pISSN 1229-1153/eISSN 2465-9223 J. Food Hyg. Saf.
Vol. 35, No. 6, pp. 587~601 (2020)
https://doi.org/10.13103/JFHS.2020.35.6.587

etk

Journal of Food Hygiene
and Safety

Available online at http://www.foodhygiene.or.kr

Estimation of Multi-Route Exposure and Aggregated Risk Assessment
for Cadmium and Lead

Changwoo Yu', Hoonjeong Kwon'2*
’Department of Food and Nutrition, Seoul National University, Seoul, Korea
’Research Institute of Human Ecology, Seoul National University, Seoul, Korea

(Received December 23, 2019/Revised February 4, 2020/Accepted November 23, 2020)

ABSTRACT - Exposure to hazardous substances occurs through multiple pathways. Aggregated risk assessment,
which includes all potential exposure pathways to a single toxicant, is necessary to prevent exposure to harmful sub-
stances. We aimed to estimate cadmium and lead exposure through various media, such as food, water, air, smoking,
cosmetics, and female hygiene products. This study covered 10,733 subjects from the Seventh Korea National Health
and Nutrition Examination Survey(2016, 2017). Dietary exposure was estimated using 24-hour recall data. For water
and inhalational exposure, regional variations were considered. Water was classified as tap, bottled, and public water.
Inhalational exposure was estimated using the ‘2014 Time Use Survey’ based on daily lifestyle and social status. The
frequency and volume of cosmetic usage were randomly approximated by sex and age. Post-menarcheal and pre-
menopausal women were assumed to use feminine hygiene products. Non-carcinogenic aggregated risks were esti-
mated using the Aggregate Risk Index from EPAs and the Total Exposure Hazard Index from Korean government
guidelines. For carcinogenic risk assessment, excessive cancer risk was estimated. Ingestion, especially food, was the
major route for both cadmium and lead exposure. Smoking was also associated with high cadmium exposure. Expo-
sure to lead from cosmetics was remarkable but not critical. In aggregate risk assessments, median cadmium and lead
exposure did not exceed the reference value. Sex, age, smoking status, and income affected exposure levels, unlike to

regional variations.
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9l 0.5 ug/kg bw/day, 0.02 pg/m*S zHzh A& T, 7 StATH?. A, §71 ddE == OEHHAOA st
T4 %71 REL BF 7] =% A A3 dilss fd A, &7 slope factorg ARE-3SFHA T,
st %o gk HE-SA 8% No Observed Adverse
Effect Level, NOAEL)S 7|22 A=A} AY 54 A 24
2 A7t A o, FH 8182 (European chemicals =7 242 IBMAFY] SPSS statistics 255 ©]-83F1t}.
agency, ECHA)IIA = 1 pg/day®] W& &3Fe 2422 9 A 1He] =& FFF Aol gRlshy] Slal F+ 7Hel J
NF7F AFEN AASIL AT, mepr] E AFoAE ©e] 7% Mann-Whitney U 41, Al 7§ o]’de] k<l
Ay == 8k 0.3%9] JIEF SFE9L A L5t 9 7%~ Kruskal-Wallis #2F5218 A A 519 th. Bonferroni
a4 H712 A33I T TH=E2] slope factore &7 = correction methodE 2-&3lo] A vl AFS HAS A
Zo et A Eo] ornz ek gk 53 ¢ AT} 2] < 0.059014 AR S AASHAT.
ABF7HE AT 7 gl

9ol &7 =% ZA3-S EPAS] t)7]1874 7|5 (National Results and Discussion
Ambient Air Quality Standards, NAAQS)®| lead primary

2

& secondary standard’%tQl 0.15 pg/m’E, A+ =& 54 LET Xk
2 BMDL, Q! 0.63 pg/kg bw/dayS AHE3te] 91837} 2 FAHES ng/kg bw/day® %7181 tH(Table 1, 2).

