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Abstract

In the sector of occupational safety and health only a limited amount of studies are concerned
with the conversion of inhalable to respirable dust. This conversion is of high importance for retro-
spective evaluations of exposure levels or of occupational diseases. For this reason a possibility
to convert inhalable into respirable dust is discussed in this study. To determine conversion func-
tions from inhalable to respirable dust fractions, 15 120 parallel measurements in the exposure
database MEGA (maintained at the Institute for Occupational Safety and Health of the German
Social Accident Insurance) are investigated by regression analysis. For this purpose, the whole
data set is split into the influencing factors working activity and material. Inhalable dust is the
most important predictor variable and shows an adjusted coefficient of determination of 0.585
(R? adjusted to sample size). Further improvement of the model is gained, when the data set is
split into six working activities and three material groups (e.g. high temperature processing, adj.
R? = 0.668). The combination of these two variables leads to a group of data concerned with high
temperature processing with metal, which gives rise to a better description than the whole data
set (adj. R? = 0.706). Although it is not possible to refine these groups further systematically, seven
improved groups are formed by trial and error, with adj. R? between 0.733 and 0.835: soldering,
casting (metalworking), welding, high temperature cutting, blasting, chiseling/embossing, and
wire drawing. The conversion functions for the seven groups are appropriate candidates for data
reconstruction and retrospective exposure assessment. However, this is restricted to a careful ana-
lysis of the working conditions. All conversion functions are power functions with exponents be-
tween 0.454 and 0.946.Thus, the present data do not support the assumption that respirable and
inhalable dust are linearly correlated in general.
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Introduction

Dust is a prevalent exposure at workplaces in various
types of industries such as mining, foundries, chemical
and food industries, stone working, and woodwork.
Dust can consist of different materials like minerals, me-
tallic and organic particles, which can differ greatly in
size, shape, and density. Depending on the aerodynamic
diameter, the particles can reach various regions of the
respiratory tract and are assigned to the inhalable, thor-
acic, or respirable dust fraction (European Committee
for Standardization (1993), EN 481:1993-09; ISO
7708:1995; WHO, 1999). The largest particles can
be inhaled and are deposited in the air passages of the
extrathoracic region between the mouth, the nose, and
the larynx (WHO, 1999). International standards (EN
481:1993-09; ISO 7708:1995) define the mass frac-
tion of inhalable particles by the separation function
[=50*(1+exp[-0,06*D]), where I is the percentage of
particles with an aerodynamic diameter of D in pm. This
convention is defined for D < 100 pm. In other words,
the inhalable dust fraction consists of particles with an
aerodynamic diameter up to 100 pm (ISO 7708:1995;
European Committee for Standardization (2014a,b), EN
13205-2:2014a,b). Smaller particles are able to reach
the gas-exchange region of the lungs and form the res-
pirable dust fraction. In words of particle size, the limit
for entering the alveolar region is between 10 and 15 pm
(WHO, 1999; EN 13205-2:2014a,b).

If dust particles cannot be exhaled or cleared from
the respiratory tract, they can remain at the same lo-
cation for a long time and may cause serious harm.
Adverse health effects caused by dust comprise, for ex-
ample, allergic reactions, pneumoconiosis (especially sili-
cosis), cancer, and heart diseases (Verma, 1984; WHO,
1999; Baur, 2013). Often the inhaled particles imply
additional risks because of hazardous substances. Metal
dusts frequently contain toxic compounds like lead, mer-
cury, nickel, chromium, or cadmium, which can cause
pulmonary fibrosis and dyspnea for example (WHO,
1999; Bender, 2005).

With the knowledge of these health-related effects
caused by occupational dusts of different size, measuring
different dust fractions in work environments has gained
further importance for the evaluation of exposure and risk
to workers over the last few years. Historically, dust meas-
urements in Germany have mainly targeted the inhalable
dust fraction, which has been measured and evaluated ac-
cording to international standards (EN 481:1993-09; ISO
7708:1995). The introduction of the legal limit value (max-
imum workplace concentration [MAK]) for respirable dust
in the year 1973 and subsequent lowering of occupational

exposure limits in Germany (Barig and Blome, 1999; Hahn
and Mohlmann, 2011; Ausschuss fiir Gefahrstoffe, 2014)
have spurred measurements of the respirable fraction, with
concomitant increase in the amount of available exposure
data. So in the early years of dust measurement mainly
inhalable dust was sampled, whereas the amount of respir-
able dust measurements increased after the introduction of
the limit value, exceeding the yearly number of measure-
ments of inhalable dust resulting in a higher number of data
for respirable dust. The increase in measurements of respir-
able dust was not unique in Germany, there was also an
international trend in measuring more than the inhalable
dust fraction. This was also caused by the advances of sam-
pler technology. While the assessment of current exposures
has improved, the retrospective assessment of the exposure
to respirable dust remains problematic, if only historical
data for inhalable dust are available. Therefore, a possi-
bility to convert the measured concentration of inhalable
dust into respirable dust concentration mathematically is
highly desirable for the hazard assessment or in the investi-
gation of occupational diseases. Further problems occur for
epidemiological studies especially when these studies are
used to derive limit values.

