“ED”) of 1, 10, 20, 30, and 45 years. 
Exposure frequencies (EF) were 250  days, which is 
equivalent to working 5 days/week for 50 weeks/year 
(USEPA, 2020a). Exposure times (ETs) were 8 h/day 
(USEPA, 2020a). Averaging time (AT) was a period 
of 70  years (USEPA, 2020a). These demonstrative 
values calculated a range of  ExpCs from 0.0326 to 
9.76 µg/m3 of DPM. The EF, ET, and AT values were 
based on USEPA recommendations for calculating 
occupational inhalation exposure (USEPA, 2020a). 
The  Cair and ED values were selected by this study to 
relate to known concentrations present in the railroad 
work environment.

The following equation calculated the range of 
worker inhalation cancer risk  (Riskinh-work) values 
based on the  ExpC values of DPM articulated above 
and USEPA’s inhalation unit risk (IUR) value for 
DPM (USEPA, 2020b).

Riskinh-work = Worker inhalation cancer risk.
ExpC = Exposure concentration (µg/m3).
IUR = Inhalation unit risk  (m3/µg).
The Inhalation Unit Risk (“IUR”) factor is deter-

mined by USEPA’s assessment of the carcinogenicity 
of DPM (USEPA, 2003). The IUR for DPM was first 
published by California’s OEHHA Scientific Review 
Panel in 1998 and was based on a meta-analysis of 
human studies and the detailed analysis of increased 
lung cancer risks among railroad workers (OEHHA, 
2001; CalEPA, 1998).

Airborne EC measurements are widely accepted 
as a surrogate for measurements of DPM (Verma 
et al., 2003). NIOSH first published analytical method 
5040 in 1996, which uses thermal-optical analysis to 
determine EC, OC, and TC concentrations (NIOSH, 
2017b). This method is practical, inexpensive, and 
sensitive enough to measure environmental back-
ground samples of EC (Birch & Cary, 1996).

Available literature provides ambient average EC 
concentrations in the railroad work environment for 
several job categories and locations. This study evalu-
ated and tabulated, when available, EC vales of the 
following categories: upper 95% confidence limit, 
maximum, arithmetic mean, and geometric mean. 
For studies that provided raw data sets of EC sample 
concentrations, upper 95% confidence limits were 

Riskinh−work = ExpC × IUR

calculated using ProUCL, a statistical analysis soft-
ware accepted by the USEPA. The EC concentrations 
evaluated from the peer-reviewed literature are tabu-
lated below in Table 1.

To relate the EC values in the above table to the 
DPM values used in USEPA risk assessment equa-
tions, EC values must be converted to DPM values. 
This study converted EC values in the above table to 
DPM values using a range of EC to DPM ratios sup-
ported by the peer-reviewed literature. One issue of 
using EC as a surrogate for DPM is that the fraction 
of DPM mass that is EC varies significantly across 
different occupational environments (USEPA, 2002). 
As such, the ratio of EC to other constituents in 
DPM, including OC and trace metals, is not constant 
(Verma et al., 2003).

According to USEPA, EC contributes 50 to 85% 
of total DPM mass (USEPA, 2002). Several pub-
lished studies and reports provide ratios of EC to 
DPM mass; however, these studies do not provide 
empirical data to substantiate their proposed ratios. 
Liukonen et al. (2002) state that EC comprises 60 to 
70% of total DPM mass. Birch & Cary (1996) state 
that a fraction of EC mass to total DPM mass of 50% 
“appears reasonable.” The ACGIH concluded that the 
adsorbed OC constituents of DPM constitute 15 to 
65% of the total particulate mass (Verma et al. 1999). 
In other words, EC may constitute between 45 and 
85% of the total DPM mass, according to ACGIH. 
However, ACGIH also recommended that half of the 
TC mass in diesel exhaust be considered EC mass for 
evaluating exposure (Verma et al. 1999). Gray (1986) 
assumed that the chemical composition of railroad 
diesel oil emissions was similar to diesel autos, with 
an EC to TC mass ratio of 76.6%. Lastly, CalEPA 
(1998) determined that the EC mass of the average 
DPM particle will typically range from approximately 
64 to 71%. In summary, the published literature does 
not provide a specific ratio of EC to DPM mass indic-
ative of diesel exhaust emissions in the railroad work 
environment.

As such, it is most reasonable and comprehensive 
to use a range of EC to DPM mass fractions based on 
USEPA (2002) conclusions that EC mass constitutes 
50 to 85% of total DPM mass. This range is inclu-
sive of high estimates of EC to DPM mass fractions 
(i.e., 85%), which yields a conservative multiplier for 
conversion of EC to DPM. In addition, the range of 
50 to 85% includes the EC to DPM mass fractions 
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Table 1  Peer-reviewed elemental carbon concentrations associated with railroad workers (µg/m3)

a USEPA (1989) states to use the upper 95% confidence limit or reasonable maximum exposure. Seshagiri (2003), Hewett & Bullock 
(2014), and Groves & Cain (2000) provided upper 95% confidence limit. The Liukonen et al. (2002) upper 95% confidence limits 
were calculated using ProUCL
b The notation of “-” represents a non-reported or non-calculated data point
c Boffetta et al. (2002)
d Verma et al. (2003)
e Hewett & Bullock (2014). The arithmetic mean is published as the normal distribution statistic mean and the maximum is published 
as the order statistics maximum
f Seshagiri (2003)
g Liukonen et al. (2002)
h Groves & Cain (2000)