£ QYA A% BHe BIE v Q0N F ES A4 wF FAF F 4 =F AR} sk U
e DT WA $YOEH AT wF SHYS A 83 71 98 EE UEhIATKTable 3). AEFH @ B

Table 1. Estimated cadmium exposure levels by each medium

N Mean Min 50th 95th Max
(ng/kg-bw/day)
Oral
Sum 10733 LBV 0.2793 0.0006 0.1628 0.9736 9.8252
UB? 0.3225 0.0145 0.2000 1.0480 9.8512
Food 10733 LB 0.2793 0.0006 0.1628 0.9736 9.8252
UB 0.2933 0.0016 0.1690 1.0153 9.8305
Water 10733 LB 0.0000 0.0000 0.0000 0.0000 0.0055
UB 0.0292 0.0019 0.0273 0.0509 0.1361
Inhalation
Sum 10733 LB 0.0016 0.0000 0.0001 0.0120 0.0386
UB 0.0016 0.0000 0.0001 0.0120 0.0386
Respiratory 10733 LB 0.0001 0.0000 0.0001 0.0002 0.0006
UB 0.0001 0.0000 0.0001 0.0002 0.0006
Second-hand smoking 3915 0.0001 0.0000 0.0001 0.0002 0.0003
Smoking 1633 0.0097 0.0005 0.0090 0.0196 0.0383
Dermal
Sum 10282 0.0051 0.0000 0.0052 0.0093 0.0156
Cosmetics 9938 0.0053 0.0006 0.0053 0.0093 0.0156
Hygiene products 3148 0.0000 0.0000 0.0000 0.0001 0.0001

1) LB : Lower Bound.
2) UB : Upper Bound.
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Table 2. Estimated lead exposure levels by each medium

N Mean Min 50th 95th Max
(ng/kg-bw/day)
Oral
Sum 10733 LB 0.3318 0.0005 0.1751 0.9012 42.3852
UB 0.4097 0.0263 0.2572 0.9964 42.4730
Food 10733 LB 0.3317 0.0005 0.1749 0.9005 42.3852
UB 0.3367 0.0007 0.1802 0.9078 42.3895
Water 10733 LB 0.0000 0.0000 0.0000 0.0000 0.0741
UB 0.0730 0.0048 0.0683 0.1275 0.3403
Inhalation
Sum 10733 0.0035 0.0003 0.0020 0.0140 0.0401
Respiratory 10733 0.0021 0.0003 0.0018 0.0044 0.0110
Second-hand smoking 3915 0.0001 0.0000 0.0001 0.0001 0.0001
Smoking 1633 0.0097 0.0005 0.0090 0.0196 0.0383
Dermal
Sum 10282 0.0529 0.0000 0.0535 0.0884 0.1430
Cosmetics 9938 0.0545 0.0153 0.0547 0.0883 0.1430
Hygiene products 0.0006 0.0000 0.0007 0.0009 0.0013
1) LB : Lower Bound.
2) UB : Upper Bound.
T ATE B9 wF YY) /MY ®A ehdth 531 7 20, 38 pglday ol3keT HIBYR, & AT A3}
25 UBS A&7 =& FHTFE =M =5 74 SF gk A, TtEES oloh vised FEelley |
ol vlal oF 10uiAT 571 =& =ufol o3k g3Fe] & Bk EA FEEHJAT
s A s e, sPEES §3 AY =E32 59 IFS T H =F FHTl st=gel BlE =4 U
oM Ee wE RS B et AY Bl PeE A Y B Ee) F
AFY B =F FEFS =Y A AA = 25 =2EH, Y Fde] Aol et =2
2O 83%, e 60%F AAHNAL. AFJGERA 2o FFE Frol =29 + Yt A0 veth F
Aol Al W7kt a7t HaxolA e Hit FtEg AdF AL 7tEwe F8 =3 AR\, I dFl o
22 0.292 pg/kgbw/day®, ¥ AoA LBES &3 2 A= it ool FESITE ooy 387 FHeF Al
o Bt =& FAFRL 0279 pgkgbw/dayet AR 3 F9 A @ T YIEE, W v fod LR wital
S R, W, B e b wE FARE 0337y RALE 497 BREoUT, A% wuE fejud 4
kgbw/day 2, 710l WEHE 0210 pgkegbw/dayol] W] sl & JAE AT 5 AT
15U ol A UERATY. olE Mg ol8@ S0l o Ah=gel 4w wF 2T AY AR B 5F
sl Z19lsigEd, B APAE 445 BY W AR F 9 0, ¥ wE 2P §7) =EET B FEO
Ry &&4 2 Yetgth sPES 58 Hd =F FEES =R

