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Trophically  available  fraction  in  seafood  and  bioaccessibility  is linked.
Human  health  risk to Cd  can  via  inhalation  and seafood  consumption.
Female  had  the  higher  Cd  accumulation  in  urine  and blood  than  male.
Cigarette  smoking  is  a major  determinant  of  human  Cd  intake.
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a  b  s  t  r  a  c  t

The  role  of cadmium  (Cd)  bioaccessibility  in  risk  assessment  is less  well  studied.  The  aim  of  this  study  was
to  assess  human  health  risk  to  Cd through  inhalation  and  seafood  consumption  by  incorporating  bioacces-
sibility.  The  relationships  between  trophically  available  Cd  and  bioaccessibility  were  constructed  based  on
available  experimental  data.  We  estimated  Cd  concentrations  in human  urine  and  blood  via  daily  intake
from  seafood  consumption  and  inhalation  based  on  a physiologically-based  pharmacokinetic  (PBPK)
model.  A  Hill-based  dose–response  model  was  used  to assess  human  renal  dysfunction  and  peripheral
arterial  disease  risks  for long-term  Cd  exposure.  Here  we  showed  that fish  had  higher  bioaccessibility
(∼83.7%)  than  that  of  shellfish  (∼73.2%)  for  human  ingestion.  Our  results  indicated  that  glomerular  and
eafood consumption
nhalation
moking
isk assessment

tubular  damage  among  different  genders  and  smokers  ranged  from  18.03  to 18.18%.  Our  analysis  showed
that nonsmokers  had  50%  probability  of  peripheral  arterial  disease  level  exceeding  from  3.28  to 8.80%.
Smoking  populations  had  2–3  folds  higher  morbidity  risk  of  peripheral  arterial  disease  than  those  of
nonsmokers.  Our  study  concluded  that  the  adverse  effects  of  Cd  exposure  are  exacerbated  when high
seafood consumption  coincides  with  cigarette  smoking.  Our  work  provides  a framework  that  could  more
accurately  address  risk  dose  dependency  of  Cd  hazard.

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

Cadmium (Cd) is widely released from industrial, mineral
ining, agriculture, and hazardous waste sites [1].  Inhalation of

igarette smoke is one of the major routes for human exposed to Cd.
revious studies indicated that smokers have approximately twice
he Cd accumulation of nonsmokers [2,3]. Moreover, consumption
f seafood is also one of the dominant routes for human exposed to
d [4–7]. Seafood can accumulate Cd via waterborne and dietborne
xposure pathways, posing a potential human health risk [8–10].
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

In 1992, World Health Organization (WHO) refined the pro-
isional tolerable weekly intake for Cd at 7 �g week−1 kg−1 body
eight, which was based on the effect of renal damage [11]. Besides,

∗ Corresponding author. Tel.: +886 2 2363 4512; fax: +886 2 2363 6433.
E-mail address: 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.2012.05.060
the European Food Safety Authority [12] used the benchmark dose
derived urinary Cd threshold to strictly estimate the tolerable
weekly intake of 2.5 �g kg−1 body weight.

Numerous studies have revealed that the adverse effects on
human kidney and bone were related to the environmental Cd
exposures [13–17].  Moreover, epidemiological studies also evi-
denced that Cd exposure was  associated with the chronic diseases,
such as diabetes, diabetic nephropathy, hypertension, and periph-
eral artery disease [18–21].  Measuring Cd concentrations in urine
and blood are the general and direct method for monitoring the
level of Cd exposure [22]. Kidney is the major organ for accumulat-
ing Cd that can be eliminated from organisms through urine [23].
Cd can also be absorbed into bloodstream from lung and gastroin-
re risk to cadmium through inhalation and seafood consumption, J.

testinal tract and binds to blood cell [24].
The bioaccessibility from food to human indicates the portion of

total chemical with food digested into solution and is potentially to
be assimilated to reach systemic circulation by the alimentary canal

dx.doi.org/10.1016/j.jhazmat.2012.05.060
dx.doi.org/10.1016/j.jhazmat.2012.05.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cmliao@ccms.ntu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2012.05.060
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Validation of PBPK model of Cd was  supported by a reason-
able agreement between model predictions and data [39,40] for
the concentration–time profiles of Cd in a variety of compart-
ments. To compare modeled and observed results, the best fit was
ARTICLEAZMAT-14284; No. of Pages 9
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25–27].  On the other hand, the bioavailability accounts for the por-
ion that is assimilated by alimentary canal to reach the systemic
irculation [25–27].  Bioavailability data must be measured in the
lood or target organs with an in vivo animal experiment. Generally,
ioaccessibility of chemical in food is quantified by an in vitro diges-
ion model that simulates based on the gastrointestinal parameters
f human [25,28,29].  In vitro digestion model is rapid, low-cost, and
asy to control in comparison with in vivo experiment. In the past
ecades, human health risk assessment was mostly based on the
otal Cd intake. However, the bioaccessibility may  provide another
xcellent provision of data in enhancing human health risk assess-
ent [30].
Recent studies on subcellular metal compartmentalization in

