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MI-based  approach  reveals  direct  impact  of  metal  dust  exposure  on
nfluenza-associated  lung  function  decrement  risk  in  smelters
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Metal  exposure  affects  flu-associated  lung  function  decrement  risk  in  smelters.
A  BMI-flu-metal-lung  hazard  association  is constructed.
Smelters  should  be  aware  of severe  weight  gains.
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a  b  s  t  r  a  c  t

Metal  dust  exposure  strongly  affects  human  health,  especially  for  smelters.  Little  is known,  however,
about  the impact  of  metal  dust  exposure  on  influenza-associated  lung  function  decrement  risk  in  smelters.
Different  body  mass  index  (BMI) groups  were  also associated  with  respiratory  diseases.  The  purpose  of
this  study  was  to  use  a probabilistic  risk  assessment  approach  to  explicitly  link  occupational  metal  dust
exposure,  BMI-correlated  health  effects,  and  influenza-associated  lung  function  decrements  to  investi-
gate potential  risk  among  smelters.  Here  we  showed  that  (i)  influenza  A-associated  metal  dust  exposure
in SiMn/FeMn/FeCr  smelters  had  slightly  higher  health  risks  than  that  in  FeSi/Si-metal’s,  (ii)  BMI  ≥ 35
had  the highest  risk  in respiratory  infection  exacerbations,  and  (iii)  the estimated  smelting  metal  dust

3 −1

ung function
melters
ody mass index (BMI)
isk assessment

induced  forced  expiratory  volume  in 1 s (FEV1)  decreasing  rates  were  0.59  and  1.11  m mg for  FeSi/Si-
metal  and  SiMn/FeMn/FeCr  smelters,  respectively.  Our results  suggested  that  smelters  better  be aware
of severe  weight  gains  (e.g.,  BMIs  from  27–40)  because  it is  likely  to  lead  to 17–25%  decrements  in lung
function.  This study  provides  a novel  probabilistic  risk  assessment  framework  to quantitatively  assess
the occupational  health  risk  posed  by  metal  dust  exposure  associated  with  influenza  infection  based  on
BMI  measures.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Numerous studies had been performed to associate metal dust
xposure with respiratory diseases such as respiratory illness,
hronic obstructive pulmonary disease (COPD), asthma, fibrosis,
nd even lung cancer as well [1,2]. Chen et al. [3] investigated the
espiratory health in male Taiwanese steelworkers given occupa-
ional dust exposure, indicating that higher cumulative respirable
ust concentration (≥2 mg  yr m−3) would lead to higher preva-

ence in respiratory symptoms including cough frequently (12.7%),
hlegm frequently (14.7%), wheezing (4.3%), and breathlessness
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
associated lung function decrement risk in smelters, J. Hazard. Mater. (201

9.4%) and lower FVC (forced vital capacity) of 3.87 L.
On the other hand, different body mass index (BMI) groups were

ssociated with respiratory diseases such as COPD, asthma, and

∗ Corresponding author. Tel.: +886 2 2363 4512; fax: +886 2 2362 6433.
E-mail addresses: cmliao@ntu.edu.tw, cmliao@ccms.ntu.edu.tw (C.-M. Liao).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.07.043
pneumonia [4–8]. BMI  is a global measurement of one’s thinness or
fatness assessed by the weight in kilograms divided by square of the
height in meters that is age-independent and the same for both gen-
ders. Chinn et al. [4] investigated the alterations in lung function of
1,005 male shipyard workers during the averaged observation time
of 6.9 years, revealing that 1 kg increment in body mass would con-
tribute to a mean reduction in FEV1 (forced expiratory volume in 1
second) and FVC by 17.6 and 21.1 mL,  respectively. Chen et al. [5]
conducted a study containing 1202 adults and observed the similar
results in weight gain-specific change in FEV1 and FVC. They also
indicated that each gain in BMI  would give rise to excess loss in FVC
and FEV1, respectively, by 61 and 57 mL  for males.

Kornum et al. [7] investigated the association between BMI
and pneumonia, indicating that among male participants with low
proach reveals direct impact of metal dust exposure on influenza-
2), http://dx.doi.org/10.1016/j.jhazmat.2012.07.043

BMI  (BMI ≤ 22.5) and moderately high BMI  (30.0 ≤ BMI  ≤ 34.9) had
nearly the same adjusted hazard ratio for pneumonia of 1.4 (95% CI:
1.1–1.7) and 1.4 (1.2–1.7), respectively. Similar trend was observed
in male participants at the lowest BMI  (BMI ≤ 22.0) and highest

dx.doi.org/10.1016/j.jhazmat.2012.07.043
dx.doi.org/10.1016/j.jhazmat.2012.07.043
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cmliao@ntu.edu.tw
mailto:cmliao@ccms.ntu.edu.tw
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MI  category (BMI ≥ 30.0) in the study associating both BMI  and
sthma prevalence, giving the adjusted odds ratio of 3.05 (95% CI:
.37–6.78) and 2.92 (1.39–6.14), respectively [8].

