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Freshwater crayfish, the world's third largest crustacean species, has been reported to accumulate high levels of
metals, while the current knowledge of potential risk associated with crayfish consumption lags behind that of
finfish. We provide the first estimate of human health risk associated with crayfish (Procambarus clarkii) con-
sumption in China, the world's largest producer and consumer of crayfish. We performed Monte Carlo Simulation
on a standard risk model parameterized with local data on metal concentrations, bioaccessibility (¢), crayfish
Keywords: consumption rate, and consumer body mass. Bioaccessibility of metals in crayfish was found to be variable
Metal (68-95%) and metal-specific, suggesting a potential influence of metal bioaccessibility on effective metal intake.
Crayfish However, sensitivity analysis suggested risk of metals via crayfish consumption was predominantly explained by
Human health risk assessment consumption rate (explaining >92% of total risk estimate variability), rather than metals concentration, bioacces-
Uncertainty sibility, or body mass. Mean metal concentrations (As, Cd, Cu, Ni, Pb, Se and Zn) in surveyed crayfish samples
Sensitivity from 12 provinces in China conformed to national safety standards. However, risk calculation of ¢-modified haz-
ard quotient (HQ) and hazard index (HI) suggested that crayfish metals may pose a health risk for very high rate
consumers, with a HI of over 24 for the highest rate consumers. Additionally, the ¢-modified increased lifetime
risk (ILTR) for carcinogenic effects due to the presence of As was above the acceptable level (10~°) for both the
median (ILTR = 2.5 x 10~°) and 90th percentile (ILTR = 1.8 x 10~4), highlighting the relatively high risk of As in
crayfish. Our results suggest a need to consider crayfish when assessing human dietary exposure to metals and
associated health risks, especially for high crayfish-consuming populations, such as in China, USA and Sweden.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Freshwater crayfish (Decapoda: Parastacidae and Astacidae) are a
significant worldwide aquatic food (FAO, 2014; NBSC, 2013), with a
long history of human consumption (Patoka et al., 2014). In some
European countries, long-standing cultural traditions are still linked
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with crayfish consumption, especially in Scandinavia (Taugbel and
Skurdal, 1999). In the USA, crayfish used as food is popular in Wisconsin,
Minnesota, Arkansas, Mississippi, and Texas, and especially popular in
Louisiana, where more than 90% of US crayfish are processed (Holdich,
1993; Richert and Sneddon, 2007; USITC, 2003). In China, crayfish
have been widely used as food since the 1980s (Mu et al., 2007).
Crayfish are also widely reported to accumulate high concentrations
of metals (Alcorlo et al., 2006; Anderson et al., 1997a, 1997b; Kouba
et al., 2010; Kuklina et al., 2014). Due to their omnivory as well as
necrophagia and life spans up to six years, crayfish bioaccumulate
multiple toxins and heavy metals in their shells and flesh. Hazards asso-
ciated with crayfish consumption have been reported, including Haff
disease (Xie et al., 2010; Zhang et al., 2012), human paragonimiasis
(Lane et al., 2009), Vibrio infections (Anda et al., 2001; Bean et al.,
1998; Kay et al., 2012), intoxication by natural or man-made toxins
(Vasconcelos, 1999; Vasconcelos et al., 2001), and effects resulting
from exposure to organic contaminants (Gewurtz et al., 2000;
Levengood and Schaeffer, 2011; Schilderman et al., 1999). Multiple
studies have demonstrated heavy metal contamination in crayfish in
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the USA (Mason et al., 2000; Besser et al., 2007; Hothem et al., 2007;
Moss et al., 2010), Italy (Bellante et al., 2015; Bruno et al., 2006),
Spain (Devesa et al., 2002; Alcorlo et al., 2006; Vioque-Fernandez
et al., 2007) and China (Huang, 2009; Wu et al., 2010; Peng et al.,
2015). However, most of the previous studies were based on localized
sampling, especially in contaminated areas. Levels of metal contamina-
tion in crayfish intended for human consumption at regional or national
scales have rarely been reported.

China is the world's largest producer and consumer of crayfish (FAO,
2014; Mu et al., 2007; NBSC, 2013). Of the more than 500,000 t of
reported crayfish production and consumption annually worldwide
(McClain and Romaire, 2007), China alone is responsible for 529,000 t
per year, exporting about 26,000 t, mainly into the USA and Europe
(Mu et al., 2007; NBSC, 2013; Schuler et al., 2000). The majority of cray-
fish production is used for human consumption within China (Mu et al.,
2007; Qiu et al,, 2012; Yue et al., 2009). Dietary metal exposure has also
been shown to pose health risk to consumers in China. In particular,
arsenic (As) exposure from consumption of rice and other foods poses
incremental lifetime cancer risk increases to 1 to 2 per 1000 Chinese in-
dividuals (Li et al., 2011). Given the abovementioned hazards and wide
population exposure, the health risk of crayfish consumption in China
warrants study. Among the few studies focused on health risk due to
metal exposure via crayfish consumption (Schuler et al., 2000; Wu
et al., 2010), a small-scale survey in Shanghai City showed that lead
(Pb) intake due to crayfish consumption could pose risk to human
health (Wu et al,, 2010). However, data are limited at regional or national
scales in China on metal concentrations and dietary bioavailability in
crayfish, as well as dietary consumption rates.