Occupation/location Sample size 95% Upper confi-
dence  limit1

Maximum Arithmetic 
mean

Geometric mean

Driver (short-haul)c 8 - 69.0 - 18.3

Assistant driver (short-haul) c 4 - 71.8 - 18.3

Driver (shunter) c 6 - 30.8 - 12.3

Assistant driver (shunter) c 2 - 19.7 - 12.3

Turnaround  personald 43 - 18.8 - -

Turnaround  aread 72 - 27.8 - -

Heavy repair  personald 19 - 6.0 - -

Heavy repair  aread 35 - 16.6 - -

All outdoor mechanical personal and  aread 8 - 5.0 - -

Lead locomotives  aread 23 - 11.3 - -

Other locomotives  aread 33 - 60.1 - -

Caboose  aread 6 - 9.3 - -

Transportation  personald 7 - 4.9 - -

Engineering trades personal and  aread 6 - 7.8 - -

Engineers/train driver (transportation) d 23 - 11.3 2.9 2.3

Conductors/trainmen (transportation) d 14 - 11.3 3.5 3.0

Machinists/mechanics (mechanical) d 28 - 18.8 4.6 3.2

Laborers/engine attendants (mechanical) d 15 - 10.8 4.3 2.8

Hostlers/laborers moving units (mechanical) d 5 - 5.0 3.5 3.3

Electricians (mechanical) d 3 - 17.6 7.2 4.4

Supervisors (mechanical) d 8 - 10.4 4.0 3.1

Leading locomotive (transportation) d 23 - 11.3 2.9 2.3

Trailing locomotive (transportation) d 24 - 60.1 7.9 3.6

Locomotive operating as lead and trail (transportation) d 9 - 4.7 2.5 2.3

Caboosed 6 - 9.3 3.6 2.6

Turnaround/fuel plant (mechanical) d 74 - 24.9 4.9 3.3

Heavy repair/backshop (mechanical) d 35 - 16.6 3.6 2.3

Track equipment (engineering) d 4 - 4.0 2.7 2.6

All locomotive cabs (lognmormal distribution)e 190 14 - - 1.6

Lead locomotive cabs (lognmormal distribution) e 156 10 - - 1.4

Trailing locomotive cabs (lognmormal distribution) e 22 42 - - 5.6

All locomotive cabs (non-parametric distribution) e 190 15 37 3.7 -

Lead locomotive cabs (non-parametric distribution) e 156 14 32.4 2.8 -

Trailing locomotive cabs (non-parametric distribution) e 22 29 37 11.1 -

Trailing locomotive (winter)f 23 4 8.7 2.9 2.2

Trailing locomotive (summer)f 24 23 55.7 17.1 13.4

Locomotive cab (trailing and lead)g 49 13 45.0 - 3.7

Locomotive cab (trailing only)g 16 23 45.0 - 10.1

Railway repair and maintenance depot/railway  stationh 64 46 50.0 21.0 17.0
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published by peer-reviewed literature (Liukonen 
et al., 2002; Birch & Cary, 1996; Verma et al. 1999; 
Gray, 1986; CalEPA, 1998).

To convert the EC concentrations tabulated in 
Table  1 to DPM concentrations, for use in USEPA 
IRIS equations, EC values must be scaled by appro-
priate multipliers to reflect the range of EC to DPM 
mass fractions of 50% and 85%. The equations used 
to develop the two multipliers that reflect the 50% and 
85% EC to DPM mass fractions are presented below.

Using the 85% EC to DPM, mass fraction will con-
vert EC concentrations using a multiplier of approx-
imately 1.18, and using the 50% EC to DPM, mass 
fraction will convert EC concentrations using a multi-
plier of 2. That is, the 85% mass fraction will increase 
EC concentrations by approximately 118% and the 
50% mass fraction will increase EC concentrations 
by 200%. All data generated or analyzed during this 
study are included in this published article.

3  Results

The results of converting EC concentrations from 
peer-reviewed literature to approximate DPM con-
centrations in the railroad work environment are 
presented in Tables  2 and 3 below. The methods 
described above, which utilize conversion multipliers 
of approximately 1.18 and 2, were used to convert the 
EC concentrations in Table  1 to the PM concentra-
tions in Tables 2 and 3.

The result of using approximate DPM concentra-
tions in conjunction with USEPA’s risk assessment 
methodology clearly demonstrates that many indi-
viduals who work in the railroad industry incur a sig-
nificant excess cancer risk due to diesel exhaust expo-
sure, as presented in Table  4. Table  4 presents the 
incremental cancer risks for occupational exposure to 
DPM under various exposure scenarios. While most 
literature evaluated for this study presents arithme-
tic and geometric mean EC concentrations, USEPA 
guidance recommends using a reasonable maximum 
exposure or the 95% upper confidence limit as an 

DPM = EC ∗ Multiplier = EC ∗
1 DPM

0.85 EC
= EC ∗ 1.18

DPM = EC ∗ Multiplier = EC ∗
1 DPM

0.50 EC
= EC ∗ 2

exposure point estimate (USEPA, 1989). However, 
the authors of many of the papers used for this analy-
sis did not provide the necessary data to conduct this 
calculation.