Various studies have contributed to discussions
which are concerned with the occurrence of different
dust fractions in selected types of industries. These
studies often compare conversion factors between ‘total’
and ‘inhalable’ dust in specific types of industries (Tsai
et al., 1995; Vinzents et al., 1995; Werner et al., 1996;
Tsai et al., 2011), or the performances of different
measurement systems are compared (Lilienberg and
Brisman, 1994; Linnainmaa et al., 2007; Martin and
Zalk, 2011). Only a limited number of studies have fo-
cused on the conversion of inhalable to respirable dust.
A study by Dahmann et al. (2007) attempted to recon-
struct the exposure of inhalable and respirable dust,
crystalline silica and heavy metals in former uranium
mines by performing parallel measurements with ori-
ginal sampling equipment, instead of calculating the
dust concentrations with the aid of a conversion func-
tion. Noto et al. (2016) determined a ratio of 0.085 for
respirable to inhalable dust in cement production in-
dustry. Another study (Hauptverband der gewerblichen
Berufsgenossenschaften, 1996) identified ratios of res-
pirable to inhalable dust for specific working activities
such as grinding gypsum (0.19), grinding and trans-
porting quartz sand (0.26), clay processing (0.20), and
loading cement (0.21). Also, the exposure to inhalable
and respirable particles in welding fume (Lehnert et al.,
2012) and specific workplaces of different crematoria
(Korczynski, 2011) have been investigated. From these
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few examples, it can be seen that working activity and
material are important variables in defining a relation
between inhalable and respirable dust. Most of these
studies assume a linear relationship and calculate con-
version factors.

This study analyzes the nonpublic database MEGA
of exposure data obtained by the surveillance activity
of the German Social Accident Insurance (Gabriel et al.,
2010). MEGA was established in 1972 and is designed
for the evaluation of occupational diseases, hazard and
exposure analysis in specific working areas, as well as
time-dependent analysis of exposure to hazardous sub-
stances at working places. The database holds over 3
million data sets with exposures to about 870 hazardous
substances including information of measurement sys-
tems used, working conditions, analytical methods,
and characteristics of measurement sites. Publications
of statistical evaluations of the MEGA database
can be found under https://www.dguv.de/ifa/gestis/
expositionsdatenbank-mega/expositionsdaten-aus-mega-
in-publikationen/index-2.jsp.

The dust exposure data in the MEGA database are
analyzed in this study in order to determine a possible
relation between inhalable and respirable dust measure-
ment results depending on working environments and
materials.

Materials and methods

Data selection
The MEGA database contains independent data sets
for measurements of inhalable and respirable dust. This
study starts with records from 1961 to 2016 which con-
tain 103 825 data sets for inhalable dust and 222 501
data sets for respirable dust.

First, measurements are excluded, if

* the measurement duration is < 2 h,

* a concentration is below the limit of quantification,
and

* the measured concentrations for inhalable dust are
>100 mg m™3 or for respirable dust are >10 mg m=.

With these restrictions a total of 26 337 pairs of
inhalable and respirable dust were excluded. The limits
for the measurement duration and the range of con-
centration lead to values that are representative for
the working conditions. The effect of including sam-
ples above the concentration cutoff values is discussed
in Results. According to the European standard EN
689:1995 the minimum number of samples which have
to be taken during a work shift with constant exposure

is dependent on the sampling duration. When the sam-
pling duration is higher or equal 2 h, one measurement
is sufficient (European Committee for Standardization
(1995), EN 689:1995).

Secondly, pairs of inhalable and respirable measure-
ments are formed if:

* the measurement has been performed at the same day
and time (starting and ending times of both measure-
ments do not differ by more than 5 min),

e the measurements have the same industrial sector, re-
port number, type of sampling, and working activity,

* the respirable dust concentration ¢, is not higher
than the concentrations of inhalable dust ¢,.

With these criteria further 2704 pairs of inhalable and
respirable dust were excluded. The industrial sector de-
scribes the type of industry where the measurements are
performed, such as the mining industry, production of
concrete products, foundries, or the ceramic industry.
The variable working activity combines the task and the
process. The type of sampling describes if the sample was
taken by personal or stationary sampling. For the per-
sonal sampling, the exact position of the system is also
described, for example, behind the welding protection
shield or in front of the face protection (if applicable).
Although the pairs of inhalable and respirable dust
are not previously linked in the database, the risk of
forming wrong pairs is very low. The pairs are formed
systematically with the help of 12 variables, for example:

* Same factory

*  Same location within the factory
* Same day

¢ Same starting and ending time

The software-based systematic pairing was also veri-
fied by the first author for a random subsample. Because
wrong pairing of measurements would lead to wrong
ratios of the dust fractions and in the worst case to in-
correct conversion functions, special attention was paid
to this crucial point of the study.

