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ABSTRACT. In an ongoing epidemiological study to clarify the exposure-response relationship
for the development of silicosis in Chinese mine and pottery industries, a large historical data
source containing approximately 60,000 mining workers’ exposures from 1958 to 1992 was
converted into respirable silica 1ass concentrations. In the original Chinese database, the
exposure data were expressed as total mass concentration with size distributions categorized by
microscopic sizing. In this report, two options, one by direct calculation using volume
contribution in each fraction and the other by using the Hatch-Choate equation, have been
developed to convert count fraction into mass fraction. In general, the conversion using the
Hatch-Choate equation offered a sligh  lower conversion value. The direct calculations usi 3
volume contributic in each fraction may be preferable because the assumptions are less

restrictive.
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INTRODUCTION

It has long been recognized that exposures to airborne mining dust cause adverse effects
to the respiratory system. " More specifically, the development of silicosis, a disabling disease
of the lung, is uniquely linked to respirable free silica. ** Currently in China millions of
employees work in metal mining and factory operations where respiratory diseases have been a
leading cause of death, and approximately 400,000 workers have developed silicosis. *
Common symptoms related to silica over-exposures are cough (with or without sputum),
breathlessness, dyspnea, and a predisposition to colds and bronchitis. In an ongoing
collaborative epidemiological study between the National Institute for Occupational Safety and
Health (NIOSH) and the Tongji Medical University in China, “total dust mass concentration”
data from a large historical data source were converted into respirable silica mass concentrations.
The data source contains exposure records for approximately 60,000 employees who were
employed from 1958 to 1992 at 29 mines and factories located in five provinces of south central

China.

From 1925 through the 1960's, impinger sampling with particle counting using light-field
microscopy with 100 x magnification was the standard method used in the U.S. for quantifying
exposure to mineral dusts. These measurements were reported as million particles per cubic foot
of air (mppcf). During the 1960's, in recognition of the relevance of respirable mass to the
development of pneumoconiosis, efforts were made to relate existing particle-count exposure
limits to measurements of respirable mass. Consequently, studies to convert impinger particle
count data to respirable mass sampling techniques were conducted®. Generally, the conversion
factor has varied ztween 0.07 to 0.13 mg/m? respirable dust per 1 mppef. *'® These correlation
studies used various instruments for the measurement of respirable dust, including horizontal
elutriators and cyclones of differing dimensions. Some of the variability is undoubtedly due to
the different operating characteristics of the respirable mass samplers. Studies measuring the
conversion factor between impinger counts and respirable mass concentration for various
industries provide a range of roposed values. In 1968, the American Conference of
Governmental Industrial Hygienist (ACGIH) proposed to changed the Threshold Limit Values
(TLVs) based on count concentration by impinger sampling to respirable mass concentrations,
and formally adopted the change in 1970. '

The reconstruction of historical exposures are often necessary for the exposure
assessment component of an epidemiological study because past sampling methods and/or data
expressions were inconsistent with current technology. In China, airborne dust in mines has been
collected by filter cassette at high flow rate while the tasks were in progress. The so called “total
dust” levels were determined gravimetrically and particles were sized microscopically.
Respirable fractions were noted for all particles having less than a 5 pm geometric diameter
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regardless of the density and shape factors related to the particles’ aerodynamic behaviors.
However, respirable particle mass, currently defined by the ACGIH, consists of those particles
that are hazardous when deposited in the gas-exchange region of the lungs wi  a median cut
point of 4.0 pm aerodynamic diameter'*'?). In order to estimate the respirable mass
concentration by means of the ACGIH definition, and subsequently , a respirable silica
concentration, it was necessary to convert the “total mass concentration” into respirable
concentration based on the Chinese microscopic particle sizing data. This paper provides two
approaches, one by volume and the other by using the Hatch-Choate equation, for this purpose.
Some necessary assumptions have been made and are discussed. Methodology on this issue has
been lacking in the literature.

MATEF ALS AND METHODS

Sampling and Analysis

Sampling in this study was conducted 20 metal mines and 9 pottery factories. A total
of 134 samples were collected: 55 in tungsten mines, 23 in copper and iron mines, 7 in a tin
mine, and 49 in pottery factories. As per tradition, the Chinese airborne dust sampler (Model
FC-2, Wuhan Analytical Instrument Company, Wuhan, China) was used for sampling. This type
of sampler has an open face 40-mm polyperchloroethylene filter (pore size 1.2 to 1.5 um,
thickness of 0.1 mm) and operates at a flow rate as high as 25 L/min. The sampling period lasted
15 minutes while the tasks were in progress.