Table 4 presents a range of worker inhalation can-
cer risk values from a minimum of 1 per million to 
4403 per million due to occupational inhalation expo-
sure to DPM. Based on the above methodology, expo-
sure to 1 µg/m3 of DPM for 1 working year for 8 h 
per day results in an increased cancer risk of approxi-
mately 1 per million. Thus, any exposure to greater 
than 1 µg/m3 of DPM for 1 working year for 8 h per 
day, or to 1 µg/m3 of DPM for greater than 1 working 
year results in an increased cancer risk of greater than 
approximately 1 per million.

Figure 1 illustrates the cancer risk caused by occu-
pational exposures to DPM. This graph was created 
using the ambient air DPM concentration, exposure 
duration, and worker inhalation cancer risk values 
from Table 4

As all five lines in the graph above pass through 
(0,0), this graph shows any non-zero exposure to 
DPM results in a non-zero cancer risk. Also, the red 
horizontal dashed line at value 1 on the y-axis rep-
resents an increased lifetime cancer risk of one in 
a million, which is the de minimis cancer risk used 
by USEPA (Graham, 1993). These trendlines of 
increased lifetime cancer risks are supported by the 
NIOSH Bulletin 68, which states that there is no 
known safe level of exposure to most carcinogens 
(NIOSH, 2017a).

4  Discussion

One uncertainty of using EC as a surrogate for DPM 
is that the proportion of EC in DPM varies in differ-
ent occupational environments. Factors that affect the 
ratio of EC to total DPM include diesel engine type, 
diesel engine operating conditions, and fuel formula-
tions (USEPA, 2002). The EPA determined that TC 
constitutes 88% of the total mass of DPM (Madl & 
Paustenbach, 2002); however, the portion of TC that 
is EC varies in different environments.

Fuel and oil properties including specific energy 
content, ignition quality, and specific gravity affect 
hydrocarbon composition and the composition of 
exhaust emissions (USEPA, 2002). In addition, dif-
ferent types of engines can impact the ratio of EC 
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Table 2  Diesel particulate matter concentrations associated with railroad workers based on the EC to DPM multiplier of 1.18 (µg/
m3)

Occupation location Sample size 95% Upper 
confidence 
 limit1

Maximum Arithme-
tic mean

Geometric mean

Driver (short-haul)c 8 - 81.2 - 21.5
Assistant driver (short-haul) c 4 - 84.5 - 21.5
Driver (shunter) c 6 - 36.2 - 14.5
Assistant driver (shunter) c 2 - 23.2 - 14.5
Turnaround  personald 43 - 22.1 - -
Turnaround  aread 72 - 32.7 - -
Heavy repair  personald 19 - 7.1 - -
Heavy repair  aread 35 - 19.5 - -
All outdoor mechanical personal and  aread 8 - 5.9 - -
Lead locomotives  aread 23 - 13.3 - -
Other locomotives  aread 33 - 70.7 - -
Caboose  aread 6 - 10.9 - -
Transportation  personald 7 - 5.8 - -
Engineering trades personal and  aread 6 - 9.2 - -
Engineers/train driver (transportation)d 23 - 13.3 3.4 2.7
Conductors/trainmen (transportation) d 14 - 13.3 4.1 3.5
Machinists/mechanics (mechanical)d 28 - 22.1 5.4 3.8
Laborers/engine attendants (mechanical)d 15 - 12.7 5.1 3.3
Hostlers/Laborers moving units (mechanical)d 5 - 5.9 4.1 3.9
Electricians (mechanical)d 3 - 20.7 8.5 5.2
Supervisors (mechanical)d 8 - 12.2 4.7 3.6
Leading locomotive (transportation)d 23 - 13.3 3.4 2.7
Trailing locomotive (transportation)d 24 - 70.7 9.3 4.2
Locomotive operating as lead and trail (transportation)d 9 - 5.5 2.9 2.7
Caboosed 6 - 10.9 4.2 3.1
Turnaround/fuel plant (mechanical)d 74 - 29.3 5.8 3.9
Heavy repair/backshop (mechanical)d 35 - 19.5 4.2 2.7
Track equipment (engineering)d 4 - 4.7 3.2 3.1
All locomotive Cabs (lognmormal distribution)e 190 16.5 - - 1.9
Lead locomotive Cabs (lognmormal distribution)e 156 11.8 - - 1.6
Trailing locomotive Cabs (lognmormal distribution)e 22 49.4 - - 6.6
All locomotive cabs (non-parametric distribution)e 190 17.6 43.5 4.4 -
Lead locomotive cabs (non-parametric distribution)e 156 16.5 38.1 3.3 -
Trailing locomotive cabs (non-parametric distribution)e 22 34.1 43.5 13.1 -
Trailing locomotive (winter)f 23 4.7 10.2 3.4 2.6
Trailing locomotive (summer)f 24 27.1 65.5 20.1 15.8
Locomotive cab (trailing and Lead)g 49 15.3 52.9 - 4.4
Locomotive cab (trailing Only)g 16 27.1 52.9 - 11.9
Railway repair and maintenance depot/railway  stationh 64 54.1 58.8 24.7 20.0
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to TC in DPM. Engine component wear and from 
different compounds in the fuel and lubricant also 
affect DPM mass and composition (USEPA, 2002). 
Higher amounts of carbonaceous particles form 
due to high loads or high fuel–air ratios (USEPA, 
2002). Increasing the fuel injection rate in diesel 
engines by increasing the fuel injection pressure can 
decrease the duration of diffusion combustion and 
promote EC oxidation during the expansion stroke, 
which can reduce formation of EC agglomerates 
and reduce the particulate carbon fraction at high 
load (USEPA, 2002). As a result, high fuel injec-
tion pressures have been used to obtain compliance 
with PM standards that came into effect in the late 
1980s (USEPA, 2002). In an analysis of data dem-
onstrating the EC fraction of total fine PM, USEPA 
found that the EC content of DPM varied widely in 
the 1980s, ranging from approximately 20 to 90% 
(USEPA, 2002). In more recent years, USEPA 
observed a smaller range in the EC fraction from 
approximately 50 to 90% (USEPA, 2002). Accord-
ing to USEPA, this data suggests that newer model 
engines typically emit DPM with higher amounts 
of EC than older engines (USEPA, 2002). Madl & 
Paustenbach found significant and quantifiable can-
cer risks to railroad workers due to occupational 
inhalation exposure to DPM based on the ambient 
EC levels published in the peer-reviewed literature 
and USEPA’s risk assessment methods. Similar 
cancer risks among railroad workers due to occu-
pational inhalation exposure to DPM have been 
published, including Vermeulen et  al. (2014). This 
study is conservative compared to Vermeulen et al. 
(2014) because the units of comparison from this 