quatic organisms have led to conclusions regarding the sig-
ificance of subcellular fates of metals to potential biological
onsequences of accumulated metals [31–34].  The fractions of
etal can bind to cellular cytosolic and organelles fractions are

vailable for trophic transfer [35,36]. Wallace and Luoma [36]
ombined heat labile proteins, organelles, and metallothionein-
ike proteins into a pool, designating as the trophically available

etal (TAM). Wallace and Luoma [36] pointed out that different
ubcellular distributions may  lead to different bioaccessibilities in
rganisms. Yet, the relationship between subcellular partitioning
nd the bioaccessibility was also less well studied.

Physiologically based pharmacokinetic (PBPK) model has been
pplied to predict the chemical doses of target organs during the
ecades [37,38].  Nordberg and Kjellström [39] have developed an
ight-compartment kinetic model for predicting human Cd expo-
ure. In this study, we modified that well-established PBPK model to
stimate the Cd distributions through both inhalation and seafood
onsumption exposures [39,40].

Therefore, the purpose of this study was threefold: (i) to con-
truct the relationship between trophically available fraction of
d in seafood and the Cd bioaccessibility in human; (ii) to use a
BPK model to estimate organ-specific Cd levels in smoking and
onsmoking subgroups; and (iii) to perform a quantitative risk
ssessment for human health exposed to Cd from inhalation and
eafood consumption based on the PBPK-estimated organ-specific
d burdens incorporating with data on exposure, toxicokinetics and
rgan toxicity.

. Materials and methods

.1. Study data

To estimate the Cd intake from seafood consumption for
aiwanese, we collected the popular seafood in the indigenous
arkets and adopted the fishery production information from

aiwan Fisheries Administration in 2008 (http://www.fa.gov.tw/
serfiles/oldfa//chnn/statistics publish/statistics/year book/2008c/
7tab08-3.pdf). Seafood products were divided into three groups
f freshwater fish, marine fish, and shellfish based on the market
hares (Table S1 in Supplementary Materials).

A  blanket search was conducted to collect recent publications
hat focused on Cd accumulations of seafood in Taiwan in the
eriod 1998–2006. The lognormal distribution was used to best
t the accumulation data. Estimates of Cd daily intake via seafood
onsumption were calculated by multiplying species-specific mar-
et shares, daily seafood consumption, and Cd concentrations in
eafood (Table S1 in Supplementary Materials).  Human exposed
o Cd via inhalation was estimated based on air Cd concentration
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

f 0.004 �g m−3 [41], together with the inhalation rates of 15.3
nd 11.3 m3 d−1 for male and female, respectively [42]. For smok-
ng group, we estimated 1–2 �g Cd per cigarette corresponding to
early 10% of the Cd content inhaled when the cigarette is smoked
 PRESS
Materials xxx (2012) xxx– xxx

[43]. The average smoked cigarettes rates were 13.6 and 8.7 per day
for male and female, respectively [44].

To determine the relationship between trophically available Cd
in seafood and bioaccessibility to human, a valuable dataset pro-
vided by Rainbow et al. [45] and He et al. [27] were used. Rainbow
et al. [45] and He et al. [27] conducted the subcellular partitioning
experiments to identify the TAM fraction of metal accumulated in
seafood and used an in vitro digestion method to identify the bioac-
cessibility of metals. Detailed description of study data is provided
in Supplementary Materials.

2.2. PBPK model

The present PBPK model is based on the report by Nordberg
and Kjellström (Fig. 1A) [39]. Detailed description of PBPK model
is given in (Supplementary Materials).  The proposed simulation
scheme was based on 1 day interval with the exposure duration
of 45 years. The simulated cumulative loads of Cd in urine and
blood were calculated by dividing the volumes of urine and blood
by 1.4 and 5.18 L d−1 for male, whereas 1.0 and 4.33 L d−1 for female,
respectively [46].
re risk to cadmium through inhalation and seafood consumption, J.