The above mentioned studies rarely consider the occupational
etal dust exposure, BMI-correlated health effects, and lung

unction decrements simultaneously. Yet, there is a lack of dose-
esponse profile describing well the relationship between metal
ust exposure concentration and lung function alterations. For-
unately, Johnsen et al. [9] first conducted a longitudinal study
o construct the dose-response relationship between metal dust
xposure and annual FEV1 decline, indicating that increasing in
etal dust exposure and exposure duration would both accelerate

he FEV1 decline.
Prior to the outbreak of pandemic H1N1 2009, obesity had

ot been considered as a risk factor for severe influenza morbid-
ty [10,11].  Díaz et al. [11] investigated patients in the intensive
are unit (ICU) in Spain and found that obese patients compared
o non-obese ones had longer ICU length of stay of 13.7 ± 11.7
ays and longer mechanical ventilation remaining of 9.3 ± 9.7 days.
mith et al. [12] suggested that obese mice may  have higher risk
n influenza complications compared to lean ones. A recent study
7] also indicated that subsequent hospitalization with pneumonia
as associated with obesity.

Occupational metal dust exposure-correlated, influenza
nfection-associated, and BMI  group-specific health risks are the
revalent issues nowadays. Long-term metal dust exposure and
ulmonary function decrement risk exists in metallic workers
s well as the pulmonary exacerbation risk exists in influenza
irus infectors. Nevertheless, the mechanistic and quantitative
inkages among metal dust exposure, influenza infection, and
ulmonary function in different BMIs are still obscure and lack of
vailable epidemiological data. Moreover, appropriate BMI  cutoffs
re needed to better assess the BMI-related health risks.

Therefore, the purpose of this present study was  to examine the
bove mentioned health-related outcomes through linking both
echanistic and stochastic models in a probabilistic risk point of

iew to better assess the impact of chronic metal dust exposure
n influenza infection-associated lung function decrement risk in
melters based on a BMI  measure.

. Materials and methods

.1. Study data

We  first reanalyzed and associated the experimental data of res-
iratory symptoms scores (RSS) and FEV1 dynamics of influenza

nfection provided by Hayden et al. [13] and Kondo and Abe [14],
espectively. Two valuable longitudinal data performed by Chen
t al. [5] and Johnsen et al. [9] were adopted for providing us a
hance to look into the relationships between BMI and lung func-
ions and between specific metal dust exposure levels and lung
unction decrements. All the adopted epidemiological data were
isted in Table 1.

Hayden et al. [13] investigated 19 normal volunteers
ntranasally inoculated with influenza virus A/Texas/36/91(H1N1)
y a median concentration of 105 TCID50 mL−1 (TCID50 was mea-
ured as 50% tissue culture infective dose) and observed viral load
nd RSS varied with days post infection. In their study, a four-point
0–3 representing absent to severe) symptom assessment was
pplied twice a day. They found that on day 2 post infection, the
iral load and RSS reached peak then went down. The average
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
associated lung function decrement risk in smelters, J. Hazard. Mater. (201

cores for upper and lower respiratory symptoms on day 2 post
nfection were 3 and 0.44, respectively. Among 19 volunteers, 14
74%) were females and aged 21 years old in median (ranging from
9–40 yr).
 PRESS
dous Materials xxx (2012) xxx– xxx

Kondo and Abe [14] examined the lung function data of 20
asthmatic children aged 8 to 12 years before and after influenza
infection during the epidemics in the period 1978–1985. Decre-
ment in FEV1 of more than 20% from baseline value was considered
significant. Based on the described principle, 15 of 20 children
were considered significant. Among 15 children, 8 were infected
by influenza A where the other 7 were infected by influenza B.
On the second day after influenza infection, decreased FEV1 for
total, influenza A and B reached maximum values (Mean ± SD) of
30.3 ± 10.9, 28.9 ± 10.3, and 32.0 ± 12.2%, respectively, and grad-
ually returned to normal levels of FEV1 thereafter. No significant
differences in the time course of FEV1 in acute stage between
influenza A and B infections were found.