When assessing metal exposure via diet, total metal burden often
provides a conservative (i.e., high) estimate of exposure due to the
fact that only a fraction of metal is bioavailable (Oomen et al., 2002;
Versantvoort et al., 2005). In vitro bioaccessibility tests, validated
against in vivo studies (Li et al., 2014a; Li et al., 2014b; Schroder et al.,
2004), provide a reliable method to assess metal bioavailability, which
aids in dietary exposure and risk assessment (Amiard et al., 2008).

We report on the first large-scale assessment of health risk due to
heavy metals in crayfish in China. Our study includes regions through-
out China, but focuses on the main region of crayfish consumption, the
middle and lower reaches of the Yangtze River delta area. Cooked red
swamp crayfish (Procambarus clarkii) were collected from restaurants
in 23 cities in China, and determined for metal concentrations (As, Cd,
Cu, Ni, Pb, Se and Zn). Effective metal intake (i.e., metal bioaccessibility)
was estimated using an in vitro digestion model and considered in a
probabilistic risk calculation. Risk indices include increased lifetime
cancer risk (ILTR) for As, and the hazard quotient (HQ) for all examined
metals. Finally, sensitivity analysis was performed to compare the rela-
tive importance of metal concentration, bioaccessibility, ingestion rate,
and consumer body weight for risk via crayfish consumption.

2. Materials and methods
2.1. Crayfish sampling

We obtained 210 red swamp crayfish (P. clarkii) samples from 23
cities (12 provinces, Supplemental information Fig. S1), in which
crayfish consumption has been frequently reported. Samples were
obtained in September, 2012, during the peak season of crayfish con-
sumption (i.e., June to September, Peng et al., 2015). Among the selected
cities, 15 were located in the middle and lower reaches of the Yangtze
River (MLYR), China's main crayfish producing and consuming area
(Mu et al., 2007), and 8 were located in other regions of the country
(Fig. S1). A single site (restaurant) was sampled for crayfish in
each city, except Nanjing, for which three separate restaurants were
sampled.

Exposure was assessed as consumed, rather than from contamina-
tion of the raw commodity. Therefore, all samples were of cooked

crayfish intended for human consumption, obtained from local
restaurants. Crayfish were cooked by either stewing or frying. Cooking
methods had no significant effect on metal (except for Zn) bioaccessibi-
lity (nested ANOVA, site nested within cooking, p > 0.05; Supplemental
information Table S1), and thus the effects of cooking methods on the
risk of metals were not considered in this study. We did not distinguish
farm-raised versus wild-caught crayfish in this study. However, the ma-
jority of crayfish consumed in China are farm-raised (Mu et al., 2007;
Yue et al., 2009). All samples were vacuum-packed, stored on ice, and
transported to the lab within 3 days. After tail length determination
(5.4 + 0.8 cm, mean =+ SD), tail muscle (edible part of crayfish) was dis-
sected, weighed (3.0 4 1.1 g), rinsed with ultrapure water and freeze-
dried. Samples were ball-milled to a fine powder and stored at —20 °C
until further analysis.

2.2. Determining metal concentrations in crayfish tail muscle

Subsamples of crayfish tail muscle were digested in concentrated
trace metal grade nitric acid (HNOs), and then analyzed for As, Cd, Cu,
Ni, Pb, Se and Zn by inductively coupled plasma-mass spectroscopy
(ICP-MS, Perkin Elmer/NexION300). The instrument detection limits
were 0.08, 0.06, 0.43, 0.07, 0.48, 0.50 and 0.63 ng L™ for Cd, Cu, Nj,
Pb, As, Se and Zn, respectively. Quality control for digestion and
ICP-MS analysis included blanks, certified reference material (CRM;
scallop tissue, GBW10024), and duplicate measurement (RSD < 10%).
Instrumental quality control included calibration checks and running a
standard after every 30 samples. Additionally, internal standards were
used to correct the sensitivity drift and matrix effects (Long and
Martin, 1989): Bi, Ge, In and Sc were spiked into the digested samples
(1 ug L™1) before analysis. CRM (3 replicates) was digested and
analyzed with each batch of samples. The recoveries (mean 4 SD)
of As, Cd, Cu, Ni, Pb, Se and Zn in the CRM were 98 + 8%, 97 + 6%,
99 + 11%,103 4+ 11%,96 4+ 15%, 102 + 10% and 97 + 11%, respectively.

