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Abstract

Background: We analyze the scientific basis and methodology used by the German MAK Commission in their
recommendations for exposure limits and carcinogen classification of “granular biopersistent particles without
known specific toxicity” (GBS). These recommendations are under review at the European Union level. We examine
the scientific assumptions in an attempt to reproduce the results. MAK’s human equivalent concentrations (HECs)
are based on a particle mass and on a volumetric model in which results from rat inhalation studies are translated
to derive occupational exposure limits (OELs) and a carcinogen classification.

Methods: We followed the methods as proposed by the MAK Commission and Pauluhn 2011. We also examined
key assumptions in the metrics, such as surface area of the human lung, deposition fractions of inhaled dusts,
human clearance rates; and risk of lung cancer among workers, presumed to have some potential for lung
overload, the physiological condition in rats associated with an increase in lung cancer risk.

Results: The MAK recommendations on exposure limits for GBS have numerous incorrect assumptions that adversely
affect the final results. The procedures to derive the respirable occupational exposure limit (OEL) could not be
reproduced, a finding raising considerable scientific uncertainty about the reliability of the recommendations.
Moreover, the scientific basis of using the rat model is confounded by the fact that rats and humans show different
cellular responses to inhaled particles as demonstrated by bronchoalveolar lavage (BAL) studies in both species.
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Conclusion: Classifying all GBS as carcinogenic to humans based on rat inhalation studies in which lung overload
leads to chronic inflammation and cancer is inappropriate. Studies of workers, who have been exposed to relevant
levels of dust, have not indicated an increase in lung cancer risk. Using the methods proposed by the MAK, we were
unable to reproduce the OEL for GBS recommended by the Commission, but identified substantial errors in the
models. Considerable shortcomings in the use of lung surface area, clearance rates, deposition fractions; as well as
using the mass and volumetric metrics as opposed to the particle surface area metric limit the scientific reliability of
the proposed GBS OEL and carcinogen classification.

Keywords: MAK, GBS, Granular biopersistent dusts, Poorly soluble dusts, OEL, Translational toxicology, Rat overload,
Inflammation, Lung cancer
Introduction
The term “translational toxicology” refers to the general
approach of applying toxicological findings to human
settings [1,2]. Here we use the term to describe the ap-
proach of using animal toxicology studies to conduct
risk assessment and hazard classifications and to derive
Occupational Exposure Limits (OELs). The latter is a
quantitative application of animal data which goes be-
yond a qualitative translation in hazard assessment. Typ-
ically, No Observed Adverse Effect Concentrations
(NOAECs) are determined in animal studies, and then
adjusted by appropriate dosimetric and/or allometric
modeling to perform a quantitative translation into Hu-
man Equivalent Concentrations (HECs). These exercises
sometimes apply various conservative assumptions that
in turn may result in very low “HECs” which are “delib-
erately” biased downward and are no longer equivalent
e.g., [3]. While translational toxicology approaches have
been around for many years [4-6], it is common to con-
sider all available data including human epidemiology data
when determining hazard classifications and OELs for po-
tentially hazardous materials. In fact, if a robust epidemio-
logical data set is available, then these results are typically
given more weight in hazard classification and OEL devel-
opment than animal toxicology studies [7].
In this paper, we analyze the scientific basis of a trans-

lational toxicology approach used by the German MAK
Commission in their recommendations for exposure
limits and carcinogen classification of “granular bioper-
sistent particles without known specific toxicity” (GBS).
Occupational exposure to inorganic dusts at concentra-
tions less than current occupational exposure limits
(OELs) can increase the risk of pulmonary disorders [8].
Particles once considered nuisance dusts and later “par-
ticles not otherwise classified” (PNOC) can cause and
aggravate a number of pulmonary disorders, including
chronic obstructive pulmonary disease (COPD) and
asthma. A recent report noted that current OELs for
these types of dusts, long considered inert, have been in
place for over 30 years and are not fully protective
against potential pulmonary damage [9]. The authors
concluded that current exposure limits for these types of
dusts need to be lowered. They recommended that on
an interim basis “safety and health professionals should
consider 1 mg/m3 of respirable dust as a more appropri-
ate guideline than the value of 4 mg/m3 currently used
in Britain” [9]. We note that this publication has been
addressed by a Letter to the Editor [10].
Subsequently, the German MAK Commission issued

an OEL recommendation for respirable GBS of 0.3 mg/
m3 given a substance density of 1 g/cm3 [11]a. “The
threshold value does not apply for soluble particles, espe-
cially not for salts from rock salt and potash deposits, or
for ultrafine (see Section Vh) or dispersed coarse particle
fractions” ([12], p. 197). To derive this proposed OEL,
translational toxicology models, based on rodent data
were applied and a number of conclusions were drawn
related to the establishment of OELs and cancer classifi-
cation for GBS including those currently regulated and
those unregulated:

1) GBS cause lung cancer in rats due to chronic
inflammation as a result of dust overload in the
alveolar region of the lung.

2) If clearance mechanisms are not overwhelmed
and, thus, inflammation is prevented, lung cancer
risk will not be increased. Since excess lung cancers
in the rat are only observed in conditions of lung
overload, a threshold exists for adverse effects from
exposure to these types of dusts. Thus, a NOAEC
(no-observed adverse-effect concentration) exists;
that is, a maximum concentration greater than 0,
below which no adverse effects of GBS can be
expected, including cancer.

3) The lung overload effect observed in rat
inhalation studies is relevant for human risk
assessment. Thus, a HEC (human equivalent
concentration) exists that relates to the NOAEC,
the maximum concentration that avoids lung
overload in rats.
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4) All GBS are carcinogenic to humans with a
threshold effect (Carcinogen Category 4).
We emphasize that this cancer classification depends
on the reliability of the translational toxicology models
applied by the MAK Commission and discussed below
in detail. The MAK commission stated: “… the data ob-
tained in test animals on the potential carcinogenicity of
particles can be applied to humans if species-specific con-
ditions (anatomy and histology of the respiratory tract)
are taken into account” ([11], p. 19). (see the MAK Com-
mittee’s manifesto on the carcinogenicity classification
([11], p. 63.)
The MAK recommendations are being considered by

the Scientific Committee on Exposure Limits (SCOEL),
an advisory group to the European Commission, which
is now evaluating the potential use of these recommen-
dations for European Member States [13]. In the light of
the potential regulatory and policy implications of the
MAK guidelines, we examined the scientific studies and
assumptions that were used as the basis of the proposed
exposure limit. Two fundamental approaches were
chosen [11]: one based on retained particle mass per al-
veolar surface area (Model A) and another based on
retained particle volume per macrophage pool volume
(Model B, [14]) in rat inhalation studies, investigating
the effect of dust exposure on inflammatory markers.
These approaches were used to estimate the HEC. As a
compromise between 0.15 mg/m3 and 0.25 mg/m3 (HEC
according to Model A) and 0.5 mg/m3 (HEC according
to Model B), an OEL was recommended for the respir-
able fraction of 0.3 mg/m3 for GBS with a particle dens-
ity of 1 g/cm3. This value replaced the previous general
dust limit for the respirable fraction of 1.5 mg/m3 [15].
Because the above considerations only apply to the res-
pirable fraction, the former general dust limit for the
inhalable fraction of 4 mg/m3 [15] remains valid.
The derived MAK OEL for respirable GBS is solely

based on the quantitative translation of rat overload ex-
periments into HECs without any consideration given to
human epidemiological studies. This new MAK ap-
proach is a substantial departure from principles that
have been used for many years in including results of
human studies, most notably epidemiological investiga-
tions. To rely so heavily on translational toxicology
models only, the new approach must be transparent,
consistent, and evidence-based.
The purpose of our analyses is to review the recom-

mendations for GBS by examining the scientific assump-
tions used by the MAK Commission. We have
attempted to reproduce the derivations and recalculate
the results by employing the translational toxicology
methods used for Model A and Model B [14].
Use of models as suggested by the MAK
commission
The German MAK Commission [11] proposed two pro-
cedures (Model A and Model B) to estimate a no-
observed adverse-effect concentration (NOAEC) for the
respirable dust fraction of GBS in rats and to translate
this value into a HEC. When we tried to apply the
Models A and B we discovered a number of numerical
problems. In the following Section we present, analyze
and discuss Model A ([11], p. 54–58).

Model A: The retained particle mass per alveolar
surface area model
Model A assumes one lung compartment (alveolar) and
a constant (species-specific) alveolar clearance rate
below the overload effect. The input into the alveolar
compartment is determined by the particle deposition
rate in the alveolar region [mg/day]. The output from
the alveolar compartment can be expressed as the par-
ticle burden in the alveolar region [mg] x alveolar clear-
ance rate [1/day]. Given steady state we have input =
output, i.e., deposition = steady-state burden x clearance
rate. It follows that:
Steady state particle mass burden in the alveolar re-

gion [mg] = particle mass deposition rate in the alveolar
region [mg/day]/alveolar clearance rate [1/day].
Particle mass deposition rate in the alveolar region

[mg/day] was defined as dust concentration in inhaled
air [mg/m3] x alveolar deposition fraction [%] x tidal vol-
ume [m3 per breath] x respiratory rate [breaths per day].
The alveolar deposition fraction was calculated for rats

and humans by applying the MPPD (multiple-path par-
ticle dosimetry) Version 2.0 program (see for informa-
tion on the MPPD: de Winter-Sorkina and Cassee [16]
and http://www.ara.com/products/mppd.htm). The con-
stant alveolar clearance half times are assumed to be
60 days for rats and 400 days for humans. Based on these
assumptions and other input data, the steady state particle
mass burden in the alveolar region is calculated for rats at
the maximum exposure concentration when they showed
no inflammation/overload according to Muhle et al. [17]
who studied the effect of toner particles and pigmentary
titanium dioxide (TiO2) particles: NOAECtoner: 1 mg/m3

respirable and NOAECTiO2: 5 mg/m3 respirable.
These amounts of retained dust masses are the “numer-

ator” of the metric in the particle-mass lung-surface
model. When converting from rats to humans, the ratio of
the “numerators” and the ratio of the alveolar lung sur-
faces are taken into account (ratio of “denominators”).
Model A is based on the metric “retained particle mass

per lung surface area”. The working assumption in
Model A is that the effect of the dust is species-
independent, when described on the scale of the
“retained particle mass per lung surface area” metric.

http://www.ara.com/products/mppd.htm


Table 1 Alveolar deposition fractions calculated with
MPPD, Version 2.0

Substance density/g/cm3 Alveolar deposition fraction / %

1 4.0

1.2 4.0

2 4.1

3 4.2

4 4.2

4.3 4.2

5 4.2

Results are shown for toner [17] with a true density of 1.2 g/cm3 and varied
densities from 1 g/cm3 up to 5 g/cm3 while keeping all other input data
constant. The range includes the density of TiO2, 4.3 g/cm3.

Morfeld et al. Particle and Fibre Toxicology  (2015) 12:3 Page 4 of 34
The MAK Commission [11] states: “that the sensitivity
of the two species, rats and humans does not differ at the
same dose/m2 lung surface area” ([11], p. 54). The foot-
note on page 56 of [11] clarifies that the numerator (i.e.,
the dose) is the retained particle mass and not particle
volume or particle surface area: “The inhaled particle
concentration and the deposited/retained particle dose
were determined as particle mass in the studies and were
also included in the calculation as particle mass”. This
concept that a given mass of a substance acting on a
unit area of lung tissue generates the same qualitative
and quantitative effect in the lung across species is de-
scribed as one possible application in Oller and Oberdörster
[18], Figure One: retained accumulated doses in μg/cm2 yield
similar health effects in rats and humans (although not ap-
plied in this example to GBS but to soluble materials). The
metric of Model A is mentioned additionally by a working
group of the U.S. EPA: “alveolar mass per alveolar surface
area” [19]. Based on this metric, the MAK Commission [11]
used the rat experiment data of Muhle et al. [17] to derive
HECs for toner and TiO2 by translational toxicology.
Model A leads to HECs of 0.133 mg/m3 (toner) and

1.02 mg/m3 (TiO2). Next, the MAK Commission applied
a density division and derived a generic HEC (respirable)
of about 0.15 mg/m3 to 0.25 mg/m3 for a substance
density of 1 g/cm3 (0.133/1.2 = 0.11; 1.02/4.3 = 0.24).
We note that the rat NOAECs were 1 mg/m3 (toner)

and 5 mg/m3 (TiO2). In light of the attained HEC values,
this means that humans are more sensitive to inflamma-
tion/overload than rats on the mg/m3- exposure scale
according to this calculation.
In the following, we present arguments and discuss

the shortcomings of the Model A. In particular, we high-
light the followingb:

� The post-hoc density adjustment of the derived
HEC values is inconsistent and not justified,

� The lung surface area values used in the calculations
are not evidence based,

� The alveolar clearance rate chosen for humans can
be disputed according to current research.

Model A: Inconsistent post-hoc density adjustment
Applying the “retained particle mass per lung surface
area” metric, the MAK Commission [11] derived HEC
values for toner and TiO2. After arriving at these values,
a post-hoc correction of the derived HECs was per-
formed by dividing the values with the respective dens-
ities of toner and TiO2. The Commission [11] states:
“The first derivation yields for toner a limit value of
0.133 mg/m3 (density 1.2) and for titanium dioxide a
value of 1.06 mg/m3 (density 4.3) or for a density of 1, a
value of 0.11 mg/m3 for toner and 0.25 mg/m3 for titan-
ium dioxide” (p. 63). We note that the units for the
densities are omitted (e.g., “density 4.3” should read “dens-
ity 4.3 g/cm3”). Thus, if the division is performed with
units, one gets: 1.06 mg/m3/4.3 g/cm3 = 0.00000000025
(=2.5 × 10−10). Note that the units cancel out and the re-
sult has no units. Given that the final result of the deriv-
ation process should represent a concentration (HEC), it
must be expressed with units, namely “mg/m3”. This is
not the case with Model A, if values are computed cor-
rectly. In addition, we note that the correct value is 9 or-
ders of magnitude lower than the MAK-derived value of
0.25 mg/m3 as given in [11].
In the following, we will show that the assumptions

and equations of Model A imply that a density depend-
ency of the NOAEC is logically ruled out. Thus, the
post-hoc performed division of the HEC by the sub-
stance density contradicts the core principles of Model
A. We explain this substantial problem in detail below.
The MAK Commission [11] calculated the alveolar de-

position fraction of particles with the multiple-path par-
ticle dosimetry (MPPD) program, Version 2.0 (see for
information on the MPPD: de Winter-Sorkina and Cassee
[16] and http://www.ara.com/products/mppd.htm). Using
the same version of the MPPD program as used in [11],
we simulated a run where particle distribution and con-
centration are kept constant while substance densities
are varied. The results shown in Table 1 demonstrate
that the alveolar deposition fraction does not largely
depend on the substance density if the same particle
distribution and the same concentration are applied in
two experiments with substances of different densities.
We note that there is some marginal dependence, but
this is in the opposite direction: substances with higher
density have a somewhat larger deposition fraction,
and not a smaller deposition fraction as would be
needed to justify the density division performed in
[11]. Conservatively, we assume in the following that
the alveolar deposition fraction is independent of the
substance density.

http://www.ara.com/products/mppd.htm
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Next, we analyze the MAK Commission’s assumption
on elimination (alveolar clearance). The basic equation
(1) on page 54 in [11]

steady state lung load ¼ mean deposition rate=clearance

ð1Þ

describes a one-compartment model with a constant
clearance rate. A constant alveolar clearance rate means
that per time unit, identical percentages of the deposited
particles (number, mass, volume) will be eliminated from
the alveolar region (we note that this means that equa-
tion (1) rules out an elimination of identical masses per
time unit). This interpretation is in agreement with the
term “elimination half time” used in [11]: see equation
(4) on page 55. According to the findings described in
Bellmann et al. [20], Muhle et al. [17] and Pauluhn [14],
MAK applied identical elimination half times in rats of
60 days for toner and TiO2 despite the different densities
of both substances (see for toner equation (5) on page
55 and the calculation for TiO2 on page 57 in [11]). The
implication is that, besides the particle deposition frac-
tion, particle clearance is also independent of “density”.
Given that identical masses are deposited (as we have

shown in Table 1) and that the elimination half time of
alveolar clearance does not vary with substance density
as inferred in the use of an identical elimination half
time in rats of 60 days for toner and TiO2 by the MAK
Commission, equation (1) implies that identical masses
will be retained for toner and TiO2. The effect metric of
Model A is “retained particle mass per alveolar surface
area“, meaning that equal masses of two different sub-
stances independent of their densities, acting per unit
area of lung tissue should trigger the same effect. It thus
follows that the HEC must be density independent. In
conclusion, the post-hoc density correction of the HEC
contradicts the basic assumptions of Model A.
The MAK Commission justifies the density correction in

[11] as follows “even though the dose deposited per m2 lung
surface area is calculated in procedure A, macrophage-
elicited alveolar particle clearance has to be considered in
the chronically retained particle dose; the particle density/
particle volume is also relevant for this particle clearance in
procedure A. Therefore, the particle density has to be taken
into account in procedure A” ([11], p.53). This rationale,
however, implies that the effect metric has been changed
and that the retained mass per surface area is no longer the
only and most critical measure. Again, this conflicts with
basic assumptions of Model A to translate the rat study
findings to humans by a comparison of lung surface areas.
Moreover, following the logic for density correction pro-
vided above, one should expect varying elimination half
times for TiO2 and toner assuming a difference in the dens-
ity dependent alveolar clearance rates between TiO2 and
toner by a factor of 3.6 (because the ratio of the densities is
4.3/1.2 = 3.6). Experimental findings however report to the
contrary [14,17,20].
Based on the arguments provided above, we conclude

that the performed post-hoc density correction is unjus-
tified and should be eliminated to achieve a consistent
Model A.

Model A: Lung surface area values used by MAK are not
derived using contemporary recognised standard
procedures endorsed by the American Thoracic Society and
the European Respiratory Society
Model A assumes that “the sensitivity of the two species
rats and humans does not differ at the same dose/m2

lung surface area” ([11], p. 54]). Thus, to translate find-
ings from rat studies into HECs, the lung surface areas
of both species have to be taken into account. MAK
used “an alveolar surface area of 57.22 m2 for humans
and 0.297 m2 for rats” ([11], p. 54). This leads to a sur-
face area ratio (i.e. translation factor) of 57.22/0.297 =
193. These alveolar surface area values are taken from
Table Five in Brown et al. [5]. The numbers were also re-
ported in US EPA [21] but no longer in the updated
document [22]. Unfortunately, the values presented in
Brown et al. [5] cannot be reproduced because the basic
data and the calculations are not given. Brown et al. [5]
referenced Yeh et al. [23] who reported on one Long-
Evans rat (not Fischer rats) and the authors referenced
Yeh and Schum [24] who studied one man. First, we
note that when studying the effects of toner and TiO2,

Muhle et al. [17] used Fischer rats (F344) in their re-
search and this paper formed the basis of the MAK
Commission’s HEC derivation in Model A. However, “for
interspecies dosimetric adjustments when translating ani-
mal toxicological study results obtained in rats to judge
the potential for effects to be seen in humans, dosimetry
calculations should be done using strain specific lung
geometries” [25]. Second, the method applied by Yeh
et al. [23] and Yeh and Schum [24] (silicone rubber cast
with added mathematical extrapolations) does not fulfil
the conditions of the reference procedure defined jointly
by the American Thoracic Society and the European Re-
spiratory Society of how to measure lung surface areas
[26]. The standard method, however, was applied in
Gehr et al. [27] (on 8 humans) and in Stone et al. [28]
(on 4 Fischer rats, i.e., the rat strain of interest). Accord-
ing to these standard procedure measurements, the best
alveolar surface area estimates are 143 m2 (human) and
0.41 m2 (F344 rat), leading to a ratio of 349 = 143/0.41.
We note that Stone et al. [28] reported on human sur-
face areas also, but the measurements were based on
surgically resected lung lobes (not an in situ instillation).
Thus, an underestimation of the true surface areas is
probable because of a post-mortem atelectasis and the
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best human data available are published in Gehr et al.
[27]. An overview is given in Table 2.
The lung surface area data of Gehr et al. [27] are pub-

lished in an often cited text book on comparative biology
[29]. EU institutions recognise and refer to these values
in their documents: “over the huge alveolar surface area
of 150 m2, the deposited particles are separated from the
capillary blood by a tissue barrier” ([30], p. 24). This
value is also recognised by the International Commission
on Radiological Protection (Human Respiratory Tract
Model, [31]). MAK based the Model A calculations on
the MPPD 2.0 deposition model. It is important to note
that even the authors of the MPPD program used the
lung surface area data of Gehr et al. [27] in their applica-
tions [16]. Thus, the results of Gehr et al. [27], obtained
with standard procedures [26], are widely recognised
and used as the reference for the human lung surface
area. The MAK Commission dismissed the value from
Gehr et al. [27] arguing that: “the author himself points
out that the true values may range between 70 and
100 m2” ([11], p. 55). Apparently, the MAK Commission
appears to have misinterpreted the work of Gehr et al.
[27], who stated on page 136: “we have shown on rat
lungs that the ‘true’ alveolar surface available for gas ex-
change must be 25-50% smaller than the epithelial sur-
face, depending on the level of air space inflation.… If
this is taken into consideration the ‘true’ alveolar surface
of the human lungs included in this study is reduced to
70–100 m2”.
It is clear that Gehr and colleagues [27] discussed the

surface available for gas exchange and not the epithelial
surface. We note that the latter is relevant as the de-
nominator in Model A’s metric. Furthermore, Gehr et al.
[27] discussed the variation of the alveolar surface area
in dependence on the air space inflation and Gehr’s ar-
gument relies on the assumption mentioned in [27] that
the ratio between human and rat lung surfaces do not
vary with air space inflation. Thus, the derived ratio of
349 remains valid irrespective of what degree of air
space inflation is assumed to define ‘true’ values.
In summary, by using rat and human lung surface area

data determined by internationally recognised methods,
we have derived a translation factor of 349 which is
about 1.8 fold higher than the MAK derived value of 193
[27,28]. We thus conclude that the MAK Commission
[11] did not use the data best available on alveolar surface
areas to derive the translation factor from Fischer rats to
humans.