Fig. 1. Schematic of the proposed bioaccessibility-based PBPK model for Cd expo-
sure. (A) Physiological parameter P5 multiplied by estimated bioaccessibility of fish
and shellfish to obtain the bioaccessibility-based parameter f. (B) Cd is adsorbed
by lung and intestine to tissue compartments of other tissues, kidney, and liver,
interconnected by bloodflow, and eliminated by urine and feces.

dx.doi.org/10.1016/j.jhazmat.2012.05.060
http://www.fa.gov.tw/userfiles/oldfa//chnn/statistics_publish/statistics/year_book/2008c/97tab08-3.pdf
http://www.fa.gov.tw/userfiles/oldfa//chnn/statistics_publish/statistics/year_book/2008c/97tab08-3.pdf
http://www.fa.gov.tw/userfiles/oldfa//chnn/statistics_publish/statistics/year_book/2008c/97tab08-3.pdf
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intake from seafood consumption were 7.52 �g d−1 for male and
6.94 �g d−1 for female (Table S5 in Supplementary Materials).  Our
ARTICLEAZMAT-14284; No. of Pages 9
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valuated using root-mean-squared-error (RMSE), calculated from

MSE =
√∑N

n=1(Cm,n − Cs,n)2/N where N denotes the number of

easurements, Cm,n is the measurement data, and Cs,n is the simu-
ation result corresponding to data point n.

To incorporate the concept of bioaccessibility and the individ-
al differences, we performed the Monte Carlo simulation with
0,000 iterations to generate the likely values of bioaccessibility
f the 2.5th, 25th, 50th, 75th, and 97.5th percentiles. The gener-
ted bioaccessibility values then multiply by the fraction (P5) that
s absorbed to gastrointestinal tract and systemic circulation, to
stimate seafood bioaccessibility for obtaining the bioaccessibility-
ased parameter used in the PBPK modeling scheme (Fig. 1B). We
mployed five bioaccessibility-based parameters (fs) to simulate a
ariety of Cd loads in urine and blood (Fig. 1).

.3. Dose–response analysis

To investigate the relationships between Cd bioaccumulation
n urine/blood and Cd-induced damages, the available published
ata were reanalyzed. Jin et al. [13] performed a study on a general
opulation in China to construct the dose–response relationship
etween Cd exposure and renal dysfunction.

Briefly, Jin et al. [13] collected urine and blood samples from 5
ale and 5 female in a control area and two  Cd polluted areas.

in et al. [13] used the urinary and blood Cd concentrations as
he bioindicators of Cd exposure and used concentrations of �2-

icroglobulin, retinol binding protein, and albumin to determine
he degree of renal dysfunction. The population lived in the polluted
reas had significant higher urinary and blood Cd concentrations
han those lived in the control area. The relative higher preva-
ence rate of renal dysfunction was also found in the polluted
reas.

On the other hand, Tellez-Plaza et al. [21] studied gender dif-
erences in the cross-sectional association of blood and urinary Cd
oncentrations with peripheral arterial disease by analyzing the
ata in the period 1999–2004 based on U.S. National Health and
utrition Examination Survey. They found that the peripheral arte-

ial disease prevalence (PADP) increased with increasing blood Cd
evels for male, whereas among the female, Cd levels showed a
-shaped relation with PADP.

We reanalyzed the published data [13,21] and reconstructed
wo dose–response relationships. The relationships between Cd in
rine (CU) and glomerular and tubular damage (GTD) for whole
dult population and Cd in blood (CB) and PADP for male were
escribed by a 4-parameter Hill model,

(C) = Rmin + (Rmax − Rmin)

1 +
(

C/EC50
)n (1)

here C is Cd in urine CU (�g g−1 creatinine) or in blood CB (�g L−1),
(C) is the C-dependent response measured as GTD (%) or PADP
%), Rmin and Rmax are the minimum and maximum responses (%),
espectively, EC50 is the effective concentration at 50% response,
nd n is the Hill coefficient.

Due to the U-shaped trend was found in the relationship
etween Cd in blood (CB) and PADP for female, we  used a nonlinear
egression model to obtain the best fitting.

.4. Risk assessment model

In this study, the dose–response profiles were used as the condi-
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

ional probabilities. Therefore, the relationship between Cd in urine
nd GTD can be expressed as P(GTD|CU), whereas the relationship
etween Cd in blood and PADP can be expressed as P(PADP|CB). Cd

n urine and blood can be predicted by the PBPK model through
 PRESS
Materials xxx (2012) xxx– xxx 3

daily seafood consumption and inhalation in smoking and non-
smoking subgroups. The human health risk at each population
group can be calculated as the probability density functions of CU
and CB multiplied by the conditional probabilities of GTD and PADP,
respectively. Therefore, a joint probability functions can be used to
calculate the human health risk probabilities,

P(RGTD) = P(CU) × P(GTD|CU) (2)

P(RPADP) = P(CB) × P(PADP|CB) (3)

where P(RGTD) and P(RPADP) represent the human health risk esti-
mates based on two  responses of GTD and PADP, respectively.