2.3. Bioaccessibility of metals in crayfish tail muscle

Metal bioaccessibility was measured in 24 samples from 8
restaurants in MLYR, including Suqian, Suzhou, Anqing, Hangzhou,
Anji, and Xinyang cities, and 2 restaurants in Nanjing City (see Supple-
mental information Table S2). In this study, freeze-dried tissues were
used for assessing metal bioaccessibility. Our preliminary experiments
(using 10 crayfish individuals from 5 sampling sites) indicated that
freeze-drying had insignificant effects on either concentration or bioac-
cessibility of metals. Dietary metal bioaccessibility was estimated by the
in vitro digestion model developed by Versantvoort et al. (2005), simu-
lating the digestion processes in the human mouth, stomach and small
intestine. Briefly, digestion juices, including saliva, gastric juice, duode-
nal juice and bile juice, were prepared artificially and heated to 37 +
2 °C before use (details described in Supplemental information
Table S3). Crayfish subsamples were mixed with saliva (pH = 6.8)
and incubated for 5 min, followed by addition of gastric juice (pH =
1.3) for 2 h (mixed pH = 2-3), and then, simultaneous administration
of duodenal juice (pH = 8.1), bile (pH = 8.2) and 1 M NaHCOs solution
for another 2 h. The final pH in the mixture was 6.5-7. The sample-to-
fluid ratio was 1:95 (g mL™') at a volume ratio of 3 saliva:6 gastric
juice:6 duodenal juice:3 bile:1 NaHCOs for the digestion juice (Oomen
et al., 2003). A sample-to-fluid ratio of 1:95 instead of 1:98 (Oomen
et al.,, 2003) was used in this study to facilitate calculating solution
volumes. However, minor changes in sample-to-fluid ratios have insig-
nificant effects on quantified metal bioaccessibility (Hamel et al., 1998;
Oomen et al., 2003). Mixing was conducted at 55 rpm at 37 °C, followed
by centrifugation (1640 xg, 5 min) to separate the supernatants and
pellets. Scallop tissue (GBW10024) was used as a CRM for quality
control.

Both supernatants and residues were digested in concentrated
HNOs and analyzed for metals by ICP-MS as described in Section 2.2.
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Bioaccessibility (% extractability) was defined as 100 x (metal in
supernatant) / (metal in tail muscle before extraction). The recoveries
of metal extraction, i.e., 100 x (metal in supernatant + metal remaining
in the residue) / (metal in tail muscle before extraction), exhibited
ranges of 89-112%, 91-109%, 86-107%, 93-112%, 91-107% and
93-113% for As, Cd, Cu, Ni, Se and Zn respectively.

2.4. Ingestion rates

We based rates of crayfish ingestion by humans on a previously
published questionnaire survey performed in Nanjing City, a repre-
sentative city in MLYR (Peng et al., 2015). Survey answers were
validated by asking some logically identical questions with different
wording and cross-checking for inconsistencies among the answers
(Iarossi, 2006). Description of the survey method and study popula-
tion may be found in Peng et al. (2015). Ingestion rates for survey
participants were calculated based on the product of (1) the amount
of crayfish consumed per meal (g/meal), and (2) the frequency of
crayfish consumption during the peak season (meal/week). Ingestion
rates during the peak season were averaged and reported as daily in-
takes. The sampled population included both consumers and non-
consumers (ca. 11%) of crayfish.

2.5. Health risk assessment and uncertainty analysis

We evaluated human health risks of exposure to metals in crayfish
tail muscle, employing the methodology used for determining exposure
levels to environmental contaminants that are likely to be associated
with adverse health effects (USEPA, 1989). We employed the reference
dose method to evaluate hazard of noncarcinogenic effects. In this
method, estimated daily intake is compared to a reference dose (RfD),
with an acceptably low lifetime risk of deleterious effect, considered
protective to broader population groups, including sensitive populations
(USEPA, 1989, 20154, 2015b).

We estimated hazard quotients (HQ; unitless) to evaluate hazard of
non-carcinogenic effects; HQ are obtained by dividing the estimated
mean daily intake for a specific metal i (EDI;; mg/kg/d) by the RfD
(mg/kg/d):

HQ; = EDIi/RfDi. (1)

Table 1

A hazard index is then obtained by summing the HQ for the different
metals:

HI = Z HQ;. 2)

For As, being a carcinogenic metal, the increased lifetime risk of
cancer (ILTR) is also estimated, corresponding to the increased proba-
bility of developing cancer due to the quantified exposure:

ILTR; = EDI; x CSF;. (3)

CSF; stands for cancer slope factor, which is a plausible upper-bound
estimate of the probability of a response per unit intake of a chemical
over a lifetime (USEPA, 1989). The maximum acceptable carcinogenic
risk is usually considered to be between 1 per million and 1 per hundred
thousand (Hunter and Fewtrell, 2001). The RfD and CSF parameters in
the risk models (1) through (3) were set at values provided by USEPA
(20154, 2015b) and ATSDR (2007), compiled in Table 1.

Estimated daily intake (EDI) from crayfish consumption was obtain-
ed by multiplying daily consumption rate by corresponding metal
concentrations in the foodstuff, adjusted by the bioaccessibility (¢;),
considered equal regardless of the cooking method, as justified above:

EDI; = (Ci x ¢; x IR x ED x EF)/(BW x AT) (4)

where C; = concentration of metal i in crayfish (mg/kg); IR = ingestion
rate (kg/d); BW = body weight (kg); ED = exposure duration (years);
EF = exposure frequency (days/year); and AT = averaging time, set at
75 years x 365 days/year.

Quantitative uncertainty analysis was employed to obtain a popula-
tion estimation of the range of risks encountered (NCRPM, 1996).
Sensitivity analysis was further performed to identify the parameters
which had the strongest impact on the model outcomes (Hamby,
1994), being therefore the best candidates for further scientific assess-
ment, as well as the best indicators for decision making and public
communication.