After sampling, the filter was placed in a small beaker and dissolved by adding 1 to 2 mL
butyl acetate. The solution was stirred thoroughly, then a drop of the solution was put onto a
glass microscope slide. The drop was spread out to form a thin film, which dried quickly.
Additional butyl acetate was used to dilute samples from the filters with high particle
concentrations in order to obtain optimum counting and sizing conditions.

Particles were sized using a light microscope, and at least 200 particles were randomly
selected on each slide. Particles were categorized in four size ranges, i.e., < 2 pum,2to 5 pm, §
to 10 um, and > 10 pm. Due ) the irregular shape of the dusts, slides were always moved
vertically and sizes were measure in the horizontal direction.

Dust densities from each mine and factory were easured by using a pycnometer in the
College of Engineering and Mineral Resources of the West Virginia University. Two to three
replicates were taken. The dust density ranged from 2.39 to 2.68 g/cm’.

Data Processing

Log-probability plots were drawn to obtain the count median diameter (CMD) and



geometric standard deviation (GSD) for each sample so that size distribution curves could be
generated based on the two-parameter lognormal density function. " The straight lines by “eye”
on most of the lognormal probability plots indicated the lognormal distribution as the correct
model. As shown in Figure 1, the integration of the lognormal curves produced percentages of
dust by count less than 5 um in good agreement with the original sizing data. This also gives an
impression that the lognormal distribution could be a reasonable assumption in general. Strictly,
a goodness-of-fit test, such as the W test®) or Chi-square test %), should be used as a powerful
general-purpose test for the lognormality if needed.

Two Approaches for the Conversions

By direct calculation using volume contribution in each fraction. The basic assumption
for this conversion method was that particles have “similar shapes” by the mathematical
definitic  For instance, if the dusts were cuboid, each of the three corresponding aspects among
them were identical. The conversion was based on the following st s: .

(1). Calculation of volume fractions based on the count fractions in each size range. First,
a count median size (CMS) in each range was calculated. For example, for the range 2 - 5 um,
CMS was calculated as a geometric mean (2 pmx5um)®* = 3.16 pm, because a logarithmic size
scale would be more reasonable for the size distribution due to a process that breaks the original
powder down. "¢ The smallest size in & “< 2 pm” range was estimated by the limit of
detection of the microscope used, which was roughly of the order of 0.5 pm. The largest size in
the “> 10 pum” range was estimated by the concept that area under the curve in a plot of (number
fraction/pum) against particle size equals to the number fraction in each size range. In this
estimate, the “< 2 pm” and “> 10 um” ranges are better approximated by right triangles, (!
whereas the other two ranges are approximately as rectangular. After CMS was calculate
percentage of volume (or mass assuming the densities are the same) was computed by using the
count percentage data and CMS approximately as the size of average volume. Assuming the
total number of particles on a filter was N, the total volume of particles in each size range
equaled the product of the article number (N times the count percentage) and the average
volume of the articles in the range. The volu e percentage was then the ratio of the total
volume in each size range to the total volume of the N particles. N was an arbitrary mber an
independent of the calculations since the N in the numerator and denominator were canceled out.

(2). Calculation of mass median aerodynamic diameter (MMAD). aking into account
the particle density (p) and dynamic shape factor (), CMS was converted into mass median
aerodynamic diameter (MMAD), For example, for a particle with a CMS of 3.16 pm, the
aerodynamic diameter is 4.75 um, where p, is unit density. A shape factor ()) of 1.36 for quartz
was used. ("*19 A typical reconstructed mass fraction plot by this option is shown in Figure 2.

(3). Calculation of the respirable fraction. First, the respirable fraction in each size range
was calculated as the product of the volume percentage and the respirable fraction at MMAD
based on the ACGIH ‘finition>'>. The sum of the respirable fractions in each size range



yielded the respirable fraction for the sample.

By using Hatch-Choate Equation. The use of this option necessitated that two
assumptions be made: 1) the size distribution is lognormal, and 2) particles are spherical. The
conversion was calculated as follows:

(1). Using the count median diameters (CMD) and the geometric standard deviations
(GSD) from the log-probability plots, the mass median diameter (MMD) was calculated
according to the Hatch-Choate equation (',

MMD=CMDxexp(. 1*(GSD)) €))

(2). Calculation of mass median aerodynamic diameter (MMAD) was based on the
density (p) and dynamic shape factor ()( ). Again, p, is unit density, and a shape factor of 1.36
for quartz was used as in the volume option.