2.5. Uncertainty and data analyses

TableCurve 2D (Version 5.0, AISN Software Inc., Mapleton, OR,
USA) and Statistica® software (Version 6.0, Statsoft, Tulsa, OK, USA)
were used to perform the model fittings. We  generated 2.5th and
97.5th percentiles as the 95% confidence interval (CI) for all fitted
models and explicitly quantified the uncertainty of data by imple-
menting the Monte Carlo technique using Crystal Ball® software
(Version 2000.2, Decisionerring Inc., Denver, Colorado, USA). The
result showed that 10,000 iterations are sufficient to ensure the
stability of results. The PBPK model simulation was performed by
Berkeley Madonna: Modeling and Analysis of Dynamic Systems
(Version 8.3.9, http://www.berkeleymadonna.com).

3. Results

3.1. Relationship between trophically available Cd and
bioaccessibility

We constructed the relationships between trophically avail-
able Cd obtained from subcellular partitioning experiment and the
bioaccessibility obtained from in vitro digestion method with the
best-fitting model for fish and shellfish, respectively. The posi-
tive relationship is found for fish and shellfish and can be best
described by y = 93.84 − 10328.80/x2 (r2 = 0.51, p = 0.49) for fish and
y = 47.60 + 0.47x (r2 = 0.70, p < 0.005) for shellfish. The bioaccessibil-
ity of shellfish had stronger correlation with trophically available
fraction of Cd than that in fish (Fig. 2). Results showed that fish
had higher average bioaccessibility (∼83.7%) than that of shellfish
(∼73.2%) for human ingestion.

3.2. Cd daily intake via seafood and inhalation

Shellfish had the highest Cd concentration than freshwater fish
and marine fish for nearly one order of magnitude (Fig. 3). For fresh-
water fish, other kind of fish showed the highest Cd level with a
geometric mean of 0.03 �g g−1 wet wt. On the other hand, the most
popular freshwater fish, tilapia, had the Cd concentration of gm
0.02 �g g−1 wet  wt  (Fig. 3A). Results revealed that marine fish had
the similar Cd concentrations with freshwater fish (Fig. 3B). Note,
however, that the higher Cd concentrations of geometric mean
were found to be 0.25, 0.12, and 0.16 �g g−1 wet wt for oyster, hard
clam, and freshwater clam, respectively (Fig. 3C).

Based on the Cd concentrations in respective seafood and
seafood consumptions for male and female, the average daily Cd
re risk to cadmium through inhalation and seafood consumption, J.

results showed that nonsmoking groups had the daily Cd intakes via
inhalation with 0.061 and 0.045 �g d−1 for male and female, respec-
tively, whereas for smoking groups were 2.10 �g d−1 for male and
1.35 �g d−1 for female.

dx.doi.org/10.1016/j.jhazmat.2012.05.060
http://www.berkeleymadonna.com/


ARTICLE IN PRESSG Model

HAZMAT-14284; No. of Pages 9

4 Y.-R. Ju et al. / Journal of Hazardous Materials xxx (2012) xxx– xxx

A. Fish 

Lateolabrax japonicus 
Pagrosomus major 

Trophically available Cd (%)

B
io

a
c

c
e

s
s

ib
il

it
y

 (
%

)

B. Shellfish 

Chlamys nobilis 
Marcia hiantina 
Saccostrea cucullata 
Perna viridis 

0

25

50

75

100

1007550250

0

25

50

75

100

1007550250

F
(

3

d
(
E
(
f
f
t
C
m
0
m
y

3

(
m
i
[
a
0
p
w
f

0.00

C
d

 i
n

 f
is

h
/s

h
e
ll
fi

s
h

 (
μ

g
 g

-1
 w

e
t 

w
t)

 

A. Freshwater fish 

0.04

0.08

0.12

0.16

0.20

Milkfish OtherTilapia

B. Marine fish 

0.2

0.4

0.6

0.8

1.0

1.2

0.0

Hard clam Other

Oyster Freshwater clam 

C. Shellfish 

0.04

0.08

0.12

0.16

0.20

0.00
Ribbonfish

Swordfish 
 Blue marlin

Shark
Pacific saury 

Other

    2.5 – 97.5% 

    25 – 75% 

    Median 
ig. 2. Relationships between % Cd in TAM and bioaccessibility (%) for (A) fish and
B)  shellfish.