study is additional risk of cancer, while Vermeulen 
et al. (2014) published units of lung cancer deaths. 
Vermeulen et  al. (2014) published that 10  years 
of occupational exposure to 1  μg/m3 of elemental 
carbon results in approximately a 400 per million 
increase in risk of lung cancer deaths. The USEPA 
risk assessment methods used in this study calcu-
late that 10  years of exposure to 1  μg/m3 of DPM 
(conservative estimate that EC mass equals DPM 
mass) causes an additional lung cancer risk of 10 
in a million. In other words, this study calculated a 
lung cancer risk rate value that is approximately 40 
times lower than the lung cancer death rate values 
published by Vermeulen et  al. (2014) for a similar 
level of DPM exposure.

IARC has determined that exposure to diesel 
exhaust causes lung cancer and identified a positive 
association between diesel exhaust exposure and 
bladder cancer (IARC, 2012a). However, in 2002, 
USEPA identified an increased risk from malignancies 
of the lymphatic tissue among human populations 
potentially exposed to higher levels of diesel exhaust 
than typically seen in the environment (USEPA, 
2002). A few authors have reported other malignancies 
related to elevated diesel exhaust exposure, including 
testicular cancer (Garland et al., 1985), gastrointestinal 
cancer (Balarajan & McDowall, 1988; Gubéran 
et al., 1992), multiple myeloma (Boffetta et al., 2002; 
Hansen, 1993), prostate cancer (Aronson et al., 1996), 
and kidney cancer (Brüning et  al., 2003). Diesel 
exhaust contains detectable quantities of Benzo[a]
pyrene (i.e., BaP) which has been associated with 
squamous cell neoplasia in the larynx, trachea, nasal 
cavity, esophagus, and forestomach tumor types in both 

a EPA states to use the upper 95% confidence limit or reasonable maximum exposure (USEPA, 1989). Seshagiri (2003), Hewett & 
Bullock (2014), and Groves & Cain (2000) provided upper 95% confidence limit. The Liukonen et al. (2002) upper 95% confidence 
limits were calculated using ProUCL
b The notation of “-” represents a non-reported or non-calculated data point
c Boffetta et al. (2002)
d Verma et al. (2003)
e Hewett & Bullock (2014). The arithmetic mean is published as the normal distribution statistic mean and the maximum is published 
as the order statistics maximum
f Seshagiri (2003)
g Liukonen et al. (2002)
h Groves & Cain (2000)

Table 2  (continued)
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Table 3  Diesel particulate matter concentrations associated with railroad workers based the EC to DPM multiplier of 2 (µg/m3)

a EPA states to use the upper 95% confidence limit or reasonable maximum exposure (USEPA, 1989). Seshagiri (2003), Hewett & 
Bullock (2014), and Groves & Cain (2000) provided upper 95% confidence limit. The Liukonen et al. (2002) upper 95 percent confi-
dence limits were calculated using ProUCL
b The notation of “-” represents a non-reported or non-calculated data point
c Boffetta et al. (2002)
d Verma et al. (2003)
e Hewett & Bullock (2014). The arithmetic mean is published as the normal distribution statistic mean and the maximum is published 
as the order statistics maximum
f Seshagiri (2003)
g Liukonen et al. (2002)
h Groves & Cain (2000)