MMAD=-MMD | £ @)
PoX

(3). Size distributions were reconstructed based on the two-parameters of lognormal
distributions, MMAD and GSD. A typical plot is shown in Figure 2, which has a MMAD 10.86
and GSD 1.8, respectively. The respirable fraction was then calculated by taking the products of
the integration of the lognormal distribution and the ACGIH respirable curve. Details of the
calculation are given in the Appendix.

RESULTS AND DISCUSSION

For mining and pottery industries, factors to convert “total dust” of the Chinese system to
respirable dust were calculated by the two different approaches described above. As shown in
Table I, respirable dust percentages averaged by job titles fluctuated from 0.9 to 11.3% by using
the Hatch-Choate equation, while respirable percentages range from 1.1 to 12.3% by direct
calculation using volume contribution in each fraction. Variations within each job title are
generally high as indicated by the standard deviations in the parentheses. Variations among the
values may really reflect different task-specific size distributions. In the tin mines, for instance,
it seems reasonable that the pumper was exposed to less respirable dust than was the unloader
because the vacuum device that the pumper operated removed a greater number of smaller
particles than larger ones. Some discrepancies are not easily interpreted, however, and they may
result from sampling and analysis errors, especially for the count fraction in the larger size range.



The use of the Hatch-Choate equation required several more restrictive assumptions than
did the volume method. First, with the Hatch-Choate equation the particles must be assumed to
be spherical, rather than just being similar as with the other method. Second, the overall particle
size distribution should be lognormal, and this option applies only for single-mode size
distributions. However, the size distributions of mining dust often appear as bimode orn  i-
modes ®". Willeke and Baron '” pointed out that it is frequently that tempting to draw a straight
line on a log-probability plot through the data without knowing the distribution is bimodal. For
instance, an aerosol with mode 1 (CMD=1.5 um and GSD=2) and mode 2 (CMD=10 um and
GSD=2) would be mis-calculated as a sin; : mode (CMD=3.4 um and GSD=3.4). Assuming a
density of 2.5 mg/cm’ and a shape factor of 1.36, the calculated respirable percentages using the
Hatch-Choate equation for mode 1 and mode 2 would be 23.9 and 0.1%, respectively. If each of
the two modes possesses same particle number, the respirable percentage calc1 ited by volume-
weighted average would be 0.18%. However, the mis-calculated single mode woul rest ina
respirable percentage of 0.03%, only one-sixth the real value. Most likely, this could be a reason
why the Hatch-Choate equation yields lower conversion factors than those obtained by the other
method in general. Third, the mass median diameter calculated by using the Hatch-Choate
equation greatly depends on an accurate estimation of GSD from the log-probability plots. With
the same density and dynamic shape factor st. d above, the respirable percentage by the Hatch-
Choate equation for the distribution shown in Figure 2 (with a CMD 2.84 um, a MMAD 10.86
pm, and a GSD 1.8) is 9.4%. However, if the true GSD was 1.62, only 10% smaller, MMAD
would decrease to 7.74 um, and the respirable percentage would increase to 17.1%; while if the
true GSD was 1.98, 10% larger, MMAD would increase to 15.61 pm, and the respirable
percentage would decrease to 5.1%, nearly a doubling in the fference would occur in both
cases based on the calculations by using the Hatch-Choate equation. In contrast, the volume
option is less susceptible to such variation.

On the other hand, results by the option that directly calculated v 1me contribution in

each size fraction are largely dependent upon the accurate sizing of the larger particles. Even

ough the respirable fraction for an 1 um particle is 97 times as high in probability as that for a
10 pum particle, the volume contribution from the former is only one thousandth the latter. For
example, if a total of 200 particles were counted on each of two filters and each has 50 partii :s
less than 2 um and 110 particles between 2 and S pm. Assuming one filter has 34 particles
between 5 and 10 um, and 6 particles greater than 10 um, the respirable percentage wou e
7.4%. However, if 2 particles larger than 10 um had been mis-sized into the smaller size range,
the real respirable percentage would be reduced to 6.6%.

The Chinese sampling system was expected to collect greater quantities of bigger
particles, say > 10 pm, because of the higher sampling flow rate and the short-term sampling
duration. In addition, the particle size distribution of the dust samples was supposed to be mainly
governed by the operations, which suspended larger particles in air for shorter periods in were
the smaller ones because of gravitational settling. A field study by Wu and et al.®® showed that



the Chinese sampling system did collect 38% more “total dust” than the 37-mm cassettes
operating at 2 L/min. Based on these data, respirable concentrations should be estimated at an
equivalent level where we have a calculated a conversion factor to be 38% lower.