.3. Dose–response profiles

The relationship between Cd in urine and GTD was best
escribed by the Hill model (Eq. (1))  with n = 2.03 ± 0.33
mean ± SE), minimum response GTDmin = 18.03 ± 2.46%, and
C50 = 15.47 (95% CI: 10.87–20.07) �g g−1 creatinine (r2 = 0.99)
Fig. 4A). The blood Cd concentration-dependent PADP profile
or male was showed in a sigmoid curve, whereas a U-shaped
ashion was found for female (Fig. 4B, C). Fig. 4B showed
hat the Hill model can well describe the correlation between
d in blood and PADP for male with n = 3.95 ± 0.36, maxi-
um response PADPmax = 18.60 ± 1.99%, and EC50 = 0.71 (95% CI:

.50–0.93) �g L−1 (r2 = 0.99). For female, a nonlinear regression
odel was used to capture the dose–response relationship of

 = 24.53x2 − 15.02x + 7.01 (r2 = 0.98) (Fig. 4C).

.4. Risk estimates

We used the estimated distributions of daily Cd intake
Table S5 in Supplementary Materials)  as the inputs in PBPK

odel. PBPK modeling used the bioaccessibility-based fs and orig-
nal P5 that adopted from the report by Kjellström and Nordberg
40] to predict steady-state Cd concentration distributions in urine
nd blood. The values of fs are 0.021, 0.032, 0.044, 0.057, and
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

.094 corresponding to the 2.5th, 25th, 50th, 75th, and 97.5th
ercentiles, respectively. The estimated Cd concentration in urine
as creatinine-adjusted and the levels of creatinine for male and

emale were given in Table S5 (see Supplementary Materials).
Fig. 3. Box and whisker plot representations of Cd concentrations in (A) freshwater
fish, (B) marine fish, and (C) shellfish in Taiwan collected from published literature.

Estimates of Cd concentration distributions in urine and blood
were showed under varied bioaccessibility-based fs and original
P5 that adopted from the report by Kjellström and Nordberg [40]
to investigate the differences among male, female, nonsmoking,
and smoking groups (Fig. 5).

In a comparison with gender, the exposure without smoking
showed the higher mean Cd in urine for female (0.086–0.335 �g g−1

creatinine) than that for male (0.065–0.259 �g g−1 creati-
nine). On the other hand, the mean Cd in blood for female
(0.177–0.691 �g L−1) was also higher than that for male
(0.159–0.624 �g L−1). The smoker had approximately 2–5 times
Cd concentrations in urine and blood than the nonsmoker (Fig. 5).
Fig. 5 shows that the estimate of bioaccessibility using original P5
was close to that using f at 50th percentile bioaccessibility.

Exceedance risk curves shown in Figs. 6 and 7 indicated the esti-
mated probabilistic of GTD and PADP in different bioaccessibilities
for different population groups. Table 1 gives the estimated human
health risks for GTD and PADP at 10, 50, and 90% probabilities
subjected to Cd intakes from inhalation and seafood consumption
re risk to cadmium through inhalation and seafood consumption, J.

in Taiwan. Similar results at various probabilities in GTD can be
obtained for different genders and even for smoker (ranging from
18.03 to 18.18%). The level of PADP for nonsmoker had 10, 50, and
90% probabilities exceeding about 3.35–14.10 (95% CI), 3.28–8.80,

dx.doi.org/10.1016/j.jhazmat.2012.05.060
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Fig. 5. Box and whisker plot describing distributions of Cd concentrations in (A–D)
urine and (E–H) blood in subgroups of nonsmoking male, nonsmoking female, smok-
ing  male, and smoking female at six scenarios of bioaccessibility. I–V represent the
scenarios of using 2.5th, 25th, 50th, 75th, and 97.5th percentiles bioaccessibility-
egression model describing the relationships between Cd concentration of blood
nd  peripheral arterial disease prevalence for (B) male and (C) female, respectively.

nd 3.26–5.68%, respectively, within 2.5th–97.5th percentile level
f bioaccessibility. In contrast to nonsmoker, smoking population
ad nearly 2–4 times of morbidity risk of PADP (Table 1).