Chen et al. [5] investigated longitudinal effects of change in
body mass on measurements of ventilatory capacity. There were
703 follow-up data (3 data were excluded as outliers) in Humboldt
in 1983 compared with the baseline data in 1977. The data were
composed of 316 men  and 387 women  with the mean age of 41.5
and 42.5 years, and the mean BMI  of 27.5 and 25.5 kg m−2, respec-
tively. Based on the results of multiple regression analysis adjusted
for age, BMI  at baseline, and smoking, each kg m−2 change in BMI
would give rise to an average excess loss of 61 and 34 mL  in FVC, 57
and 22 mL in FEV1, and 69 and 3 mL  s−1 in maximal midexpiratory
flow rate (MMFR) for men  and women, respectively.

Johnsen et al. [9] performed a 5-year prospective study of 2620
employees in 15 Norwegian smelters. The most important value
of this study is that it was  the first longitudinal study examin-
ing the dose-response relationship of specific metal dust exposure
level and annual decline in lung function indices such as FEV1
and FVC. Generally, the smelters can be grouped into two sub-
groups based on metal dust producing processes: (i) Ferrosilicon
alloys (FeSi) and silicon metal (Si-metal), and (ii) silicon manganese
(SiMn), ferromanganese (FeMn), and ferrochromium (FeCr). The
larger production subgroup was FeSi/Si-metal smelters consisting
of 11 smelters with 1697 employees, whereas the SiMn/FeMn/FeCr
smelters consisted of 4 smelters with 923 employees. The time-
weighted geometric mean (GM) of produced dust exposure
concentration was  2.3 mg  m−3 (10–90% percentiles: 0.03–5.60)
in the FeSi/Si-metal smelters and 1.6 mg  m−3 (0.02–2.30) in
the SiMn/FeMn/FeCr smelters. For nonsmoker in FeSi/Si-metal
smelters, the corresponding annual decline in FVC and FEV1 were
36.4 and 24.7, 27.6 and 17.1, and 44.4 and 35.8 mL at lower, mid-
dle, and upper tertile of dust exposure concentration, respectively.
On the other hand, in SiMn/FeMn/FeCr smelters, the corresponding
annual decline in FVC and FEV1 were 29.2 and 29.9, 29.6 and 34.3,
and 44.8 and 35.8 mL  at lower, middle, and upper tertile of dust
exposure concentration, respectively.

2.2. Dose-response analysis

In this study, the dose-response relationships included four
phases: (i) BMI-specific alterations in FEV1, (ii) smelting metal
induced lung function decrements in smelters, (iii) influenza infec-
tion associated FEV1 and RSS exacerbations, and (iv) smelting
metal-specific RSS exacerbations based on influenza infection in
various BMI  groups.

In the first phase, the regression data of the relationship between
BMI  and FEV1 were adopted from Chen et al. [5].  For the obese and
overweight groups, each kg m−2 gain in BMI  from baseline (normal-
weight group) would give rise to an excess loss in FEV1 of 57 mL  for
men; whereas for underweight group, this assumption was  made
oppositely. The normally distributed non-linear fitting curve was
proach reveals direct impact of metal dust exposure on influenza-
2), http://dx.doi.org/10.1016/j.jhazmat.2012.07.043

used to describe the relationship between BMI and FEV1. Here we
defined the range of BMI  ≤ 18.5, 18.5 ≤ BMI  ≤ 24, 24 ≤ BMI  ≤ 27, and
BMI  ≥ 27 kg m−2 as underweight (UW), normal-weight (NW), over-
weight (OW), and obese (OB) groups, respectively [15]. Noticeably,

dx.doi.org/10.1016/j.jhazmat.2012.07.043
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Table  1
Adopted epidemiological raw data describing day post infection-specific % FEV1 decrement and respiratory symptoms scores and the dose-response relationship between
metal  dust exposure and FEV1 decrement.

Days post infection (DPI) FEV1 decrement (%) Respiratory symptoms
scores (–)a

Metal dust concentration
(mg  m−3)b

Influenza
0 7.7 ± 6.6c 0.11 –
1  18.4 ± 10.7 0.21 –
2  28.9 ± 10.3 0.57 –
3  26.4 ± 10.3 0.54 –
4 12.0  ± 6.1 0.48 –
5 22.5  ± 13.4 0.34 –
6 18.3  ± 11.8 0.22 –
7  13.3 ± 12.3 0.15 –
8  10.9 ± 15.5 0.11 –
FeSi/Si-metal smelters
– 0.69 (0.54–0.84)d – 1.65
–  0.48 (0.27–0.68) – 2.30
– 1.00  (0.80–1.20) – 3.05
SiMn/FeMn/FeCr smelters
– 0.83 (0.64–1.02) – 1.41
–  0.96 (0.69–1.23) – 1.60
– 1.00  (0.80–1.20) – 1.79

a Adopted and normalized from Hayden et al. [13]. Respiratory symptoms scores (RSS) represents the summation of upper and lower RSS where a score of 1 corresponds
to  the maximum reported score value.