Monte Carlo Simulation (MCS) was used to perform quantitative
sensitivity and uncertainty analysis (Metropolis and Ulam, 1949;
Thompson and Graham, 1996), employing as inputs probability distri-
butions based on empirical data. Specifically, the propagation of uncer-
tainty through the risk Egs. (1) through (4) was simulated. Statistical
distributions were derived for human body weight, ingestion rate,
crayfish metal concentration, and bioavailability. The non-parametric

Estimated oral reference dose (RfD, mg/kg/d) and cancer slope factor (CSF, (mg/kg/d) ') for metals (USEPA, 2015a, b), daily intake for crayfish consuming populations in China
(EDI, mg/kg/d), hazard quotient (HQ, unitless), hazard index (HI, unitless), and increased lifetime cancer risk (ILTR, unitless).

Metal
As Ccd Cu Ni Pb Se Zn
RfD 3x107* 0.001 0.04 0.02 0.02? 0.005° 0.3
CSF 1.5 NA NA NA NA NA NA
EDI P50 1.7 x107° 9.9x1077 58x 1074 83x107° 57x107° 1.8x107° 12x1073
P90 1.2x 1074 1.1x107° 42x1073 75x107° 12x1077 12x107* 7.8x1073
Range 55x 1073 12x1073 0.19 3.6x 103 8.6x107° 48 %103 0.26
HQ P50 0.057 99x1074 0.015 42 %1074 28x1077 35%x1073 41x1073
P90 0.40 0.011 0.105 37x1073 62x107° 0.024 0.029
Range 183 1.2 47 0.18 4.8 x 1074 0.97 0.87
HQ/HI (p90) 0.70 0.02 0.18 0.01 1.1x107° 0.04 0.05
HI P50 0.089
P90 0.572
Range 24
ILTR P50 25%x107°
P90 1.8 x 1074 NA
Range 82x1073

NA: not applicable.
2 The value corresponds to the Minimal Risk Level.
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Kolmogorov-Smirnov test (o« = 0.01) was used to compare each empir-
ical statistical distribution with the sample probability distribution (pd).
Only Normal, Lognormal and Weibull distributions were tested, as they
are the most frequently used in exposure and risk characterization
studies (Apt, 1976; Caldwell et al., 2008). Body weight (BW) per age
and sex was separated in yearly classes from birth until age 20, then
every ten years until age 80. Above 80, a single age class was considered
(Lietal, 2011). The pd for BW was obtained by attributing to each age
class the calculated BW and percentage of the national population.
The remaining variables were obtained specifically for the study and
therefore their pd were obtained directly from the sampled data. MCS
were performed in Crystal Ball© (Oracle, Redwood City, CA, USA),
using Latin hypercube sampling. Individual parameter contributions to
variance in the outcomes (noncancer hazard index and increased life-
time cancer risk) were estimated by taking the square of the spearman
rank correlation coefficient between each input variable and each out-
come, and normalizing to 100%. The maximum number of trials that
Crystal Ball ran before stopping the simulation was set at 500,000.

3. Results and discussion
3.1. Metal concentrations in crayfish

Observed As, Cd, Cu, Ni, Pb, Se and Zn concentrations (wet weight,
mean + SD) were 253.3 4 142.4 pg/kg, 29.8 4+ 39.2 pg/kg, 9.2 +
5.8 mg/kg, 171.2 + 141.2 pg/kg, 23.3 + 29.5 pg/kg, 2944 +
154.1 pg/kg and 20.1 £ 6.3 mg/kg, respectively (N = 210, tail muscle
samples). Concentrations varied widely among cities and large varia-
tions in metal concentrations were observed for each metal (Table 2).
It has been widely reported that effects of cooking on metal con-
centrations in fish and shellfish are minimal (Perell6 et al., 2008;
Kalogeropoulos et al., 2012), and thus the reported crayfish metal levels
should not be significantly affected by cooking. Metal concentrations for
As, Cd and Pb in all samples were below Chinese national safety stan-
dards (GB2762-2012; SAPRC, 2012); Cu, Ni, Se and Zn are not listed in
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the national standards. Crayfish metal concentrations found in our
study were generally within the ranges of those reported in Chinese
freshwater fish (Cheung et al., 2008), although As concentrations
(253 + 142 pg/kg) were higher than the freshwater fish from the
MLYR region (17 £ 9 pg/kg for 469 fish samples, Yi et al., 2011).
Kouba et al. (2010) summarized global literature on Cu, Zn, Ni, Cd,
and Pb in crayfish tail muscle on a dry weight basis. We converted con-
centration ranges in our study from wet to dry weight assuming 75%
moisture content (Peng et al., 2015), to facilitate comparison to this
range of concentrations observed globally. Concentration ranges were
comparable for Cu, which were 7.2-157.6 mg/kg dry weight in our
study versus 2.3-110.8 mg/kg in Kouba et al. (2010). Concentration
ranges were also comparable for Ni (0.06-3.8 our study versus
0.3-3.8 mg/kg globally) and Zn (40.4-196 versus 4.0-95.6 mg/kg). How-
ever, our study concentration ranges were generally lower than global
concentration ranges for Cd (0.003-1.71 versus 0.015-4.3 mg/kg) and
Pb (<0.001-1.01 versus 0.015-11.9 mg/kg). The relatively low concen-
trations of Cd and Pb may be explained by the fact that crayfish is mostly
farm-raised in China (Mu et al., 2007; Yue et al., 2009). In particular,
aquaculture management practices in China, including short cultivation
duration and rapid growth rates (Mu et al., 2007), may result in growth
dilution. This could be partly responsible for the relatively low metal
levels (Zhang et al,, 2010).