.5. Advise tolerable daily intake (TDI)

To compare the tolerable daily intake with FAO/WHO guidelines
provisional tolerable weekly intake for Cd at 7 �g week−1 kg−1

ody weight based on the renal damage) [11], the dose–response
f GTD can be used to estimate EC5 as a surrogate threshold of
egulatory endpoint and extrapolated the bioaccessibility-based
olerable daily intake among different population subgroups. Fur-
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

hermore, to quantify how much the seafood consumption is safe
n Taiwan, we  transformed the tolerable daily intake with a mean
eafood Cd concentration of 0.075 �g g−1 wet wt to determine safe
eafood intake (SSI) (Table 2). The mean seafood Cd concentrations
based parameter f and values of f were 0.021, 0.032, 0.044, 0.057, and 0.094,
respectively. VI represents the scenario of using original P5 adopted from Nordberg
and Kjellström [39].

were estimated by the respective seafood Cd concentration mul-
tiplying the realistic market shares. Results indicated that the
advised tolerable daily intake of seafood for four population sub-
groups of nonsmoker-male, nonsmoker-female, smoker-male, and
smoker-female were 21.07–91.89, 18.10–79.05, 19.37–85.25, and
16.96–74.01 g d−1 kg−1 body weight, respectively (Table 2).

4. Discussions
re risk to cadmium through inhalation and seafood consumption, J.

4.1. Linkage of trophically available metal and bioaccessibility

In this study, trophically available Cd and bioaccessibility
were obtained from literature for constructing the relationship

dx.doi.org/10.1016/j.jhazmat.2012.05.060
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Fig. 6. Exceedence risks of glomerular and tubular damage for (A) nonsmoking male, (B) nonsmoking female, (C) smoking male, and (D) smoking female at six scenarios of
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Table 1
Human health risk estimates for glomerular and tubular damage (GTD, %) and
peripheral arterial disease prevalence (PADP, %) at 10, 50, and 90% probabilities
subject to Cd intakes from inhalation and seafood consumption in Taiwan.

Gender Exceedance risk

0.1 0.5 0.9

Nonsmoker
Male

GTD 18.03–18.09a 18.03–18.05 18.03–18.04
PADP 3.35–13.21 3.28–8.80 3.26–5.34

Female
GTD 18.04–18.09 18.04–18.06 18.03–18.05
PADP 4.85–14.10 5.13–8.23 5.45–5.68

Smoker
Male

GTD 18.07–18.15 18.07–18.12 18.06–18.10
PADP 13.44–17.83 12.73–17.31 11.98–16.44

Female
GTD 18.07–18.18 18.07–18.14 18.06–18.11
PADP 8.82–36.53 7.88–24.53 7.10–16.69

a

b
p
b
a
a
c

2

M
w
c
s
a
t
s
s
r
r
m

c
t
e
w

T
A

a Estimates based on 2.5th–97.5th percentiles of bioaccessibility-based fraction
bsorbed to GI tract and systemic circulation (f).

etween the bioaccumulation distribution in seafood and fraction
otentially is assimilated by human. In particular, fish had high
ioaccessibility ranging from 84.8–93.2%, whereas for trophically
vailable Cd for fish was 36.4–75.6%. Not surprisingly, trophically
vailable Cd of subcellular partitioning is only associated with the
ytosol [35].

Metian et al. [47] measured seven metal accumulations of
41Am,  Cd, Co, Cs, Mn,  Se, and Zn in the Mediterranean mussels
ytilus galloprovincialis and found that bioaccessibility estimates
ere higher than the cellular cytosolic fractions. Our results were

onsistent with the report by He et al. [27]. He et al. [27] also demon-
trated that a significant association between the bioaccessibility
nd fraction of trophically available metal for marine fish exposed
o As, Cd, Cu, Fe, Se, and Zn. In present study, the nonlinear regres-
ion model was used to describe the positive correlation in fish and
hellfish. Unfortunately, due to the limited fish data, the nonlinear
egression equation was not robust enough to well describe the
elationship between the bioaccessibility and trophically available
etal in fish (r2 = 0.51).
Moreover, the bioaccessibility and trophically available metal
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

an be influenced by many factors, such as species, chemical specia-
ion, type of cooking, and differences in the nature of tissues. Metian
t al. [47] assessed the metal intake for a consumer eating mussels
ould be reduced metal intake by 25% for Mn,  35% for Zn, 40% for

able 2
dvised tolerable daily intakes (TDI, �g d−1 kg−1 BW)  and safe seafood intakes (SSI, g d−1