] 2 7Pgsksl7] wEelth. =9 Jtew
g g e WEE EfEe, b LBS UBE
Zpzh 283 =5 FAFY WiEgo] F zolE BT

WHOE ARt o =z &5 53t 7l=53 Jo &0 7}

I g 2zt 5.12x107, 52.89x10° pg/kg-bw/dayRith. 7]
ATolA A Zt=Ed Wl HAl =F FH TS 7
7.38x10%, 66.67x10° pg/kg-bw/daye|thH?d, B A=
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Table 3. Percentage of estimated exposure levels for each
medium

Median (%) Range (%)
Cadmium
Food 83.26 4.38-99.79
Water 13.51 0.21-85.09
Respiratory 0.03 0.00-0.80
Second-hand smoking 0.05 0.00-0.70
Smoking 3.75 0.05-45.67
Cosmetics 223 0.02-36.10
Female hygiene products 0.02 0.00-0.27
Lead
Food 59.83 0.53-99.70
Water 21.98 0.20-88.10
Respiratory 0.54 0.00-7.60
Second-hand smoking 0.02 0.00-0.35
Smoking 2.65 0.02-19.94
Cosmetics 15.98 0.06-73.25
Female hygiene products 0.21 0.00-2.25
ALl el AAHEFS TRSIPOBR S1F Ao 1]
3 sPFEE T == FETFe] 9 AA deith 34
o A% SHES A WETt ool Hs) Homw,
G BEE =3 FAYe] 71E9 Aol wls] WA
A B7HEAT A8 A EEFS B =52 SEE
of wlaiM &l WA FAEAT. vnt, 48 AYEF
W 34 AL o FolAA Yor, FEE =20 B
dE A7 x3 gog 4+ AU
UM o] AR td 5% =57 H7F 77

Table 4. Aggregated risk assessment of cadmium and lead

P vk Utk 2esk= A, &9, M A9 ALY
2142} 30l tisl AFa &, 2o A, AejeA]
3FE 53 i% FHFS Fakne. 4‘4?, 55
=5 JI=E-S 1261, 0.001, 0.082 pg/day=
o Y-S 16.40, 0.002, 5.06 pg/daydth. 2 A
Aot v HYS o, T A7 AES = F
E E FAFS WA YeEigey Oolﬂﬂ s

g =4 FEEJT. 2 AR =Fo] HA =
AR S v & 2 A At FUEA *‘IOM
7V E=A UrEPfx—t— l, FHEF©] 99.0%, Hol 73.6%E =t

2 oo o 4 jﬁ tlo o Jﬁ =¥
g
ol

RN

Attt =2 B 0.1% FErte] Jjojshs Ao 1
st or —E—?ﬂ—% 1646}11 B S5 A5 20%8 =
7143k 2o Rk

2012+ HFOFFIAA BRI E |, TME=F,
ol ek =2F FrHe APsih A% 9101]44 Fhef
AA, 27371545, 718 A5 5 4 AFel die B9
&3 B ARSI s Aol A5 E3 A
el TEE =EF2 NEwd W 747 0172, 0.133 pgke

bw/dayZ 2 A7 o2 A Hl§)] v Be =&

2 BT BY =3F WIAE ASEA B A7
Zol that 4Fe] 7|el&o] 90% o). tehdeh. A
&

Froz B Aol Bekt AR ENES A o
rout, HEEs} W) 24 =F YY) 2 JFL ¢
& R0 et ot ol sloige @k % A7)
54 % U A7} ok, A AL AT A