Occupation/location Sample size 95% Upper confi-
dence  limit1

Maximum Arithmetic 
mean

Geometric mean

Driver (short-haul)c 8 - 138 - 36.6

Assistant driver (short-haul) c 4 - 144 - 36.6

Driver (shunter) c 6 - 61.6 - 24.6

Assistant driver (shunter) c 2 - 39.4 - 24.6

Turnaround  personald 43 - 37.6 - -

Turnaround  aread 72 - 55.6 - -

Heavy repair  personald 19 - 12 - -

Heavy repair  aread 35 - 33.2 - -

All outdoor mechanical personal and  aread 8 - 10 - -

Lead locomotives  aread 23 - 22.6 - -

Other locomotives  aread 33 - 120 - -

Caboose  aread 6 - 18.6 - -

Transportation  personald 7 - 9.8 - -

Engineering trades personal and  aread 6 - 15.6 - -

Engineers/train driver (transportation)d 23 - 22.6 5.8 4.6

Conductors/trainmen (transportation) d 14 - 22.6 7 6

Machinists/mechanics (mechanical)d 28 - 37.6 9.2 6.4

Laborers/engine attendants (mechanical)d 15 - 21.6 8.6 5.6

Hostlers/laborers moving units (mechanical)d 5 - 10 7 6.6

Electricians (mechanical)d 3 - 35.2 14.4 8.8

Supervisors (mechanical)d 8 - 20.8 8 6.2

Leading locomotive (transportation)d 23 - 22.6 5.8 4.6

Trailing locomotive (transportation)d 24 - 120 15.8 7.2

Locomotive operating as lead and trail (transportation)d 9 - 9.4 5 4.6

Caboosed 6 - 18.6 7.2 5.2

Turnaround/fuel plant (mechanical)d 74 - 49.8 9.8 6.6

Heavy repair/backshop (mechanical)d 35 - 33.2 7.2 4.6

Track equipment (engineering)d 4 - 8 5.4 5.2

All locomotive cabs (lognmormal distribution)e 190 28 - - 3.2

Lead locomotive cabs (lognmormal distribution)e 156 20 - - 2.8

Trailing locomotive cabs (lognmormal distribution)e 22 84 - - 11.2

All locomotive cabs (non-parametric distribution)e 190 30 74 7.4 -

Lead locomotive cabs (non-parametric distribution)e 156 28 64.8 5.6 -

Trailing locomotive cabs (non-parametric distribution)e 22 58 74 22.2 -

Trailing locomotive (winter)f 23 8 17.4 5.8 4.4

Trailing locomotive (summer)f 24 46 111 34.2 26.8

Locomotive cab (trailing and lead)g 49 26 90 - 7.4

Locomotive cab (trailing only)g 16 46 90 - 20.2

Railway repair and maintenance depot/railway  stationh 64 92 100 42 34
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gastrointestinal and respiratory sites (USEPA, 2017; 
USEPA, 2002; Tancell et al., 1995). IARC determined 
that BaP contributes to the genotoxic and carcinogenic 
effects of occupational exposure to complex polycyclic 
aromatic hydrocarbon mixtures that contain BaP 

(IARC, 2012b). USEPA has also identified BaP to be 
carcinogenic to humans (USEPA, 2017).

Locomotive diesel exhaust also contains detect-
able quantities of benzene, according to a study of 
diesel exhaust in a locomotive repair facility (Madl 

Table 4  Incremental cancer risk incurred due to occupational exposure to diesel particulate matter

Ambient air 
DPM concen-
tration

Exposure 
frequency

Exposure dura-
tion

Exposure time Averaging time Exposure 
concentra-
tion

Inhalation unit 
risk

Worker inha-
lation cancer 
risk

[µg/m3] [days/year] [years] [hours/day] [days] [µg/m3] [m3/µg] [per million]
1-year exposure
1 250 1 8 25,550 0.003 0.0003 1
5 250 1 8 25,550 0.016 0.0003 5
10 250 1 8 25,550 0.033 0.0003 10
25 250 1 8 25,550 0.082 0.0003 24
50 250 1 8 25,550 0.163 0.0003 49
100 250 1 8 25,550 0.326 0.0003 98
10-year exposure
1 250 10 8 25,550 0.033 0.0003 10
5 250 10 8 25,550 0.163 0.0003 49
10 250 10 8 25,550 0.326 0.0003 98
25 250 10 8 25,550 0.815 0.0003 245
50 250 10 8 25,550 1.631 0.0003 489
100 250 10 8 25,550 3.262 0.0003 978
20-year exposure
1 250 20 8 25,550 0.065 0.0003 20
5 250 20 8 25,550 0.326 0.0003 98
10 250 20 8 25,550 0.652 0.0003 196
25 250 20 8 25,550 1.631 0.0003 489
50 250 20 8 25,550 3.262 0.0003 978
100 250 20 8 25,550 6.523 0.0003 1957
30-year exposure
1 250 30 8 25,550 0.098 0.0003 29
5 250 30 8 25,550 0.489 0.0003 147
10 250 30 8 25,550 0.978 0.0003 294
25 250 30 8 25,550 2.446 0.0003 734
50 250 30 8 25,550 4.892 0.0003 1468
100 250 30 8 25,550 9.785 0.0003 2935
45-year exposure
1 250 45 8 25,550 0.147 0.0003 44
5 250 45 8 25,550 0.734 0.0003 220
10 250 45 8 25,550 1.468 0.0003 440
25 250 45 8 25,550 3.669 0.0003 1101
50 250 45 8 25,550 7.339 0.0003 2202
100 250 45 8 25,550 14.677 0.0003 4403
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& Paustenbach, 2002). Madl & Paustenbach (2002) 
detected benzene at approximately 47.9  μg/m3 
inside the locomotive repair facility due to airborne 
diesel exhaust emissions. OSHA believes that occu-
pational exposure to benzene at low levels poses a 
carcinogenic risk to workers, and that any exposure 
must be attended by risk (OSHA, 1978). Benzene 
exposure has been shown to increase the risk of a 
range of hematopoietic malignancies including 
multiple myeloma, lung cancer, leukemias and lym-
phoma (Rinsky et al., 2002; NIH, 2007; Stenehjem 
et al., 2021).