Gender Bioaccessibility-based fraction absorbed from food to G

0.021 0.032 

Nonsmoker
Male

TDI 6.91 4.29 

SSIa 91.89 56.96 

Female
TDI  5.95 3.67 

SSI  79.05 48.81 

Smoker
Male

TDI  6.41 3.97 

SSI  85.25 52.78 

Female
TDI  5.57 3.45 

SSI 74.01 45.83 

a SSI = TDI/Cb where Cb = 0.075 �g g−1 wet  wt  is the mean seafood Cd concentration in T
 PRESS
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Co, 50% for Se, and 65% for Cd and Cs if raw tissues were previously
cooked. The reducing in bioaccessibility after cooking might be
associated with changes and damages in the structural conforma-
tion of the seafood muscle proteins produced by high temperature,
which could cause the loss of the native protein structure [48].
However, for food safety concerns, the bioaccessible concentrations
in raw flesh have to be interpreted and regulated with caution.

4.2. Cd daily intake via seafood and inhalation

Amzal et al. [49] investigated the 20-year of dietary intake data
in 680 nonsmoking females and indicated that participators had
daily Cd dietary intake ranging from 7 to 27 �g and Cd in urine
ranging from 0.09 to 1.23 �g g−1 creatinine. Our estimates were
apparently consistent with these findings with Cd daily intake from
seafood of 7.25 and 6.94 �g d−1 for male and female, respectively,
and the simulated Cd in urine was  0.07–0.34 �g g−1 creatinine.

When compared to other previous investigation for Taiwan pop-
ulation (295 male with age ≥ 50 years old), Cd in urine and in blood
ranged from 0.09–5.96 �g g−1 creatinine and 0.13–3.62 �g L−1,
respectively [50]. The discrepancy may  due in part to our estima-
tion containing no other food sources, such as bread, cereals and
vegetables, and other meat. Here we  showed that the smoker had
approximately 2–5 times of Cd concentration in urine and blood
higher than that nonsmoker. Above results was  consistent with the
report by Galażyn-Sidorczuk et al. [2].  Galażyn-Sidorczuk et al. [2]
found that blood and urinary Cd concentrations in the smokers was
2–4 times higher that in the non-smokers.

Hence, our Cd exposure setting via inhalation was  close to that in
the report by Galażyn-Sidorczuk et al. [2].  Our results of Cd concen-
trations in urine and blood showed that cigarette smoke was one
of the major Cd exposure routes for smoker that compared with
nonsmoker, although present study did not take into account Cd
contents in different brands of cigarette, the intensity of the habit,
and its duration. Strong evidence suggested that the effects of Cd
may  be different in male and female [51–53].  At similar exposure
levels, female had higher blood and urinary Cd concentrations than
male. At low level exposure, Cd-induced renal and bone damages
have found to be more common and severe in female than in male
[51,54].

Vahter et al. [52] showed that the difference between genders
resulted from higher gastrointestinal Cd absorption in female.
re risk to cadmium through inhalation and seafood consumption, J.

Interestingly, the PBPK model that we applied in the present
study did not consider any gender-specific parameter to estimate
final outcomes, yet we used different physiological parameters to
adjust, such as body weight, volumes of blood and urine, creatinine

kg−1 BW)  estimates for Cd in Taiwan.

I tract and systemic circulation (f)

0.044 0.057 0.094

3.33 2.57 1.59
44.24 34.17 21.07

2.86 2.21 1.36
38.04 29.33 18.10

3.09 2.39 1.46
41.01 31.71 19.37

2.69 2.07 1.28
35.75 27.50 16.96

aiwan.

dx.doi.org/10.1016/j.jhazmat.2012.05.060


 ING Model

H

8 rdous 

c
i
h

4

l
o
a
a
s
c
q
b

a
f
[
t
b
i
f
m
l
c
b
t
f
b

r
a
e
t
t
u
o
o
s
l
i

4

p
a
c
a
v
n
p
w
o
s
o
p
u
t
g
t

b
a
e

ARTICLEAZMAT-14284; No. of Pages 9

Y.-R. Ju et al. / Journal of Haza

ontent, and inhalation rate. Therefore, our estimates were also
n a good agreement with the results in that female had relative
igher Cd content in urine and blood than male.

.3. Dose–response relationships

Cd in urine and blood can be used as the bioindicators to reflect
ong-term and recent Cd exposures [5,22,24]. Single measurement
f urine or blood may  be limited to completely assess Cd exposure
nd internal dose. Therefore, this study used urinary and blood Cd
s the bioindicators of internal dose in the dose–response relation-
hips. Due to blood Cd can reflect ongoing exposure, Cd in blood
an immediately reflect human with high exposure and subse-
uently take the preventive measures to diminish exposed level
efore organ damage occurs.