As mentioned earlier, in China, “respirable dust” was noted for the dust that was less than
5 um geometric diameter. Total dust and the free silica content were mainly regarded as the
exposure indices for the development of silicosis; while the count “respirable fraction” are
considered as a qualitative rather than a quantitative index to estimate the health effect.
However, it is clear that the development of human silicosis is uniquely linked to the respirable
free silica rather than the total dust. Thus, the ability to convert the historical dust exposures
based on microscopic sizing data into respirable fraction is an important objective in the
epidemiology research. The two approaches established in this study provide useful
methodologies for the clarification of the exposure-response relationship.

In summary, two approaches have been used to convert the historical mining exposures to
respir. le fraction based on the microscopic sizing data. Although the results are not
significantly different between the two methods, the direct calculations using volume
contribution in each fraction are preferable because the assumptions are less restrictive and the
applications are broader, as shown in Table II.
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APPENDIX

After converting count median diameters into mass median diameters by the Hatch-
Choate equation, respirable fraction was calculated using Mathcad (MathSoft Inc. Cambridge,
Mass.). For example, respirable percent was calculated as 8.3% for the distribution shown in
Figure 2 that has a MMAD of 10.86 um and a GSD of 1.8 as the following using Mathcad
format. Note thatacc »n*:” is required as a definition symbol, and “TOL” is the numerical
tolerance for the approximation algorithms. The term “norm(z(x))” in the following integration
is the cumulative probability function of a standardized normal random variable. A convenient
algorithm for this function has been given by Soderholm 2.

MMAD . =10.86
GSD =1.8
_log(x)—log(4.25)

Ax) = B( 8(
log( 1.5)

TOL =0.000001

d =100

~d

| | I[(In(x)-ln(M]\dAD))Z]
| )

-

2:(In(GSD))?

H ‘l *
{25 sy L L.S-(x +60%%).(1 _ cnom(x))) dx = 0.08
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Tat :1II. Comparisons of the Two Approaches

Option Hatch-Choate [ Direct calculations using volume
Assumption (1). lognormal distribution (1). doesn't matter what kind of
overall: (2). spheric: particle | distribution overall; (2). similar geometry

Applicable | single mode mrnre than 1 mpde
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FIGURE CAPTIONS

FIGURE 1. Percentage of dust by count less than 5 um: after lognormal treatment vs. the
original microscopic sizing data

FIGURE 2. A typical reconstructed mass fraction/pm plot
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Two approaches to convert historical mining dust exposures intc  pirable fraction( based on microscope siz.
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Safety and Health, Morgantoun, USA

[Abstract] Objective A large historical total dust exposure was converted into respirable mass concen-
trations for an epidemiological study. Methods Two options, one by direct calculation using volume contribu-
tion in each fraction and the other by using the Hatch-Choate equation, have been developed to convert count
fraction into mass fraction. Results In general, the conversion using Hatch-Choate equation offered a slightly
lower conversion value. Conclasion The direct calculations using volume contribution in each fraction are
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3.16 pmx /(o) (ps-- .. =4.32 um

HARAMBEENGES H(p)1.360 adln
T ER 2.54 g/m’,

3HBARLASEARGHN - EXEAIFT
YTEZS(ACGIH)HRE, FLNER BEVLHK
SEHSELFTELNBNERET S BHRLL MMAS &
WRRERD, MNRHT MMAS BB LEAM k2
RRUAEE, [AHELNENTIU PERGRE
BT B
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1. BUXE % 4% % P & CMD #a 5, , # Hatch-Choate
RNk § § & {Z A 2 ( mass median diameter,
MMD) : MMD = CMD X exp(3 In?(5;)),

2.8 o My PB4 A B (mass medi-
an aerodynamic diameter, MMAD)( /%8y x=1.36):

MMAD=MMD@

3.% MMAD #l s i R R 5 MR 2% . MMAD
=10.86 pm.s5; = 1.8 AR FERLM 2, TTH 8
MHWIESSH B M ACGIH R i B o MB i+
PRARLFSTESL. FATRFEN. R
HatchChoate % B ¥ CMD # # &2 MMD JE,
AMathcad (G ML K ) T P RIEWR LTS T4
¥, A 2: MMAD=10.86 um, s, = 1.8, i+ 4 PR 45
BLEFETHHENS.3%. TRBEHH "cnom((2)]”
RERESHNERHREEXEND),

MMAD= 10.86
5c=1.8
z(I)=lgI"lC_)x§ -25
logl.$
TOL =0.000 001
d =100
-9 - L]
[(2-x%5. r. (Ins )]t - el 2-(lng,) ]]
*0.54* 7 ™. (1 - cnom(z(x))dx =0.094
ae
r\
014 4 l \
4
] |
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Fig2 A typical mass frequency plot reconstructed
by the Two-parameter
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B3 Hatch-Choate &, R L T4 Wik 3h
£0.3%~7.5% Z6; BAEBREE TR, ®
WML EIEMEL 1% ~12.3% 20,