Model A: The alveolar clearance rate chosen for humans
can be disputed according to current research
The applied value for the human alveolar clearance half
time of 400 days is too large in comparison to current
estimates of 255 days [32]. Current estimates were based
on a two-compartment model that distinguishes the
bronchiolar and interstitial region as target compart-
ments of the alveolar region. The model was originally
developed by Kuempel et al. [33] to predict lung and
lymph node particle retention in US coal miners.
Gregoratto et al. [32] adapted this model to amend the
Human Respiratory Tract Model of the International
Commission on Radiation Protection (ICRP) [31] and
the authors validated this model with new human data
from three studies of people exposed to radioactive aero-
sols, e.g. teflon particle and cobalt exposure. The model
structure was recently adopted by the ICRP to describe
the long-term particle clearance and retention of parti-
cles in the alveolar-interstitial region of the human re-
spiratory tract [34]. The applied value of 400 days
ignores a clearing of the particles from the human alveo-
lar region into the interstitium, a critique also made by
ECETOC ([34], Section 2.3, p. 17). Importantly, the
comparative anatomical/histological study of Nikula and
coworkers [35] on lungs of rat and human loaded with
particulate matter corroborates the fundamental differ-
ences of clearance dynamics between both species (see
also the Section on species-specific responses below).
In addition, a value of about 250 days follows from the

general allometric scaling procedure proposed by West
et al. [36]. We applied this independent approach based
on allometric scaling to estimate the ratio of rat and hu-
man alveolar clearance rates (and half times). For ex-
trapolation of the rat alveolar clearance rate krat to a
human alveolar clearance rate khuman, an allometric scal-
ing according to West et al. [36] should yield

khuman ¼ krat
� bodyweightrat=bodyweighthumanð Þ1=4:

Given a clearance half time of 60 days and a body-
weight of 250 g for the rat we derive as an estimate for
the human alveolar clearance half time, assuming a
weight of 70 kg: 60 days/[(0.25 kg/70 kg)(1/4)] = 245 days
(we note that we discuss half times which are indirectly
proportional to rates: half time = ln(2) / rate). This calcu-
lation, according to West et al. [36], supports the value
of 255 days proposed by Gregoratto and colleagues [32].
If a larger bodyweight of 330 g is chosen for the rat, the
estimated human half time will be 230 days.

Model A: Outcome on the HEC estimates
Assumptions made in a derivation process clearly affect
the resulting value of any derived OEL. In this subsec-
tion, we want to demonstrate the range of values that
can occur and how different these values are from the
MAK-derived values when internationally standardized
data for pulmonary clearance and lung surface area are
used.



Table 2 Alveolar surface areas in rats and humans (the toxicological study [17] applied in model A used Fischer rats F344)

Species/strain N Method and comments Lung function
status*

Alveolar surface area:
absolute values

Alveolar surface
area: ratio human/rat

Yeh [23] Rat (Long Evans,
330 g)

1 silicone rubber cast (does
not entail the alveolar region)

TLC 0.5725 m2 (mentioned
as calculated value
on p. 487, no value given
in Table Two)

- -

Yeh & Schum [24] Human (60 years, ♂) 1 silicone rubber cast (does
not entail the alveolar region)

TLC No value given (neither
in the text nor in Table Two)

- -

US EPA [21]
Brown et al. [5]

Rat (authors reference
Yeh et al. [23], scaled
to FRC) human (authors
reference Yeh and Schum
[24], scaled to FRC)

1 silicone rubber cast (does not
entail the alveolar region)
derivation of values in Brown
et al. [5] cannot be
reproduced from Yeh et al.
[23] and Yeh and Schum
[24] because of missing data
and an unknown algorithm

FRC 0.2972 m2 193 (57.22/ 0.2972)

1 FRC 57.22 m2

Gehr et al. [27] Human (19 – 40 J) 8 in situ instillation with
glutaraldehyde solution,
evaluation by electron
microscopy (evaluation
according to the reference
method, Hsia et al. [26])

TLC 143 m2 ± 12 349 (143 acc. to Gehr/0.41
acc. to Stone) (identical
methods and F344 rats)

Stone et al. [28] Rat (F344, 290 g) 4 in situ instillation with
glutaraldehyde solution,
evaluation by electron
microscopy (evaluation
according to the reference
method, Hsia et al. [26])

TLC 0,41 m2 ± 0,04 249 (102,2/ 0,4)

0.4 m2 ± 0,03Rat (SD, 363 g) 8

Human (nonsmoker) 4 (3♀, 1♂) surgically resected lung
lobes (no in situ instillation,
underestimation probable
because of post-mortal
atalectasis)

102.2 m2 ± 20,5

*TLC: total lung capacity, FRC: functional residual capacity.
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As described in the Section on lung surface area values
above the ratio of the alveolar surface areas according to
Gehr et al. [27] and Stone et al. [28] is 349. The Com-
mission [11] applied a ratio of 193, which leads to a cor-
rection factor of 1.81 = 349/193. The alveolar clearance
half time according to Gregoratto et al. [32] is 255 days.
MAK [11] applied 400 days. This leads to a second cor-
rection factor of 1.57 = 400/255.
Using the correction factors for clearance rate and

lung surface area, the following estimates for HEC de-
rived with Model A are obtained:

HECtoner ¼ 0:134� 1:81� 1:57 mg=m3

¼ 0:38 mg=m3

HECTiO2 ¼ 1:07� 1:81� 1:57mg=m3 ¼ 3:04 mg=m3

These estimates should also apply for a substance
density of 1 g/cm3 because the HEC is independent of
density according to the fundamental assumptions of
Model A. The large range of the HEC estimates seen
above shows that Model A is not appropriate for deriv-
ing a generic OEL for all GBS.

Model B: The retained particle volume per macrophage
pool volume model
MAK’s Model B is another approach proposed to estimate
a no-observed adverse-effect concentration (NOAEC) for
the respirable dust fraction of GBS in rats and to translate
the estimated NOAEC into a HEC. Model B is based on
the publication of Pauluhn [14]. The specific metric of
Model B - different from Model A’s metric - is assumed to
be species-independent: the retained particle volume per
alveolar macrophage pool volume [14].
Like Model A the retained particle volume per alveolar

macrophage pool volume [14] model assumes one lung
compartment and a constant (species-specific) alveolar
clearance rate below the overload threshold. Because
Model B focuses on the volume of the particles the units
change from mg to μl (compare the Section on Model
A): steady state particle volume burden in the alveolar
region [μl] = particle volume deposition rate in the alveo-
lar region [μl/day]/alveolar clearance rate [1/day].
The particle volume deposition rate in the alveolar re-

gion [μl/day] is calculated as dust concentration in in-
haled air [mg/m3]/density [g/cm3] x alveolar deposition
fraction [%] x tidal volume [m3 per breath] x respiratory
rate [breaths per day]. We note that in contrast to
Model A, the particle density is a necessary term in this
equation, and HECs derived by Model B will be density
dependent. We further note that the units are consist-
ent: μl x g/cm3 = 10−6 × 103 cm3 × g/cm3 = 10−3 g =mg.
It follows that a rat NOAEC in mg/m3 can be esti-
mated as:
{steady state particle volume burden in the alveolar re-

gion [μl] x density [g/cm3] x alveolar clearance rate [1/
day]}/{tidal volume [m3 per breath] x respiratory rate
[breaths per day] x alveolar deposition fraction [%]}.
This justifies the structure of the important Equation

(7) in [14], reproduced in [11] on page 59. Pauluhn [14]
derived a factor of 1 to translate the rat overload
NOAEC into a HEC (i.e., according to Model B rats and
humans are of the same sensitivity on the mg/m3-exposure
scale). Finally, Model B leads to

HEC mg=m3
� � ¼ 0:5 � particle density g=cm3

� �

Model B is used in two derivations: the first relies on a
Fortran program written by Prof. Dr. Jürgen Pauluhn,
the second derivation can be performed without apply-
ing this program. The second derivation was used by the
MAK Commission to derive an occupational limit value
for all GBS ([11], p. 58–62). This volumetric approach
has also been applied to biodegradable high molecular
weight organic polymers [37].
We highlight the followingc:

� The first derivation cannot be verified by
an external reviewer because of unavailable
information (i.e. the inaccessibility of the
Fortran program),

� The standardization to rat lung mass or to rat body
weight is varying and inconsistent,

� The deposition fractions applied cannot be
reproduced with the cited MPPD program
using the input parameters listed in [11],

� Assumptions used for the alveolar clearance rate for
humans are incorrect and not based on the best
available current research.

Below, we analyze the impact of these 4 points on the
estimated HEC.

Model B: Non-replicable method applied for the calculation
of the NOAEC in the first derivation
The first approach introduced in [14] describes the der-
ivation of a volumetric NOAEC. This derivation relies
on the Fortran program code with an unknown algo-
rithm: “A Fortran computer code was used for calcula-
tions” ([14], Section 2.7, p. 182). The Fortran program
was briefly described on page 142 in [38]. The code
seems to estimate the daily increment of particle dose
deposited in the alveoli using data from the multiple-
path particle dosimetry model (MPPD, http://www.ara.
com/products/mppd.htm) to calculate the fate of the de-
posited particles by applying elimination rate constants,

http://www.ara.com/products/mppd.htm
http://www.ara.com/products/mppd.htm
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and to superpose the resulting arrays to derive the
retained particle burden. Because the code incorporates
output data from the MPPD program, the derivation of
the NOAEC based on the Fortran program likely suffers
from the shortcomings detailed in Section on the depos-
ition fractions below.
We reconstructed in Table 3 the chain of arguments as

used in the first derivation and refer mainly to the 3rd para-
graph of the Section on lung overload on page 181 in [14].
The respiratory volume of rats was calculated as 6 h ×

60 min/h × 0.8 l/min/(day x kg-rat) = 288 l/(day × kg-
rat) = 0.29 m3/(day × kg-rat). This number refers to a
(theoretical) rat of 1 kg mass. Physiological dead space,
assumed as 1/3 of the total inhaled volume, was used to
estimate the alveolar ventilation volume of 0.19 m3/(day ×
kg-rat) on the basis of the respiratory volume: 2/3(0.29)
m3/(day × kg-rat) = 0.19 m3/(day × kg-rat). Next, a critical
particle volume in the rat’s alveolar space was calculated
by the Fortran program code as 0.069 μl/day [see Figure
Three in 14] (note that the caption to the figure confus-
ingly uses different units: 0.069 μl/m3 - micro liters per
cubic meter as opposed to micro liters per day). The de-
rived concentration in the rat’s alveolar volume of
(0.069 μl/day)/(0.19 m3/day) = 0.36 μl/m3 was then used to
calculate a corresponding respirable particle volume con-
centration in the inhaled air of 0.36 μl/m3 × 3/2 = 0.54 μl/
m3. This figure represents the volumetric NOAEC, i.e., the
maximum volume concentration that rats can inhale
without becoming overloaded. “The 2-year equivalent
is 0.069 μl PMresp/0.19 m3

alv or 0.36 μl PMresp/m
3
alv (see

Figure Three). In terms of inhalation chamber concen-
trations and exposure durations (adjustment from al-
veolar ventilation to normal ventilation) this means
that the above generic volumetric overload-threshold is
attained when using daily exposure concentrations at …
0.54 μl PMresp/m

3 for…chronic repeated inhalation ex-
posures” ([14], p. 181). Apparently, a factor of 3/2 was
applied to convert PMresp/m

3
alv to 0.54 μl PMresp/m

3.
This factor likely reflects a correction due to the de-
position of the dust in the head and tracheo-bronchial
region of the rat which was calculated using the MPPD
Version 2.0. Applying the input parameters listed in
the MAK document (including the “inhalabilty adjust-
ment”, see ([11], p. 52) we calculated a deposition frac-
tion in the head and tracheo-bronchial region of 25%.
This would lead to a correction factor of 1/(1–0.25) =
4/3. In Pauluhn [14], a factor of 3/2. was used; MPPD
2.0 returned a deposition fraction of 1/3 (33%) if we
choose the default option of the program and turned
the “inhalability adjustment” to off. This would lead to
an adaptation factor of 1/(1-1/3) = 3/2, which is identi-
cal to the value noted in Pauluhn [14].
We conclude that the calculations shown in Pauluhn

[14] were performed with the default option of the
program, without an application of an “inhalability ad-
justment”. Unfortunately, such important details are not
documented in the publication and the author has not
responded to our request for clarification (see Endnote 3).
The “inhalability adjustment” is a recommendation made
in the MAK document for calculating deposition fractions
in rats with the MPPD program ([11] p. 58). Oller and
Oberdörster [18] also made this recommendation.
We will analyze and discuss further problems encoun-

tered in replicating the deposition fractions applied in
Model B calculations in more detail below (see the
Section on the deposition fractions). We would like to
emphasize, however, that the calculated value of
0.069 μl/day is a pivotal input to the first derivation of
the NOAEC and relies solely on the unavailable Fortran
code. Thus, it is unclear, if and how this analysis can be
reproduced for verification.

Model B: The standardization by rat lung mass or rat body
weight is varying and inconsistent
In Pauluhn [14] a second approach to estimate a NOAEC
was suggested (see p. 181 and 182). Basic assumptions
include:

� The number of alveolar macrophages was given as
6 × 107/kg-rat and

� The volume of the alveolar macrophage of the rat as
1166 (μm)3 (see Table Two and the 3rd paragraph of
the Section on lung overload on page 181 in [14]).

This leads to a volume of the alveolar macrophage
pool of 6 × 107 × 11.66 x10−7 μl/kg-rat = 70 μl/kg-rat [1
(μm)3 = 10−18 m3 = 10−15 l = 10−9 μl].

� Morrow’s original overload volume threshold [39]
was set to 6% of the alveolar macrophage pool
volume: 6% × 70 μl/kg-rat = 4.2 μl/kg-rat.

� The mass of the lung of a 330 g rat is given as 1.5 g
in Table Five of Brown et al. [5], referring to
Takezawa et al. [40]. Accordingly, Pauluhn [14]
stated on p.181 “4.5 g lung weight per kg-rat”.

Thus, Morrow’s overload volume threshold can also be
expressed as 4.2 μl/4.5 g-rat lung = 0.93 μl/g-rat lung,
i.e., as a value of about 1 μl/g-rat lung.
To assess the corresponding overload concentration

threshold in the chamber air (NOAEC), this second ap-
proach took into account the alveolar deposition fraction
in rats calculated by MPPD and assuming an equilib-
rium (steady state) of deposition and clearance: see
Equations (6) and (7) on pages 181 and 182, respectively
in [14]. Equation (7) is of major importance because it
yields the NOAEC, called NO(A)EL (predicted) in [14].
This equation is reproduced in [11] on page 59:



Table 3 First volumetric approach to derive a NOAEC in rats (3rd paragraph of the section on lung overload on page 181 in Pauluhn [14]), all data are relative
to a rat mass of 1 kg

Ventilation volume
per day

Dead space
fraction

Alveolar ventilation
volume per day

Critical particle
alveolar volume
per day

Critical particle
volume concentration
in the alveolar space

Dust deposition fraction
in the head and in the
tracheo-bronchial region

Critical particle volume
concentration in the
inhaled air: NOAEC

0.29 m3 1/3 0.19 m3 0.069 μl 0.36 μl/m3 1/3 0.54 μl/m3

= = =

2(0.29)/3 m3 0.069 μl/0.19 m3 3(0.36)/2 μl/m3

Dead space correction Output Fortran program Setting the “inhalability
adjustment” off in MPPD 2.0*

Correction for the dust
deposition in head and
tracheo-bronchial region

*Input data to MPPD V2.0: MMAD = 1.8 μm, GSD = 2, density = 1 g/cm3; particle characteristics according to Pauluhn [14], all other MPPD input parameters as listed in the MAK document ([11], p. 57,58 and Appendix).
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NO Að ÞEL predictedð Þ ¼ 1 μ l
0:29 m3

x
ρ

f vi
x

100
PMresp

mg
m3

h i

Equation (7) starts with the fraction 1 μl/0.29 m3. We
note that 1 μl represents Morrow’s overload volume
threshold expressed as 1 μl per g-lung whereas 0.29 m3

means the respiratory volume of 0.29 m3 per kg-rat. Ob-
viously, units are confused and Morrow’s overload
threshold should also refer to a 1 kg rat and, thus,
should have been set to 4.2 μl per kg-rat in Equation (7).
This correction increases the estimated NOAEC by a
factor of 4.2.

Model B: Deposition fractions applied in Pauluhn [14]
cannot be reproduced with the MPPD program given MAK’s
input data [11]
Equation (7), p. 182 ends with the term 100/PMresp.,
which is the inverted alveolar deposition fraction be-
cause PMresp denotes the deposition fraction in %.This
notation is confusing: the author wrote in other places
“Fa = fractional deposition of PM in the alveolar region,
PMresp, as estimated by MPPD2 calculations” (p. 181/
182 and 186) so that Fa is the deposition fraction and
PMresp means the “pulmonary deposited dose ‘PMresp’…
estimated by MPPD2 calculation” (p.182). Nonetheless,
the alveolar deposition fraction is of importance in the
estimation of the NOAEC and this fraction was set to
7.5% ([14], p. 186). The MAK Commission [11] stated
that Pauluhn [14] and the MAK Commission deter-
mined the alveolar deposition fractions with the help of
MPPD Version 2.0. We applied this program version but
calculated a fraction of 6.3%. According to the current
MPPD Version 2.11 it is even lower, only 3.3%. To per-
form these calculations, we used input data taken from
[14] (mass median aerodynamic diameter: MMAD =
1.8 μm, geometric standard deviation: GSD = 2, particle
density = 1 g/cm3, p. 186) and the MPPD parameters as
published in Table Four of Oller and Oberdörster [18]
and, accordingly, in the MAK document [11]. Thus, it is
unclear why a value of 7.5% was reported in [14] (Equation
8) and ([11], p. 61). Even larger problems arose when we
tried to reproduce the alveolar deposition fraction in
humans of 16.4% as applied in [14] (Equation 8) and by
the MAK Commission ([11], p. 61): we arrived at a value
of 8.4% with MPPD Version 2.0 and 8.8% with the current
MPPD Version 2.11. Likewise, we could not replicate the
substance specific deposition fractions in Table One of
[14]. These problems also affect the adaptation factor
AFlung burden because it entails the ratio of the rat and hu-
man alveolar deposition fractions (see Equation (8) on
p. 186 in [14]). For a more complete discussion and a po-
tential explanation of the differences see the Section on
our sensitivity analysis below.
We emphasize that a revision of the deposition calcu-
lations in [14] and [11] is needed because the deposition
fractions were calculated with an MPPD version (i.e.
MPPD Version 2.0) that is outdated. Hence the calcula-
tions of the MAK Commission are not based on a state
of the art technique. We note that the outdated MPPD
Version 2.0 is no longer publicly accessible to enable an
independent reviewer to reproduce the results. Fortu-
nately, one of the co-authors of this review has a copy of
the outdated version which we used for our calculations.

Model B: The alveolar clearance rate chosen for humans is
incorrect and needs revision based on recent research
The applied value for the human alveolar clearance half
time of 400 days is too large in comparison to current
estimates of 255 days [32]. The value of 400 days ignores
a clearing of the particles from the human alveolar re-
gion into the interstitium, a critique also made by ECE-
TOC ([34], Section 2.3, p. 17). In addition, a value of
about 250 days follows from the general allometric scal-
ing procedure proposed by West et al. [36], (see the
Section on alveolar clearance rates in Model A above).