Compared to total As in our study crayfish (mean = 253 pg/kg wet;
1012 pg/kg dry weight), As concentrations in crayfish varied widely
among regions sampled globally. Muscle As concentrations were
lower in crayfish muscle obtained from two remote freshwater streams
in Maryland, USA (60 and 120 pg/kg dry weight; data extracted from
Fig. 9 in Mason et al., 2000) and from Pacifastacus leniusculus and
P. clarkii collected from California, USA streams with historic gold min-
ing influence (240 to 680 pg/kg dry weight; Hothem et al,, 2007). In con-
trast, total As was higher in freshwater crayfish (Cherax destructor Clark)
muscle from western Victoria, Australia sites with historic coal or gold
mining (1700 to 2600 pg/kg dry weight; Williams et al., 2009) and
whole crayfish (P. clarkii) obtained from a creek below a severe breach

Table 2
Trace element concentrations (wet weight) in tail muscle of cooked crayfish (Procambarus clarkii) sampled in restaurants in China. Mean 4+ standard deviation (SD).
City Province Sample size As Cd Cu Ni Pb Se Zn
ug/kg ug/kg mg/kg ng/kg yg/kg ng/kg mg/kg

Nanjing Jiangsu 26 259.8 + 121.0 43.8 £+ 35.0 111+ 8.2 211.1 £ 89.9 18.0 + 84 254.6 4 82.8 182+ 34
Sugian Jiangsu 9 450.3 4+ 1255 46.8 + 32.6 16.1+7.0 274.1 £ 209.5 445 + 49.5 173.1 + 83.7 17.0 2.2
Lianyungang Jiangsu 9 174.7 £ 39.3 44.8 £ 58.4 13.1+5.0 199.3 4+ 1233 16.0 & 10.1 169.7 + 61.8 14.6 2.8
Suzhou Jiangsu 9 237.1 £933 41.1 £ 199 6.1+ 1.6 74.5 + 39.3 21.7 £ 16.1 229.7 +94.8 164 + 1.6
Huai'an Jiangsu 9 300.5 + 112.6 30.0 £+ 37.0 8.7+ 3.8 109.1 4+ 35.8 31.3 4+ 209 167.3 £ 51.7 16.1 4+ 4.6
Yangzhou® Jiangsu 2 2379 £ 13.0 202 +£ 0.1 37+ 1.7 98.8 + 18.0 NDP 159.2 + 31.2 232+04
Yiyang Hunan 9 211.2 £ 421 300 £ 1.7 6.0+ 14 62.5 + 69.2 1.7 £38 614.2 + 80.4 22.1 £2.1
Bengbu Anhui 9 1474 £ 453 253+ 0.7 79 £24 64.5 £ 143 123+ 194 236.8 +93.3 235+28
Suzhou Anhui 9 1288 £ 179 247 £33 142 + 5.5 272.0 + 1484 49.1 +£27.8 2349 + 36.0 213 £20
Chuzhou Anhui 9 274.6 £ 67.3 338 +43 114+ 58 268.5 4+ 45.9 16.4 4 25.5 3284 + 1122 30.6 £ 3.5
Anging? Anhui 6 95.5 £+ 29.4 45.5 4+ 494 16.7 + 8.7 101.4 + 353 19.6 &+ 30.9 205.7 £ 314 26.0 +£ 4.0
Wuhan Hubei 9 4122 +£ 1553 382 +20 55+13 33734+ 728 NDP 2221+ 411 369 +£54
Huang gang Hubei 9 331.2 £ 105.2 370+ 113 127 £54 181.6 + 56.2 38+ 113 2153 4+ 3438 281 +£27
Hangzhou Zhejiang 9 215.2 £ 55.5 28+ 1.7 6.1+24 76.5 + 54.3 74.8 £ 74.0 331.7 £ 150.6 173 +£23
Anji Zhejiang 9 105.1 £16.3 28 +£04 57+ 1.8 65.2 £ 16.0 304 + 6.1 408.6 4+ 93.3 174 + 0.8
Zigong?® Sichuang 5 168.8 + 83.7 381470 35+ 1.2 73.8 +£43.3 41.1 £ 623 249.5 4+ 106.5 275+ 1.7
Anyang Henan 9 552.4 + 186.8 16.9 4+ 10.3 87+ 3.2 164.8 4+ 49.5 41.1 £ 65.1 203.9 4+ 623 136+ 14
Xinyang Henan 9 113.0 £ 373 124+04 62+ 24 719 £ 17.1 198 +73 2414 4+ 189 163 + 1.6
Beijing Beijing 9 193.8 + 33.7 3.1+09 34+ 1.1 173.8 £ 80.5 343+£73 274.0 4 104.2 202 £ 1.1
Zaozhuang Shandong 9 249.0 £ 92.0 12.6 £ 6.6 44 +24 2934 + 1829 215+ 3.6 703.0 + 215.2 144 £ 0.8
Haerbin Heilongjiang 9 335.1 +90.2 320+ 159 11.7 £ 4.2 93.8 £ 435 133+ 113 206.4 4+ 39.7 151+ 24
Xi'an Shanxi 9 284.6 + 148.3 294 + 489 89 +20 3754 + 307.7 126 £ 115 2584 4+ 98.8 16.7 + 3.6
Guiyang Guizhou 9 234.0 £+ 105.7 60.9 + 137.3 122 £ 438 91.5 £ 1333 110+ 6.7 385.1 4 56.1 20.0 + 3.6
Mean - 210 2533 + 1424 29.8 +£39.2 92458 171.2 + 141.2 233 £ 295 2944 4+ 1541 20.1 £ 6.3
Safety standards - - 50004 500° - -e 500° -€ -e

2 Fewer crayfish individuals were obtained due to limited sample availability.
b
¢ Referring to GB2762-2012 (SAPRC, 2012).