TN AHEot
EPAE ARI7} 1| o3l 7
ij

[e)
o
23 AFsHom HFEoREPAAE

Oral Inhalation Dermal Oral+ Inhalation ~ Oral+ Inhalation+ Dermal
Cadmium
ARI Median 2.500 52.962 312.285 2.128 2.141
(US EPA) 95th 0.477 0.426 201.747 0.288 0.289
TEHI Median 0.400 0.015 0.003 0.463 0.466
(Korea) 95th 2.096 1.956 0.005 3.109 3.111
Lead
ARI Median 2.450 23.121 11772.528 2.070 2.070
(US EPA) 95th 0.633 3.262 7129.341 0.602 0.602
TEHI Median 0.408 0.043 <0.001 0.483 0.483
(Korea) 95th 1.581 0.307 <0.001 1.661 1.662
Cancer risk Median 2.186 x 10 8.405 x 10°® - 2.345 x 10 -
95th 8.466 x 10°° 5.899 x 107 - 8.568 x 10°¢ -




594 Changwoo Yu et al.

A5 sl =7 Aok AFsAh

FtEeE9] A% LB, UB 25 ARI®} TEHIS Z7Hgkol
EPAS} 2]F o] ofzebdx o] Aughs 23] gt F
L3 &S AT =7 TEHI® ARIS 7442 7
7} 2.5 oA}, 0.7 ©|&FE(Table 4) 7]12] 2]F ] FEoA
x| B Aol v wEtRg o, & 2] 7F YERA
gt HilE T3S F71 =& T3 TS ARIGH
TEHI Z}Z} 53.0, 0.0159 ¢tk ot A+ =23 §7] =&
BT A9 95% wEdolM e HavES
ol AFH FAdA 7IdskAT. FY =Fe] A
o} TEHI E5F 7]EX Ko} Skt

9 mETAME 7IERE ZHSA BUT ) (Table 4). &

=gl vl =4 Jebso,
FshA] ekt ek 98|
075 FA SFof, 2 A olA

L
:OL_',
o
N
N
>
x
e
~
N
1
— b

20104 2ol okEotd e AFR I = TIEES]
2E BEY, 7] 59 84 =& YsiHE s
AES 53 =E22 B A3 FUsHA Yl A5 1S
\x ootk T3 g Aol E FAS vEEHA &

(e} =]

U oE 3 UL

PN BY =B2F 2% ANYNE FYNRE, A=
B AT, §) wEl, de AT wE0] 4 =Eo]
Atk AT =2 F2 4FL B3 olFolHon §7)
=2e Feo] Be MFS AAsAch wed 4 ge
W Y =3 FAFS VY 9 BT, F7, A5 =%
Sl TPg e =3 FHFS 6 P9 10 NFER
o 7o &g B AW W UBE A8F =% F
o) ke AHgFel RS AAsl

Table 5. Specific food categories ranking by exposure values

el 54 ¥ vlashy] oM dA A5 Feel of

3 AEFF H =F FHEFS AES AI(Table 5) 7=+
2 FhbE, 53 FEROA MY 22 =E FAHFES B
Atk 2 Qe x 2R, A2, W o FiEdAE
2 2E FREFE Yo 3R B 52 = F
S BT G F4E, 2 FAME &3], HAL
7] FAEA o = FHES BT ol 9 oA
T3k vk} T SFlA AREE WA 7]Q1E Ao
2 FEHH ook TR/, AT, AHF £oE =
2 =EF FYEFS BA

FI=E3 $e FEHO R FAES AR B2 =
= FAFE BAT 59, 7% AAFRE VIEE, H E
Tt ggolE A ol =& 7]9&S YR vt
H FEF dF 22 75 G AEY Ave =2
=R, @ TEE & =F FAFS By

7§89 AP OE =& FHF Hn

AT AN ke =F FAT A e BE AR
A BAXLE frolngk xpo]lE& HATHTable 6). 7H=+
I g BT FAdol o 52 AT, 7] =S Atk F
=5, oJ9ll®{ 5 FAHF g AES T V=, 7Y
wEo] YA 9 vk =3 G A 2L AT G
SEFo] AR B, FAA gl ¥ BRSO EZ O
2 7 =& FHHE Bk v B9 =2 o4
o] Ba=dl, ole X &F AR Hdx SPFE AME
g He 2% ¢ 2 oA s 3y 7+ 7}
TEL E ET IR AAF 5o AFESe FAMCE
ztol5 HolA] ko, TR, AHlF{ 5o FHF 3|
F A= AHFONA AolE HAith

re
o
e

o

i

AT el A%

N,
4y
9,
i)
:(I)-[::
v
rlo
b
i
o
o
o
tlo
2
3R

oM 10t A, F71 =E] HdE

kel Bl =

Food category Exposure levels ~ Percentage Food category Exposure levels ~ Percentage