Bl BHIHSRORBERLEIH(S)
Table 1 Percentage of respirable dust( %) categoried

by job titles
L 4 'Y
.;:ls ?:tl):l%n# RN gpﬁ; L gpﬁ: 2
mine(industry) n G(sg) G(s;)
BF  Tungsten
B® I Crusher 4 4.4(3.5) 3.6(3.0)
A4 T Driller 20  5.8(2.5) 4.1(2.8)
BT L Loader 3 4.3(1.4) 2.3(1.6)
HMERMIL Mining 6 10.2(4.8) 7.5(5.6)
ZEM I Transporter 9 7.0(3.1) S.1(1.1)
HF L Unloader 12 6.9(2.4) 5.9(2.4)
BHAT Working lane 1 4.5 0.8
#¥%T  Copper/lron
KT Driller 9  7.8(3.6) 6.2(4.1)
P MEL Excavator 2 3.7 0.8
W LT Face worker 1 5.4 0.8
KT L Loader 3 6.0(1.9) 4.2(2.2)
ZMTI Transporter § 8.7(4.0) 5.0(5.0)
£MT Tunne 2 4.0 1.4
HF L Unloader 1 6.7 5.8
&5 Tin
M 8T Driller 2 8.1 5.1
FMEL Excavator 3 7.0(0.9) 4.7(1.1)
KEI Pumper 1 3.1 0.4
HIP" LT Unloader 1 11.5 4.5
&I Pottery
BB Crusher 1 5.6 2.9
E1% L Dragger L 7.4 4.4
R Driller 1 1.9 0.3
RAT Forming 6 6.8(3.5) 4.1(3.4)
#BT Fumace 3 7.4(1.6) 5.7(3.1)
#MIET Glager 3 4.2(2.9) 1.2(0.2)
$¥IXT Loader 3 5.7(2.2) 3.9(2.4)
BRBEN T Miling 2 6.6 3.1
BE&I Mixer 5 6.3(2.0) 2.9(1.8)
MBI Molder 1 12.8 9.7
EF T Ore loading 2 3.6 1.4
MMATL Polishing 6 7.0(5.1) 5.2(5.4)
ME#&TL Preparation worker § 8.0(1.7) 4.0(1.5)
FHREL Rewmaterill ¢ 561 1) 2.8(1.4)
worker
EM L Transporter 2 3.6 1.3
- 28T Tunne 2 7.2 5.5

® kpuzit WA M * Hatch-Choate 77 B3 1+ WA R
®The results by using volume contribution; * The resuits by
using Hatch-Choate equation
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it ®

RE 60 ERRERE M EIREGR (L
SR HBER)RRYRBAN TAHFTS
AR RER LR EEEAREE—
AMEENHRER, KASFLHER 1 mp.
pef, 24 F 0.09(0.07~0.13) mg/m® PR ¥
],

RERaRLTINESBERIARE: £
NPJLAEER/DMTF S um BARRER L,
REEHESRENBAHNEAROEES R
EEER, T ACGIH E X HPRERL GIE
FRETTEAMATRZ BBy LR, F
Bt (AR %43 0 BE T 6H 4 0 9 b 5 0 O R IR 4
REMPRENR _ELERLRTSE SR
BR. RITVEET LRFE R 3, Hatch-Choate
FREL AR EER™E. & %, Hach-
Choate IR RN MM, MEFERERR
el ; 2K, Hatch-Choate = ER 4 4 RLEE
EUNESHH TANRTFA—HRRXSH
H, ELFELE L EERTURR K Z AKX S
W; W™=, 1ch-Choate =i+ MMD RKEBE
ERRFHUXEMTROEINAY s, Ho
HMTE, ARENEREHED, T HBKE
EERRTREENEGEMRE, Kb, ik
RN ARETETFF INRSGXBEHR—
B IE, ARARESIEA T AR
BEMAHRAEAN. EHERERT ®RERDE
G ESEGEANTF 5% ~8%, AREFEM
H4%~6%, BERLBERHIME -,
MR EBERRD

HTEMELRERERHAERE.TA
#mEet, BT X BXKF 10 um LR, Wu
B HRBA. FEARRETELBEU
2L/ minRBERAER EI7TmmBEZEANE
NLBEBU B 38%, M, RIOIEEHRER
HE% BREHME HMEEMNKFE. RO
H MRS Burkhant FIOIH HTFTRTHRES
REERERL SO, HEFE KBRS

BRZ BERLIMETHEILENES
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