4" Assuming that 10% of As is inorganic As (Buchet et al., 1996; USFDA, 1993).

€ Cu, Zn, Ni and Se were not listed in the new national standard (SAPRC, 2012).

ND = not detected; individual samples that were ND were set at quantification limit (0.15 pg/kg) for generating means.
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of a mine tailings reservoir in Doflana National Park, Andalusia, Spain
(1600 to 8500 pg/kg dry weight; Devesa et al., 2002). Concentrations
were also generally higher in crayfish (P. clarkii) muscle from two agri-
culturally impacted lakes in Sicily, Italy (median = 1820; range < 200 to
4030 pg/kg dry weight; Bellante et al., 2015).

3.2. Metal bioaccessibility in crayfish

Across all measured samples, mean bioaccessibility (% extractability)
of the examined trace elements in crayfish was 77.6% + 16.5, 78.7% +
6.1, 82.6% 4 12.6, 89.2% + 17.1, 92.5% + 2.9, and 95.4% =+ 6.2 for Zn,
Cd, Se, Ni, Cu and As, respectively (Fig. 1; Supplemental information
Table S2). Lead bioaccessibility was not determined because extracted
Pb levels were too low to be precisely measured.

Metal bioaccessibility in cooked aquatic food has been reported in
only a few studies (He et al., 2010; He and Wang, 2013; Houlbreque
et al,, 2011; Metian et al., 2009). Bioaccessibility of metals in this study
were generally in agreement with those reported in steamed seafood
tissue (47.8%-85.9% for clams, He and Wang, 2013; 52.2%-84.3% for
seabass, He et al., 2010), but higher than those in cooked mussels
(34%-63%, Metian et al., 2009). Cooking was reported to decrease
metal bioaccessibility in mussels (Houlbreque et al., 2011), gastropods
(Amiard et al., 2008), and fish (He et al., 2010). In most previous sur-
veys, metal bioaccessibility was quantified in uncooked shellfish,
which may not be realistic for human consumption of cooked shellfish.
The explicit inclusion of bioaccessibility of cooked samples in exposure
estimates should reduce the uncertainty and bias in risk assessment. All
bioaccessibility data for a specific metal was treated as coming from a
single population, and the propagation of this uncertainty was assessed
through the MCS.

3.3. Ingestion rates

Peng et al. (2015, Table 4) estimated consumption of crayfish in
China and in the middle and lower reaches of the Yangtze River
(MLYR). According to these estimates, crayfish consumption outside
MLYR was only about 4% of the total national consumption. This obser-
vation is consistent with previous studies (Qiao and Jiang, 2010; Shen,
2010; Wang, 2010), and reports that MLYR is the main producing and
consuming area of crayfish in China and globally (FAO, 2014; Mu
et al., 2007; NBSC, 2013). In MLYR, crayfish consumption rates could
reach more than 100 metric tons per day per city (Mu et al., 2007) dur-
ing the peak season (i.e., June to September; Peng et al., 2015). Therefore,
crayfish consumption in MLYR would represent the majority of human
exposure in China, as well as a conservative (i.e., high) estimate of indi-
vidual exposure rates for crayfish consumers in China. For these reasons,
we estimate crayfish ingestion rate (IR) using survey data from Nanjing
(Peng et al., 2015), as a proxy of a typical city in MLYR.
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Fig. 1. Element bioaccessibility (¢;) using the in vitro extraction model described by
Versantvoort et al. (2005). Mean =+ standard deviation (SD).

The ingestion rate (IR) in the Nanjing survey data (Peng et al., 2015)
is highly skewed and varies dramatically among individuals (Fig. 2). The
skewness is illustrated by median IR (8.8 g/d/person), well below mean
(27.6 g/d/person) and 90th percentile (93.3 g/d/person).

To accommodate such variability in the estimate, the IR frequency
distribution was introduced in the probabilistic modeling of risk as a
custom pd. Specifically, ingestion rate was modeled by drawing repeat-
ed samples from the individual survey results. Given the strong seasonal
variation in consumption and resulting intermittent exposure, the cal-
culation of the risk from intermittent exposures was calculated as the
sum of short-term exposures, by using the averaging procedure includ-
edinEq. (1), with EF equal to 120 d/year. Using data reported in Tables 4
and Table 5 of Peng et al. (2015), the mean consumption rate from the
Nanjing survey in the peak season (27.6 g/d/person) is approximately
6 times of that of Hubei Province (4.7 g/d/person) and 14 times of the
MLYR as a whole (2.0 g/d/person), the latter values obtained from
China population annual fishery statistics (NBSC, 2013; Peng et al.,
2015). The discrepancy likely results from the fact that most crayfish
consumption occurs during the 120 day harvesting season, when the
survey was conducted. Thus, the Nanjing survey results employed in
our probabilistic risk calculations represent a conservative estimate of
exposure during the peak harvesting season.