5  Conclusion

Occupational exposure to diesel exhaust in the rail-
road work environment causes a significant and 
quantifiable increase in cancer risk to many railroad 
workers due to the inhalation of diesel exhaust. This 
analysis clearly demonstrates that many railroad 
workers are subjected to an excessive cancer risk due 
to their occupational exposure to diesel exhaust using 

peer-reviewed literature data of elemental carbon and 
diesel particulate matter in conjunction with USEPA’s 
risk assessment methodology.
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Fig. 1  Occupational 
inhalation cancer risk for 1 
to 45 years of diesel exhaust 
exposure (log transformed 
linear regression)

Water Air Soil Pollut (2022) 233: 171 171   Page 10 of 12

http://creativecommons.org/licenses/by/4.0/


1 3
Vol.: (0123456789)

References

Andersen, M. H. G., Frederiksen, M., Saber, A. T., Wils, 
R., Fonseca, A. S., Koponen., I. K., Johannesson, S., 
Roursgaard, M., Loft, S., Møller, P., & Vogel, U. (2019). 
Health effects of exposure to diesel exhaust in diesel-pow-
ered trains. Particle and Fibre Toxicology, 16(21). https:// 
doi. org/ 10. 1186/ s12989- 019- 0306-4

Aronson, K. J., Siemiatychki, J., Dewar, R., & Gérin, M. 
(1996). Occupational risk factors for prostate cancer: 
Results from a case-control study in Montréal, Québec. 
Canada. American Journal of Epidemiology, 143(4), 363–
373. https:// doi. org/ 10. 1093/ oxfor djour nals. aje. a0087 50

Balarajan, R., & McDowall, M. E. (1988). Professional driv-
ers in London: A mortality study. British Journal of Indu-
stiral Medicine, 45(7), 483–486. https:// doi. org/ 10. 1136/ 
oem. 45.7. 483

Birch, M. E., & Cary, R. A. (1996). Elemental carbon-based 
method for monitoring occupational exposures to par-
ticulate diesel exhaust. Aerosol Science and Technology, 
25(3), 221–241. https:// doi. org/ 10. 1080/ 02786 82960 
89653 93

Boffetta, P., Cherrie, J., Hughson, G., & Pitard, A. (2002). 
Cancer risk from diesel emissions exposure in central and 
eastern europe: a feasibility study. Health Effects Insti-
tute, Special Report of the Institute’s Diesel Epidemiology 
Working Group, Research Directions to Improve estimates 
of Human Exposure and Risk from Diesel Exhaust, 59–78.

Brüning, T., Pesch, B., Wiesenhütter, B., Rabstein, S., Lam-
mert, M., Baumüller, A., & Bolt, H. M. (2003). Renal cell 
cancer risk and occupational exposure to trichloroethyl-
ene: Results of a consecutive case-control study in Arns-
berg. Germany. American Journal of Industrial Medicine, 
43(3), 274–285. https:// doi. org/ 10. 1002/ ajim. 10185

California Environmental Protection Agency (CalEPA). 
(1998). Initial statement of reasons for rulemaking: pro-
posed identification of diesel exhaust as a toxic air con-
taminant. California Environmental Protection Agency 
Air Resources Board and Office of Environmental 
Health Hazard Assessment. June 1998.

Diaz, E., Mariën, K., Manahan, L., & Fox, J. (2019). Sum-
mary of health research on ultrafine particles. Washing-
ton State Department of Health, Environmental Public 
Health Division, Office of Environmental Public Health 
Sciences, DOH 334–454, November 2019.

Garland, F. C., Gorham, E. D., Garland, C. F., & Ducatman, 
A. M. (1985). Testicular Cancer in U.S. Navy Personnel. 
Naval Health Research Center, Naval Medical Research 
and Development Command, Report No. 85–34.

Graham, J. D. (1993). Risk in perspective – the legacy of one 
in a million. Harvard Center for Risk Analysis – Risk in 
Perspective, 1:1.

Gray, H.A. (1986). Characterization and control of atmos-
pheric fine primary carbon particle air quality in the 
south coast air basin. Prepared by Environmental Qual-
ity Laboratory, California Institute of Technology. Pre-
pared for the California Air Resources Board under 
ARB contract no. A1–071–32.

Groves, J., & Cain, J. R. (2000). A survey of exposure to die-
sel engine exhaust emissions in the workplace. British 

Occupational Hygiene Society, 44(6), 435–447. https:// 
doi. org/ 10. 1016/ S0003- 4878(00) 00002-8

Gubéran, E., Usel, M., Raymond, L., Bolay, J. Fioretta, G., 
& Puissant, J. (1992). Increased risk for lung cancer and 
for cancer of the gastrointestinal tract among Geneva 
professional drivers. British Journal of Industrial Medi-
cine, 49(5), 337–344. 10.1136%2Foem.49.5.337

Hansen, E. S. (1993). A follow-up study on the mortality of 
truck drivers. American Journal of Industrial Medicine, 
23(5), 811–821. https:// doi. org/ 10. 1002/ ajim. 47002 30514

Hewett, P., & Bullock, W. H. (2014). Rating locomotive crew 
diesel emission exposure profiles using statistics and 
bayesian decision analysis. Journal of Occupational and 
Environmental Hygiene, 11(10), 645–657. https:// doi. org/ 
10. 1080/ 15459 624. 2014. 899239

Howard, J. (2020). NIOSH: A short history. American Jour-
nal of Public Health, 110(5), 629–630. https:// doi. org/ 10. 
2105/ AJPH. 2019. 305478

International Agency for Research on Cancer (IARC). (2012a). 
PRESS RELEASE No. 213 – IARC: DIESEL ENGINE 
EXHAUST CARCINOGENIC. World Health Organiza-
tion: International Agency for Research on Cancer.