Respirable dust is a subset of the inhalable dust.
Therefore, measurements with ¢, > ¢, can be caused by
incorrect sampling, spatial variability of the dust con-
centrations, or could result from particle movement and
thermal effects. This criterion only affects 592 pairs of
measurements.

If one merges the data sets of respirable and inhalable
dust fractions by considering the described require-
ments, it is possible to form a new data set consisting of
15 120 pairs gathered between the years 1989 and 2016.
The data used are collected in 818 different industrial
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sectors. The majority of dust concentration values is re-
corded in 2-h measurements (7 = 9648).

Measurement systems

Table 1 lists the most commonly used sampling systems
for the parallel measurements of inhalable and respir-
able dust. As additional information the sampling rate of
each system and sampling type is given.

All samplers used in this study are validated according
to the international standards EN 13205 and European
Committee for Standardization (2012), EN 1540 for
sampler performance testing systematic deviation of the
sampler, measurement uncertainty, measuring range, pre-
cision, and impact of the main influential variables (e.g.
particle size, composition of particles, aerosol mass, and
variations in the sampling rate) (European Committee
for Standardizsation (2014a,b), EN 13205-1:2014a,b).
In addition, the use of validated measurement systems is
a compulsory requirement of the MEGA database.

The samplers VC-25 and PM4 can only be used for
stationary measurements. The samplers GSP and FSP
can be used for both stationary and personal measure-
ments (Mattenklott and Mohlmann, 2011). The VC-25
and PM4 samplers are used with two different sampling
heads. In Table 1 these sampling heads are character-
ized with ‘G’ for inhalable dust and ‘F’ for respirable
dust. The VC-25 G and PM4-G collect dust through a
ring slit orifice with an aspiration speed of 1.25 m s™!
independent from the sampling rate and the orientation
(Coenen, 1981; Riediger, 2001). For inhalable dust par-
ticles with an aerodynamic diameter of 10 pm are col-
lected with the VC-25 G to about 80%, with 20 pm to
about 70% and with 50 pm to about 55% (Coenen,
1981). Particles which are sampled with the VC-25 F are
collected through a ring slit and the separation of res-
pirable dust fraction is performed via impaction of large
particles (Siekmann, 1998). The separation of the respir-
able dust fraction using the PM4-F sampler is done using

a cyclone preseparator (Siekmann, 1998). With the com-
parably high sampling rates of VC-25 and PM4, lower
limits of detection can be achieved (Mohlmann, 2005).

The VC-25 is also used as reference method for inhalable
dust measurements (Riediger, 2001). The GSP-sampling
heads for sampling rates at 3.5 and 10 | min™!, respectively,
were constructed to achieve the maximum compliance with
the reference method (VC-25 G) (Riediger, 2001).

It is in principle possible that, within the limits set
by the validation standards, some measurement sys-
tems are more sensitive than others. However, if all
systems are applied with the same probability in all
measurement situations, these differences will not af-
fect the average values of the analysis. Therefore, it has
been confirmed by visual inspection of scatterplots,
that the application of the measurement systems is
evenly distributed across all working activities and all
measurement departments. Since the latter are focused
on certain dust materials, this is an indicator that also
the material groups are not biased by the use of meas-
urement equipment.

Statistical and mathematical methods
All statistical analyses are performed using the statistical
software IBM SPSS statistics, version 23 (IBM Corp.). All
tests which are mentioned in this section are described in
statistics texts (Sachs, 1999; Janssen and Laatz, 2017).
For all tests, the significance level is fixed at « = 0.05.
For the concentration measurements of this study,
the hypothesis of a log-normal distribution cannot be re-
jected at the significance level of 0.05 using the Lilliefors-
corrected Kolmogorov—Smirnov test (Sachs, 1999). This
is in accordance to other studies (Burstyn et al. 1997;
Andersson et al., 2009; Lehnert et al., 2012; Weggeberg
et al., 2016), and, therefore, this study assumes a correl-
ation between In(c,) (natural logarithm of the respirable
dust concentration) and In(c)) (natural logarithm of the
inhalable dust concentration):

Table 1. Sampling systems and sampling rates used for both dust fractions in parallel measurements.

Sampler inhalable dust (sampling rate) Sampler respirable dust (sampling rate) n Type of sampling
VC-25 G (375 I min™") VC-25F (375 I min™") 3788 Stationary
VC-25 G (375 1 min™') PM4-F (66.7 | min™') 169 Stationary
GSP (3.5 | min™!) FSP-10 (10 I min") 1298 Stationary
GSP (3.5 I min") FSP-10 (10 I min™") 5273 Personal

GSP (3.5 I min") FSP-2 (2 1 min™') 495 Personal
GSP-10 (10 1 min™!) FSP-10 (10 | min™") 854 Stationary
GSP-10 (10 1 min™!) FSP-10 (10 I min') 1822 Personal
GSP-10 (10 1 min™!) PM4-F (66.7 | min™') 155 Stationary
PM4-G (66.7 | min™') PM4-F (66.7 | min!) 799 Stationary
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In(cg) = k - In(¢) + Co, (1)

where k and C are the slope and the intercept, which
can be determined by a regression analysis. The results
for k and C are given with their standard errors (com-
pare results, Table 2). More important for retrospective
analyses is the standard error of the fitted regression
function s, (In(c,)). This can be used to calculate con-
fidence intervals for the regression function at a given
In(c,) (Draper and Smith, 1998). The smallest s, values
are obtained for the mean value of In(c)) and the lar-
gest values are obtained at the extreme values of In(c)).
Therefore, we give the range of s for every regression
analysis.