3.4. Health risk due to exposure to metals by consuming crayfish in MLYR

As discussed above (Section 3.3) and documented in previous
studies (Mu et al., 2007; Peng et al., 2015; Qiao and Jiang, 2010; Shen,
2010; Wang, 2010), crayfish consumption in MLYR represents the
highest potential health hazard for crayfish consumption in China.
Therefore, the following risk calculation and discussion focuses on
MLYR, which could be interpreted as a conservative estimate of risk as-
sociated with crayfish consumption in China. The estimated exposure
for MLYR residents was expressed by probability distributions derived
from data presented in Table 3. Correlations between model parameters
were weak as indicated by correlation coefficients always lower than
0.45 (p < 0.05), indicating that parameter dependencies have little
impact on the overall risk results (USEPA, 2001).

Sensitivity analysis results indicated that greater than 92% of the
variation in calculated risk was due to ingestion rate, with a small portion
(<7%) attributable to arsenic concentrations. All other parameters (in-
cluding body weight, bioaccessibility, and other metals concentrations)
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Fig. 2. Histogram of ingestion rate (IR) during peak season, based on survey results
described in Peng et al. (2015).
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Table 3
Parameters used in the risk calculation.

Variable Definition Statistical distribution Origin of information
IR (g/day) Ingestion rate? Custom distribution: see text Peng et al,, 2015
ED (year) Exposure duration Constant = 75 Life expectancy
(NBSC, 2013)
EF (day) Exposure frequency Constant = 120 Duration of peak season
(Peng et al., 2015)
BW Body weight Custom distribution: see text Liet al, 2011
AT Averaging time Constant = 75 year x 365 days/year USEPA, 1989
G (mg/kg) Metal concentration Lognormal This study (Table 2)
©; (%)° Bioaccessibility (in vitro extraction model) As N (95.4;6.2) This study (Fig. 1; Table S2)
cd N (78.7;6.1)
Cu N (92.5;2.9)
Ni N (89.2;17.1)
Pb 100¢
Se N (82.6;12.6)
Zn LN (77.6;16.5)

N: Normal distribution (mean; SD), truncated to values > 0 when needed; LN: Lognormal distribution (mean; SD).
2 Ingestion rates were averaged and reported as daily intakes (more details in Peng et al., 2015).

b Qutliers were removed (more details in Table S2).

¢ Lead bioaccessibility was not determined because extracted Pb levels were too low to be precisely measured.

explained <0.5% individually and <1.5% in combination (Table 4). The
unimportance of bioaccessibility (<0.1%) is somewhat surprising, and
likely stems from high bioaccessibility coefficients and a limited range.
In light of this low sensitivity, any uncertainty in bioaccessibility would
be expected to have a trivial effect on risk estimates. The overwhelming
importance of crayfish consumption rate stems from the wide range in
consumption rates among individuals sampled. High variability in sea-
food consumption rates has been well documented across individuals
and populations, and as a result local and subpopulation-specific con-
sumption rate estimates are useful prior to generating seafood consump-
tion guidance (e.g., Allen et al.,, 1996; Sechena et al., 2003; SFEI and CDHS,
2000; USEPA, 2000; USEPA, 2011). Our results, in combination with
these findings, suggest that consumption rate estimates would be the
primary monitoring priority for obtaining better estimates of risk due
to dietary metals exposure from crayfish.

MCS-derived median (50th percentile) and P90 (90th percentile)
HQ values were well below 1.0, indicating low health hazard per
metal (Table 1). The highest HQ was found for As (P90 = 0.40), follow-
ed by Cu (P90 = 0.11). P90 for the combined HI was 0.57, indicating
that the highly exposed individuals are exposed to intakes close to the
maximum admissible. Although less than 1.0, these HI values may still
be important for crayfish consumers because crayfish is not the only
significant source of metal exposure (e.g., Li et al., 2011). In the con-
sumption survey (Peng et al., 2015), 0.5% (i.e., 3 out of 501 respondents)
of the surveyed individuals (high consumption population) reported
consuming over 466 g/d of crayfish muscle, resulting in a HI of over 24
(see range in Table 1). Although high-end estimates of consumption
rates are likely subject to greater measurement uncertainty (Sechena
et al., 2003), our results do suggest that some individuals in Nanjing

Table 4
Model sensitivity to input uncertainty. Contribution to variance (%).
Parameters Risk model
Noncancer hazard Increased lifetime
index (HI) cancer risk (ILTR)
IR 95.3 92.5
As concentration 34 6.5
BW woman 0.5 0.4
BW man 0.4 0.4
Cu concentration 03 -
Pas <0.1 0.1
Cd, Ni, Pb, Se, Zn concentration <0.1 -
©cd, Pcus Pniy Pser Pzn <0.1 -

BW: body weight.

City (and MLYR generally) may be exposed to metals at hazardous
levels from crayfish consumption.