b Adopted from Johnsen et al. [9] where the median concentrations were 2.30 (80% CI: 0.03–5.60) and 1.60 (0.02–2.30) mg m−3 for FeSi/Si-metal and SiMn/FeMn/FeCr
smelters, respectively.
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c Mean ± SD. Adopted from Kondo and Abe [14].
d Median with 95% CI. Adopted from Johnsen et al. [9] and transferred into % FE
eight  calculated from the equation: FEV1 = −1.44 − 0.032 Age + 3.71 Height [28].

he ranges of BMI  in obese group were further divided as obese
 (OB1, 27 ≤ BMI  ≤ 30), obese 2 (OB2, 30 ≤ BMI ≤ 35), and obese 3
OB3, BMI  ≥ 35).

In the second phase, smelting metal particle induced FEV1
ecrements were examined among smelters with different BMIs
ased on an one-year metal dust exposure scenario by incorporat-

ng the above derived relationship of BMI-specific change in FEV1.
he concentration probability distribution profiles of both FeSi/Si-
etal and SiMn/FeMn/FeCr smelters were reconstructed followed

y Johnsen et al. [9].  Here we assumed that metal-related FEV1
educing patterns within each segment in the level of smelting
etal were stationary [16]. Therefore, a homogeneous Poisson pro-

ess can be applied to quantify the metal induced FEV1 reducing
ates of both smelters,

EV1,c = ˛c�c exp (�cC), (1)

here C is the concentrations of the smelting metal dust (mg  m−3),
EV1,c is the smelting metal induced FEV1 decrements (mL), ˛c is
he parameter representing the area under the curve of the FEV1–C
rofile (mg  m−3 mL), and �c is the parameter describing the metal-
ssociated FEV1 reducing rate (m3 mg−1).

In the third phase, by incorporating both human experimental
ata of FEV1 and RSS varied with day post influenza infec-
ion adopted from Kondo and Abe [14] and Hayden et al. [13],
espectively, a dose-response relationship could be constructed. A
iologically-based 4-parameter Hill equation was used to link the
elationship between influenza A-associated RSS and FEV1,

SS = (RSSmax − RSSmin) × (RFEV1,50)n

(%FEV1)n + (RFEV1,50)n + RSSmin, (2)

here RSSmax and RSSmin are the maximum and minimum
esponses of RSS given change in %FEV1, RFEV1,50 is the half maxi-
al  effective %FEV1 causing 50% response of RSS, and n is the Hill

oefficient.
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
associated lung function decrement risk in smelters, J. Hazard. Mater. (201

For the last phase, the Hill based dose-response relationship of
 predicted FEV1 and corresponding RSS was linked by the rela-
ionship of smelting metal particle concentration associated FEV1
ecrements to estimate the RSS conditional probability expressing
crement based on predicted FEV1 of 3.587 L for 40-year-old males with 1.70 m in

as P(RSS|C) for various BMI  groups as a result of smelting metal
exposure and influenza A virus infection.

2.3. Probabilistic risk assessment

This study implemented a probabilistic risk assessment
approach to assess the potential exacerbations risk of RSS resulted
from long-term smelting metal particle exposure and influenza A
virus infection at particular change of BMI. The exacerbations risk
at specific smelting metal particle concentration-related respira-
tory symptoms scores for different BMI  groups can be obtained as
probability density function (pdf) of smelting metal concentration
(P(C)) multiplied with the conditional probability of P(RSS|C). As a
result, a joint probability function could be applied to estimate the
risk probability and described as,

P(RRSS(C)) = P(C) × P(RSS|C), (3)

where P (RRSS(C)) represents the estimated risk of smelting metal
particle exposure and influenza A virus infection-associated RSS
exacerbations within various BMI  groups.