Model B: Sensitivity analysis: Deposition fractions and
NOAECs
We evaluated the impact of some of the issues identified
above and present the findings in Table 4. Only the sec-
ond derivation, based on Equation (7), ([14], p. 182), can
be analyzed because we could not obtain the Fortran
program to do a sensitivity analysis of the first NOAEC
derivation. We note that Equation (7) implicitly used an
alveolar clearance rate in rats of 0.01/day that is not in-
dicated. This is confusing because the equation should
show all variables that have to be taken into account to
evaluate Equation (7).
The first line of Table 4 repeats the calculations with

input values as noted in [14]. The calculated NOAEC,
the calculated adaptation factors and the overall finding
of an estimated HEC = 0.53 mg/m3 agree with the results
shown in [14]. One striking difference in all calculations,
however, is the lower alveolar deposition fraction in
humans: 16.4% in the first line but values between 8%
and 9% in all other scenarios. The reason for this discrep-
ancy is one different MPPD input parameter value: “Oro-
nasal-Normal Augmenter” is chosen to characterize the
breathing pattern in humans in all lines but the first where
we used “Oronasal-Mouth Breather”. We emphasize that
“Oronasal-Normal Augmenter” is a recommendation made
in the MAK document ([11], p. 58 and Appendix). Indeed,
for humans, the MAK Commission has published in other
applications alveolar deposition fractions that are similar to
our values (Table 4): 7.01% for toner dust and 8.72% for
TiO2 dust using the substance data as given in Muhle et al.
([11], p. 56, 57, 17). Furthermore, the recommendation



Table 4 Sensitivity of results in dependence on modified input data (MPPD input parameters, steady state particle volume, clearance half time in humans) and
different MPPD program versions: Estimated NOAEC in rats, calculated adaptation factors AFlung burden and AFclearance, and the derived human equivalent
concentration (HEC) according to the second Model B procedure described by Equation (7) on p.182 and Equations (8), (9), (10) on p. 186 in [14]

MPPD
Version

MPPD input parameters* Alveolar
deposition
fraction in
rats /%

Alveolar
deposition
fraction in
humans/%

Critical steady
state particle
volume burden/μL
per kg-rat

Alveolar
clearance
half time
in humans/
days

NOAEC/
mg/m3

AF lung burden/1 AF clear ance/1 HEC/mg/m3

2.0 IA switched off OMB 7.5 16.4 1 400 0.53 0.93 0.93 0.53

2.0 IA ONA 6.3 8.4 1 400 0.63 1.52 0.93 1.03

2.11 3.3 8.8 1 400 1.21 0.76 0.93 0.98

2.0 IA ONA 6.3 8.4 4.2 400 2.66 1.52 0.93 4.33

2.11 3.3 8.8 4.2 400 5.07 0.76 0.93 4.14

2.0 IA ONA 6.3 8.4 1 250 0.63 1.52 0.58 1.65

2.11 3.3 8.8 1 250 1.21 0.76 0.58 1.58

2.0 IA ONA 6.3 8.4 4.2 250 2.66 1.52 0.58 6.93

2.11 3.3 8.8 4.2 250 5.07 0.76 0.58 6.62

*IA, Inhalability Adjustment; OMB, Oronasal-Mouth Breather; ONA, Oronasal-Normal Augmenter; Other input data used invariantly and in accordance with [14] and [11]: reference body weights = 1 kg-rat, 70 kg-human;
ventilation rates = 0.29 m3/kg-rat and day, 10 m3/70 kg-human and day; macrophage pool volumes = 7x1010 μm3/kg-rat and 50x1010 μm3/kg-human; alveolar clearance half time in rats = 60 days; MMAD = 1.8 μm,
GSD = 2, density = 1 g/cm3 (particle characteristics); other MPPD input parameters as listed in the MAK document ([11], p. 57, 58 and Appendix).
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“Oronasal-Normal Augmenter” agrees with the tutorial
text of MPPD 2.11. The tutorial states: “Choose Oronasal-
Normal Augmenter so as to perform the calculation for oro-
nasal breathing for the normal case for which nasal breath-
ing occurs under minute volumes of 35.3 L/min, but
switches to combined nose and mouth breathing above this
value” (MPPD 2.11 Tutorial 2: Monodisperse for Human,
http://www.ara.com/products/mppd.htm). Oller and Ober-
dörster [18] have also made this recommendation. In con-
trast, in Pauluhn [14] the breathing pattern chosen was
“oronasally breathing humans” (p. 186). When we, how-
ever, interpreted this as the program option “Oronasal-
Mouth Breather”, MPPD 2.0 returned a deposition fraction
of 16.4% identical to that reported in [14]. We would like
to note that MPPD 2.11 gave a similar value of 15.7% when
choosing “Oronasal-Mouth Breather”, and that the human
deposition fractions are comparable when calculated with
MPPD Version 2.0 or 2.11. The MPPD Help function clari-
fies on Oronasal-Mouth Breathers: “Habitual Mouth
breathers are considered to breathe through the nose and
mouth simultaneously, even at rest”.
We conclude that Pauluhn [14] probably chose “Orona-

sal-Mouth Breather” to characterize the breathing pattern
in humans, instead of “Oronasal-Normal Augmenter”, the
recommendation of MAK and MPPD. Thus, the calcula-
tions in [14] seem to suffer from a divergent setting of
MPPD input parameters on breathing patterns in humans.
Furthermore, the MPPD 2.0 applications in Model B, as
performed by the MAK Commission [11], are inconsistent
and confusing.
Another noteworthy difference among the programs is

the lower (~50%) alveolar deposition fraction in rats of
3.3% calculated by the current program (MPPD 2.11) in
comparison to 6.3% (MPPD 2.0). This figure reflects true
differences between program versions because the find-
ings are based on identical input data. We can reproduce
the value of 7.5% published in Pauluhn [14] if we switch
off the “inhalability adjustment” in MPPD 2.0. The
MPPD tutorial explains: “Choose whether the program
should adjust for inhalability of the aerosol using logistic
functions suggested by Menache et al. [41] for small la-
boratory animals. For small particles, this inhalability is
unity. By default, adjustment for inhalability is turned
off.” (MPPD 2.11 Tutorial 1: Monodisperse for Rat,
http://www.ara.com/products/mppd.htm). We surmise
that the default option of the program was used in
Pauluhn [14] although use of the “inhalability correc-
tion” has been recommended by Oller and Oberdörster
[18] and it is listed by the MAK Commission as the op-
tion to choose ([11], p. 58). Again, input data and results
published by the MAK Commission in [11] are confus-
ing and the program version applied is outdated. The
entry “Check” for inhalability adjustment instead of
“Yes” or “No” on page 78 in [11] adds to this confusion.
Model B: Sensitivity analysis: Outcome on the HEC estimate
Table 4 presents the following conclusions on derived
human equivalent concentrations. A higher HEC of
1 mg/m3 is estimated if we apply the alveolar deposition
fractions based on the MMPD input parameters as listed
by the MAK Commission [11] and Oller and Oberdör-
ster [18] (calculated with MPPD Version 2.0 or MPPD
Version 2.11). We obtain a HEC estimate of about
1.5 mg/m3 when using the alveolar clearance half time
in humans of 250 days as suggested by Gregoratto et al.
[32]. If the overload threshold (critical steady state par-
ticle volume burden) is modified from 1 μl/kg-rat to
4.2 μl/kg-rat, all estimates are increased by an additional
factor of 4.2. Thus, according to our calculations, the es-
timated HECs range from 1 mg/m3 to 7 mg/m3. Even if
the alveolar clearance half time of 400 days is used, as
proposed in Pauluhn [14] and by the MAK [11], the best
HEC estimate is 4 mg/m3 for a substance with a density of
1 g/cm3, which is considerably higher than the 0.5 mg/m3

value derived in [14] and [11]. Because of these rather high
HEC values and the large variation of almost an order of
magnitude, the Model B approach appears to be of little
value in general respirable dust OEL assessments.

Commentary on the models
We discovered that the metrics of Models A and B are
of dubious validity because of conflicting data. To pro-
vide another perspective on translating animal results to
humans, we examine the plausibility of the metrics
chosen, key epidemiological studies among worker co-
horts exposed to GBS and human studies in which
(bronchoalveolar lavage, BAL) results are available. We
note that Model A’s focus on alveolar surface area can
be criticized as it relies on a mode of action that is pre-
dominantly related to acute effects whereas, the main
interest is in the chronic effects of GBS exposure medi-
ated by macrophages [42].

The particle mass and volume metrics in comparison to
the particle surface area metric
The justification for the particle volume based approach
used in MAK’s Model B given in Pauluhn [14] refers to
Pauluhn [38] where is it is stated that “the key metric of
dose is particle mass and not particle surface area” [38].
Pauluhn [38] studied ALOOH (aluminum oxyhydroxides =
boehmite with primary particle diameters of 10 nm or
40 nm) and Fe3O4 (pigment-grade iron oxide =magnetite)
in Wistar rats. We note that the retained particle mass is
used as the numerator in the effect metric of MAK's Model
A but not in Model B which is the model recommended in
Pauluhn [14].
The author demonstrated (Figures Six, Seven and

Eight in [38]) that markers for pulmonary effects in the
lungs (e.g., polymorphonuclear leukocytes (PMN) cell
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counts) correlated well with retained particle burdens
expressed as mass but poorly when the exposure was
expressed in terms of particle surface area. Although evi-
dence was provided for the particle mass metric, the au-
thor did not dismiss the importance of the particle
volume based metric. “However, due to the difficulty to
reliably estimate PM volumes from aggregated PMs with
different densities, polydisperse particle sizes, and void-
spaces of packed particles within macrophages, volumet-
ric estimates, although considered to be mechanistically
important … were not considered in this analysis” [38].
This issue is complicated further as the surface area using
the BET (Brunauer, Emmett, and Teller) methodology per
se [43] is not necessarily a unique characteristic of a
particle. For instance, the specific surface area (N2 used as
adsorbent) of AlOOH-40 nm, after drying and degassing
(100°C at 0.1 mbar for 16 h) was 46.3 m2/g while under
other conditions of measurement (550°C for 3 h) the BET
was reported to be 105 m2/g. In Pauluhn [38] the larger
value was applied for analyses. It would have been of inter-
est to see how sensitive the reported findings are to the
different BET measurement values. The validity of both
approaches, Model A’s particle mass metric and Model B’s
particle volume metric, appears in doubt based on a study
of Tran et al. [44]. Male Wistar rats were exposed to aero-
sols of TiO2 and BaSO4 each at two separate concentra-
tions: 25 and 50 mg/m3 for TiO2, and 37.5 and 75 mg/m3

for BaSO4. Duration of exposures were set to 209 days,
118 days, and 203 days and 119 days, respectively. The
mass burdens of TiO2 and of BaSO4 were determined in
lung and lymph-node tissue ([8], p. 1091–1093) and “lung
mass burdens were reexpressed in terms of total surface
area of deposited particles. The specific surface areas of the
two dusts were measured using Brunauer Emmett Teller
(BET) gas adsorption at Morgan Materials Technology
(Stourport-on-Severn, UK) from a sample of approximately
5 g of each dust” ([43], p. 116). Tran et al. [44] reported
that BaSO4 and TiO2 particles, of similar substance dens-
ity (BaSO4: 4.5 g/cm3, TiO2: 4.25 g/cm3), showed different
inflammatory responses across the retained particle mass
and retained particle volume scale but had similar re-
sponses on the retained particle surface area scale. The
authors concluded on p. 1117: “The results presented here
show that the total surface area of particles in the lung
may be the dominant measure when quantifying the tox-
icity of poorly soluble “nuisance” or PNOC [particulates
(insoluble) not otherwise classified] dusts. The strength of
the evidence lies in the consistency of the relationships be-
tween both PMN and lymph-node burdens, measured on
independent sets of rat lungs, and total surface-area bur-
den.” These relevant findings on the role of particle surface
area were not discussed in [14,38]. We further note that
Monteiller et al. [45] was cited in [38] as support of the
particle volume based approach–but this interpretation
diverges from the views of Monteiller et al. [45]. In their
discussion of low-solubility low-toxicity particles (LSLTP)
they wrote: “These in vitro data support the contention
that … surface area is the dose metric that relates best to
the inflammatory response for a range of LSLTP. This find-
ing accords with our previous in vivo studies, in which sur-
face area of LSLTP was found to be the factor driving the
inflammatory response in rats” ([45], p. 614]). This UK
working group came to the same conclusion in a review
on appropriate dose metrics for poorly soluble dusts [46].
Other authors concur with this finding [47,48].
Oberdörster et al. [49] presented strong evidence in

favor of the retained particle surface area concept and
evidence against the retained particle mass and retained
particle volume concepts by comparing nanostructured
and pigmentary TiO2 in a 12-week inhalation exposure
study in rats. The concentrations were 23.5 ± 2.9 mg/m3

for the nanostructured material and 22.3 ± 4.2 mg/m3

for the pigmentary TiO2. Upon aerosolization, both
TiO2 particle types formed agglomerates with mass me-
dian aerodynamic diameters of 0.71 μm (nanostructured)
and 0.78 μm (pigmentary) and with geometric standard
deviations of 1.9 and 1.7, respectively. Since the aero-
dynamic diameters of the aerosols were essentially the
same for the two particle types, the compartmental de-
position in the respiratory tract of the animals was ex-
pected to be very similar. The authors concluded on p.
177: “Neither average gravimetric nor average volumetric
burdens of both particle types correlate well with the ob-
served effect on AM clearance function. Expressing these
doses as the retained particle surface area in the macro-
phages shows that the effects on AM-mediated clearance
function of the two different particle types can be
expressed by a common dose–response curve”. Bermudez
et al. [50,51] confirmed these findings. Lison et al. [52]
concluded that, when conducting studies to elucidate
the effect of particles on the lung, it is important for insol-
uble particles such as manganese dioxide to consider the
administered dose in terms of surface area (e.g. m2/kg) ra-
ther than in gravimetric terms (e.g. mg/kg). ECETOC [34]
summarized arguments in favour of particle surface area as
the driving metric (Section 2.1.3, p. 10 and 11). Kuempel
et al. [53] judged that the appropriate metric to evaluate ef-
fects of poorly soluble, low-toxicity particles is surface area
dose of respirable particles. Cherrie et al. [9] suggested that
the ideal OEL would be based on surface area of dust per
unit volume of air inhaled “(e.g. cm2/m3)”. Saber et al. [54]
described in their Figure Five the appropriate effect metric
as a non-linear association between particle surface area
and neutrophil influx (PMNs) showing a NOAEC. John-
ston et al. [55] reviewed the particle attributes and bio-
logical mechanisms responsible for the observed toxicity
in vivo and in vitro studies of silver and gold particulates.
They concluded that differences in toxicology of smaller
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and larger particles are likely to be driven by differences in
particle surface area, when administered at an equal-mass
dose. Hext et al. [56] reviewed animal studies performed
with TiO2 and concluded that the observed responses were
consistent with the particle surface area of the lung burden.
Braakhuis et al. [57] reviewed and analyzed published data
on inhalation of nanoparticles to identify and evaluate
physicochemical characteristics of nanoparticles that affect
the development of pulmonary inflammation. Nanomater-
ials differ in their capacity to induce lung inflammation; no
unifying dose metric could be identified to describe pul-
monary inflammation for all nanomaterials. Surface
reactivity appeared to have the best correlation with pul-
monary inflammation. Simko et al. [58] proposed as dose
metric “the total deposited NP [nano particles] surface area
(SA), which has been shown frequently to determine toxico-
logical responses e.g. of lung tissue”. Further applications
and discussions arguing in favour of the retained particle
surface area concept are given in Duffin et al. [59] and
Donaldson et al. [60]. Maynard and Kuempel [61] per-
formed an overview and concluded from their Figure
Three that “despite the varying particle compositions, sizes
and morphologies, the aerosol surface area dose–response
relationship appears to be remarkably similar for poorly
soluble, low toxicity (PSLT) particles”.
In contrast to these researchers, the particle volume

approach is favoured in [42] as outlined in [14]. Al-
though the work of Tran et al. [44] is cited in these pub-
lications, the importance of their findings are not
discussed. The relevant study of Oberdörster et al. [49]
was not described in Pauluhn [42], which is unfortunate
because both studies [44,49] fulfill the conditions of in-
formative experimental studies adopted by the author.
We like to emphasize that Figure Eleven in [14] con-
firmed the problems Oberdörster et al. [49] had identi-
fied with the volume metric. All data points showing
results for non-nanostructured materials with lower par-
ticle surface area are below the curve in Figure Eleven,
and all data points for nanostructured materials with
higher surface area are above the curve (only exception:
Boehmite, ALOOH). Thus, there is no common re-
sponse curve of the alveolar clearance rate of low and
high surface area dusts across the volumetric dose as
shown before by Oberdörster et al. [49]. A recent review
[62] seemed to misinterpret the carbon black study by
Elder et al. [63] as some evidence in favor of the volu-
metric approach. We note that such a view contrasts
with the authors’ interpretation who stated in the ab-
stract that “the results from rats also show that particle
surface area is an important determinant of target tissue
dose and, therefore, effects”. In this sub-chronic rat study
with 13 weeks exposure time, the authors applied Prin-
tex 90, a high surface area carbon black, at 1 mg/m3,
7 mg/m3, and 50 mg/m3. In addition, they performed a
13 week rat experiment with Sterling V, a low surface
area carbon black, at 50 mg/m3. First, according to the
design of Elder et al. [63] a concentration of 7 mg/m3

Printex 90 should produce about the same surface area
concentration as 50 mg/m3 of Sterling V. The authors
found that Printex 90, 7 mg/m3 showed less relative and
absolute PMN cell numbers than Sterling V. Second, if a
particle mass based metric were correct we expect to see
similar results when applying Printex 90 and Sterling V
at the same concentration of 50 mg/m3. Given an identi-
cal density of Printex 90 and Sterling V we also expect
similar results based on the particle volume model. We
note that Printex 90 (50 mg/m3) showed more pro-
nounced reactions, in particular when comparing abso-
lute PMN cell numbers and when evaluating PMN
findings after the longest post-exposure recovery time
period of 11 months. Given these findings we agree with
Elder et al. [63] who stated that the effect of Sterling V
was often between the effects of Printex 90 (7 mg/m3)
and of Printex 90 (50 mg/m3). The authors speculated
that other surface properties of Sterling V may have
amplified the effect of this low surface area carbon black,
particularly they mentioned the higher PAH (polycyclic
aromatic hydrocarbon) content of Sterling V. According
to Table One in [64] the PAH contents are 8.8 mg/kg
(Sterling V) and 0.039 mg/kg (Printex 90). Elder et al.
[63] seemed to conclude that surface area plays an im-
portant role because Printex 90 (50 mg/m3) showed
more pronounced responses than Sterling V (50 mg/m3)
despite the 225 times higher PAH content of Sterling V.
We emphasize that the low-surface area carbon black
(Sterling V) was only applied in one single concentration
in this inhalation rat study and that this concentration
was very high (50 mg/m3). Thus, other mechanisms may
be at work at such a high dosage because “results of key
studies reported for chronic inhalation of PSP [poorly
soluble particles] in rats indicate that mechanisms of
PSP-induced lung tumors at high doses do not operate at
low dose levels” [65]. Consistent with these results, a
significant increase (P < 0.05) in 8-oxoGua (8-oxo-7,8-
dihydro-2′-deoxiguanosine) induction was observed fol-
lowing 13 weeks of exposure to 50 mg/m3 Printex 90
and at 7 and 50 mg/m3 after the 44-week recovery
period [66]. Interestingly, no increase in 8-oxoGua was ob-
served for Sterling V at either time point. Although the
retained mass dose of Sterling V at the end of exposure was
even higher than for Printex 90 (50 mg/m3) (approximately
7.6 vs 4.8 mg), the surface area of the retained Sterling V
was similar to that of the retained Printex 90 of the mid-
dose exposure (7 mg/m3) (approximately 0.2 m2 in both
groups). Sterling V (50 mg/m3) and Printex 90 (7 mg/m3)
did not induce significant increases in 8-oxoGua in the lung
at the end of the 13-week exposure. Gallagher et al. [66]
noted that “the lower effect per unit mass dose seen with
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Sterling V is consistent with earlier studies showing that
particle surface area of low toxicity particles is a more ap-
propriate dose metric for induction of inflammation in the
lungs”. We conclude that the observations in Elder et al.
[63] are no reliable evidence against the importance of the
surface area metric.
Finally, Tran et al. [67] developed an approach to esti-

mate the no-observed adverse-effect levels in rats taking
multiple lung compartments into account and using par-
ticle surface area as the relevant dose metric. They ap-
plied this approach to the data from Tran et al. [44].
This study derived a NOAEC of 3.5 mg/m3 for TiO2 and
7.5 mg/m3 for BaSO4, varying with different particle sur-
face areas of the substances. In contrast to these find-
ings, using a particle volume or particle mass based
approach would return almost identical NOAECs for
both substances.
As a side note, the corrected NOAEC estimate-based on

the particle volume metric - was calculated at 7 mg/m3 for
a substance density of 1 g/cm3 (see Table 4) which is in
the range of the findings in Tran et al. [67]. Tran et al.
[67] incorporated an additional “safety factor” of about 5
to address inter-animal variability (see Figure Seven in
[67]) that almost compensates for the higher density of
4.25 g/cm3 (TiO2) and 4.5 g/cm3 (BaSO4). This crude coin-
cidence in numbers should not be misinterpreted as a justi-
fication of the approach. Reliable translational toxicology
models are difficult to develop and are too often believed to
be reliable although having no validation [2,68].
The low toxicity of BaSO4 was also emphasized by Klein

et al. [49]. Landsiedel et al. [53] reported on an inhalation
study on rats exposed to 13 metal oxide nanomaterials
and micron-scale zinc oxide for five consecutive days with
14- or 21-day post-exposure observation with concentra-
tions ranging from 0.5 to 50 mg/m3. Bronchoalveolar lav-
age fluid (BALF) and histopathological sections of the
entire respiratory tract were examined. Nano-BaSO4 did
not induce any treatment-related effects up to an aero-
sol concentration of 50 mg/m3. These results are con-
sistent with a previous study investigating BaSO4

effects upon intratracheal instillation [54], where bolus
doses of 4.8 mg per rat lung did not affect any parame-
ters of the BALF.
In summary, based on our review, retained surface

area appears to be a reliable unifying denominator to as-
sess pulmonary toxicity due to exposure to GBS. The
most critical question to consider in using translational
toxicology with any particulate substance however, is de-
ciding on which of the many physico-chemical proper-
ties it may possess are most relevant (see Table Three in
[69]). Thus, the weight of evidence indicates that no one
metric can be applied to all GBS substances. In particu-
lar the findings with BaSO4, a GBS, challenge the basic
assumptions of MAK’s translational toxicology models.
A recent report from ECHA outlining the best practices
for human health and environmental risk characterization
of nanomaterials came to very similar conclusion (see
Section 3.2.1 in [70]). Thus, the approach of the MAK
Commission which dismisses the particle surface area
metric and does not test which metric is more appropriate
under various circumstances appears unconvincing [11].
A search for the most appropriate effect metric (single

or in combination) may be performed by multivariable
statistical procedures successfully used in meta analyses.
Unfortunately, these statistical tools are rarely used in
toxicology although they can help to overcome draw-
backs of elementary and univariable approaches applied
currently [71-75].