The relative contribution of each metal to our estimated HI differed
from that for freshwater fish of the MLYR (Yi et al., 2011). For our
MCS P90 results, arsenic contributed 70% to total HI, followed by Cu
(18%), Zn (5%) and Se (4%), with a trivial (<0.001%) contribution due
to Pb (Table 1). In contrast, for freshwater fish, Pb explained 36.5% of
total HI, Cd 30.2%, Cu 11.4%, and Zn 6.3% (Yi et al., 2011). These differ-
ences result from higher As concentrations in crayfish than in freshwater
fish in China (discussed above). The moderately high contribution of Cu
to dietary exposure risk, together with prior studies (e.g., Wang et al.,
2011), indicates the importance of considering Cu contamination in
aquatic food and associated food safety issues in China.

The median and 90th percentile of ILTR from As were estimated to
be 2.5 per 100,000 and 18 per 100,000, respectively. Both are greater
than typical acceptable risk thresholds (i.e., above 1 per 100,000;
USEPA, 2000). A previous study calculated a total ILTR due to As intake
in the Chinese diet as 177 per 100,000 (Li et al., 2011). Employing this
rate, for typical versus high rate consumers in the MLYR, crayfish
could contribute to approximately 1.4-9.6% of the total risk due to
dietary As exposure. Of course these results do not address the com-
bined risks from additional carcinogenic chemicals that may be present
in seafood (e.g., halogenated organic compounds; USEPA, 2000), nor the
potential for underestimation of risk due to intermittent exposures
(Felter et al., 2011; Halmes et al., 2000).

It should also be noted that variations in As speciation in crayfish
(e.g., mainly as dimethylarsinate, Williams et al., 2009) could play a
role in As bioavailability, toxicity, and resulting risk. Our results demon-
strated that As bioaccessibility was generally high across samples
(i.e., 954 + 6.2%, Supplemental Information Table S2), suggesting that
potential variations in As speciation in these samples may play a
minor role in As bioaccessibility. However, because we did not deter-
mine As species, and inorganic arsenic is more toxic than organic arsenic
(ATSDR 2007), our risk interpretations are conservative, and As specia-
tion in crayfish prepared for human consumption warrants further
investigation.

4. Conclusion

This study provided the first large-scale survey and probabilistic risk
assessment of metals in crayfish consumed in China, the world's largest
producer and consumer of crayfish. Metal concentrations in crayfish
were generally low to moderate, with concentrations of Cd and Pb on
the low end of observed global concentrations. An exception was As,
which exhibited higher concentrations than finfish in China (Vi et al.,
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2011) and crayfish from USA streams (Mason et al., 2000; Hothem et al.,
2007). Metal bioaccessibility in crayfish, determined by an in vitro
digestion model, were a priori, and based on previous studies, consid-
ered to provide a more realistic risk assessment. Results found variable
bioaccessibility among different metals, which was considered in our
risk calculations. Risk models showed, however, little sensitivity to bio-
accessibility coefficients, likely due to high values and limited ranges.
The calculated median and 90th percentile value of HQ and HI (bioac-
cessibility-modified) suggested low health hazard due to most heavy
metals in crayfish, indicating that contamination by Cu, Cd, Pb, Ni, Se,
and Zn in crayfish are unlikely to pose a health hazard for noncarcino-
genic effects to the general population in China.

The risk for carcinogenic effects due to the presence of As was above
the acceptable level of 1 per 100,000, for both the median (ILTR =
2.5 x 10~°) and 90th percentile (ILTR = 1.8 x 10~*). Consequently,
As contamination in crayfish may pose a health risk for high rate con-
sumers in regions of China where crayfish consumption is popular
(e.g., MLYR). Considering the already high reported human dietary
exposure to As in China, particularly due to rice consumption (Li et al.,
2011), we may expect that supplementary sources of As intake for
high rate crayfish consumers may pose a meaningful risk increase.
There are two caveats to this interpretation. First, we did not determine
the proportions of the more toxic inorganic As species, which have been
quite variable in the few studies where they were measured in crayfish
(Devesa et al., 2002; Williams et al., 2009). Second, risk calculations
in this study were mainly based on data from MLYR, which is the
main area of crayfish consumption in China. Thus, conclusions about
risk drawn in this study are conservative and should be extrapolated
with caution to other areas in China, with generally lower crayfish
consumption.

Results from the stochastic simulation emphasized the dominant
role of consumption rate in controlling risk of metals via crayfish
consumption in China. For instance, risk calculation demonstrated that
crayfish metals may pose a health risk for high rate consumers (e.g., in
MLYR), highlighting the importance of considering ingestion rates
when assessing risk of crayfish metals. Therefore, guidance for crayfish
consumption in China (especially in MLYR cities) and other world
regions with high crayfish consumption may help reduce potential
hazard, especially for high consumption individuals. To mitigate the
potential risk associated with eating crayfish, and further delineate ex-
posure for high rate consumers and sensitive populations, additional
consumption surveys for crayfish and other freshwater fish in China
are also warranted. For example, this survey about consumption rates
was conducted in urban areas, which may differ from rural populations.
Probabilistic risk assessments may also be warranted for crayfish con-
sumers in other crayfish consuming regions such as Scandinavian coun-
tries and the southeastern United States, especially for As which varies
widely among regions. Finally, in addition to metals, contamination of
crayfish by organic contaminants may pose an added risk to crayfish
consumers. These issues may affect the overall risk associated with cray-
fish consumption, warranting further investigation in future studies.
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