In the recent studies, Cd exposure measured in blood has been
ssociated with cardiovascular diseases, such as stroke and heart
ailure, ischemic heart disease, and elevation in blood pressure
55–57]. Therefore, we used blood Cd as the dose estimate to relate
he PDAP. At low Cd exposure, the relationships between Cd in
lood and PDAP were significantly different in genders, indicat-

ng a progressively increasing for male and a U-shaped pattern
or female. Therefore, the risk assessment should be separated for

ale and female. Cadmium in urine is mainly used to represent the
ong-term exposure and is together with metallothionein, by which
an significantly represent the accumulation of past exposure, body
urden, and renal Cd concentration [13]. Many studies have showed
he dose–response relationship between urinary Cd and renal dys-
unction [17,51,58,59].  Hence, urinary Cd can be used as an ideal
ioindicator of internal dose in respect to the renal damage.

As our knowledge, no published data have been available so far
elated to Cd-induced health damage in Taiwan. In this study, we
ttempted to incorporate the mechanistic model of PBPK with the
pidemiological data to assess the Cd exposure risk. However, due
o the limited data on the epidemiology in Taiwan and some essen-
ial data required for the modeling, the predicted risks associated
ncertainties and variability would be increased. We  recognize that
ur modeling cannot capture all factors that may  affect the results
f experiment. Therefore, this study performed the Monte Carlo
imulation to obtain all likely effect. However, more epidemio-
ogical data in Taiwan are needed to validate the estimated risks
nduced by the Cd exposures in the future work.

.4. Implications and limitations

The major application of the present PBPK model included the
rocess of linking long-term exposure measurements of a chemical
nd bioindicator data at the individual level. Therefore, this study
onsidered the individual linkage between overall intake and urine
nd blood Cd concentrations and the estimation of the population
ariations. This study provided predicted average estimates of uri-
ary and blood Cd and total Cd intake among the adult Taiwan
opulation, stratified by smoking groups and genders. Moreover,
e used gender-specific creatinine content to adjust the outcomes

f PBPK model for reducing the urine dilution effect [60]. Except
mokers and women, people having a higher absorption capacity
f Cd in the gastrointestinal tract were also belonged to high risk
opulations for Cd exposure. Further strengths of our study were
sing of different percentiles of bioaccessibility-based parameters
o predict Cd content in urine and blood to completely contain the
reat variation among food types and individual-specific absorp-
ion abilities.
Please cite this article in press as: Y.-R. Ju, et al., Assessing human exposu
Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.05.060

There are some limitations in this study. First, we used the
ioaccessibility of Cd in raw flesh to construct the relationship
nd then assessed the daily intake for human. However, we mostly
at cooked seafood in daily life. Moreover, we only considered the
 PRESS
Materials xxx (2012) xxx– xxx

seafood consumption as the single dietary exposure. Risk assess-
ment of exposed to Cd may  be underestimated. Thus, further
research is needed to examine other food resources, such as meat,
dairy products, eggs, vegetables, cereals, fruits, fats, and oil.

Second, the average seafood intake estimates were not based
on the consumption data differentiated by age categories. Prival-
ova et al. [61] suggested that children were not the most exposed
population, but they were more sensitive to Cd than adults. Thus,
the possibility that the daily intakes estimated in the present study
may not be representative of the population as whole. In addition,
Cd exposure might be affected by several other factors, including
body mass index, food habits, and socio-economic status.

5. Conclusions

The results of this study suggested that Cd dietary exposure via
seafood consumption was low, for male and female, indicating that
there was no significant risk posed by Cd weekly intake. We  found
that Cd in urine is potentially exceeding of 0.5 �g g−1 creatinine in
smoking populations with higher bioaccessibility. However, recent
studies indicated that population showed adverse effects on bone
and increased risk of cancer and mortality with Cd concentration
of 0.5 �g g−1 creatinine in urine [62,63]. Although the present esti-
mations were consistent with the recommended PTWI, this study
implicated that a plausibly health risk would be posed by long-term
exposed to low level Cd among the general populations.

The present study was  the first assessment of human exposure
to Cd through seafood consumption and inhalation incorporating
the concept of the seafood bioaccessibility. The probabilistic risk
assessment was applied to estimate the renal damage and preva-
lence of peripheral arterial disease from seafood consumption of
seafood and inhalation. Further study is needed to incorporate all
food types and other factors into our model for applying in a real-
istic scenario. Our work provides a framework that could more
accurately address risk dose dependency of Cd hazard.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jhazmat.2012.05.060.
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