The study data were fitted with statistical models optimally
selected on the basis of least squared criterion from a set of gen-
eralized linear and nonlinear autoregression models provided by
TableCurve 2D packages (AISN Software Inc., Mapleton, OR, USA).
A value of p < 0.05 was judged significant and coefficient of deter-
mination (r2) represented the variance of data to the fitting model.
The uncertainty and its impact on the expected risk estimate were
quantified by a Monte Carlo (MC) simulation technique. A MC  sim-
ulation was carried out with 10,000 iterations to assure the stability
proach reveals direct impact of metal dust exposure on influenza-
2), http://dx.doi.org/10.1016/j.jhazmat.2012.07.043

of those pdfs and generate 2.5- and 97.5-percentiles as the 95% con-
fidence interval (CI) for all fitted models. The Crystal Ball® software
(Version 2000.2, Decisioneering, Inc., Denver, Colorado, USA) was
employed to implement the MC simulation.

dx.doi.org/10.1016/j.jhazmat.2012.07.043
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Fig. 1. Metal dust concentration distribution for smelters with (A) FeSi/Si-metal and
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C) SiMn/FeMn/FeCr, respectively. (B) and (D) are the dose-response relationships
etween metal dust exposure and FEV1 decrement described by a homogeneous
oisson process for FeSi/Si-metal and SiMn/FeMn/FeCr smelters, respectively.

. Results

.1. Metal exposure related lung function decrements with
ifferent BMIs

The lognormal (LN) model was found well to describe the smelt-
ng metal concentration distribution, resulting a geometric mean
gm) 2.30 mg  m−3 and a geometric standard deviation (gsd) 2.00
or FeSi/Si-metal (Fig. 1A) and a gm 1.60 mg  m−3 and a gsd 1.33
or SiMn/FeMn/FeCr smelters (Fig. 1C), respectively. Based on the

etal concentration distribution profiles, 1st, 2nd and 3rd tertile
ere selected to assess the corresponding changes in FEV1 as 1.65,

.30, and 3.05 mg  m−3 for FeSi/Si-metal smelters and 1.41, 1.60, and

.79 mg  m−3 for SiMn/FeMn/FeCr smelters.
A homogeneous Poisson process well described the relation-

hip between smelting particle exposure level and change in
EV1 for FeSi/Si-metal (Fig. 1B) and SiMn/FeMn/FeCr smelters
Fig. 1D). For FeSi/Si-metal smelters, the AUC constant (˛c) and the
melting metal particle induced FEV1 decreasing rate (�c) were,
espectively, estimated to be 9.96 mL  mg  m−3 and 0.59 m3 mg−1

r2 = 0.78, p = 0.12), whereas for SiMn/FeMn/FeCr smelters, ˛c and
c estimates were 4.91 mL  mg  m−3 and 1.11 m3 mg −1, respectively
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
associated lung function decrement risk in smelters, J. Hazard. Mater. (201

r2 = 0.92, p < 0.05).
Fig. 2 shows that a 4-parameter normally distributed fitting

urve was found best describing the BMI-specific FEV1 profile for
he four BMI  groups of UW,  NW,  OW,  and OB (r2 = 0.99, p < 0.001)
Fig. 2. BMI-specific FEV1 profile described with a 4-parameter normally distributed
fitting curve for UW,  NW,  OW,  and OB groups.

followed the equation a + bexp(− 0.5((x − c)/d)2) with the four fit-
ted parameters a, b, c, and d of 2.50 L, 1.10 L, 21.24 kg m−2, and
10.19 kg m−2, respectively. Our findings showed that the estimated
percent predicted FEV1 decreased from 95.05, 99.17, 95.76, and
90.84 to 34.52, 38.64, 35.23, and 30.30 for FeSi/Si-metal smelters
at metal dust level of 10.05 mg  m−3 (Fig. 3A) and to 20.15, 24.27,
20.86, and 15.93% for SiMn/FeMn/FeCr smelters at metal dust level
of 5.60 mg  m−3 (Fig. 3B), respectively, for UW,  NW,  OW,  and OB1
groups.

3.2. Influenza infection-based respiratory illness and pulmonary
effects

Fig. 4A shows the time-course of % decrements in FEV1 and
respiratory symptoms scores. The results indicated that both % pre-
dicted FEV1 decrements and RSS started at day 0 post infection
with the value of 7.7% and 0.11, peaked at day 2 post infection
with the value of 28.9% and 0.57 then decreased to the value of
10.9% and 0.11 at day 8 post infection. Fig. 4B gives the averaged
probability distribution of % FEV1 decrement by considering all day
post infection varied reduction in FEV1 with the median of 17.1%
(95% CI: 11.71–25.45). Fig. 4C shows the jointed dose-response
relationship between percent predicted FEV1 and RSS. This study
discarded data on the 4th day (Fig. 4A) to better describe the fit-
ted Hill dose-response relationship between % FEV1 decrements as
well as RSS as shown in Fig. 4B. Besides, Fig. 4A revealed the trend
that both RSS and % FEV1 decrements reached peak on the 2nd day
and then return to background level gradually. The Hill equation
well described the relationship between RSS and predicted FEV1
(r2 = 0.98, p < 0.001) with the fitted Hill coefficient (n) of 13.73, the
maximum and minimum response RSSmax and RSSmin of 0.96 and
0.06, respectively, and the half maximal effective % FEV1 causing
50% response of respiratory symptoms scores RFEV1, 50 of 73.24%
predicted FEV1.