Cadmium (ng/kg-bw/day) (%) Lead (ng/kg-bw/day) (%)
1 Cephalopod 0.0914 31.1 Cattle byproducts 0.0978 29.0
2 Grain 0.0424 14.4 Swine byproducts 0.0255 7.6
3 Shellfish 0.0273 9.3 Cephalopod 0.0197 5.9
4 Noodles 0.0152 5.2 Green vegetables 0.0187 5.5
5 Cattle byproducts 0.0121 4.1 Pome fruits 0.0176 5.2
6 Kimchi 0.0116 3.9 Kimchi 0.0127 3.8
7 Root vegetables 0.0091 3.1 Grain 0.0123 3.6
8 Crustacean 0.0079 2.7 Shellfish 0.0107 32
9 Green vegetables 0.0072 24 Potatoes 0.0096 2.9
10 Seaweed 0.0060 2.0 Root vegetables 0.0078 2.3
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Table 6. Estimated median exposure level by sex and age

Cadmium (pg/kg-bw/day) Lead (pg/kg-bw/day)
N Oral® Inhalation® Dermal® Oral® Inhalation® Dermal®
Sex
Male 4,589 0.2111 0.0002 0.0028 0.2624 0.0030 0.0342
Female 6,144 0.1911 0.0001 0.0068 0.2534 0.0016 0.0668
P-value <0.001 <0.001 <0.001 0.002 <0.001 <0.001
Age
12-19 976 0.2045 be 0.0002 e 0.0001 a 0.2228 a 0.0034 0.0009 a
20-29 1,032 0.1875 ab 0.0001 d 0.0052 b 0.2193 ab 0.0018 0.0534 b
30-39 1,607 0.1987 c 0.0001 b 0.0054 b 0.2544 c 0.0015 a 0.0557 b
40-49 1,826 0.2096 c 0.0001 b 0.0054 b 0.2723 cd 0.0016 ab 0.0549 b
50-59 1,842 0.2091 c 0.0001 cd 0.0054 b 0.2883 e 0.0020 c 0.0555 be
60-69 1,763 0.2042 c 0.0001 be 0.0052 b 0.2757 de 0.0021 c 0.0535 b
70-80 1,687 0.1835 a 0.0001 a 0.0054 b 0.2311 b 0.0020 c 0.0562 c
P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Smoking Status
Current 1,633 0.2069 b 0.0093 0.0030 0.2557 0.0112 0.0358
Secondhand 2,282 0.1980 a 0.0002 b 0.0050 0.2513 0.0019 b 0.0520 b
Non 6,818 0.1991 ab 0.0001 a 0.0059 c 0.2594 0.0017 a 0.0592 c
P-value 0.027 <0.001 <0.001 0.103 <0.001 <0.001
Childbearing age"
(¢ 3,148 0.1959 0.0001 0.0067 0.2487 0.0015 0.0658
X 2,996 0.1867 0.0001 0.0069 0.2592 0.0017 0.0677
P-value 0.005 <0.001 <0.001 0.002 <0.001 <0.001
1) Only for female.

2) Different letters meaning significant differences at P < 0.05 by Bonferroni correction method.
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Table 7. Estimated median exposure level by career and income