Epidemiology of GBS and related dusts
Coalmine dust: No lung overload and no lung cancer excess
risk in workers
In an attempt to provide a perspective on risks of lung
cancer under conditions of “lung overload”, we chose to
review mortality studies of coal worker and other dust-
related industry cohorts. Exposure to coal mine dust
particulates in miners has long been recognized as one
distinct occupation with significant potential for expos-
ure to dusts, especially in past decades. It can be in-
structive to address the results of these studies in
considering the potential human significance of high
dose rat inhalation studies. Particle overload is typified
by an impairment in alveolar particle clearance ([34],
p. 1 and 4).
Intensive investigations in the US and in the UK

showed that coalminers did not develop overload - even
under high exposure conditions [33,76]. Kuempel et al.
[33] studied pathologic data of 131 US coal miners
(mean age at death: 67 years, average cumulative dust
exposure: 107 mg-year/m3, 36 years of exposure, mean
coal mine dust concentration: 3 mg/m3). The mean lung
dust burden was 13.8 g (sd = 8 g) while the mean lymph
dust burden, among the subset for which lymph data
were available, was 1.6 g (sd = 1.6 g).
Tran and Buchanan [76] analyzed the pathological

data of 423 UK miners: mean age at death: 67 years,
average cumulative dust exposure: 256 gh/m3 = 145 mg-
year/m3 (assuming 220 working days per year with a
shift length of 8 h). The mean lung dust burden was
14.4 g (sd = 11.7 g) while the mean lymph dust burden,
among the subset for which lymph data were available,
was 2.3 g (sd = 1.0 g).
Kuempel et al. [33] referred to a dosimetric model devel-

oped in 1997 (PhD thesis of Eileen Kuempel) and found
that a three-compartment model with no clearance break-
down fitted the lung burden best when analyzing the aut-
opsy data of the US coalminers. Tran and Buchanan [76]
tested this hypothesis in their independent and larger set
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of 423 UK miners and produced the same result. A best fit
was achieved when the alveolar clearance rate was set in-
variant, i.e., the two independent studies present convin-
cing evidence that even under the historically-high dust
exposure scenarios of coalminers, no lung overload oc-
curred in humans [33,76]. This result and the related
Gregoratto model [32] were confirmed once more in a
more recent study using both data sets in a Bayesian ana-
lysis via Markov Chain Monte Carlo simulations [77].
Coalminers do not suffer from elevated lung cancer

risks [78,79]. In the most recent study on US coalminers
[80] the lung cancer standardized mortality ratio (SMR)
was only slightly elevated (SMR = 1.08, 95% CI: 1.00-
1.18). This excess is unexceptionable because of the
higher proportion of smokers at the start of the study in
1969/1970 (current smokers: 54%, Supplement Table
Four in comparison to the US male population in 1970
(current smokers: 44.1%). Internal analyses showed an
association of lung cancer mortality with coalmine dust
exposure but only during the last follow-up interval
from 2000 to 2007. All follow-up periods until 2000
showed no association between coal mine dust exposure
and lung cancer [80,81]. The study relies on smoking in-
formation collected only at the start of follow-up. The
models are unable to adjust for smoking habits after
leaving work. Note that current smokers smoked less
when working as a coalminer than current smokers in
the US male population (prevalence of smoking more
than 25 cigarettes per day: 12.4% among US coalminers
vs. 28.0% in the US male population). This difference is
probably caused by prohibition of smoking when work-
ing underground. It is plausible that smoking coalminers
have increased their intensity of smoking after cessation
of work underground and that this may have caused an
increase in lung cancer mortality during the last follow-
up period when most coalminers of the cohort have
already stopped working underground (see the discus-
sion of this issue in [82]). The US study [80] has an in-
complete assessment of jobs held; no start and end date
of jobs/tasks held before 1969/1971; no information on
jobs/tasks held after start of follow-up in 1979/1971 and
no end date of working as a coalminer for 16% of cohort
members. Thus, only a crude assessment of exposure to
coalmine dust up to the start of follow-up was possible:
no time-dependent exposure analysis or lagging or lug-
ging of exposures could be done. Crystalline silica
concentration data suffered from additional limitations
because measurements were available only after 1982
but had to be allocated to the jobs held before 1969/
1971. Shortcomings and errors of this study were dis-
cussed in two Letters to the Editor [83,84]. The largest
study to date with better assessment of exposures in a
time-dependent manner was performed in the UK [82]:
the overall evidence does not support an excess in lung
cancer risk among coal miners, when compared to the
general population or in internal analyses of the effect of
coal mine dust exposure [85]. Similar results were found
in Germany, based on a detailed and time-dependent ex-
posure assessment in an analysis of lung cancer mortal-
ity and incidence data [79,86-88].
A study on US coalminer counties indicated cancer

excess risks [89]. This study may be severely biased due
to the ecological fallacy [90].
We would like to emphasize that all coalminer mortal-

ity studies discussed in this Section showed a link be-
tween coal mine dust exposure and coal worker’s
pneumoconiosis, a clear sign of substantial dust expos-
ure and tissue reaction. Thus, even in the presence of
pulmonary fibrosis, no increase in lung cancer was re-
ported in relation to coal mine dust.

Titanium dioxide, toner and carbon black: No lung cancer
excess risk in workers
As with coal miners, no lung cancer excess risks were
found in large cohorts of toner and TiO2-exposed
workers as to be described below. A multi-center occu-
pational epidemiology study was performed in Europe
that enrolled 15,017 workers long-term exposed to TiO2

[91]. Four US production plants with a total of 4,241 ex-
posed workers were studied [92]. An epidemiological in-
vestigation was performed on 33,671 workers with
exposure to toner [93]. None found a lung cancer excess
risk due to dust exposure. No evidence of adverse effects
on pulmonary function indices and chest x-rays and no
evidence of excessive inflammatory, allergic, or oxidative
stress reaction was present in the toner-handling
workers as compared to the nonspecifically exposed
workers (1504 male workers in a Japanese toner and
photocopier manufacturing company, means of personal
8 h respirable dust concentrations spanned from
0.012 mg/m3 in toner manufacturing to 0.989 mg/m3 in
toner and photocopier recycling) [94-96]. The oxidative
stress reaction was determined by urinary 8-oxoGua, a
sensitive biomarker for increased repair of oxidatively
damaged DNA. This biomarker has been successfully
used in studies on environmental and occupational par-
ticle exposures (e.g., [97,98]). A Working Group at the
International Agency of Research on Cancer (IARC)
concluded that the evidence in humans for the carcino-
genicity of TiO2 was inadequate [99,100].
Kuempel et al. [101] commented on a comparison of

rat-based risk estimates (MLE, maximum likelihood esti-
mates) by translational toxicology and epidemiological
risk assessments: “Regarding the magnitude of the excess
risk estimates, the rat-based MLEs were clearly higher
than the human-based estimate for coal dust (which was
negative); however, the rat-based estimates (MLEs and
95% UCLs) did not exceed the 95% UCL from the
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human study (Table One). For carbon black, the rat-
based excess risk estimates exceeded those from the hu-
man study, but the differences were not statistically
significant. For titanium dioxide, the rat-based excess
risk estimates (MLE and 95% UCL) were lower than the
95% UCL of the human studies, although the MLE from
Fryzek et al. [10] was negative”. These results of Kuempel
et al. [101] showed that the rat findings are difficult to
rely on when the toxicological effects of GBS dust in
humans are to be estimated in quantitative terms. For
coal mine dust and carbon black these authors found
that the rat estimates are in excess in comparison to the
humans. Because of statistical imprecision such a state-
ment could not be derived for TiO2 but the authors
stated that the epidemiological findings on TiO2 were
negative.
The mortality of carbon black (CB) production workers

has been extensively studied in the USA and in Europe
[102-110]. Three major cohort epidemiological studies
were performed in the UK, USA and Germany to investi-
gate lung cancer mortality in CB production plants.
A UK cohort study on 1,147 workers at five plants

[108] found a SMR of 1.73 (61 cases, 95% CI: 1.32 -
2.22). No trend across crudely assessed cumulative ex-
posure, lagged up to 20 years was noted. Elevated lung
cancer SMRs were observed at two plants: the SMRs of
the other three plants were unexceptionable.
A German study of 1,528 workers at one plant

[103,104,110,111] estimated an SMR = 1.83 (50 cases,
95%-CI: 1.34 - 2.39) but there was no link with CB expo-
sures. However, the German study identified smoking
and prior exposures to known carcinogens as important
risk factors that could explain the major part of the ex-
cess risk [104]. A US cohort study on 5,011 workers at
18 plants [102] calculated an SMR = 0.85 (127 cases,
0.95-CI: 0.71, 1.00) and found no trend across time since
first exposure and duration of exposure in years.
A Working Group at IARC concluded that the evidence

in humans for the carcinogenicity of CB was inadequate
[99,100]. An overview of these studies is described in
McCunney et al. [112]: no lung cancer excess risk among
CB workers could be established. This view is supported
by studies in the CB user industries [113,114].
Since this IARC [100] evaluation, in an extended

follow-up of the UK study, Sorahan and Harrington
[109] applied a novel exposure metric (“lugging”) while
hypothesizing that CB may act as a late stage lung car-
cinogen at plants with elevated SMRs. If so, the elevated
SMRs of lung cancer should decrease substantially after
cessation of exposure and positive associations should
be found with “lugged” cumulative CB exposure (“lug-
ging” the exposure by 15 years means to count only ex-
posures received during the last 15 years). Sorahan and
Harrington [109] observed both phenomena in those
(and only those) two UK plant cohorts that had elevated
lung cancer SMRs. The authors suggested that other in-
vestigators attempt to reproduce their findings. Morfeld
and McCunney [105] tested this hypothesis in the
German CB cohort. No decreasing SMR after cessation
of exposure was observed, despite the fact that the
German cohort showed an elevated lung cancer SMR.
Further analysis of the German CB cohort addressed

potential “lugging” effects with a multi-model Cox re-
gression approach [106]. This effort was designed pri-
marily to explore the impact of cumulative exposure to
CB “lugged” at 5, 10, 15, and 20 year - in other words, to
evaluate the risk of lung cancer based on exposures
within the most recent 5, 10, 15, and 20 years of expos-
ure. Four cohorts within the overall cohort were evalu-
ated including an inception cohort with different
exposure scenarios. Despite extensive searching, 719
models returned negative coefficients. Only one model
estimated a small positive, nonsignificant coefficient.
This analysis did not support the hypothesis of CB being
a late-stage carcinogen [109].
Bayesian analyses were also employed [107] to explore

potential risk factors and confounders that may have
contributed to the SMR lung cancer results. When put-
ting a flat prior to the SMR a Markov chain of length
1,000,000 returned a median posterior SMR estimate
(that is, the adjusted SMR) in the range between 1.32
(95% posterior interval: 0.7, 2.1) and 1.00 (0.2, 3.3) de-
pending on the method of assessing previous exposures.
These additional studies provide further support for the
lack of an increased risk of lung cancer as a result of
working in the CB – producing industry.
A US cohort study on 5,011 workers at 18 CB – pro-

ducing plants [102] calculated an SMR for lung cancer
of 0.85 (127 cases, 0.95 CI: 0.71, 1.00) and found no
trend across time since first exposure and duration of
exposure. No estimates of exposure intensities or cumu-
lative exposures were available for this cohort.
The relationship between workplace exposure to CB and

lung cancer risk was examined in two large population-
based case–control studies carried out in Montreal,
Canada Study I: [113], Study II: [114]. Interviews for Study
I were conducted in 1979–1986 (857 cases, 533 population
controls, 1,349 cancer controls) and interviews for Study II
were conducted in 1996–2001 (1,236 cases and 1,512
controls). Detailed lifetime job histories were elicited
and a team of hygienists and chemists evaluated the
evidence of exposure to a host of occupational sub-
stances, including CB. Lung cancer risk was analyzed
in relation to each exposure, adjusting for several po-
tential confounders, including smoking. Subjects with
occupational exposure to CB, TiO2, industrial talc and
cosmetic talc did not experience any detectable excess
risk of lung cancer.
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In summary, no causative link between exposure to
well-investigated respirable GBS (including some nano-
structured dusts) such as coal mine dust, TiO2, toner or
CB and no excess in lung cancer risk in humans has
been demonstrated.

BAL studies in humans are consistent with
epidemiological results
As discussed before, epidemiological data do not provide
convincing support for an increased lung cancer risk in
people exposed to high dust levels, such as coal miners.
Epidemiological findings contrast with the results of ex-
perimental studies on rats, in which at higher exposure
levels, excess lung tumours were detected. Chronic in-
flammation is the underlying mechanism, which causes
secondary genotoxic events by oxidative damage due to
inflammatory cells. Consequently, prevention of inflam-
mation is the rationale for the establishment of threshold
values (MAK values) by the MAK Commission [11]. The
experimental studies were evaluated mainly by analyses
of inflammatory cells (PMNs) in the BALF (e.g. [14]).
Thus the BALF-PMN in the rat experimentation oper-
ates in a dual way: (a) the “causative (true)” biomarker
for the prevention goal and (b) the parameter for the as-
sessment of the NOAEL and the derived setting of MAK
values.
BAL is a widely used clinical diagnostic study in the

evaluation of lung disorders, particularly in the differen-
tiation of interstitial lung diseases (ILD). In light of the
emphasis given by the MAK Commission to data from
rat experiments, it would be valuable to determine
whether corresponding biomarkers can be identified in
human BALFs of dust-exposed people. BALFs on coal
workers were assessed for their cellular profile [115-119].
Groups of miners with different stages of coalworkers’
pneumoconiosis (CWP) were compared (posterior-anter-
ior chest radiographs, ILO resp. Chinese x-ray staging of
CWP). No increased counts for PMNs were detected in
asymptomatic miners [115-117] and in miners with
low grades of simple pneumoconiosis, i.e., CWP ≤ 1/1
[115,116]. One group of miners with simple pneumoconi-
osis showed an elevation of the neutrophil percentages in
the BALF in comparison to controls [118]. In contrast, a
second group studied by the same researchers showed al-
most the same average neutrophil percentage as reported
for controls [119]. Unfortunately, the distribution of CWP
degrees was not given in these studies and the potential
overlap of both investigations is unclear. We note that the
recovery techniques may have differed between research
groups and the frequency of neutrophils were reported on
varying scales (percentages, counts per ml).
Xing et al. studied biomarkers in the BALFs of coal

mine workers: 14 active underground miners without
CWP, 21 workers with CWP 0/1, and 13 no longer
exposed workers after cessation of exposure with CWP
1/1. None of the groups showed elevated neutrophils
numbers (PMNs). However, other biomarkers in the
BALF of the coal workers were clearly changed; for in-
stance markers of the epithelial reaction (pneumocyte
type II): (a) increased surfactant lipids, (b) altered ratio
of PG/PI (subgroups of lung surfactant: phosphatidylgly-
cerol PG, phosphatidylinitisol PI), (c) increased surfac-
tant protein A. The elevated TNF alpha content in the
BALF (d) stands for the effect of the phagocytosed parti-
cles on AM. Interestingly, the results on parameters
(a, b, d) correspond to findings in dust-exposed rats, e.g.,
the increased surfactant lipids, the altered ratio of PG/
PI, the elevation of TNF alpha [120-123]. It is worth
mentioning that rats exposed to coal dust showed a sig-
nificant increase of PMNs in the BALF, e.g. [124]. The
investigations of Vanhee et al. [125] identified different
profiles of growth factors (PDGF, IGF1, TGF beta) in the
BALF of coal miners according to the severity of x-ray
changes. Further in vitro and in vivo studies on human
(BALF-) alveolar macrophages from patients with differ-
ent grades of pneumoconiosis clearly demonstrated the
eminent role of the AM for the onset and development
of the coal miners’ lung disease [119]. Mixed CS and
coal dust exposures eventually trigger an aggressive form
of pneumoconiosis and BALF pattern [117]. The miners’
individual working-lifetime exposures (n = 20) were esti-
mated from this study, using work histories and airborne
mine dust data. The quartz lung-burdens were calcu-
lated using a lung dosimetry model. The study showed
that quartz, either as cumulative exposure or as calcu-
lated lung burden, was a highly significant predictor of
PMN lung response. The cumulative coal dust exposure
did not contribute to the prediction of PMNs [126].
An ATS clinical practice guideline on the utility of

BALF cellular analysis [127] summarized for CWP that
BALF cell profiles, indicative of increased numbers of
macrophages and elevated proportion of coal dust-laden
macrophages, are suggestive of CWP or progressive
massive fibrosis (PMF). The authors stated for silicosis
that BALF profiles of silica-exposed workers and
workers with silicosis are characterized by an excess in
BALF macrophages and an increased silica particle bur-
den of macrophages that is appreciable in non-smokers.
Meyer et al. [127] made no recommendations regarding
the clinical utility for prognosis of CWP or PMF. The
authors noted about the prognostic value for silicosis
that increased numbers of lymphocytes and neutrophils
have been associated with progression to silicosis.
In conclusion, the prominent role given to the BALF-

PMNs in relation to the particle lung exposure in rats does
not correspond to BAL results in humans. Human data re-
flect a significant role for the alveolar macrophages [128]
and type II pneumocytes in the development of dust
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induced ILDs in humans, a role also played in rat studies.
The PMNs, however, play a unique role in rat experi-
ments, findings that do not appear to occur in high dust
exposed workers, such as coal miners. In conclusion, the
human BAL biomarker studies corroborate the epidemio-
logical findings described in the earlier Section.

Comparative interspecies responses to GBS exposure
Species-specific response to GBS in inhalation studies
Although the rat has been the experimental species most
extensively used in GBS investigations and there is thus,
an abundance of pathophysiological and toxicokinetic
data for a range of GBS, it is important to consider how
relevant all this information is when reading across,
using translational toxicology to other species and in
particular, humans. In a Letter to the Editor Kuempel
et al. [10] noted that there are similarities between the
human lung responses to respirable particles compared
to those observed in rats exposed to overload doses. The
authors stated that an “ILSI expert panel concluded that
the rat is a useful model for non-neoplastic lung re-
sponses to poorly-soluble particles and that (in the ab-
sence of mechanistic data to the contrary) it is also
relevant to identifying potential carcinogenic hazards in
humans.” This contrasts somewhat with a description of
the ILSI panel [129] given on page 4 in [34]:
“The main conclusions from this ILSI workshop on

‘lung overload’ can be summarised as follows:

� Hallmark of particle overload is impaired alveolar
clearance.

� Precise mechanisms are not known but volumetric
inhibition of macrophages and the development of an
inflammatory environment seem to be important
drivers.

� Differences in potency of various PSPs are obvious
and are leading to the need of dosimetric
adjustments accounting for differences in deposition
and clearance of particles.