One can transform equation (1) back into a function
of the original concentrations:

(R = cf e, (2)

Moreover, one can see in equation (2) that ¢, tends to
zero, if ¢, tends to zero. This is a necessary condition,
since ¢, < ¢,. Also note that the assumption of a linear
relation between ¢, and ¢, is included in equations (1)
and (2), if the value 1 is included in the 95% confidence
interval of k.The worst-case assumption ¢, = ¢, is in-
cluded, if C;=0and k = 1.

In principle, it is possible to expand equation (1) with
further (linear) terms for other independent variables, for
example the working activity and the material. However, it
is self-evident that ¢ is influenced by the working activity
and the material. Therefore, a multilinear regression ana-
lysis is not possible, which assumes the independence of its
variables. The measurement system has been ruled out as
variable in the preceding section and it has been confirmed
also that the year of the measurement has no influence on
the measured concentrations (see Results).

It is necessary to form mutually independent groups
of measured dust concentrations for working activity
and material. Within these groups a regression analysis
(equation (1)) is possible. The criterion to form these
groups is primarily based on the technical information
available in the database. The group formation steps,
as well as the statistical tests are shown in the flowchart
(Fig. 1). The data are divided into groups with dif-
ferent working activities on the basis of technical spe-
cifications for production processes (Deutsches Insitut
fir Normung (2003) (DIN) DIN 8580:2003) or the at-
tributed energy content of the process (e.g. welding or
the use of fast rotating abrasive tools). In the next step
the whole data set is divided into groups with different
material. In a following step, working activity and ma-
terial groups are combined (Fig. 1).

This systematic procedure leads to groups of paired
measurement that are subjected to a linear regression
analysis (equation (1)). The residuals of all analyses have
been checked graphically for normality (histograms) and
the absence of trends: There were no patterns discern-
ible in the residuals apart from the omission of ¢, > ¢,
and all residuals were normally distributed. In addition,
the absence of autocorrelation has been confirmed by
performing the Durbin-Watson test (Sachs, 1999). The
quality of the regression parameters is measured by the
correlation coefficient R and the adjusted coefficient of
determination R? (Janssen and Laatz, 2017):

m

. R*=R'————
adj n—m-—1

(1-R?). (3)
This accounts for the number of variables 7 and the
number of paired data 7. Since in our case 7 >> m, this
leads to adj. R? = R%.

Apart from the groups that have been identified in this
systematic way, it is also possible to find groups of data pairs
which show a better correlation (higher adj. R?) than the
data of the systematic groups. They have a more restrictive
definition of working activity or material. Since these
groups are identified by trial and error, they are denoted
heuristic groups (compare Fig. 1). For the construction
of these groups, single working activities were combined
within groups 1-6 (compare Table 2) if concerning the same
type of activity (e.g. different welding processes). They were
than pooled into one heuristic group if regression coeffi-
cients were similar and if adj. R? was larger than adj. R? for
the groups 1-6.

Results

Year of measurement

Fig. 2 shows boxplots of the ratios ¢ /c, for the years
1989-2016. Only 227 parallel measurements are avail-
able from the years 1989-1997; each of these years con-
tains not more than 57 measurements, and often <20.
This leads to the large variations observed in this time
period. The remaining 14 893 parallel measurements are
recorded in the years 1998-2016, and the boxplots of
the ratio c,/c, show mainly no variation.

Due to the small number of data, the results for years
1989-1997 are considered negligible, and the exposure
appears homogenous in the remaining time periods. The
small variation cannot be explained by technical argu-
ments such as introduction of new samplers or the de-
cline of the mining industry in Germany. Analysis of
Variance (ANOVA) analyses only lead to spurious dif-
ferences in the median from the years 2004-2006 and
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Figure 1. Flowchart of the group formation steps and statistical tests (for each group distribution: Kolmogoroff~-Smirnov, ANOVA:
F-test, Kruskal-Wallis test, variance homogeneity: Levene-test and graphic evaluation, post hoc tests: Games-Howell).
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Figure 2. Boxplot of ratios c(R)/c(l) for the years 1989-2016.

2014-2016. These median differences are small effects
that manifest as significant results in ANOVA due to the
large amount of data and were considered to occur by
chance (fallacy of large sample size).