3.3. BMI-varied influenza infection-based respiratory illness
exacerbations

By incorporating Hill-based relationship between % predicted
proach reveals direct impact of metal dust exposure on influenza-
2), http://dx.doi.org/10.1016/j.jhazmat.2012.07.043

FEV1 and RSS, BMI-varied influenza infection associated RSS exac-
erbations in smelters could thus be explored and quantified (Fig. 5).
For FeSi/Si-metal smelters, the maximum RSS based on influenza
infection and smelting metal exposure was first reached by OB3

dx.doi.org/10.1016/j.jhazmat.2012.07.043
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Fig. 3. Metal dust exposure induced FEV1 decrement within different BMIs for (A)
FeSi/Si-metal and (B) SiMn/FeMn/FeCr smelters, respectively. Where the darkest
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Fig. 4. (A) Day post infection varied FEV1 decrement and RSS adopted from Kondo
and  Abe [14] and Hayden et al. [13], respectively. (B) Probability distribution of FEV1
rea represents the OB3 group followed by OB2, OB1, UW and OW groups, and the
ightest area represents the NW group.

ollowed by OB2, OB1, OW and UW,  and NW at exposure concentra-
ion of 8.95, 9.35, 9.65, 9.85, and 9.95 mg  m−3, respectively (Fig. 5A).
n the other hand, for SiMn/FeMn/FeCr smelters, the maximum
SS was reached first by OB3 followed by OB2, OB1, OW and UW,
nd NW given exposure concentration at 4.83, 5.00, 5.20, 5.28, and
.35 mg  m−3, respectively (Fig. 5B). The starting points of RSS based
n various BMI  groups were 0.33, 0.22, 0.31, 0.49, 0.82, and 0.92,
espectively, for UW,  NW,  OW,  OB1, OB2, and OB3.

.4. Respiratory illness exacerbations risk estimates

Fig. 6 shows the synoptic estimated risk profile at both FeSi/Si-
etal and SiMn/FeMn/FeCr smelters for different BMI  groups. The

xceedance risk (ER) profile could be constructed by linking both
oncentration probability distribution of smelting metal (Fig. 1A
nd B) and RSS exacerbations profile given influenza infection
nd smelting metal particle exposure (Fig. 5). At particular ER, for
nstance, ER = 0.5 (ER0.5), the RSS exacerbations were much greater
or OB3 followed by OB2, OB1, UW,  OW,  and NW for both smelters.
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
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Here the minimum and maximum RSS (RSSmin–RSSmax) were
sed to represent the potential exacerbations risk of change in
MI  given smelting metal particle exposure and influenza infec-
ion (Table 2). We  found that greater change in BMI would lead
decrement of influenza infected cases. (C) Dose-response relationship between %
predicted FEV1 and RSS described by a 4-parameter Hill equation.

to greater RSS exacerbations risk. For both smelters, the max-
imum RSS at ER0.9 and ER0.5 were almost the same for each
BMI  group. For FeSi/Si-metal smelters at ER0.1, we found slightly
lesser differences in RSS change for the obese subgroups: OB1
(0.44–0.64), OB2 (0.64–0.89), and OB3 (0.89–0.94) compared to that
of obese subgroups in SiMn/FeMn/FeCr smelters: OB1 (0.37–0.57),
OB2 (0.57–0.86), and OB3 (0.86–0.94). Even in the worst case as for
the OB3 group, it is unlikely that lung function decrement would
exceed 45% for FeSi/Si-metal smelters, suggesting acceptable health
effects (Table 2). Fig. 7 reveals the exacerbations risks of FEV1 decre-
ment and RSS at ER0.1 for both smelters given metal dust exposure
and influenza infection. A J-shaped probabilistic risk profile of FEV1
decrement (dFEV1) and RSS exacerbations can be observed (Fig. 7).