� Overload is not a rat specific phenomenon and seems
to be generally reversible but may reach conditions
where clearance impairment is irreversible.

� Overload contributes to the (species independent)
pathogenesis of non-neoplastic lung responses and is
a prerequisite for the tumorigenic effects observed in
rats. With regard to humans, despite evidence that
particle clearance is impaired in many coal workers,
no conclusive evidence for increased lung cancer risk
exist for workers chronically exposed to coal dust or
for workers exposed to other poorly soluble particles.

� For neoplastic lesions, dose–response data from
persistent neutrophilic inflammation and cell
proliferation can be used as surrogate for risk
characterization.
� For non-neoplastic responses, persistent neutrophilic
inflammation may also be used a surrogate whereas
epithelial cell proliferation is not considered a
necessary prerequisite for fibrosis.

� A nonlinear dose–response approach for the
characterization and evaluation of both, neoplastic
and non-neoplastic lesions are considered plausible
based on the assumed pathogenesis.

� An uncertainty factor of 1 for both neoplastic and
non-neoplastic endpoints can be considered sufficient
to account for toxicokinetic and toxicodynamic
parameters.

� With regard to an appropriate dose metric some
estimate/parameter reflecting retained lung burden is
recommended together with a full characterization of
the aerosol exposure parameters (e.g. MMAD,
particle surface area, density).

� With regard to non-neoplastic responses the rat is
considered predictive of a non-neoplastic hazard for
humans.

� With regard to neoplastic responses the rat is
considered to be more responsive than other species
including humans at doses and exposure intervals
that result in pulmonary particle overload.

� The mode of action for induced neoplastic responses
in rats apparently needs accumulation of particles in
lung alveolar and interstitial compartments,
persistent inflammation and epithelial cell
proliferation”.

We thus note that there is a continuing debate regard-
ing the similarities (nature and extent) of the effects in
rats (and other experimental species) and humans. In
the following, we will review species differences again,
but focusing on the MAK Commission’s approach. In
the translational Model B used by the MAK Commis-
sion, much is predicated on the rat lung alveolar macro-
phage (AM) responses to GBS. However, it is well know
that there are important differences in species differ-
ences in composition, localization, and function between
the different AM subsets which may well account for
some of the observed differences in responses to inhaled
GBS.
As one example, this is demonstrated with the finding

that the shortest AM clearance times are reported for
rodents where deposited particles remain on the epithe-
lial surface of the lung [130,131] whereas, longer clear-
ance half times are found in humans, monkeys, dogs and
guinea pigs [132,133]. Species differences exist also in
the cell size of AMs, with those from humans being sig-
nificantly larger than those from rats, hamster or mon-
keys. These differences in size have been considered in the
AM pool volume model [14] and in Model B of the MAK
Commission [11]. In addition, it has been observed that
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both the number and size range of phagocytised particles
vary among species [134].
To highlight this difference in AMs between species, it

is interesting to note that Dörger et al. [135] and Jesch
et al. [136] reported that nitric oxide formation was only
observed by rat AMs, but not in the AMs from ham-
sters, monkeys or humans. The authors concluded that
specific regulatory mechanisms of the nitric oxide path-
way in AMs from these four different species existed.
In spite of extensive research, it still remains unclear

why rats alone respond with the development of lung tu-
mours, but other animal species, chronically exposed to
GBS, do not. Clearly, the role of stimulated AMs and
PMNs is important as lung tumours have never been re-
ported in rats when pulmonary inflammation was absent
[129,137-140].
The greater sensitivity of the rat lung with regard to

oxidative stress and subsequent epithelial cell responses
is most likely due to a more pro-inflammatory environ-
ment compared to other experimental species. The con-
sistent finding that lung tumours in rats following
chronic exposure to GBS are induced by such an indir-
ect mechanism is supported by results of other experi-
ments. Inflammatory cells and activated AMs, which are
found in large numbers in animals exposed to GBS, can
release ROS and other mediators of inflammation, which
in turn, are able to induce DNA damage by a secondary
mechanism [138,141-143]. In contrast to this finding in
rats, no other animal species, including mice and ham-
sters have been reported to have developed lung tu-
mours following such chronic exposure to GBS.
Of particular importance for risk assessment is the ob-

servation that the pulmonary responses of rats are
extremely marked when compared to other large mam-
malian species such as non-human primates and
humans. It has been proposed that the intrapulmonary
particle retention patterns and tissue reactions in rats
may not be predictive of pulmonary retention patterns
and tissue responses in either primates or humans as re-
ported by Nikula and coworkers [144,145]. In these
studies, male monkeys and rats were exposed for
7 hours/day, 5 days/week for 24 months to diesel ex-
haust particulates (2 mg/m3), coal dust (2 mg/m3), or
diesel exhaust particulate and coal dust combined
(1 mg/m3 each) and were subsequently examined histo-
pathologically. In all the exposed groups, monkeys
retained a similar amount or more particulate material
in the lungs than did the comparative rats groups. Ex-
posed rats retained a greater fraction of the particulate
material in the alveolar ducts and alveoli, whereas mon-
keys retained a greater proportion of particulate material
in the interstitium. Most importantly, rats, but not the
monkeys, developed significant alveolar epithelial hyper-
plastic, inflammatory, and septal fibrotic responses to
the retained particles. It was proposed by the authors
that these differences in particulate tissue distribution in
rats and humans might bring different lung cells into
contact with retained particulates or particle-containing
macrophages. This may, in part, account for the differ-
ences in species responses to inhaled GBS.
The authors concluded: “These results suggest that

intrapulmonary particle retention patterns and tissue re-
actions in rats may not be predictive of retention patterns
and tissue responses in primates exposed to poorly sol-
uble particles at concentrations representing high occupa-
tional exposures. The pulmonary responses of the rats
were severe compared to the primate, where the insult to
the lungs was handled without adverse consequences”
[144].
Nikula et al. [35] also have demonstrated that the rela-

tive amounts of intraluminal and interstitial particle load
differ markedly between rats and humans with particles
being found predominantly in the interstitium in man
and intraluminarly in rats. This is consistent with the
finding that acute intra-alveolar inflammatory responses,
alveolar epithelial hyperplasia and alveolar lipoproteino-
sis were all significantly more pronounced in rats com-
pared to humans exposed to the same particles [146].
This further supports the author’s contention above that
these differences may also account for the species differ-
ences seen in the long-term responses to high GBS
exposures.
The IARC Working Group [147] noted that the dose

metric that best describes the dose–response relation-
ship for GBS with lung tumour induction in the rats can
be surface area, particle and size [148-150]. Interestingly,
they remark that the degree of sustained inflammation
experienced by rodents (most notably rats) at high lung
burdens has not been observed in humans. It is of par-
ticular relevance to note their following conclusion in
regards to interspecies responses to GBS.
“Rats and mice, in contrast to hamsters, exhibit sus-

tained inflammation associated with particle lung
burden, but lung tumours induced by poorly soluble
particles have only been observed in rats. It has been
shown that rats are uniquely susceptible to poorly sol-
uble particle-induced lung cancer relative to mice and
hamsters. While some of the steps indicated in Figure
4.2 have been demonstrated in humans exposed to
poorly soluble particles, it is not known to what extent
humans are susceptible to particle-induced lung can-
cers associated with titanium dioxide, carbon black or
talc” [147].
Another approach to considering the interspecies lung

reaction to GBS is the use of the “Adverse Outcome
Pathway” (AOP) approach. This model describes the se-
quential progression of events evolving in an organism
from the first contact of a toxicant at the molecular
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level, via a subset of following key effects or biological
responses to a final adverse outcome at the individual or
population level [151]. Although AOPs can be outlined
as a linear cascade of consecutive events, where one
common molecular initiating effect is the prerequisite
for all subsequent steps, the “adverse outcome” may vary
significantly. In this respect, AOPs take into account that
different molecular initiating events can cause the same
adverse outcome as well as that many different “mode-of
actions” (MoA) share common key molecular initiating
events. Even though the adverse outcome observed
in vivo is the result of a sequential cascade of biological
events, each step in this pathway may itself be influ-
enced by other pathways ongoing and/or dominating
within the biological system of interest.
This AOP approach has been recently used to de-

scribe an interspecies comparison of response to high
exposures to GBS [34] in experimental rodent species
and humans. Although an accumulation of particles
in the lung is a common finding in all investiga-
ted species, significant differences in the phenotypic
“adverse outcome” between rats and all other mam-
malian species, including humans, exist. As noted
earlier, lung tumours have been reported exclusively
in rats, but not in mice, hamsters, non-human pri-
mates or humans. It is well established that lung
“overload” also contributes to the observed (species
independent) pathogenesis of non-neoplastic lung re-
sponses, with the significant impairment of pulmonary
particle clearance as “initial event” relevant for AOP
considerations.
The application of the AOP approach to a number of

chronic inhalation bioassays with a range of GBS and other
experimental data leads to a helpful summary of findings as
exemplified with Table 5 taken from ECETOC [34].

Species-specific response to GBS on the cellular and
molecular level
One can explore the AOP approach by examining toxi-
cological studies that have investigated species-specific
differences with regard to the species-specific responses
to GBS on the cellular and molecular level, a condition
which makes up a central hypothesis in the MAK Com-
missions’ GBS document [11]: Basic assumptions are
that secondary genotoxic mechanisms underpin particle
genotoxicity and tumourgenicity. In vitro and in vivo
toxicological studies have consistently demonstrated that
the tumour induction in lungs of rats by particles is
closely linked to inflammation and ROS released by ex-
cessively particle loaded alveolar macrophages and by
secondary elicited PMN [148,152,153]. The critical
events are listed in Table 6 below.
ROS is highly DNA reactive and leads to mutagenic

DNA modification such as 8-oxoGua [121,154].
Normally, cells possess potent defense mechanisms lead-
ing to a steady state level of 8-oxoGua via antioxidants
systems as GSH and SOD. Inflammation evokes higher
amounts of ROS, eventually overloading the defense
mechanisms. However, adaptive responses compromise
higher expression of higher antioxidant molecules (front
line defense), which according to the experimental data
is also species specific (see Table 7). In proliferative com-
petent cells, a DNA damage check point arrests cell
cycle via cell autonomous responses to allow time for
any DNA damage to be repaired [155] leading to gen-
omic maintenance. In the case of a severely DNA dam-
aged cell, the DNA checkpoint advances tumour
suppressor mechanisms such as apoptosis or senescence.
Basically, the GBS - alveolar macrophage interaction

initiates a cascade of events, which eventually leads to
critical biomarkers of mutagenic oxidative DNA damage
(8-oxoGua) (see scheme in Table 6). To explore the
AOP approach, data from three studies were extracted:
A subchronic inhalation study with CB which compares
the key pro- and anti-inflammatory markers of rat, mice
and hamsters [156]. These markers were allocated to the
phase 1 and 2 levels of particle lung interaction (see
Table 6). The two other studies considered, take into ac-
count the lung reaction after crystalline silica (CS) ex-
posure of rat and hamsters.
CS has a high surface activity which stimulates inflam-

matory responses in the lungs of rodents. After CS par-
ticle exposure the rat model presents the same essential
cellular and molecular events (Table 6), which are rele-
vant for the GBS inflammatory potential at significant
higher doses [121]. This cascade of events following ex-
posure to CS particles includes [123]: ROS release from
AM, elicitation of inflammatory mediators, recruitment
of PMN, radical scavenging, mutagenicity, oxidative
DNA damage. Taken together, critical steps in the lead-
ing section of the AOP to tumour formation in the rat
model are identical after (high) GBS and (low) CS expos-
ure. Thus, an approach to compare the different steps
(see Table 7) in different species (rat, mouse hamster) in-
cluding data from CS studies sounds reasonable.
One acute study tested CS (Min-U-Sil) at two moder-

ate doses (0.2 and 2 mg) and one high dose (30 mg) via
intratracheal installation on rats and hamsters (160–
180 g BW) and a post exposure interval of 7 days [157].
Both species were studied for lung reactions via BALF cell

count (PMN), BALF cell oxidant and NO production and,
expression of pro-inflammatory and anti-inflammatory me-
diators. Both species responded to the CS challenge (ham-
ster essentially to the extreme dose, 30 mg). However rat
showed much higher reactions in this acute study than
hamster in all parameters investigated.
The second CS study analyzed the lung reactions of

rat and hamsters at two moderate doses of quartz



Table 5 Interspecies lung responses afollowing long-term or chronic inhalation exposure to GBS

Species

Rat Mouse Hamster Primate/human

Likelihood for developing particle
overload (slow lung clearance)

+++ +++ + Not determined*

Alveolar macrophage participation

Active (accumulation in alveolar ducts) Active (accumulation
in alveolar ducts)

Extensive (rapid clearance) Not as extensive
(translocation
to interstitial sites)

Pulmonary (neutrophilic) inflammation

+++ +++ + +

Epithelial and interstitial cell proliferation

+++ + (+) (+)

Septal fibrosis

+++ + (+) (+)

Anatomical location of retained particulates

Primarily alveolar (some increased
translocation at overload)

Primarily alveolar (some
translocation at overload)

Rapid clearance Primarily interstitial

Lung tumours following chronic exposure

Yes No No No
aSeverity low +, moderate ++, high +++, or questionable (+), reprinted with permission from ([34], p. 52)**.
*This should be + (see p. 53 in [34]) because particle overload is typified by an impairment in alveolar particle clearance (see p. 1 and 4 in [34]).
**There may be a variance of opinion about the extent/degree of some of the endpoints in the table (e.g., alveolar macrophage participation, septal fibrosis) and there is continuing research to refine these findings.
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Table 6 Cascade of cellular and molecular biological events following particle lung exposure

Phases Hallmark

Phase 1 Production of inflammation
promoting mediators

● Stimulation of primary ROS from AM, RNS

● Stimulation of secondary ROS, RNS from
AM, PMN (epithelial cells)

● TNF alpha, MIP2 from AM

● PMN recruitement

Phase 2 Increased production of
anti-inflammatory mediators

● GSH

● SOD

● Anti-inflammatory cytokine IL-10

Phase 3 Repair of injury ● Stimulation of DNA-repair mechanisms

Phase 4 Intermediate endpoints ● 8-oxoGua

● Proliferation

Abbr.: 8-oxo-7,8-dihydro-2´-deoxiguanosine: 8-oxoGua, alveolar macrophages: AM, reactive oxygen species: ROS, reactive nitrogen species: RNS, glutathione: GSH, macrophage inflammatory protein 2: MIP 2,
polymorphonuclear neutrophils: PMN, superoxide dismutase: SOD, tumour necrosis factor alpha: TNF alpha.
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Table 7 Comparison of initial cellular and molecular events after lung particle exposure in different experimental
animals leading to pre-tumour conditions: DNA damage, p53 activation and proliferation

Phase # Parameter Animals compared; model used comparison Source

Phase 1 PMN BALF; rat mouse hamster R >> >M, H Carter and Driscoll [156]

Carter et al. [157]

Phase 1 PMN BALF; rat, hamster R >> > H Seiler et al. [158]

Phase 1 MIP2, TNF alpha BALF AM; rat mouse, hamster R >> > H, M Carter and Driscoll [156]

Carter et al. [157]

Phase 2 IL-10 Rat, mouse hamster R, M < << H Carter et al. [157]

Phase 2 GSH level in BALF Rat vs. hamster R >> > H Seiler et al. [158] (it 90d)

Phase 3 Repair: Indirect hint by in
vitro studies of the ionizing
radiation induced DNA
damage (Human vs murine
cells),with regard to the
species-specific reaction to
particles differences in repair
capacities are not investigated

Behrens et al. [159]

Phase 4 8-oxogua Tissue; rat vs. hamster R >> > H Seiler et al. [158]

Phase 4 P53 Mutation in tissue Tissue; rat vs. hamster R > H Seiler et al. [158]

Phase 4 proliferation Tissue; rat vs. hamster R >> > H Seiler et al. [158]

Carter and Driscoll [156]

Abbr.: rat, R; mouse, M; hamster, H; reduced glutathione, GSH; superoxide dismutase, SOD.
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(DQ12) (0.3 and 1.2 mg/10 g bw) in a 90 day sub-
chronic assay [158]. Phase 1 and 2 parameters (see
Table 6) were similar to the acute study on CS reported
above: rats showed stronger lung reactions with regards
to the inflammatory biomarkers than hamster. Persistent
elevated levels of 8-oxoGua in rat cells but not in ham-
ster cells in vivo demonstrate significant differences in
the development of persistent mutagenic oxidative dam-
age and proliferation and may explain the different out-
comes in rat and hamsters with respect to tumour
development (see Table 7). Importantly, both CS studies
found no proliferative response in hamster lungs after
CS exposure; thus contrasting the strong and dose-
dependent proliferative reaction in rat lungs (phase 4
effect).
The inclusion of phase 4 effects in comparing rat vs.

hamster assesses the real “point of no return reaction
level” in the cascade. The level of persistent oxidative
DNA damage, in conjunction with a continuing prolifer-
ative stimulus, appears to constitute a prerequisite con-
dition for tumour development via this secondary
genotoxic mechanism. In support and amplification of
the “Adverse Outcome Pathway” (AOP) approach de-
scribed in the Section on species-specific response
above, the data of phase 3 and 4 provide relevant infor-
mation pointing to the final adverse outcome [160].

Species-specific response to GBS: Conclusions
As can be seen from the above discussions, it is possible
to explore the species differences using the MoA, the
AOP and events at the molecular level to help us better
refine the way we use translational toxicology to ex-
change experimental findings between rodent species,
primates and human responses to GBS. From the wealth
of available data, it seems too simplistic to simply as-
sume that what occurs in the rats can be assumed to
occur in humans without carefully taking into account
both critical toxicokinetic and toxicodynamic differ-
ences. This means that we have to take into account the
totality of the available information at the anatomical,
physiological, cellular and molecular level in a reliable
translational exercise. Rats have been consistently shown
to have a more sensitive response to the chronic inhal-
ation of respirable particles compared to other species,
and a unique response in relation to lung cancer. The
species-specific differences in responses are summarized
in Table 5. Thus, in agreement with ECETOC [34] we
conclude that mechanistic data are available to over-
come the default statement made by the ILSI panel in
2000 [129] and cited in [10]. This conclusion is consist-
ent with findings from studies on humans (see sections
on epidemiology and BAL studies above).
The basic assumption applied in both Model A and B

to translate rat findings to humans is one of a “species
independent” effect of GBS when expressed using spe-
cific metric scales. However, variable responses, at the
cellular and molecular levels, as well as regarding
tumour development (defense systems) are seen in mice,
hamster, rats, and primates following particle exposure.
It is thus important to ascertain how these models
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perform in a translational exercise between these three
and possibly other species in order to verify the “species
independent” assumption. Such a validation exercise
should be performed prior to their use in deriving ex-
posure limit values for humans [161].