For these reasons, we postulate homogeneous ex-
posure ratios ¢,/c, over the time periods studied and ex-
clude the years of measurement as independent variable
from the analysis. However, one has to stress that the
use of the conversion functions is, in principle, limited to
inhalable dust concentrations, which are similar to those
in Germany between the years 1998-2016.

Inhalable dust

Using simple linear regression for the whole data set of
15 120 paired measurements, where just the results for
inhalable dust are taken into account as a predictor vari-
able, one obtains k = 0.594 and C = -0.990 in equation (1).

The adjusted coefficient of determination and correlation
coefficient show values of 0.585 and 0.7635, respectively.

In Fig. 3 one can see a scatterplot of all parallel
measurements with log-transformed values and the
linear regression in the 95% confidence interval. The
cutoff values due to the data selection for ¢, > ¢, ¢, >
10 mg m~ (In(10) = 2.3), ¢, > 100 mg m~ (In(100) ~ 4.6)
are clearly visible.

There are only 119 sample pairs with concentra-
tions above these cutoff that fulfill also the other se-
lection criteria. As expected, the inclusion of such a
small number of samples does not have a large impact
on the analysis at this stage: the correlation coefficient
R increases only by 0.005 (the adj. R? only by 0.008).
However, to include these samples would introduce a
bias the analysis toward a nonrepresentative exposure
condition. Therefore, these values remain excluded.
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Figure 3. Scatterplot y = In(c(R)) versus x = In(c(l)) with linear regression line and the 95th confidence interval (equation (1)).

Working activity

The whole data set can be divided into six mutually in-
dependent groups according to the systematic procedure
outlined in Materials and methods:

e Group 1: surface treatment (such as e.g. glazing,
spray painting, powder coating, and galvanization)

*  Group 2: high temperature processing (such as e.g.
thermal cutting, extrusion, soldering, and welding)

*  Group 3: filling/transport/storage

*  Group 4: machining/abrasive techniques

e Group 5: forming (such as e.g. roll forming, pressing,
and bending)

e Group 6: others (contains all other working
activities).

The groups have been formed on the basis of technical
data available in the database in connection with spe-
cifications (DIN 8580:2003). Each group combines dif-
ferent working activities which, unfortunately, cannot be
resolved further in a systematic way.

In the next step, the data pairs within groups 1-6 are
subjected to a linear regression analysis. The dominant
result is that the coefficients for group 2, k = 0.729 and

C, = -0.751, differ strongly from the coefficients of the
other groups; the differences are much larger than the
respective standard errors (Table 2). To a lesser extent
differences are also seen between group 1 in comparison
to groups 3—6. The values of s, mainly reflect the dif-
ferent 7.

While for group 1 the correlation coefficient de-
creases with respect to the total data set, only a slight
increase is observed for groups 3—6. Only group 2 yields
a clearly better description of the data with R = 0.818

(Table 2).

Material

As in the preceding section, the whole data set is div-
ided into mutually independent groups, now for the
criterion material. This division is again based on tech-
nical information available in the database. At first, 12
material groups are formed which are unbalanced in
numbers. They are subsequently pooled in three larger
groups:

*  Group A: mineral-dominated
1. synthetic
coating (n = 799)

material/rubber/epoxy  resin/powder
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2. mineral material/glass/plaster/gypsum/concrete/
carbon/graphite (n = 7576)
3. others (n = 940)

e Group B: metal-dominated

6. metal/metal ores/slag/metallic shot (7 = 5069)
7. lacquers/paint (7 = 108)
8. electronic waste (2 = 92)

e Group C: fiber-dominated

9. textile (n = 101)
10. mineral fibers/ceramic fibers (z = 197)
11. paper (n = 126)
12. asphalt/bitumen (7 = 112)

Since lacquers/paint is mainly concerned with polishing
and grinding of metallic surfaces and electronic waste is
mainly concerned with metallic waste, it is reasonable to
combine them in group B. Also, asphalt/bitumen belongs
to the fiber group because it is mainly concerned with
coating of fibrous materials using asphalt or bitumen.

The values for the regression coefficients are roughly
similar to the values of the total data set, and the metal-
and fiber-dominated groups have an identical k = 0.614.
In addition, only the mineral-dominated group A shows
a better description of the data in comparison with the
total data set (R = 0.785, Table 2). The standard errors
for mineral- and metal-dominated groups for k, C, are of
the same order of magnitude as for the working activity
groups of the preceding section. The larger standard
errors for the fiber-dominated group can be attributed
to the smaller 7 and a concomitantly larger standard
error. Also s, shows the same dependence on # as for
the groups 1-6.

Working activity and material

In a third step, the definitions for working activity and
material are combined. To this end, the groups 1-6 are
divided into three material groups using the definitions
of the preceding section.