International Agency for Research on Cancer (IARC). (2012b). 
Chemical agents and related occupations. Volume 100F, a 
review of human carcinogens. World Health Organization: 
International Agency for Research on Cancer.

Liukonen, L. R., Grogan, J. L., & Myers, W. (2002). Die-
sel particulate matter exposure to railroad train crews. 
American Industrial Hygiene Association (AIHA) Jour-
nal, 63(5), 610–616. https:// doi. org/ 10. 1080/ 15428 11020 
89847 47

Madl, A. K., & Paustenbach, J. (2002). Airborne concentra-
tions of benzene due to diesel locomotive exhaust in a 
roundhouse. Journal of Toxicology and Environmental 
Health Part A, 65(23), 1945–1964. https:// doi. org/ 10. 
1080/ 00984 10029 00714 87

National Institutes of Health (NIH). (2007). Benzene-induced 
cancers: Abridged history and occupational health impact. 
International Journal of Occupational Environmental 
Health, 13(2), 213–221.

National Institute of Occupational Safety and Health (NIOSH). 
(1988). Current intelligence bulletin 50 – carcinogenic 
effects of exposure to diesel exhaust. U.S. Department of 
Health and Human Services, Public Health Service, Cent-
ers for Disease Control, National Institute for Occupa-
tional Safety and Health, Publication No. 88–116.

National Institute of Occupational Safety and Health (NIOSH). 
(2017a). Current intelligence bulletin 68: NIOSH chemi-
cal carcinogen policy. U.S. Department of Health and 
Human Services, Public Health Service, Centers for Dis-
ease Control, National Institute for Occupational Safety 
and Health, Publication No. 2017a–100.

National Institute of Occupational Safety and Health (NIOSH). 
(2017b). NIOSH manual of analytical methods (NMAM), 
5th Edition. U.S. Department of Health and Human Ser-
vices, Public Health Service, Centers for Disease Control, 
National Institute for Occupational Safety and Health.

California Office of Environmental Health Hazard Assess-
ment (OEHHA). (2001, May 21). Health effects of diesel 
exhaust. Cal/EPA Office of Environmental Health Hazard 

Water Air Soil Pollut (2022) 233: 171 Page 11 of 12    171

https://doi.org/10.1186/s12989-019-0306-4
https://doi.org/10.1186/s12989-019-0306-4
https://doi.org/10.1093/oxfordjournals.aje.a008750
https://doi.org/10.1136/oem.45.7.483
https://doi.org/10.1136/oem.45.7.483
https://doi.org/10.1080/02786829608965393
https://doi.org/10.1080/02786829608965393
https://doi.org/10.1002/ajim.10185
https://doi.org/10.1016/S0003-4878(00)00002-8
https://doi.org/10.1016/S0003-4878(00)00002-8
https://doi.org/10.1002/ajim.4700230514
https://doi.org/10.1080/15459624.2014.899239
https://doi.org/10.1080/15459624.2014.899239
https://doi.org/10.2105/AJPH.2019.305478
https://doi.org/10.2105/AJPH.2019.305478
https://doi.org/10.1080/15428110208984747
https://doi.org/10.1080/15428110208984747
https://doi.org/10.1080/00984100290071487
https://doi.org/10.1080/00984100290071487


1 3
Vol:. (1234567890)

Assessment. Retrieved December 22, 2021, from https:// 
oehha. ca. gov/ air/ health- effec ts- diesel- exhau st

Occupational Safety and Health Administration (OSHA). 
(1978). Occupational Exposure to Benzene. Code of Fed-
eral Regulations. 29 CFR Part 1910 Vol. 43, No. 29.

Occupational Safety and Health Administration (OSHA). 
(1989). Air Contaminants; Final Rule. Code of Federal 
Regulations. 29 CFR Part 1910 Vol. 54 No. 12.

Pronk, A., Coble, J., & Stewart, P. A. (2009). Occupational 
exposure to diesel engine exhaust: A literature review. 
Journal of Exposure Science and Environmental Epidemi-
ology, 19(5), 443–457. https:// doi. org/ 10. 1038/ jes. 2009. 
21

Rinsky, R. A., Hornung, R. W., Silver, S. R., & Tseng, C. Y. 
(2002). Benzene exposure and hematopoietic mortality: A 
long-term epidemiologic risk assessment. American Jour-
nal of Industrial Medicine, 42(6), 474–480. https:// doi. 
org/ 10. 1002/ ajim. 10138

Schraufnagel, D. E. (2020). The health effects of ultrafine par-
ticles. Experimental & Molecular Medicine, 52, 311–317. 
https:// doi. org/ 10. 1038/ s12276- 020- 0403-3

Seshagiri, B. (2003). Exposure to diesel exhaust emissions on 
board locomotives. American Industrial Hygiene Associa-
tion (AIHA) Journal, 64(5), 678–683. https:// doi. org/ 10. 
1080/ 15428 11030 89848 63