Some comments on measured occupational
exposures levels
The MAK Commission [11] derived a respirable concen-
tration limit (OEL) for GBS. The MAK Commission
made extensive use of toxicological results on CB and
TiO2. Both are leading examples of substances investi-
gated repeatedly in studies on dust effects. In the follow-
ing we present and discuss occupational exposure levels
of CB and pigmentary TiO2 in order to provide an over-
view of current or past exposure conditions at the work
place.
The CB producing industry has conducted industry-

wide exposure assessments at approximately 40 CB
manufacturing plants in North America and Europe in
support of epidemiology studies, internal and external
occupational exposure level (OEL) development, and
other industrial hygiene applications. Between 1979 and
2014 more than 13,500 inhalable TWA personal samples
have been collected, and in the period up to 2001 nearly
9,400 respirable TWA personal dust samples were col-
lected. These samples documented worker exposures by
major job class and job title [162-172]. Figure 1 presents
Figure 1 Inhalable carbon black concentration, geometric mean (GM)
(warehousing), highest exposure job classes in carbon black manufac
inhalable dust exposure trends over the past 35 years for
three of the major job classes associated with CB pro-
duction in Europe and North America. Two comprehen-
sive respiratory morbidity studies were completed in
Europe and North America in the mid-1990s and early
2000s, respectively [163-168,171,172]. One of the out-
comes of these studies was that the inhalable dust frac-
tion was affirmed as the most appropriate metric for
assessing health risks in the CB producing industry
based on reported findings of bronchitis and small, but
statistically significant, decrements in one aspect of lung
function over a 40 year period.
In 2010 the ACGIH® Threshold Limit Value (TLV®)

Committee adopted a revised TLV for CB of 3.0 mg/m3

TWA, inhalable (<100 μm, aerodynamic diameter) [173].
This was the first revision to the CB TLV since its original
adoption in 1967. The ACGIH also revised its 1996 cancer
classification for CB from A4, Not Classifiable as a Hu-
man Carcinogen, to A3, Confirmed Animal Carcinogen
with Unknown Relevance to Humans. While the TLV
Committee considered animal toxicity studies related to
CB in its deliberations it also fully evaluated the extensive
worker-based epidemiology studies reported in the peer
reviewed literature [173]. Following a thorough review of
all relevant animal and human health effects information,
the ACGIH TLV Committee independently identified the
inhalable dust fraction as the most appropriate metric for
a health-based OEL for CB [173].
exposures for production, maintenance, and materials handling
turing operations, 1979–2014.
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In light of the outcomes of European and North
American respiratory morbidity studies and the inhal-
able metric that the TLV Committee was in the process
of adopting for CB, a low solubility low toxicity particle,
the CB producing industry ceased measurements of the
respirable dust fraction in 2001. Figure 2 presents a sum-
mary of respirable dust concentrations for the last industry-
wide exposure measurements conducted in Europe and
North America in 1995 and 2001, respectively.
It should be noted that nanostructured aggregates

and/or agglomerates have been the relevant subset of
working lifetime exposures to dusts, such as they may
have existed, within the worker populations of CB man-
ufacturers for more than 140 years. To better quantify
the nature of small particle exposures in the industry a
comprehensive particle characterization study at several
CB operations was conducted in 1999. The study con-
cluded that airborne CB particles associated with bag
filling had a size distribution starting at approximately
400 nm and that CB ultrafine particles (<100 nm, aero-
dynamic diameter) did not exceed background levels
around reactors and pelletizing operations under normal
operating conditions [174,175]. A survey of ultrafine
aerosols in various UK industries, that included a CB
producing plant, did not measure ultrafines above ambi-
ent background in the bagging operation [176].
Large hygiene and epidemiological studies were per-

formed on workers in the US and European pigmentary
TiO2 production industry (USA [92,177], Europe
[91,178]). An overview was given by Hext et al. [56]. The
European multicenter study comprised 27,522 workers
from 11 plants from six countries. Exposure reconstruc-
tion was based on personal dust measurements mainly
Figure 2 Respirable carbon black concentration, geometric mean (GM
(warehousing), highest exposure job classes in carbon black manufac
performed during the 1990s. Average respirable dust
concentrations of TiO2 dropped from about 0.3 mg/m3

to 0.7 mg/m3 in the 1950s to current typical levels of
about 0.2 mg/m3 to 0.3 mg/m3. The maximal yearly av-
erages were reported in some jobs as 8 mg/m3. Inhalable
dust concentrations were estimated to be higher by a fac-
tor of 3.3 on the average, with a maximum at 26 mg/m3

[178]. The US study included 4,241 workers from four
production plants. In contrast to the European study, only
the long-term area samples were used. The median values
fell from 4.6 mg/m3 between 1976 and 1980 to
1.1 mg/m3 between 1996 and 2000. Packing, microniz-
ing or internal recycle workers showed a median ex-
posure at 3.0 mg/m3 in comparison to median levels
of 0.3 mg/m3 and 0.9 mg/m3 for other jobs.
As reported in the Section on epidemiology above, no

cancer excess risk has been found under these exposure
conditions. It appears that the use of epidemiological
evidence should be considered in the derivation of occu-
pational exposure limits like those of GBS. This may also
help to define the most relevant dust metric for the
measurement of work environment exposures.

Discussion
The calculations described in the MAK document [11]
on GBS are based on a number of incorrect assumptions
and calculations related to the use of lung surface area,
particle clearance rates and deposition fractions among
others which are shortcomings that affect both transla-
tional overload models (Model A and Model B) used to
derive the HEC for GBS. The methods applied do not
reflect state of the art techniques and cannot be inde-
pendently replicated since the hyper link cited by the
) exposures for production, maintenance, and materials handling
turing operations in most recent respirable dust study years.
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MAK Commission [11] no longer leads to the program
version the Commission and Pauluhn [14] applied
(MPPD 2.0). In [14] calculations were based on a For-
tran program that is not publicly available. More import-
antly, the approaches are inconsistent as they rely on
conflicting assumptions. The resulting errors are so large
that the MAK Commission’s suggestion [11] as to how
to translate inflammation/overload findings from rats to
humans is unreliable and the OEL proposal is unsub-
stantiated. This also affects the justification of the MAK
Commission’s cancer classification [11] which is related
to humans (Carcinogen Category 4) but based on over-
load inhalation experiments with rats. This classification
relied on the validity of the proposed translational over-
load models.
The effect metrics selected by the MAK Commission

[11] and used in Pauluhn [14] did not consider particle
surface area despite toxicological evidence in favour of this
metric. No quantitative analysis was presented that could
justify why the role of particle surface area was ignored.
The MAK Commission [11] did not discuss that

workers exposed to high dust levels (coalminers) showed
no evidence of dust overload, demonstrated no lung can-
cer excess risks and that BAL findings in humans did
not replicate the PMN elevations seen in rats, even
though signs of dust effects in the BALF (change of sur-
factant lipids, and SP-A, TNF alpha increase) as well as
pneumoconiotic pathology were registered. In addition,
epidemiological studies on CB and TiO2 exposed
workers did not find a lung cancer risk that could be re-
lated to the workplace exposures. Thus, there was no
evidence presented and there is no evidence available
that overload findings in rats have relevance to humans
in cancer classification or limit value assessment apply-
ing the translational models used by the MAK Commis-
sion [11]. In an extensive epidemiological application
lung burden models did not fit any better than typical
cumulative exposure models: correlations were always
higher than 0.95 [179].
The MAK Commission [11] did not test whether the

suggested overload models reliably “translate” rat find-
ings to other species, like mice and hamsters. Because
mice and hamsters react differently to GBS than rats, we
believe that an attempt to validate the models across
these three animal species (and others) is necessary be-
fore any application to humans should be suggested in
limit value assessment [161]. We emphasize that the
endpoint chosen by the MAK Commission (markers of
inflammation and overload in the lung lavage) is invasive
and cannot be used in occupational medicine programs.
Peripheral markers should be developed and tested in
humans before these endpoints investigated in rats are
considered to be relevant for monitoring workers for
early signs of pulmonary inflammation.
We explored species-species differences and con-
cluded that it seems too simplistic to assume that what
occurs in the rats occurs in humans after adjusting for
some anatomical and physiological differences. Signifi-
cant differences in the adverse outcome pathway (AOP),
at the cellular and molecular levels, as well as regarding
tumour development (defense systems) are seen in mice,
hamster, rats, and primates following particle exposure.
Reliable translational toxicology models are difficult to

develop and are too often believed to be reliable al-
though having no validation [2,68,180]. Pound et al. [68]
concluded that “the value of animal research into poten-
tial human treatments needs urgent rigorous evaluation”
and Seok et al. [2] found that “genomic responses in
mouse models poorly mimic human inflammatory dis-
eases”. So it is not surprising that our critical evaluation
of the suggested translational overload models provided
no support to the MAK Commission’s proposal for GBS
[11]. The new approach suggested does not meet general
criteria of scientific reliability: it is non-transparent, it is
inconsistent and it is not evidence-based. Moreover, it
fails in a critical area of science: using the methods pro-
posed, the results could not be reproduced.
We believe that a balanced scientific derivation of limit

value proposals for GBS and cancer classification should
use all information available and also rely on epidemio-
logical studies. This was so with the former approach
chosen by the MAK Commission [15]. They derived an
MAK value for the respirable fraction of 1.5 mg/m3 and
4 mg/m3 inhalable. The new approach [11] is based on
translational toxicology models exclusively and ignores
epidemiological evidence. A derivation based on epi-
demiological findings is suggested by other authors
and institutions who argue that a 1 mg/m3 respirable
limit may be used as a starting point for detailed dis-
cussions [9]. The Institute of Occupational Medicine
(IOM) has recommended an exposure level of 1 mg/
m3 for respirable dust and 5 mg/m3 for inhalable dust
[181]. As an input to limit value discussions in the
USA, Wheeler and Bailer [182] applied a model aver-
aging method to evaluate inhalation rat studies with
TiO2 exposures. The model average estimate of the
working lifetime mean respirable dust concentration
of TiO2 associated with a 1/1000 excess risk of lung
cancer was estimated as 9.0 mg/m3 [183]. In contrast,
CB exposures are measured as inhalable fractions at
the work places in US and Canadian production
plants according to the interpretations of epidemio-
logical studies and decisions of the US TLV commit-
tee. We note that procedures are available to estimate
threshold values from epidemiological or toxicological
data [184,185] and these methods should be applied
more often to derive limit value proposals and to dis-
cuss which metric is appropriate.
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Conclusions
We conclude that the problems noted in estimating a
HEC by extrapolating overload results of rats to humans
need to be addressed to ensure that OELs are based on
appropriate scientific assumptions and metrics. Further-
more, any method proposed should be reproducible by
other scientists to ensure the accuracy and reliability of
the results, especially when used for public policy such
as setting OELs.

Endnotes
aProf. Hartwig is chair of the MAK Commission and

Editor of the MAK documents.
bThe main arguments were made available to the

MAK Commission in written form in 2011 and all argu-
ments were publicly presented and discussed with repre-
sentatives of the MAK Commission at the symposium
on the new general dust limit value proposal of the
MAK Commission organized by the Committee on Haz-
ardous Substances (Ausschuss für Gefahrstoffe, AGS) of
the Federal Ministry of Labour and Social Affairs, held
in Dortmund, Germany on April 8, 2013 (http://www.
baua.de/de/Themen-von-A-Z/Gefahrstoffe/AGS/AGS-
publik-2013.html).

cThe PF&T Editors recommended, after a pre-
submission review of this manuscript, that we contact Prof.
Pauluhn to seek clarification from him on a number of
technical issues. To this end, we requested from Prof.
Pauluhn a copy of the Fortran Code and also provided Prof.
Pauluhn with a number of technical questions regarding in-
put data and other details of modelling that were not fully
explained in his publication [14]. These details were im-
portant as the model was used in the MAK Commission’s
GBS Document. Prof. Pauluhn responded to our query, but
he did not provide the requested information, partly be-
cause of contractual reasons with his previous employer.

Abbreviations
ACGIH®: American Conference of Governmental Industrial Hygienists;
AF: Adaptation factor; ALOOH: Aluminum oxyhydroxides = boehmite;
AM: Alveolar macrophage; AOP: Adverse outcome pathway;
BAL: Bronchoalveolar lavage; BALF: Bronchoalveolar lavage fluid; BALF-
PMNs: PMNs in BALF; BaSO4: Barium sulfate; BET: Brunauer-Emmett-Teller
method; CB: Carbon black; CS: Crystalline silica; COPD: Chronic obstructive
pulmonary disease; DNA: Desoxyribonucleic acid; ECETOC: European Center for
Toxicology and Chemicals; ECHA: European Chemicals Agency; Fe3O4: Magnetite;
FRC: Functional residual capacity; GBS: Granular biopersistent dusts (granuläre
biobeständige Stäube); GM: Geometric mean; GSD: Geometric standard
deviation; GSH: Glutathione; H: Hamster; HEC: Human equivalent concentration;
IA: Inhalability adjustment; ICBA: International Carbon Black Association;
ICRP: International Commission on Radiation Protection; ILD: Interstitial lung
diseases; IOM: Institute of Occupational Medicine, Edinburgh, UK; LSLTP: Low-
solubility low-toxicity particles; M: Mouse; MAK: MAK limit value (Maximale
Arbeitsplatz-Konzentration); MIP 2: Macrophage inflammatory protein 2;
MLE: Maximum likelihood estimates; MMAD: Mass median aerodynamic
diameter; MoA: Mode of action; MPPD: Multiple-path particle dosimetry model;
Nano-BaSO4: Nanostructured BaSO4; NOAEC: No-observed adverse-effect
concentration; NOAEL: No observed adverse-effect level; OEL: Occupational
exposure limit; OMB: Oronasal-mouth breather; ONA: Oronasal-normal
augmenter; PAH: Polycyclic aromatic hydrocarbon; PG: Phosphatidylglycerol;
PI: Phosphatidylinitisol; PMresp: Deposition fraction in %; PMF: Progressive massive
fibrosis; PMN: Polymorphonuclear neutrophil; PNOC: Particles not otherwise
classified; R: Rat; RNS: Reactive nitrogen species; ROS: Reactive oxygen species;
SCOEL: Scientific Committee on Occupational Exposure Limits; SOD: Superoxide
dismutase; TiO2: Titanium dioxide; TLC: Total lung capacity; TLV®: Threshold limit
value; TNF alpha: Tumour necrosis factor alpha; TWA: Time-weighted average; U.
S. EPA: US Environmental Protection Agency; US TLV: US threshold limit value;
8-oxoGua: 8-oxo-7,8-dihydro-2′-deoxiguanosine.

Competing interests
The authors except JB are members of the Scientific Advisory Group to ICBA.

Authors’ contributions
PM led the project and did the computational work on Models A and B. PM
wrote the section on epidemiology. JB and PM analyzed the post-hoc
density adjustment and lung surface area values used in Model A. JB and YN
wrote the BAL section and reviewed the species-specific response to GBS on
the cellular and molecular level. LL drafted the section on the species-
specific response to GBS in inhalation studies. PM, YN, IC, and RM wrote the
sections on Model B. YN, IC, PM and LL drafted the section on the particle
mass and volume metrics in comparison to the particle surface area metric.
HM and PM wrote the exposure section. RJM, RM, IC, and PM developed the
structure and drafted the introduction and discussion section. All authors
read and approved the final manuscript.

Acknowledgement
This review is funded by a grant from the International Carbon Black
Association (ICBA, http://www.carbon-black.org). The ICBA is a scientific, non-
profit corporation originally founded in 1977. The purpose of the ICBA is to
sponsor, conduct and participate in investigations, research, and analyses
relating to the health, safety, and environmental aspects of the production
and use of carbon black. The manuscript was neither influenced by the ICBA
nor by any company funding the ICBA nor does it present any view or
opinion of the ICBA or of the companies.

Author details
1Institute for Occupational Epidemiology and Risk Assessment of Evonik
Industries, AG Rellinghauser Straße 1-11, Essen 45128, Germany. 2Institute
and Policlinic for Occupational Medicine, Environmental Medicine and
Preventive Research, University of Cologne, Cologne, Germany. 3University
Duisburg-Essen, Medical Faculty, Essen, Germany. 4IBE GmbH, Cologne,
Germany. 5Cranfield University, Cranfield, UK. 6Orion Engineered Carbons
GmbH, Cologne, Germany. 7Cabot Corporation, Billerica, MA, USA. 8Muranko
& Associates, Scottsdale, AZ, USA. 9Department of Occupational Health,
MedStar Washington Hospital Center, Washington, DC, USA. 10The George
Washington University School of Public Health, Washington, DC, USA.
11Massachusetts Institute of Technology, Cambridge, MA, USA. 12Brigham
and Women’s Hospital, Boston, MA, USA.

Received: 29 August 2014 Accepted: 12 January 2015

References
1. Hughes C, Waters M, Allen D, Obasanjo I. Translational toxicology: a

developmental focus for integrated research strategies. BMC Pharmacol
Toxicol. 2013;14:51.

2. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W, et al.
Genomic responses in mouse models poorly mimic human inflammatory
diseases. Proc Natl Acad Sci U S A. 2013;110(9):3507–12.

3. Committee on hazardous substances (AGS). Risk-related concept of
measures for activities involving carcinogenic hazardous substances. TRGS
910. GMBl. 2014; 258–70. Available from: http://www.baua.de/de/Themen-
von-A-Z/Gefahrstoffe/TRGS/TRGS-910.html. Accessed November 17, 2014.

4. Tran CL, Kuempel ED, Castranova V. A rat lung model of exposure, dose and
response to inhaled silica. Ann Occup Hyg. 2002;46(suppl_1):14–7.

5. Brown JS, Wilson WE, Grant LD. Dosimetric comparisons of particle deposition
and retention in rats and humans. Inhal Toxicol. 2005;17(7–8):355–85.

6. Kuempel ED, Tran CL, Castranova V, Bailer AJ. Lung dosimetry and risk
assessment of nanoparticles: evaluating and extending current models in
rats and humans. Inhal Toxicol. 2006;18(10):717–24.

http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/AGS/AGS-publik-2013.html
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/AGS/AGS-publik-2013.html
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/AGS/AGS-publik-2013.html
http://www.carbon-black.org
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/TRGS-910.html
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/TRGS-910.html


Morfeld et al. Particle and Fibre Toxicology  (2015) 12:3 Page 30 of 34
7. SCOEL - The Scientific Committee on Occupational Exposure Limits 2013.
Methodology for the derivation of occupational exposure limits. Key documenta-
tion (version 7). 2013. Available from: http://ec.europa.eu/social/main.jsp?
catId=148&langId=de&intPageId=684. Accessed November 17, 2014.

8. Cullen RT, Tran CL, Buchanan D, Davis JM, Searl A, Jones AD, et al. Inhalation of
poorly soluble particles. I. Differences in inflammatory response and clearance
during exposure. Inhal Toxicol. 2000;12(12):1089–111.

9. Cherrie JW, Brosseau LM, Hay A, Donaldson K. Low-toxicity dusts: current exposure
guidelines are not sufficiently protective. Ann Occup Hyg. 2013;57(6):685–91.

10. Kuempel ED, Attfield MD, Stayner LT, Castranova V. Human and animal
evidence supports lower occupational exposure limits for poorly-soluble
respirable particles: letter to the editor re: ‘Low-toxicity dusts: current
exposure guidelines are not sufficiently protective’ by cherrie, brosseau, Hay
and Donaldson. Ann Occup Hyg. 2014;58(9):1205–8. September 5, 2014.

11. Hartwig A. General threshold limit value for dust (R fraction) (Biopersistent
granular dusts) [MAK Value Documentation, 2012]. 2014: Wiley-VCH Verlag
GmbH & Co. KGaA. Published Online: 16 April 2014. 9783527600410.
Available from: http://onlinelibrary.wiley.com/doi/10.1002/3527600418.
mb0230stwe5314/pdf. Accessed November 17, 2014.

12. Deutsche Forschungsgemeinschaft. List of MAK and BAT values 2013:
Maximum concentrations and biological tolerance values at the workplace.
2013: Wiley-VCH Verlag GmbH & Co. KGaA. Available from: http://onlinelibrary.
wiley.com/doi/10.1002/9783527675135.oth1/pdf. Accessed November 17, 2014.

13. SCOEL - The Scientific Committee on Occupational Exposure Limits 2013. The
88th and 90th SCOEL minutes; 2013. Available from: http://ec.europa.eu/social/
main.jsp?catId=148&langId=en&intPageId=684. Accessed November 17, 2014.

14. Pauluhn J. Poorly soluble particulates: searching for a unifying denominator
of nanoparticles and fine particles for DNEL estimation. Toxicol.
2011;279(1–3):176–88.

15. Greim H, editor. General Threshold Limit Value for Dust. Weinheim: Wiley-VCH; 1997.
16. de Winter R, Cassee FR. From concentration to dose: factors influencing

airborne particulate matter deposition in humans and rats. Bilthoven,
Netherland; 2002. 650010031/2002. 36. Available from: http://rivm.
openrepository.com/rivm/bitstream/10029/9272/1/650010031.pdf?
origin=publication_detail. Accessed November 17, 2014.

17. Muhle H, Bellmann B, Creutzenberg O, Dasenbrock C, Ernst H, Kilpper R,
et al. Pulmonary response to toner upon chronic inhalation exposure in rats.
Fundam Appl Toxico. 1991;17(2):280. –299, 827.

18. Oller AR, Oberdorster G. Incorporation of particle size differences between
animal studies and human workplace aerosols for deriving exposure limit
values. Regul Toxicol Pharmacol. 2010;57(2–3):181–94.

19. Gangwal S, Brown JS, Wang A, Houck KA, Dix DJ, Kavlock RJ, et al.
Informing selection of nanomaterial concentrations for ToxCast in vitro
testing based on occupational exposure potential. Environ Health
Perspect. 2011;119(11):1539–46.

20. Bellmann B, Muhle H, Creutzenberg O, Dasenbrock C, Kilpper R,
MacKenzie JC, et al. Lung clearance and retention of toner, utilizing a
tracer technique, during chronic inhalation exposure in rats. Fundam
Appl Toxicol. 1991;17(2):300–13.

21. U.S. EPA. Air quality criteria for particulate matter (Final report).
Washington, DC.;2004. Available from: http://cfpub.epa.gov/ncea/cfm/
recordisplay.cfm?deid=216546. Accessed November 17, 2014.

22. U.S. EPA. Integrated science assessment for particulate matter (final report).
Washington, DC.;2009. 2228. Available from: http://cfpub.epa.gov/ncea/cfm/
recordisplay.cfm?deid=216546. Accessed August 26, 2014.

23. Yeh HC, Schum GM, Duggan MT. Anatomic models of the tracheobronchial
and pulmonary regions of the rat. Anat Rec. 1979;195(3):483–92.

24. Yeh H-C, Schum GM. Models of human lung airways and their application
to inhaled particle deposition. Bull Math Biol. 1980;42(3):461–80.