From the total of 18 groups only 9 groups showed an
increased adj. R%. From these nine groups, the increase
in adj. R? was either smaller than 0.01 (three groups), or
the group size was smaller than 50 with values from very
different processes (two groups). Therefore, only four
groups were selected for further discussion:

e surface treatment—mineral-dominated (1-A)

* high temperature processing—metal-dominated (2-B)

* machining/abrasive techniques—mineral-dominated
(4-A)

* other—metal-dominated (6-B)

The increase in standard errors in comparison to groups
1-6 or A-B can be attributed to the reduced number of
data pairs in each group (Table 2). The coefficients k, C,
of group 1A are very similar to those of group 1, and
the adj. R? is still smaller than for the total data set. For
group 6-B, the increase in adj. R? compared to group 6 is
small and the group only contains 331 data pairs of very
different processes.

The groups 2-B and 4-A are different, since they both
have more than 2000 data pairs. Although they repre-
sent 57-76% of the respective working activity group,
they have different k values than the underlying working
activity groups. This indicates that the formation of sub-
groups really improved the description. In addition, they
show the largest increase in the adj. R? for the combined
groups (>0.04). The best result of the systematic analysis
is group 2-B, which shows a higher adj. R? than the total
data set (adj. R? = 706). Unfortunately, it is not possible
to improve these groups further in a systematic way.

Heuristic groups

Apart from the systematic approach described above, it
was possible to identify some smaller subgroups by trial
and error (Table 3), which improved the correlation.

Most of the heuristic groups are subgroups of group
2-B and are concerned with special activities of high
temperature processing with metals (groups a, B, v, 9,
and 7). Only blasting (group ¢€) is a subgroup of group
1 and chiseling (group C) is a subgroup of group 5-A.
Apart from welding (group v) the number of data pairs
in each group is much smaller than in the preceding
sections.

The regression models in Table 2 for the heuristic
groups give better descriptions of the data than those of
the systematic approach. The adj. R? range from 0.733
to 0.835 and R from 0.859 to 0.917. The standard errors
of the coefficients increase according to the decreasing
group size. The standard errors of the fit function s, also
increase with the decreasing group size, however, to a
lesser extent than expected due to the better description
of the data set.

Fig. 4 shows plots of equation (2) using the coeffi-
cients k, C, for groups a-. At first, one has to acknow-
ledge the large variety of the groups that originate from
group 2-B. The groups casting and soldering are almost
indistinguishable from a linear relation (k = 1 for groups
o and B), while wire drawing shows a much smaller k&
(k = 0.695) with a similar correlation coefficient. In add-
ition, there is now a large variety for both, in k (0.695 <
k <0.946) and in C, (-1.264 < C, < -0.430).The effect
of a smaller intercept can be seen by comparing groups €
(chiseling, embossing) and 1 (wire drawing), which have
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Table 3. Heuristic groups with listed special activities, materials and number of data pairs (n).

1D Group name Originating group no. Working activities Material n
o Soldering 2-B Soft soldering/soft soldering, flame soldering/hard Metal 34
soldering, flame soldering/arc soldering, MIG
soldering
B Casting 2-B Hot/-cold-chamber die-casting machine or Metal 77
(metalworking) plant/continuous casting machine or plant
% Welding 2-B Manual arc welding with and without coated rod Metal 1126
electrode/metal inert gas welding/metal active gas
welding/tungsten inert gas welding/arc welding,
mixed arc process/plasma welding/laser welding/
resistance spot welding/metal welding, mixed
welding processes
13} High temperature 2-B Flame cutting/plasma cutting/laser cutting Metal 176
cutting
€ Blasting 1 Treatment and post-treatment blasting/fettling All materials 57
shop, abrasive blasting,silica sand abrasive,
workpiece sand-coated, room/abrasive blasting
systems, dry, open/sandblasting
g Chiseling, 4-A Chiseling, manually/chiseling, mechanically/ Mineral 41
embossing embossing, manually/embossing, mechanically
M Wire drawing 2-B Wire drawing Metal 61

identical k. However, the graph of group T is less steep
due to a smaller C. It can be seen from Fig. 4 that each
heuristic group shows a different conversion function
and if one measures, for example ¢, = 10 mg m~, the re-
sult for ¢, is different in each group, such as ¢, = 1.5 mg
m~? for T (chiseling and embossing) or ¢, = 5.0 mg m™?
for a (soldering).

Discussion

Application of equation (1) or (2)
Let us first examine two limiting cases of equation (1):

(1) The worst-case assumption ¢, = ¢, which is equiva-
lentto C;=0and k = 1.

(2) The linear assumption for ¢, < ¢, which is equivalent
toC,<0and k=1.

The worst-case assumption has not been observed in our
data set. In addition, all C; values throughout this study
are negative (-0.430 < C, < -1.264), which is necessary
to avoid unphysical values (¢, > ¢) in the analyzed data
range, if k = 1.

Moreover, all k values in this study are smaller than
1(0.454 < k < 0.946), although the regression analysis
does not prohibit £ > 1. This indicates that k < 1 is in-
deed a systematic effect. Which means that the resulting
curve is not linear and that the ratio ¢ /c, is declining
with increasing values of ¢,. From Tables 2 and 3, for

example, one can deduce that group 2-B is a superpos-
ition of data originating all from groups like a, 3, v,
§, and 1, which all have k < 1. Although this is not a
rigorous proof, it is unlikely from this study to assume a
purely linear relation between ¢, and c,.