Stenehjem, J. S., Babigumira, R., Hosgood, H. D., Veierød, M. 
B., Samuelsen, S. O., Bråtveit, M., Kirkeleit, J., Rothman, 
N., Lan, Q., Silverman, D. T., Friesen, M., Robsahm, T. 
E., Kjærheim, K., Andreassen, B. K., Shala, N. K., Liu, 
F., Strand, L., & Grimsrud, T. K. (2021). Cohort profile: 
Norwegian Offshore Petroleum Workers (NOPW) cohort. 
International Journal of Epidemiology, 50(2), 398–399j. 
https:// doi. org/ 10. 1093/ ije/ dyaa1 07

Tancell, P. J., Rhead, M. M., Trier, C. J., Bell, M. A., & Fus-
sey, D. E. (1995). The sources of benzo[a]pyrene in 
diesel exhaust emissions. Science of the Total Environ-
ment, 162(2–3), 179–186. https:// doi. org/ 10. 1016/ 0048- 
9697(95) 04453-8

United States Environmental Protection Agency (USEPA). 
(1989). Risk assessment guidance for superfund volume 
I: human health evaluation manual (Part A) interim final. 
U.S. Environmental Protection Agency, Office of Emer-
gency and Remedial Response, EPA/540/1–89/002

United States Environmental Protection Agency (USEPA). 
(2002). Health assessment document for diesel engine 
exhaust. U.S. Environmental Protection Agency, Office of 
Research and Development, National Center for Environ-
mental Assessment, EPA/600/8–90/057F

United States Environmental Protection Agency (USEPA). 
(2003). Diesel engine exhaust; CASRN N.A. U.S. Envi-
ronmental Protection Agency, Office of Research and 
Development, National Center for Environmental Assess-
ment, Integrated Risk Information System (IRIS), Chemi-
cal Assessment Summary.

United States Environmental Protection Agency (USEPA). 
(2009). Risk assessment guidance for superfund – volume 
1: human health evaluation manual – part f, supplemental 
guidance for inhalation risk assessment. U.S. Environmen-
tal Protection Agency, Office of Superfund Remediation 
and Technology, EPA-540-R-070–002.

United States Environmental Protection Agency (USEPA). 
(2017) Toxicological review of benzo[a]pyrene: executive 
summary [CASRN 50–32–8]. U.S. Environmental Protec-
tion Agency, Office of Research and Development, National 
Center for Environmental Assessment, Integrated Risk Infor-
mation System (IRIS),

United States Environmental Protection Agency (USEPA). (2020a, 
November). Regional screening levels (RSLs) – user’s guide. 
Retrieved December 21, 2021, from https:// www. epa. gov/ 
risk/ regio nal- scree ning- levels- rsls- users- guide

United States Environmental Protection Agency (USEPA). 
(2020b, November). Regional screening level (RSL) sum-
mary table (TR=1E-06, THQ=1.0). Retrieved December 
21, 2021, from https:// semsp ub. epa. gov/ src/ docum ent/ 
HQ/ 401647

Verma, D. K., Shaw, L., Julian, J., Smolynec, K., Wood, C., & 
Shaw, D. (1999). A comparison of sampling and analyti-
cal methods for assessing occupational exposure to diesel 
exhaust in a railroad work environment. Applied Occu-
pational and Environmental Hygiene, 14(10), 701–714. 
https:// doi. org/ 10. 1080/ 10473 22993 02332

Verma, D. K., Finkelstein, M. M., Kurtz, L., Smolynec, K., & 
Eyre, S. (2003). Diesel exhaust exposure in the Canadian 
railroad work environment. Applied Occupational and 
Environmental Hygiene, 18(1), 25–34. https:// doi. org/ 10. 
1080/ 10473 22030 1386

Vermeulen, R., Silverman, D. T., Garshick, E., Vlaanderen, J., 
Portengen, L., & Steenland, K. (2014). Exposure-response 
estimates for diesel engine exhaust and lung cancer mor-
tality based on data from three occupational cohorts. 
Environmental Health Perspectives, 122(2), 172–177. 
https:// doi. org/ 10. 1289/ ehp. 13068 80

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Water Air Soil Pollut (2022) 233: 171 171   Page 12 of 12

https://oehha.ca.gov/air/health-effects-diesel-exhaust
https://oehha.ca.gov/air/health-effects-diesel-exhaust
https://doi.org/10.1038/jes.2009.21
https://doi.org/10.1038/jes.2009.21
https://doi.org/10.1002/ajim.10138
https://doi.org/10.1002/ajim.10138
https://doi.org/10.1038/s12276-020-0403-3
https://doi.org/10.1080/15428110308984863
https://doi.org/10.1080/15428110308984863
https://doi.org/10.1093/ije/dyaa107
https://doi.org/10.1016/0048-9697(95)04453-8
https://doi.org/10.1016/0048-9697(95)04453-8
https://www.epa.gov/risk/regional-screening-levels-rsls-users-guide
https://www.epa.gov/risk/regional-screening-levels-rsls-users-guide
https://semspub.epa.gov/src/document/HQ/401647
https://semspub.epa.gov/src/document/HQ/401647
https://doi.org/10.1080/104732299302332
https://doi.org/10.1080/10473220301386
https://doi.org/10.1080/10473220301386
https://doi.org/10.1289/ehp.1306880

	Cancer Risk and Diesel Exhaust Exposure Among Railroad Workers
	Abstract 
	1 Introduction
	2 Methods
	3 Results
	4 Discussion
	5 Conclusion
	References