N Cadmium (pg/kg-bw/day) Lead (ng/kg-bw/day)
Oral" Inhalation" Dermal” Oral" Inhalation" Dermal"
Career
University 258 0.1849 ab 0.0002 cd 0.0044 ab 02137 a 0.0026 ¢ 0.0467 ab
At home 2,058 0.1959 b 0.0001 b 0.0064 d 0.2599 b 0.0016 b 0.0633 d
Indoor 2,417 02093 ¢ 0.0001 0.0048 b 0.2702 ¢ 0.0011 a 0.0499
In/outdoor 2,154 0.2068 ¢ 0.0002 0.0041 a 0.2672  bc 0.0025 d 0.0457
Outdoor 1,351 02029 be 0.0002 ¢ 0.0050 b 0.2638 bc 0.0034 ¢ 0.0523
Senior 1,700 0.1830 a 0.0001 ab 0.0057 ¢ 0.2404 a 0.0018 ¢ 0.0575 ¢
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Income
First quartile? 2,002 0.1783 a 0.0001 a 0.0055 b 0.2224 a 0.0020 bc 0.0562 b
Second quartile® 2,623 0.1976 b 0.0001 ¢ 0.0051 a 02573 b 0.0021 ¢ 0.0533 a
Third quartile” 2,975 0.2068 ¢ 0.0001 bc 0.0051 a 0.2618 b 0.0020 b 0.0528 a
Fourth quartile® 3,133 02119 ¢ 0.0001 ab 0.0051 a 0.2744 ¢ 0.0018 a 0.0529 a
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1) Different letters meaning significant differences at P < 0.05 by Bonferroni correction method.
2) 750,000 > (won).
3) 750,000 <, 1,500,000 > (won).

4) 1,500,000 <, 2,463,100 > (won).

5) 2,463,100 < (won).

Total

Career

University

At home

Indoor

In/outdoor

Outdoor

Elder

Income

Low

Mid-Low

Mid-High

High

AN

\\\\\\\\-- Il

0.0000

0.0500

O Cephalopod
[ Kimchi

Grain

Exposure level (ug/kg bw/day)

M Root vegetables

0.1500

O Shellfish

Crustacean

Fig. 1. Cadmium exposure from food by career and income characteristics.
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O Noodles

[ Cattle byproducts
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N Cd (png/kg-bw/day) Pb (pg/kg-bw/day)
Oral" Inhalation" Dermal" Oral" Inhalation" Dermal”
City / Province
Seoul 2,100 0.1990 0.0001 df 0.0052 0.2614 a 0.0019 eg 0.0538
Busan 668 0.1959 0.0001 cd 0.0056 0.2598 a 0.0015 bc 0.0570
Daegu 517 0.1938 0.0002 i 0.0054 0.2425 a 0.0020 efh 0.0553
Incheon 627 0.2031 0.0001 cdfg 0.0051 0.2558 a 0.0021  efh 0.0523
Gwangju 332 0.1883 0.0000 a 0.0049 0.2515 a 0.0011 a 0.0502
Daejeon 350 0.1956 0.0001 cd 0.0050 0.2518 a 0.0018 de 0.0526
Ulsan 209 0.2028 0.0001  ghi 0.0054 0.2754 a 0.0023  hi 0.0555
Sejong 257 0.2093 0.0001  bed 0.0050 0.2678 a 0.0019  cde 0.0521
Gyeonggi 2,545 0.2022 0.0002 i 0.0052 0.2600 a 0.0029 i 0.0545
Gangwon 352 0.1939 0.0001 cdfg 0.0048 0.2464 a 0.0015  bed 0.0521
Chungbuk 307 0.2027 0.0001 fgh 0.0051 0.2616 a 0.0019 de 0.0524
Chungnam 382 0.2111 0.0001  hi 0.0049 0.2604 a 0.0018 de 0.0519
Jeonbuk 350 0.1974 0.0001 cdfg 0.0049 0.2635 a 0.0013 ab 0.0510
Jeonnam 350 0.1955 0.0000 a 0.0048 0.2515 a 0.0017  cde 0.0499
Gyeongbuk 551 0.1903 0.0000 a 0.0050 0.2373 a 0.0023  fh 0.0536
Gyeongnam 615 0.2112 0.0001 ¢ 0.0055 0.2703 a 0.0012 a 0.0556
Jeju 221 0.2003 0.0000 ab 0.0050 0.2422 a 0.0017  defg  0.0508
P-value 0.402 <0.001 0.095 0.040 <0.001 0.060
Urban / Rural
Urban 8,738 0.1997 0.0001 0.0052 0.2574 0.0020 0.0539
Rural 1,995 0.2017 0.0001 0.0050 0.2562 0.0020 0.0521
P-value 0.489 0.720 0.997 0.356 <0.001 0.940

1) Different letters meaning significant differences at P < 0.05 by Bonferroni correction method.
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