One could argue, that the value of one is included
in the confidence interval of k for groups a and f3, that
is, one cannot exclude that the limiting case of k = 1 is
actually valid for these two groups. However, a close in-
spection of Fig. 4 reveals a nonlinear pattern in the data.
This nonlinear behavior leads also to smaller correl-
ation coefficients (R = 0.809 group a, R = 0.797 group
B), if one performs a linear regression analysis in the
nonlogarithmized data which implies a linear relation-
ship: ¢, = a + be,. To conclude, this study supports that
the relation between ¢, and ¢ should generally be de-
scribed by equation (1) with & < 1 and concomitantly
C,<0.

This has consequences for further studies in the field
of dust generation, since the linear relation & = 1 im-
plies that a single process is responsible for a constant
ratio of emission for both dust fractions over the entire
range. On the other hand, the data of this study indi-
cate that equation (1) or (2) are a better way to describe
the dependencies of ¢, and c,. One possible explanation
for equation (1) or (2) are agglomeration effects which
become more important with increasing concentrations
(Barbosa-Canovas et al., 2005; Goudeli et al., 2015). In



Annals of Work Exposures and Health, 2020, Vol. 64, No. 4 441
10
9
8
7
6
E
SN
% 5
£ -4&-soldering
&
4 -#-casting
><welding
3
/ —high temp. cutting
2 ‘ -o-blasting
~chiselin
. Y ;
-e-wire drawing
0
0 10 20 30 40 50 60 70 80 90 100
¢ [mg/m?]

Figure 4. Comparison of the determined conversion functions for the heuristic groups without real measured concentrations.

addition, one can speculate that similar processes, which
emit different concentrations of dust at different ratios,
are attributed to the same working activity and material
in the database. For example, the dust ratios generated
by different brands of the same type of tool or by tools
with different tear and wear are all attributed to the
same working activity and material.

Identification of groups

If one describes the data set by means of equation (1)
or (2), one finds that the inhalable dust concentration
is the single most important variable (adj. R* = 0.585)
for the respirable dust concentration: k = 0.594 and
C, = -0.990. The systematic inclusion of the vari-
ables working activity and material leads for example
to the group 2-B (high temperature processing with
metal), which is described by markedly different coef-
ficients k = 0.759 and C = -0.687. All other groups in
this systematic approach combine too many different
dust generating processes and thus lead to coefficients
similar to those of the total data set. Tables 2 and 3
demonstrate that it is important to go beyond such
large groups, and that the subgroups a, 3, vy, 8, and 1,

which are subgroups of group 2-B show a large variety
of coefficients.

Unfortunately, there is no systematic way to form
groups as in Table 3. One reason is that the technical in-
formation in the database includes only some aspects of
the dust generating process. More specific information
should be included such as the processing tools, grain
sizes of sandpaper, types of grinding machines, or saw
blades. The use of lubricants is another important ex-
ample of missing information, since it reduces the fric-
tion and thus the amounts of particles generated by
machining/abrasive techniques (Vaaraslahti et al., 2005).
The inclusion of this information could help to lead to a
systematic identification of groups in the future.

Application of results

Given the heterogeneity of formed groups, one has to
be careful to use the model parameters in toxicological
or epidemiological analyses without a careful check of
applicability. For example, all results of this work are
only valid for dust-generating processes in the German
industry between 1998 and 2016 and the working con-
ditions described in the preceding sections.
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If one calculates In(c,) from the regression coeffi-
cients in Table 2 for a given group and In(c), then the
result has a confidence interval of £1.96 - s, (In(c,)).
This variance has to be added to the other sources of
uncertainty for the given data set of inhalable dust,
such as measurement uncertainty and analytical un-
certainty. In addition, one has to consider that the
smaller value of s is only valid around the mean
value of In(c).

The quality of the analysis is described by the correl-
ation coefficient, which increases with increasing quality

t

of the description. The best description of the data is
given by groups a-1 in Tables 2 and 3. For these groups
the regression accounts for 73-83% of the variance in
the data, and they constitute the main result of this study
(adj. R? from 0.733 to 0.835). Due to the detailed infor-
mation on working activities and materials in Table 3 it
may be possible to confirm the coefficients for groups
o-1 in experimental studies in the future.

For the estimation of the respirable fraction in other
studies the authors recommend to use the conversion func-
tions of the heuristic groups a1 in Tables 2 and 3. If the ex-
posure condition in question cannot be found in this group
one can resort to the combined groups 1-A to 6-B. If an as-
sessment does not fit into these groups, the conversion func-
tions of working activity (groups 1-6) or material (groups
A-C) should be used, considering the larger uncertainty in
these groups. As these groups are comprehensive it should
always be possible to choose one of them and therefore it
is not recommended to use the conversion function for the
whole data set (group 0 in Table 2).