4. Discussion

4.1. Exposure-effect health risk estimates

This study reconstructed the dose-response relationship
between metal dust exposure level and lung function impair-
ment for smelters. Simulated results revealed that given the same
proach reveals direct impact of metal dust exposure on influenza-
2), http://dx.doi.org/10.1016/j.jhazmat.2012.07.043

metal dust exposure concentration, FEV1 decrements were nearly
twice for SiMn/FeMn/FeCr smelters than that for FeSi/Si-metal
smelters. The steeper declines in FEV1 in smelters exposed to

dx.doi.org/10.1016/j.jhazmat.2012.07.043
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Table  2
Influenza infection associated FEV1 decrement and respiratory symptoms scores (RSS) exacerbations risks in BMI-specific smelters varied with exceedance risks at 0.9, 0.5,
and  0.1.

BMI  (kg m−2) FeSi/Si-metal smelters SiMn/FeMn/FeCr smelters

0.9 0.5 0.1 0.9 0.5 0.1

FEV1 decrement (%)
15–18.5 18.2–22.3a 18.5–22.7 21.5–25.6 18.4–22.6 18.8–22.9 19.7–23.9

18.5–24  17.1–18.2 17.4–18.5 20.4–21.5 17.3–18.4 17.7–18.8 18.6–19.7
24–27  18.2–21.6 18.5–22.0 21.5–24.9 18.4–21.8 18.8–22.2 19.7–23.2
27–30  21.6–26.6 22.0–26.9 24.9–29.9 21.8–26.8 22.2–27.1 23.2–28.1
30–35  26.6–35.4 26.9–35.7 29.9–38.7 26.8–35.6 27.1–36.0 28.1–36.9
35–40  35.4–42.1 35.7–42.4 38.7–45.4 35.6–42.3 36.0–42.7 36.9–43.6

RSS
15–18.5 0.22–0.34 0.23–0.35 0.31–0.46 0.23–0.35 0.24–0.36 0.26–0.39

18.5–24  0.20–0.22 0.21–0.23 0.28–0.31 0.20–0.23 0.21–0.24 0.23–0.26
24–27  0.22–0.32 0.23–0.33 0.31–0.44 0.23–0.32 0.24–0.33 0.26–0.37
27–30  0.32–0.50 0.33–0.52 0.44–0.64 0.32–0.51 0.33–0.53 0.37–0.57
30–35  0.50–0.82 0.52–0.83 0.64–0.89 0.51–0.83 0.53–0.84 0.57–0.86
35–40  0.82–0.93 0.83–0.93 0.89–0.94 0.83–0.93 0.84–0.93 0.86–0.94

a Min–max.
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Fig. 6. BMI-specific probabilistic risk profile of RSS exacerbations given metal dust
ig. 5. Metal dust exposure and influenza infection-associated RSS exacerbations for
ifferent BMIs of (A) FeSi/Si-metal and (B) SiMn/FeMn/FeCr smelters, respectively.
he lightest and darkest area represent, respectively, the NW and OB3 groups.

iMn/FeMn/FeCr metal dusts may  due to the more harmful expo-
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
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ure to the airways [9].
The exposure limits assessed by time-weighted averages sug-

ested by NIOSH (National Institute for Occupational Safety
nd Health) and by OSHA (Occupational Safety and Health
exposure and influenza infection for (A) FeSi/Si-metal and (B) SiMn/FeMn/FeCr
smelters, respectively.

Administration) for silicon dust, manganese and chromium metal
proach reveals direct impact of metal dust exposure on influenza-
2), http://dx.doi.org/10.1016/j.jhazmat.2012.07.043

dust were 5, 1, and 0.5 mg  m−3 and 5, 5, and 1 mg  m−3, respectively
[17]. Some of the metal dust concentration distributions fell beyond
the permitted exposure level recommended by NIOSH and OSHA,

dx.doi.org/10.1016/j.jhazmat.2012.07.043
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Fig. 7. Influenza infection associated FEV1 decrement and RSS exacerbations risks
in  BMI-specific smelters with exceedance risks at 0.1 for UW,  NW,  OW,  OB1, OB2,
and OB3 groups where the left- and right-hand sides represent FeSi/Si-metal and
SiMn/FeMn/FeCr smelters, respectively.
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[2] A. Blair, P. Stewart, J.H. Lubin, F. Forastiere, Methodological issues regarding
confounding and exposure misclassification in epidemiological studies of occu-
pational exposures, Am.  J. Ind. Med. 50 (2007) 199–207.
hich may  lead to higher lung function decrement risks among
melters.