25. Miller FJ, Asgharian B, Schroeter JD, Price O, Corley RA, Einstein DR, et al.
Respiratory tract lung geometry and dosimetry model for male Sprague–
Dawley rats. Inhal Toxicol. 2014;26(9):524–44.

26. Hsia CC, Hyde DM, Ochs M, Weibel ER. An official research policy statement
of the American Thoracic Society/European Respiratory Society: standards
for quantitative assessment of lung structure. Am J Respir Crit Care Med.
2010;181(4):394–418.

27. Gehr P, Bachofen M, Weibel ER. The normal human lung: ultrastructure and
morphometric estimation of diffusion capacity. Respir Physiol. 1978;32(2):121–40.

28. Stone KC, Mercer RR, Gehr P, Stockstill B, Crapo JD. Allometric relationships
of cell numbers and size in the mammalian lung. Am J Respir Cell Mol Biol.
1992;6(2):235–43.
29. Pinkerton KE, Gehr P, Crapo JD. Architecture and Callular Composition of
the air-Blood Barrier. In: Parent RA, editor. Comparative Biology of the
Normal Lung, Treatise on Pulmonary Toxicology, vol. 1. London: CRC Press
Inc; 1992. p. 121–44.

30. EC (European Commission), Joint Research Centre Institute for Health and
Consumer Protection (IHCP), EASAC (European Academies Science Advisory
Council). Impact on Engineered Nanomaterials on Health: Considerations for
Benefit-Risk Assessment. Luxembourg: Publications Office of the European
Union. 2011. Available from: http://www.sazu.si/files/file-136.pdf. Accessed
November 17, 2014.

31. ICRP (International Commission on Radiological Protection). Human
Respiratory Tract Model for Radiological Protection. ICRP Publication 66.
Ann. ICRP 24 (1–3). Edinburgh, UK: IOM;1994. Available from:
http://www.icrp.org/publication.asp?id=ICRP+Publication+66.
Accessed November 17, 2014.

32. Gregoratto D, Bailey MR, Marsh JW. Modelling particle retention in the
alveolar-interstitial region of the human lungs. J Radiol Prot.
2010;30(3):491–512.

33. Kuempel ED, O'Flaherty EJ, Stayner LT, Smith RJ, Green FH, Vallyathan
V. A biomathematical model of particle clearance and retention in the
lungs of coal miners. I. Model development. Regul Toxicol Pharmacol.
2001;34(1):69–87.

34. ECETOC. Poorly soluble particles/lung overload. Brussels, Belgium: European
Center for Toxicology and Chemicals; 2013. Available from:
http://bit.ly/ecetoc-tr122. Accessed November 17, 2014.

35. Nikula KJ, Vallyathan V, Green FHY, Hahn FF. Influence of exposure
concentration or dose on the distribution of particulate material in rat and
human lungs. Environ Health Perspect. 2001;109(4):311–8.

36. West GB, Woodruff WH, Brown JH. Allometric scaling of metabolic rate from
molecules and mitochondria to cells and mammals. Proc Natl Acad Sci
U S A. 2002;99 Suppl 1:2473–24738.

37. Pauluhn J. Repeated inhalation exposure of rats to an anionic high
molecular weight polymer aerosol: application of prediction models to
better understand pulmonary effects and modes of action. Exp Toxicol
Pathol. 2014;66(5–6):243–56.

38. Pauluhn J. Retrospective analysis of 4-week inhalation studies in rats with
focus on fate and pulmonary toxicity of two nanosized aluminum
oxyhydroxides (boehmite) and pigment-grade iron oxide (magnetite): the
key metric of dose is particle mass and not particle surface area. Toxicol.
2009;259(3):140–8.

39. Morrow PE. Possible mechanisms to explain dust overloading of the lungs.
Fundam Appl Toxicol. 1988;10(3):369–84.

40. Takezawa J, Miller FJ, O'Neil JJ. Single-breath diffusing capacity and lung
volumes in small laboratory mammals. J Appl Physiol. 1980;48(6):1052–9.

41. Ménache MG, Miller FJ, Raabe OG. Particle inhalability curves for
humans and small laboratory animals. Ann Occup Hyg.
1995;39(3):317–28.

42. Pauluhn J. The metrics of MWCNT-induced pulmonary inflammation are
dependent on the selected testing regimen. Regul Toxicol Pharmacol.
2014;68(3):343–52.

43. Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular
layers. J Am Chem Soc. 1938;60:309–18.

44. Tran CL, Buchanan D, Cullen RT, Searl A, Jones AD, Donaldson K. Inhalation
of poorly soluble particles. II. Influence Of particle surface area on
inflammation and clearance. Inhal Toxicol. 2000;12(12):1113–26.

45. Monteiller C, Tran L, MacNee W, Faux S, Jones A, Miller B, et al. The pro-
inflammatory effects of low-toxicity low-solubility particles, nanoparticles
and fine particles, on epithelial cells in vitro: the role of surface area. Occup
Environ Med. 2007;64(9):609–15.

46. Faux SP, Tran C-L, Miller BG, Jones AD, Monteiller C, Donaldson K. In Vitro
Determinants of Particulate Toxicity: The Dose-Metric for Poorly Soluble
Dusts. 2003. Available from: http://www.hse.gov.uk/research/rrpdf/rr154.pdf.
Accessed November 17, 2014.

47. Oberdörster G, Ferin J, Gelein R, Soderholm SC, Finkelstein J. Role of the
alveolar macrophage in lung injury: studies with ultrafine particles. Environ
Health Perspect. 1992;97:193–9.

48. Driscoll KE. Role of inflammation in the development of rat lung tumors in
response to chronic particle exposure. Inhal Toxicol. 1996;8(Suppl):139–53.

49. Oberdörster G, Ferin J, Lehnert BE. Correlation between particle size, in vivo
particle persistence, and lung injury. Environ Health Perspect.
1994;102 Suppl 5:173–9.

http://ec.europa.eu/social/main.jsp?catId=148&langId=de&intPageId=684
http://ec.europa.eu/social/main.jsp?catId=148&langId=de&intPageId=684
http://dx.doi.org/10.1002/3527600418.mb0230stwe5314/pdf
http://dx.doi.org/10.1002/3527600418.mb0230stwe5314/pdf
http://onlinelibrary.wiley.com/doi/10.1002/9783527675135.oth1/pdf
http://onlinelibrary.wiley.com/doi/10.1002/9783527675135.oth1/pdf
http://ec.europa.eu/social/main.jsp?catId=148&langId=en&intPageId=684
http://ec.europa.eu/social/main.jsp?catId=148&langId=en&intPageId=684
http://rivm.openrepository.com/rivm/bitstream/10029/9272/1/650010031.pdf?origin=publication_detail
http://rivm.openrepository.com/rivm/bitstream/10029/9272/1/650010031.pdf?origin=publication_detail
http://rivm.openrepository.com/rivm/bitstream/10029/9272/1/650010031.pdf?origin=publication_detail
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=216546
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=216546
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=216546
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=216546
http://www.sazu.si/files/file-136.pdf
http://www.icrp.org/publication.asp?id=ICRP+Publication+66
http://bit.ly/ecetoc-tr122
http://www.hse.gov.uk/research/rrpdf/rr154.pdf


Morfeld et al. Particle and Fibre Toxicology  (2015) 12:3 Page 31 of 34
50. Bermudez E, Mangum JB, Asgharian B, Wong BA, Reverdy EE, Janszen DB,
et al. Long-term pulmonary responses of three laboratory rodent species to
subchronic inhalation of pigmentary titanium dioxide particles. Toxicol Sci.
2002;70(1):86–97.

51. Bermudez E, Mangum JB, Wong BA, Asgharian B, Hext PM, Warheit DB, et al.
Pulmonary responses of mice, rats, and hamsters to subchronic inhalation
of ultrafine titanium dioxide particles. Toxicol Sci. 2004;77(2):347–57.

52. Lison D, Lardot C, Huaux F, Fubini B. Influence of particle surface area on
the toxicity of insoluble manganese dioxide dusts. Arch Toxicol.
1997;71(12):725–9.

53. Kuempel ED, Castranova V, Geraci CL, Schulte PA. Development of risk-
based nanomaterial groups for occupational exposure control. J Nanopart
Res. 2012;14(9):1–15. 2012/08/07.

54. Saber A, Jacobsen N, Mortensen A, Szarek J, Jackson P, Madsen A, et al.
Nanotitanium dioxide toxicity in mouse lung is reduced in sanding dust
from paint. Part Fibre Toxicol. 2012;9(1):4.

55. Johnston HJ, Hutchison G, Christensen FM, Peters S, Hankin S, Stone V. A
review of the in vivo and in vitro toxicity of silver and gold particulates:
particle attributes and biological mechanisms responsible for the observed
toxicity. Crit Rev Toxicol. 2010;40(4):328–46.

56. Hext PM, Tomenson JA, Thompson P. Titanium dioxide: inhalation
toxicology and epidemiology. Ann Occup Hyg. 2005;49(6):461–72.

57. Braakhuis H, Park M, Gosens I, De Jong W, Cassee F. Physicochemical
characteristics of nanomaterials that affect pulmonary inflammation. Part
Fibre Toxicol. 2014;11(1):18.

58. Simko M, Nosske D, Kreyling WG. Metrics, dose, and dose concept: the need
for a proper dose concept in the risk assessment of nanoparticles. Int J
Environ Res Public Health. 2014;11(4):4026–48.

59. Duffin R, Tran CL, Clouter A, Brown DM, MacNee W, Stone V, et al. The
importance of surface area and specific reactivity in the acute
pulmonary inflammatory response to particles. Ann Occup Hyg.
2002;46 suppl 1:242–5.

60. Donaldson K, Borm PJ, Oberdörster G, Pinkerton KE, Stone V, Tran CL.
Concordance between in vitro and in vivo dosimetry in the
proinflammatory effects of low-toxicity, low-solubility particles: the key role
of the proximal alveolar region. Inhal Toxicol. 2008;20(1):53–62.

61. Maynard AD, Kuempel ED. Airborne nanostructured particles and
occupational health. J Nanopart Res. 2005;7:587–614.

62. Gebel T, Foth H, Damm G, Freyberger A, Kramer PJ, Lilienblum W, et al.
Manufactured nanomaterials: categorization and approaches to hazard
assessment. Arch Toxicol. 2014;88(12):2191–211.

63. Elder A, Gelein R, Finkelstein JN, Driscoll KE, Harkema J, Oberdörster G. Effects
of subchronically inhaled carbon black in three species. I. Retention kinetics,
lung inflammation, and histopathology. Toxicol Sci. 2005;88(2):614–29.

64. Borm PJA, Cakmak G, Jermann E, Weishaupt C, Kempers P, van Schooten FJ,
et al. Formation of PAH-DNA adducts after in vivo and vitro exposure of rats
and lung cells to different commercial carbon blacks. Toxicol Appl Pharmacol.
2005;205(2):157–67.

65. Oberdörster G. Toxicokinetics and effects of fibrous and nonfibrous particles.
Inhal Toxicol. 2002;14(1):29–56.

66. Gallagher J, Sams 2nd R, Inmon J, Gelein R, Elder A, Oberdorster G, et al.
ormation of 8-oxo-7,8-dihydro-2′-deoxyguanosine in rat lung DNA following
subchronic inhalation of carbon black. Toxicol Appl Pharmacol.
2003;190(3):224–31.

67. Tran CL, Buchanan D, Miller BG, Jones AD, Donaldson K. Mathematical
modeling to predict the responses to poorly soluble particles in rat lungs.
Inhal Toxicol. 2000;12(s3):403–9.

68. Pound P, Ebrahim S, Sandercock P, Bracken MB, Roberts I, on behalf of the
Reviewing Animals Trials Systematically (RATS) Group. Where is the
evidence that animal research benefits humans? BMJ.
2004;328:514–7.

69. Oberdörster G. Safety assessment for nanotechnology and nanomedicine:
nanotoxicology. J Intern Med. 2009;267(1):89–105.

70. ECHA (European Chemicals Agency). Human health and environmental
exposure assessment and risk characterisation of nanomaterials. Best
practice for REACH registrants. Third GAARN meeting (2013). Available from:
http://echa.europa.eu/documents/10162/5399565/
best_practices_human_health_environment_nano_3rd_en.pdf. Accessed
January 20, 2015.

71. Gebel T. Small difference in carcinogenic potency between GBP
nanomaterials and GBP micromaterials. Arch Toxicol. 2012;86(7):995–1007.
72. Gebel T. Response to morfeld (2013): commentary to gebel 2012: a
quantitative review should apply meta-analytical methods. Arch Toxicol.
2013;87(5):923–4.

73. Gebel T. Response to Morfeld (2013): second commentary to Gebel 2012-
established use of cancer potency indices and biological plausibility. Arch
Toxicol. 2013;87(11):2027–9.

74. Morfeld P. Commentary to Gebel 2012: a quantitative review should apply
meta-analytical methods. Arch Toxicol. 2013;87(5):921.

75. Morfeld P. Commentary to Gebel 2012: a quantitative review should apply
meta-analytical methods-and this applies also to quantitative toxicological
reviews. Arch Toxicol. 2013;87(11):2023–5.

76. Tran CL, Buchanan D. Development of a Biomathematical Lung Model to
Describe the Exposure-Dose Relationship for Inhaled Dust Among U.K. Coal
Miners. Edinburgh, U.K: Institute of Occupational Medicine; 2000. Available from:
http://www.iom-world.org/pubs/IOM_TM0002.pdf. Accessed November 17, 2014.

77. Sweeney LM, Parker A, Haber LT, Tran CL, Kuempel ED. Application of Markov
chain Monte Carlo analysis to biomathematical modeling of respirable dust in
US and UK coal miners. Regul Toxicol Pharmacol. 2013;66(1):47–58.

78. Stayner LT, Graber JM. Does exposure to coal dust prevent or cause lung
cancer? Occup Environ Med. 2011;68(3):167–8.

79. Morfeld P. Exposure-response association between cumulative exposure to
respirable crystalline silica dust and lung cancer. Zbl Arbeitsmed
Arbeitsschutz Ergon. 2013;63(4):342–6.

80. Graber JM, Stayner LT, Cohen RA, Conroy LM, Attfield MD. Respiratory
disease mortality among US coal miners; results after 37 years of follow-up.
Occup Environ Med. 2014;71(1):30–9.

81. Attfield MD, Kuempel ED. Mortality among U.S. underground coal miners: a
23-year follow-up. Am J Ind Med. 2008;51(4):231–45.

82. Miller BG, MacCalman L. Cause-specific mortality in British coal workers and
exposure to respirable dust and quartz. Occup Environ Med. 2010;67(4):270–6.

83. Taeger D, Hagemeyer O, Merget R, Brüning T, Pallapies D. Letter: is there a
lung cancer risk in US coal miners? Occup Environ Med. 2014;71(7):523.
March 28, 2014.

84. Morfeld P. Letter: Lung cancer excess risks after coal mine dust exposure?
Occup Environ Med. 2014; http://oem.bmj.com/content/71/1/30.full/
reply#oemed_el_3703. Accessed November 3717, 2014.

85. Graber JM, Cohen RA, Miller BG, Stayner LT. Increased Morbidity and
Mortality Among Coal Workers: Lessons Learned from Well-Designed
Epidemiological Research Programmes. In: Venables KM, editor. Current
Topics in Occupational Epidemiology. United Kingdom: Oxford University
Press; 2013. p. 3–16.

86. Morfeld P, Lampert K, Emmerich M, Reischig HL, Klinkner H-G, Bauer H-D, et al.
Staubexposition, pneumokoniose und lungenkrebs: eine epidemiologische
studie aus dem saarländischen steinkohlenbergbau. Zbl Arbeitsmed
Arbeitsschutz Ergon. 2002;52(10):382–97.

87. Morfeld P, Lampert K. Staubexposition, Pneumokonioseentwicklung und
Lungenkrebsmortalität: Eine Längschnittstudie an Steinkohlenbergleuten
aus dem Saarbergbau. Meckenheim: DCM - Druck Center; 2004.

88. Morfeld P, Emmerich M, Lampert K, Reischig HL, Klinkner HG, Stegmaier C,
et al. Mortalität und Krebsmorbidität saarländischer Steinkohlenbergleute,
1980–2002. In: Letzel S, Löffler KI, Seitz C, editors. Deutsche Gesellschaft für
Arbeitsmedizin und Umweltmedizin e. V. (DGAUM) - 47. Mainz:
Wissenschaftliche Jahrestagung; 2007. p. 387–9.

89. Buchanich JM, Balmert LC, Youk AO, Woolley SM, Talbott EO. General
mortality patterns in appalachian coal-mining and non-coal-mining
counties. J Occup Environ Med. 2014;56(11):1169–78.

90. Morfeld P. Letter to the editor: Buchanich et al. 2014: The ecologic fallacy may
have severely biased the findings. J Occup Environ Med. 2015, 57(2):e13)

91. Boffetta P, Soutar A, Cherrie JW, Granath F, Andersen A, Anttila A, et al.
Mortality among workers employed in the titanium dioxide production
industry in Europe. Cancer Causes Control. 2004;15(7):697–706.

92. Fryzek JP, Chadda B, Marano D, White K, Schweitzer S, McLaughlin JK, et al.
A cohort mortality study among titanium dioxide manufacturing workers in
the United States. J Occup Environ Med. 2003;45(4):400–9.

93. Abraham AG, Gange SJ, Rawleigh SB, Glass LR, Springer G, Samet JM.
Retrospective mortality study among employees occupationally exposed to
toner. J Occup Environ Med. 2010;52(10):1035–41.

94. Kitamura H, Terunuma N, Kurosaki S, Hata K, Masuda M, Kochi T, et al. A
cohort study on self-reported respiratory symptoms of toner-handling
workers: cross-sectional and longitudinal analysis from 2003 to 2008.
Biomed Res Int. 2014;2014:826757.

http://echa.europa.eu/documents/10162/5399565/best_practices_human_health_environment_nano_3rd_en.pdf
http://echa.europa.eu/documents/10162/5399565/best_practices_human_health_environment_nano_3rd_en.pdf
http://www.iom-world.org/pubs/IOM_TM0002.pdf
http://oem.bmj.com/content/71/1/30.full/reply#oemed_el_3703
http://oem.bmj.com/content/71/1/30.full/reply#oemed_el_3703


Morfeld et al. Particle and Fibre Toxicology  (2015) 12:3 Page 32 of 34
95. Kitamura H, Terunuma N, Kurosaki S, Hata K, Masuda M, Kochi T, et al. A
cohort study using pulmonary function tests and x-ray examination in
toner-handling workers: Cross-sectional and longitudinal analyses from 2003
to 2008. Hum Exp Toxicol. 2014; [Epub ahead of print].

96. Kitamura H, Terunuma N, Kurosaki S, Hata K, Masuda M, Kochi T, et al. A
cohort study of toner-handling workers on inflammatory, allergic, and
oxidative stress markers: Cross-sectional and longitudinal analyses from
2003 to 2008. Hum Exp Toxicol. 2014; [Epub ahead of print].

97. Lee MW, Chen ML, Lung SC, Tsai CJ, Yin XJ, Mao IF. Exposure assessment of
PM2.5 and urinary 8-OHdG for diesel exhaust emission inspector. Sci Total
Environ. 2010;408(3):505–10.

98. Lettieri Barbato D, Tomei G, Tomei F, Sancini A. Traffic air pollution and
oxidatively generated DNA damage: can urinary 8-oxo-7,8-dihydro-2-
deoxiguanosine be considered a good biomarker? A meta-analysis.
Biomarkers. 2010;15(6):538–45.

99. Baan R, Straif K, Grosse Y, Secretan B, El Ghissassi F, Cogliano V. Carcinogenicity
of carbon black, titanium dioxide, and talc. Lancet Oncol. 2006;7(4):295–6.

100. IARC (International Agency for Research on Cancer). Carbon Black, Titanium
Dioxide, and Talc. Lyon: IARC; 2010.

101. Kuempel ED, Smith RJ, Dankovic DA, Stayner LT. Rat- and human-based risk
estimates of lung cancer from occupational exposure to poorly-soluble
particles: a quantitative evaluation. J Phys Conf Ser. 2009;151:1–12.

102. Dell LD, Mundt KA, Luippold RS, Nunes AP, Cohen L, Burch MT, et al. A
cohort mortality study of employees in the U.S. carbon black industry.
J Occup Environ Med. 2006;48(12):1219–29.

103. Morfeld P, Büchte SF, McCunney RJ, Piekarski C. Lung cancer mortality and
carbon black exposure: uncertainties of SMR analyses in a cohort study at a
German carbon black production plant. J Occup Environ Med.
2006;48(12):1253–64.

104. Morfeld P, Büchte SF, Wellmann J, McCunney RJ, Piekarski C. Lung cancer
mortality and carbon black exposure: cox regression analysis of a cohort
from a German carbon black production plant. J Occup Environ Med.
2006;48(12):1230–41.