The main issue for the use of the conversion func-
tions is to find a group that coincides with the exposure
conditions in question. In going from the heuristic
groups to the combined groups and the working ac-
tivity or material group one is necessarily including ex-
posure situations that differ from the one in question.
Therefore, the proposed conversion functions are most
useful in the context of average exposures for a large
number of work places. Individual situations that are
included in these large groups might differ significantly,
and a careful consideration of the exposure condi-
tions is more important than the analysis or the error
terms in Table 2. It is well known, for example, that
wood dust predominantly consists of inhalable dust.
Therefore, it is not recommended to use the mineral-
dominated material group A, although some wood
measurements are included in its subgroup ‘others’.
This would assume that wood dust is comparable to
mineral-dominated dust, which is wrong. As a conse-
quence, this study cannot make assumptions on the
fraction of respirable wood dust.

Comparison with literature
A comparison of the results of this analysis with other
studies shows that the latter often assume a single factor
for ¢ /c, (i.e., a linear relation) and not a function such as
equation (1). In any case, the present analysis can serve
as additional information in studies like Dahmann et al.
(2007), where data for inhalable and respirable dust in
former uranium mines have been reconstructed by per-
forming measurements with historic equipment.

Another example is the study of Jenkins et al. (2005),
which shows that gas metal arc welding fume contains
mainly particles <1 pm and thus a large prevalence of
respirable dust. Other studies show an amount of respir-
able dust between 50 and 60% for various welding pro-
cesses (Dasch and D’Arcy, 2008; Tsai ef al., 2011). The
group v, welding, confirms such amounts in the range of
0.65 mg m~ < ¢, < 1.55 mg m~ using the coefficients of
Table 2. In addition, we have found for group vy an ad-
justed R? = 0.766 taking 9 different welding processes
and 1126 parallel measurements into account. This cor-
responds to the results of Lehnert et al. (2012), who de-
termined an adjusted R* = 0.79 (for measurements using
the GSP sampler) as a result of the multiple linear regres-
sion analysis considering five different welding processes
and 241 measurements.

Noto et al. (2016) determined a ratio of ¢ /¢, ~ 0.085
in ‘cement production’ with an adjusted R?* = 0.78
(n = 112). This includes working activities such as
crushing, grinding, and milling. For these working condi-
tions, we have only unspecific groups such as machining/
abrasive techniques (4) or mineral-dominated (A) with
coefficients: k =~ 0.58, C, = -1.0. For these coefficients a
ratio of ¢,/c, ~ 0.085 is only possible for ¢, > 30 mg m~.

It is also not possible to determine heuristic groups
like grinding gypsum and quartz sand, clay processing or
loading cement as in earlier studies of the German Social
Accident Insurance (Hauptverband der gewerblichen
Berufsgenossenschaften, 1996). The number of meas-
urements which are used during these early studies vary
between 2 and 14, so the ratios of ¢ /c, which have been
determined are very specific for the respective measure-
ment condition. The ratios 0.19 < ¢ /c, < 0.26 of the
earlier study are reached using the general coefficients of
the whole data set: k = 0.58, C; = -1.0 in the range of
2.2mgm>>¢ >5.0mgm.

Summary and conclusion

In summary, it was possible to develop conversion func-
tions for estimating the respirable out of the inhalable
dust fraction on the basis of 15 120 data pairs. The
amount of data which was analyzed, considering many



Annals of Work Exposures and Health, 2020, Vol. 64, No. 4

443

different working activities and different types of ma-
terial creates a good framework to support occupational
hygienists and risk assessors and offer the opportunity to
estimate respirable dust concentrations when only meas-
urements of the inhalable fraction and enough informa-
tion on the working scenario and the working material is
available. With the given conversion functions it is pos-
sible to estimate missing concentrations for retrospective
analyses which are often required for the assessment of
occupational diseases or for epidemiological studies.

For the conversion functions, this study suggests that the
data should generally be described by the equation (1) or (2)
with & < 1 and concomitantly C; < 0. However, the equations
yield a reasonable description only, if one chooses specific ex-
posure conditions such as working activities and material.

With specific working conditions as described in
Table 3, it is possible to identify groups a-1, where
73-83% of the variance in the data is accounted for by
the regression functions described in Table 2. The re-
sults of the other groups in this study are less specific
and therefore the estimation of respirable dust concen-
trations from inhalable dust measurements is associated
with a larger uncertainty.

Fig. 4 and Table 2 show that each heuristic group has
a different unique conversion function and the more in-
formation on the dust measurements is available for the
calculation, the smaller is the error and the uncertainty.

For the evaluation of data in other studies the au-
thors recommend to use the conversion functions of the
heuristic groups a—1 in Tables 2 and 3 and the combined
groups 1-A to 6-B. When an assessment does not fit into
these groups, the conversion functions of working ac-
tivity (groups 1-6) or material (groups A-C) should be
used, considering the larger uncertainty in these groups.
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