Numerous studies had supported the idea that lung function
mpairment is highly correlated with duration of employment,
revious exposure, size and concentration of metal dust, and the
onstituent in metal dust as well [3,18].  Long-term exposure to
etal dust is associated with either COPD or asthma [19,20]. Based

n 1-year exposure scenario, considering the health risk caused
y metal dust exposure and BMI  solely, OB3 group had the highest
hance to develop COPD or asthma (≤80% predicted FEV1), whereas
or smelters with influenza infection, all BMI  groups had the chance
eveloping COPD or asthma.

In this study, metal dust exposure and influenza infection-
ssociated RSS exacerbations risks were found highest for severe
bese group (i.e., OB3) followed by OB2, OB1, UW,  OW,  and NW
or both FeSi/Si-metal and SiMn/FeMn/FeCr smelters. This is not
urprising since BMI-specific FEV1 estimates were found highest
f 3.56–3.60 L for NW,  followed by OW,  UW,  and OB with the esti-
ates of 3.44–3.56, 3.41–3.56, and 2.70–3.44 L, respectively. Here a

ormally distributed dose-response profile was assumed and used
o describe the relationship between BMI  and FEV1. Ubilla et al. [21]
ndicated that both low (BMI < 20) and high BMI  groups (BMI > 30)

ere associated with poor FEV1 and FVC in adulthood. Ubilla et al.
21] further indicated fatness may  be moderate at lower BMI, there-
ore, increments in BMI  may  increase muscle and thus enhance lung
unction, but beyond certain level of BMI  (i.e., BMI ≥ 30) in that
he increment is due partly to the adipose tissue increase and lung
unction exacerbations.

A J-shaped risk profile was observed in BMI-varied FEV1 decre-
ents and RSS exacerbations similar to the association between

MI  and mortality proposed by Jee et al. [22] (i.e., the dose-response
rofile is asymmetric and that higher BMI  end such as obese group
ould have higher mortality than that in the lower end of BMI  such

s underweight group). However, an U-shaped BMI-specific mor-
ality risk profile (i.e., BMI-associated mortality profile is symmetric
nd both higher and lower BMI  ends would have similar mortali-
ies) was observed for East Asians as well as North Americans and
Please cite this article in press as: Y.-H. Cheng, C.-M. Liao, BMI-based ap
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uropeans [23,24].
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4.2. Limitations and implications

A normal distribution response profile was chosen to describe
the relationship among FEV1 and different BMIs due to the existed
data gap for further estimation of FEV1 at lower BMIs for UW group.
However, normally distributed response profile may  underesti-
mate the risks for UW group given a U-shaped association. The
estimated predicted FEV1s were dependent on age and height;
nevertheless, the relationship was constructed mainly based on
Caucasian data. Future studies may  need to focus more on building
up the predicted FEV1 profile for Asians to better assess the corre-
sponding health risks in Asian countries. In this study, influenza
infection related exacerbated risks were estimated apart from
metal dust exposure which may  cause overestimate of total health
risks. Nevertheless, there is a lack of available epidemiological data
quantifying the pulmonary function decrement risks given metal
dust exposure and influenza infection for BMI-specific metallic
industrial workers simultaneously.

Long-term exposure induced lung function exacerbations risks
among metallic workers worth further studying by taking into
account other health effects caused by smoking, alcohol drinking or
chronic respiratory diseases [3,25].  Type of metal dust inhaled is the
issue of main concern as well as the quantification of accumulated
internal doses in different regions of respiratory tract. Human respi-
ratory tract (HRT) model can be applied to quantify the size-specific
number concentration of metal dust deposited in each respiratory
compartment based on the principle of mass balance [26]. Whereas
physiologically based pharmacokinetic (PBPK) model can be used
to simulate the kinetics of inhaled metal dusts by means of consid-
ering compartments such as lung, liver, kidney, blood, tissues, and
etc. [27]. With more detailed experimental and monitoring data
inputs, both HRT and PBPK models can be simultaneously applied
to construct internal size-specific dose-response relationships for
better occupational health risk assessments.

5. Conclusions

The following main conclusions can be drawn: (i)
SiMn/FeMn/FeCr smelters had slightly higher health risks than
that for FeSi/Si-metal smelters given metal dust exposure and
influenza infection, (ii) OB3 group had the highest risk in RSS
exacerbations followed by OB2, OB1, UW,  OW,  and NW groups,
and (iii) a J-shaped probabilistic risk profile can be observed. Based
on our estimations, smelters should be aware of severe weight
gains, say BMI  alters from 27 to 40 or more as well as influenza
infection since both aspects could lead to 25 and 17% decrement in
FEV1, respectively. Overall, this study provides a novel probabilistic
risk assessment framework to better assess occupational health
risk given metal dust exposure and influenza infection based on
BMI  measures.
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