105. Morfeld P, McCunney RJ. Carbon black and lung cancer: testing a new
exposure metric in a German cohort. Am J Ind Med. 2007;50(8):565–7.

106. Morfeld P, McCunney RJ. Carbon black and lung cancer-testing a novel
exposure metric by multi-model inference. Am J Ind Med.
2009;52(11):890–9.

107. Morfeld P, McCunney RJ. Bayesian bias adjustments of the lung cancer SMR
in a cohort of German carbon black production workers. J Occup Med
Toxicol. 2010; Available from: http://www.ncbi.nlm.nih.gov/pubmed/
20701747. Accessed 20 January 2015.

108. Sorahan T, Hamilton L, van Tongeren M, Gardiner K, Harrington JM. A
cohort mortality study of U.K. carbon black workers, 1951–1996. Am J Ind
Med. 2001;39(2):158–70.

109. Sorahan T, Harrington JM. A “lugged” analysis of lung cancer risks in UK
carbon black production workers, 1951–2004. Am J Ind Med.
2007;50(8):555–64. May 21.

110. Wellmann J, Weiland SK, Neiteler G, Klein G, Straif K. Cancer mortality in
German carbon black workers 1976–1998. Occup Environ Med.
2006;63(8):513–21.

111. Büchte SF, Morfeld P, Wellmann J, Bolm-Audorff U, McCunney RJ, Piekarski
C. Lung cancer mortality and carbon black exposure: a nested case–control
study at a German carbon black production plant. J Occup Environ Med.
2006;48(12):1242–52.

112. McCunney RJ, Muranko HJ, Long CM, Hamade AK, Valberg PA, Morfeld P.
Carbon Black. In: Bingham E, Cohrssen B, editors. Patty’s Toxicology, vol. 5.
6th ed. Oxford, UK: John Wiley & Sons; 2012. p. 429–53.

113. Parent ME, Siemiatycki J, Renaud G. Case–control study of exposure to
carbon black in the occupational setting and risk of lung cancer. Am J Ind
Med. 1996;30(3):285–92.

114. Ramanakumar AV, Parent M-É, Latreille B, Siemiatycki J. Risk of lung cancer
following exposure to carbon black, titanium dioxide and talc: results
from two case–control studies in Montreal. Int J Cancer.
2008;122(1):183–9.

115. Kayacan O, Beder S, Karnak D. Cellular profile of bronchoalveolar lavage
fluid in Turkish miners. Postgrad Med J. 2003;79(935):527–30.

116. Xing J-C, Chen W-H, Han W-H, Guo M-F, Rehn S, Bruch J. Changes of tumor
necrosis factor, surfactant protein A, and phospholipids in bronchoalveolar
lavage fluid in the development and progression of coal workers’
pneumoconiosis. Biomed Environ Sci. 2006;19(2):124–9.
117. Vallyathan V, Goins M, Lapp LN, Pack D, Leonard S, Shi X, et al. Changes
in bronchoalveolar lavage indices associated with radiographic
classification in coal miners. Am J Respir Crit Care Med.
2000;162(3 Pt 1):958–65.

118. Vanhee D, Gosset P, Wallaert B, Voisin C, Tonnel AB. Mechanisms of fibrosis
in coal workers’ pneumoconiosis. Increased production of platelet-derived
growth factor, insulin-like growth factor type I, and transforming growth
factor beta and relationship to disease severity. Am J Respir Crit Care Med.
1994;150(4):1049–55.

119. Vanhee D, Gosset P, Marquette CH, Wallaert B, Lafitte JJ, Gosselin B, et al.
Secretion and mRNA expression of TNF alpha and IL-6 in the lungs of
pneumoconiosis patients. Am J Respir Crit Care Med. 1995;152(1):298–306.

120. Adachi H, Hayashi H, Sato H, Dempo K, Akino T. Characterization of
phospholipids accumulated in pulmonary-surfactant compartments of rats
intratracheally exposed to silica. Biochem J. 1989;262(3):781–6.

121. Nehls P, Seiler F, Rehn B, Greferath R, Bruch J. Formation and persistence
of 8-oxoguanine in rat lung cells as an important determinant for tumor
formation following particle exposure. Environ Health Perspect.
1997;105 Suppl 5:1291–6.

122. Seiler F, Rehn B, Rehn S, Bruch J. Evidence of a no-effect level in
silica-induced rat lung mutagenicity but not in fibrogenicity. Arch
Toxicol. 2001;74(11):716–9.

123. Seiler F, Rehn B, Rehn S, Hermann M, Bruch J. Quartz exposure of the rat
lung leads to a linear dose response in inflammation but not in oxidative
DNA damage and mutagenicity. Am J Respir Cell Mol Biol.
2001;24(4):492–8.

124. Donaldson K, Brown GM, Brown DM, Robertson MD, Slight J, Cowie H, et al.
Contrasting bronchoalveolar leukocyte responses in rats inhaling coal mine
dust, quartz, or titanium dioxide: effects of coal rank, airborne mass
concentration, and cessation of exposure. Environ Res. 1990;52(1):62–76.

125. Vanhee D, Gosset P, Boitelle A, Wallaert B, Tonnel AB. Cytokines and
cytokine network in silicosis and coal workers’ pneumoconiosis. Eur Respir J.
1995;8(5):834–42.

126. Kuempel ED, Attfield MD, Vallyathan V, Lapp NL, Hale JM, Smith RJ, et al.
Pulmonary inflammation and crystalline silica in respirable coal mine dust:
dose–response. J Biosci. 2003;28(1):61–9.

127. Meyer KC, Raghu G, Baughman RP, Brown KK, Costabel U, du Bois RM, et al.
An official American Thoracic Society clinical practice guideline: the clinical
utility of bronchoalveolar lavage cellular analysis in interstitial lung disease.
Am J Respir Crit Care Med. 2012;185(9):1004–14.

128. Rom WN, Bitterman PB, Rennard SI, Cantin A, Crystal RG. Characterization of
the lower respiratory tract inflammation of nonsmoking individuals with
interstitial lung disease associated with chronic inhalation of inorganic
dusts. Am Rev Respir Dis. 1987;136(6):1429–34.

129. ILSI. The relevance of the rat lung response to particle overload for human
risk assessment: A workshop consensus report - Risk Science Institute
Workshop. Inhal Toxicol. 2000;12(1–2):1–17.

130. Lehnert BE, Valdez YE, Tietjen GL. Alveolar macrophage-particle relationships
during lung clearance. Am J Respir Cell Mol Biol. 1989;1(2):145–54.

131. Ellender M, Hodgson A, Wood KL, Moody JC. Effect of bronchopulmonary
lavage on lung retention and clearance of particulate material in hamsters.
Environ Health Perspect. 1992;97:209–13.

132. Snipes MB. Long-term retention and clearance of particles inhaled by
mammalian species. Crit Rev Toxicol. 1989;20(3):175–211.

133. Kreyling WG. Interspecies comparison of lung clearance of “insoluble”
particles. J Aerosol Med. 1990;3(s1):S-93-S-110.

134. Krombach F, Münzing S, Allmeling A-M, Gerlach JT, Behr J, Dörger M. Cell
size of alveolar macrophages: an interspecies comparison. Environ Health
Perspect. 1997;105 Suppl 5:1261–3.

135. Dörger M, Jesch NK, Rieder G, Hirvonen M-R, Savolainen K, Krombach F,
et al. Species differences in NO formation by rat and hamster alveolar
macrophages in vitro. Am J Respir Cell Mol Biol. 1997;16(4):413–20.

136. Jesch NK, Dorger M, Enders G, Rieder G, Vogelmeier C, Messmer K, et al.
Expression of inducible nitric oxide synthase and formation of nitric oxide
by alveolar macrophages: an interspecies comparison. Environ Health
Perspect. 1997;105 Suppl 5:1297–300.

137. Levy LS. Review: the ‘Particle Overload’ phenomenon and human risk
assessment. Indoor Environ. 1995;4(5):254–62.

138. Oberdörster G. Pulmonary carcinogenicity of inhaled particles and the
maximum tolerated dose. Environ Health Perspect. 1997;105
Suppl 5:1347–55.

http://www.ncbi.nlm.nih.gov/pubmed/20701747
http://www.ncbi.nlm.nih.gov/pubmed/20701747


Morfeld et al. Particle and Fibre Toxicology  (2015) 12:3 Page 33 of 34
139. Greim H, Borm P, Schins R, Donaldson K, Driscoll K, Hartwig A, et al. Toxicity
of fibers and particles. Report of the workshop held in Munich, Germany,
26–27 October 2000. Inhal Toxicol. 2001;13(9):737–54.

140. Kolling A, Ernst H, Rittinghausen S, Heinrich U. Relationship of pulmonary
toxicity and carcinogenicity of fine and ultrafine granular dusts in a rat
bioassay. Inhal Toxicol. 2011;23(9):544–54.

141. Driscoll KE, Deyo LC, Carter JM, Howard BW, Hassenbein DG, Bertram T.
Effects of particle exposure and particle-elicited inflammatory cells on
mutation in rat alveolar epithelial cells. Carcinogenesis. 1997;18(2):423–30.

142. Jackson JH, Gajewski E, Schraufstatter IU, Hyslop PA, Fuciarelli AF, Cochrane
CG, et al. Damage to the bases in DNA induced by stimulated human
neutrophils. J Clin Invest. 1989;84(5):1644–9.

143. Weitzman SA, Gordon LI. Inflammation and cancer: role of phagocyte-
generated oxidants in carcinogenesis. Blood. 1990;76(4):655–63.

144. Nikula KJ, Avila KJ, Griffith WC, Mauderly JL. Lung tissue responses and sites
of particle retention differ between rats and cynomolgus monkeys exposed
chronically to diesel exhaust and coal dust. Fundam Appl Toxico.
1997;37(1):37–53.

145. Nikula KJ. Rat lung tumors induced by exposure to selected poorly soluble
nonfibrous particles. Inhal Toxicol. 2000;12(1–2):97–119.

146. Green FHY. Pulmonary responses to inhaled poorly soluble particulate in
the human. Inhal Toxicol. 2000;12(1–2):59–95.

147. IARC (International Agency for Research on Cancer). Carbon Black:
Comparison of Toxicokinetics and Toxicodynamics of Inhaled Poorly Soluble
Particles in Animals and Humans. In: World Health Organization, editor. IARC
Monographs on the Evaluation of Carcinogenic Risks to Humans, vol. 93.
Lyon, France: IARC; 2010. p. 166–71.

148. Driscoll KE, Carter JM, Howard BW, Hassenbein DG, Pepelko W, Baggs RB,
et al. Pulmonary inflammatory, chemokine, and mutagenic responses in rats
after subchronic inhalation of carbon black. Toxicol Appl Pharmacol.
1996;136(2):372–80.

149. Pott F, Roller M. Carcinogenicity study with nineteen granular dusts in rats.
Eur J Oncol. 2005;10:249–81.

150. Morfeld P, Albrecht C, Drommer W, Borm PJA. Dose–response and
threshold analysis of tumour prevalence after intratracheal instillation of six
types of low and high surface area particles in a chronic rat experiment.
Inhal Toxicol. 2006;18(4):215–25.

151. OECD. Guidance document on developing and assessing adverse outcome
pathways. Paris; 2013. Available from: http://www.oecd.org/
officialdocuments/publicdisplaydocumentpdf/cote=env/jm/mono(2013)
6&doclanguage=en. Accessed November 17, 2014.

152. Vallyathan V, Castranova V, Pack D, Leonard S, Shumaker J, Hubbs AF, et al.
Freshly fractured quartz inhalation leads to enhanced lung injury and
inflammation. Potential role of free radicals. Am J Respir Crit Care Med.
1995;152(3):1003–9.

153. Yamano Y, Kagawa J, Hanaoka T, Takahashi T, Kasai H, Tsugane S, et al.
Oxidative DNA damage induced by silica in vivo. Environ Res.
1995;69(2):102–7.

154. Knaapen AM, Borm PJA, Albrecht C, Schins RPF. Inhaled particles and lung
cancer. Part A: Mechanisms. Int J Cancer. 2004;109(6):799–809.

155. Bessho T, Roy R, Yamamoto K, Kasai H, Nishimura S, Tano K, et al. Repair of
8-hydroxyguanine in DNA by mammalian N-methylpurine-DNA glycosylase.
Proc Natl Acad Sci U S A. 1993;90(19):8901–4.

156. Carter JM, Corson N, Driscoll KE, Elder A, Finkelstein JN, Harkema JN,
et al. A comparative dose-related response of several key pro- and
antiinflammatory mediators in the lungs of rats, mice, and hamsters after
subchronic inhalation of carbon black. J Occup Environ Med.
2006;48(12):1265–78.

157. Carter JM, Driscoll KE. The role of inflammation, oxidative stress, and
proliferation in silica-induced lung disease: a species comparison. J Environ
Pathol Toxicol Oncol. 2001;20 Suppl 1:33–43.

158. Seiler F, Rehn B, Rehn S, Bruch J. Significant differences in the cellular and
molecular reactions of rat and hamster lung after quartz exposure. Toxicol
Lett. 2001;119(1):11–9.

159. Behrens A, Van Deursen JM, Rudolph KL, Schumacher B. Impact of genomic
damage and ageing on stem cell function. Nat Cell Biol. 2014;16(3):201–7.

160. OECD. Guidance Document 116 on the conduct and design of chronic toxicity
and carcinogenicity studies, supporting test guidlines 451, 452 and 453. 2nd
edition. Series on testing and assessment. No. 116. Paris; 2012. Available from:
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/
JM/MONO(2011)47&doclanguage=en. Accessed November 17, 2014.
161. Morfeld P. Letter to the editor: lung dosimetry and risk assessment of
nanoparticles. Inhal Toxicol. 2007;19(2):195. author reply 197–198.

162. Smith RG, Musch DC. Occupational exposure to carbon black: a particulate
sampling study. Am Ind Hyg Assoc J. 1982;43(12):925–30.

163. Gardiner K, Trethowan WN, Harrington JM, Calvert IA, Glass DC.
Occupational exposure to carbon black in its manufacture. Ann Occup Hyg.
1992;36(5):477–96.

164. Gardiner K, Trethowan NW, Harrington JM, Rossiter CE, Calvert IA.
Respiratory health effects of carbon black: a survey of European carbon
black workers. Br J Ind Med. 1993;50(12):1082–96.

165. Gardiner K. Effects on respiratory morbidity of occupational exposure to
carbon black: a review. Arch Environ Health. 1995;50(1):44–60.

166. Gardiner K, van Tongeren M, Harrington M. Respiratory health effects from
exposure to carbon black: results of the phase 2 and 3 cross sectional
studies in the European carbon black manufacturing industry. Occup
Environ Med. 2001;58(8):496–503.

167. Van Tongeren MJ, Kromhout H, Gardiner K. Trends in levels of inhalable
dust exposure, exceedance and overexposure in the European carbon black
manufacturing industry. Ann Occup Hyg. 2000;44(4):271–80.

168. van Tongeren MJ. Occupational exposure to carbon black dust in the
European carbon black manufacturing industry and its respiratory effects.
Institute of Occupational Health, Thesis (Doctor of Philosophy); 2000

169. Muranko HJ, Hethmon TA, Smith RG. “Total” and respirable dust
exposures in the U.S. carbon black manufacturing industry. AIHAJ.
2001;62(1):57–64.

170. Kerr SM, Muranko HJ, Vincent JH. Personal sampling for inhalable aerosol
exposures of carbon black manufacturing industry workers. Appl Occup
Environ Hyg. 2002;17(10):681–92.

171. Harber P, Muranko H, Solis S, Torossian A, Merz B. Effect of carbon black
exposure on respiratory function and symptoms. J Occup Environ Med.
2003;45(2):144–55.

172. Harber P, Muranko H, Shvartsblat S, Solis S, Torossian A, Oren T. A
triangulation approach to historical exposure assessment for the carbon
black industry. J Occup Environ Med. 2003;45(2):131–43.

173. ACGIH. Documentation of the threshold limit values and biological
exposure indices, 7th ed. Carbon black. In: American Conference of
Governmental Industrial Hygienists; 1330 Kemper Meadow Drive, Cincinnati,
OH 45240-4148. 2011:8.

174. Kuhlbusch T, Neumann S, Fissan H. Number size distribution, mass
concentration, and particle composition of PM1, PM2.5, and PM10 in bag
filling areas of carbon black production. J Occup Environ Hyg.
2004;1:660–71. 01.03.2005.

175. Kuhlbusch TA, Fissan H. Particle characteristics in the reactor and pelletizing
areas of carbon black production. J Occup Environ Hyg. 2006;3(10):558–67.

176. Wake D, Mark D, Northage C. Ultrafine aerosols in the workplace. Ann
Occup Hyg. 2002;46 suppl 1:235–8.

177. Fryzek JP, Chadda B, Morano D, White K, Schweitzer S, McLaughin JK, et al.
A Cohort Mortality Study Among Titanium Dioxide Manufacturing Workers
in the United States. 2002.

178. Boffetta P, Soutar A, Weiderpass E, Cherrie J, Granath F, Andersen A,
et al. Historical Cohort Study Workers Employed in the Titanium
Dioxide Production Industry in Europe. Results of Mortality Follow-up.
Stockholm: Department of Medical Epidemiology, Karolinska
Institute; 2003.

179. Steenland NK, Bartell SM. Silica exposure: risk assessment for lung cancer,
silicosis, and other diseases. Washington DC: U.S. Department of Labor,
Occupational Safety and Health Administration; 2004. Available from:
http://www.regulations.gov/#!documentDetail;D=OSHA-2010-0034-0469.
Accessed November 17, 2014.

180. Gold LS, Manley NB, Ames BN. Extrapolation of carcinogenicity between
species: qualitative and quantitative factors. Risk Anal. 1992;12(4):579–88.

181. Institute of Occupational Medicine (IOM). The IOM’s position on
occupational exposure limits for dust. Edinburgh, UK: IOM; 2011. Available
from: http://www.iom-world.org/media/93355/ioms_position_on_oels.pdf.
Accessed November 17, 2014

182. Wheeler MW, Bailer AJ. Properties of model-averaged BMDLs: a study of
model averaging in dichotomous response risk estimation. Risk Anal.
2007;27(3):659–70.

183. Schulte P, Murashov V, Zumwalde R, Kuempel E, Geraci C. Occupational
exposure limits for nanomaterials: state of the art. J Nanopart Res.
2010;12(6):1971–87.

http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/cote=env/jm/mono(2013)6&doclanguage=en
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/cote=env/jm/mono(2013)6&doclanguage=en
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/cote=env/jm/mono(2013)6&doclanguage=en
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/JM/MONO(2011)47&doclanguage=en
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/JM/MONO(2011)47&doclanguage=en
http://www.regulations.gov/#!documentDetail;D=OSHA-2010-0034-0469
http://www.iom-world.org/media/93355/ioms_position_on_oels.pdf


Morfeld et al. Particle and Fibre Toxicology  (2015) 12:3 Page 34 of 34
184. Morfeld P, Mundt KA, Taeger D, Guldner K, Steinig O, Miller BG. Threshold
value estimation for respirable quartz dust exposure and silicosis incidence
among workers in the German porcelain industry. J Occup Environ Med.
2013;55(9):1027–34.

185. Dankovic D, Kuempel E, Wheeler M. An approach to risk assessment for
TiO2. Inhal Toxicol. 2007;19 Suppl 1:205–12.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Use of models as suggested by the MAK commission
	Model A: The retained particle mass per alveolar surface area model
	Model A: Inconsistent post-hoc density adjustment
	Model A: Lung surface area values used by MAK are not derived using contemporary recognised standard procedures endorsed by the American Thoracic Society and the European Respiratory Society
	Model A: The alveolar clearance rate chosen for humans can be disputed according to current research
	Model A: Outcome on the HEC estimates

	Model B: The retained particle volume per macrophage pool volume model
	Model B: Non-replicable method applied for the calculation of the NOAEC in the first derivation
	Model B: The standardization by rat lung mass or rat body weight is varying and inconsistent
	Model B: Deposition fractions applied in Pauluhn [14] cannot be reproduced with the MPPD program given MAK’s input data [11]
	Model B: The alveolar clearance rate chosen for humans is incorrect and needs revision based on recent research
	Model B: Sensitivity analysis: Deposition fractions and NOAECs
	Model B: Sensitivity analysis: Outcome on the HEC estimate


	Commentary on the models
	The particle mass and volume metrics in comparison to the particle surface area metric
	Epidemiology of GBS and related dusts
	Coalmine dust: No lung overload and no lung cancer excess risk in workers
	Titanium dioxide, toner and carbon black: No lung cancer excess risk in workers

	BAL studies in humans are consistent with epidemiological results
	Comparative interspecies responses to GBS exposure
	Species-specific response to GBS in inhalation studies
	Species-specific response to GBS on the cellular and molecular level
	Species-specific response to GBS: Conclusions


	Some comments on measured occupational exposures levels
	Discussion
	Conclusions
	Endnotes
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgement
	Author details
	References

