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B E WECH)E—FAERRELSE, MEdawiE e g, SRR BE . T A0 EY sl
(PBTK) FRL R AR EE THECR A T E.. 3T PBTK B!, 254 KM EEAEdE, Hdeiy i g+
7 E R 52 Cd s gL &Y miml fg L B IRER (U-Cd) AT o BIFFR G5 SR s XBkN 57.8% /N2 FFRL Cd & &
HERE R LERERE (0.1 mgkg ") o KIBAREHRZ) 35.1% M- Cd A R JECFA MR 42E (0.8 ng-(kgd ") ,
=ik 70.8% B REIE EFSA RUHEZEE (0.36 ng-(kg-d ")) . PBTK A ZE IR R, MEFRREK, XA U-
Cd HEE FTHES, 70 2 Lot fE M U-Cd S E55355) 1.60 pg-g ™ JILEFFT 0.80 pg-g ' LEF, 70 2 4otk U-Cd &&=
BRI WIS B EFSA #E47 1) U-Cd &2 2 MR (1 pgg ' UAT) o PBTK K8 1 1 I AE 48 TN A B R R AR U-
Cd B BBUKN-, XFHlEA 300 X8 Cd 15 4LBia RIS A BB, IR B R Z KB AR SR AR AR

KEEIA 4% (Cd); BEERER; IR (U-Cd); W8 J12# Ry iR XU

B (Cd) Bl A A SRR, HAE IR D) THAREYRIL, ld A aERT AR ™
R NAKIIREE T Cd SR RN, FERNEFREHE, W5 s SEieema
KO NSRRI E FE AR B L —, FERELEA T #IX T A5 R TR ETE T ML X N2 PR Cd
b, S RGE I S N AR R B R KU BRI TS £ Cd ZE RN BN 1224 1R SHRT A
IfRRREM, JERE X N Cd 5 Yl SR Y EZA A

AN IRUSS ST AR OGRS, SEEPMELRY R (USEPA) $2 R A fd R XU PPl (HRA) 52
RN T2 HsE . REN S G0 E ORI E &8 As XTRIFSE X SR LEAALE ™ 5 A S0 Al
EEUE IS . YANG S5 BIFSERBIDITEIX. 34.1% /NAHPRLE Cd 150, B HI/INERPRIZS 2 s R R R
fARFEXUR . XU S5 B R iFoe X /N R G T G Cd, Cd 52 1 M-S/ N ARFRI)
Cu. Mn fl Pb (Hs, B/ANAE Cd AAAE S I ANIRIERRIAS: o SR I TP ) SR U 45 SR 22 T
MNEHZH Cd WA BT AR 1R Bh %7 (PBTK) BHUEHN T Cd TEAASANXE (. 4L
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A5 BRI PBTK #2541z F Monte Carlo FEFURIAY s, XAt/ hE B X E R T
Z Cd {5 EYmin REH B U-Cd AT TH0 . PBTK AR 0] LIRS Cd 78 AR I shas
AL BAEOL, TP IR EE T Cd 15 AP @ e A . PBTK BRI R FHAMY R AL T — i1k
T HPHAEAMAFIREARR Cd Z#2/K -,  HoRiil e S i DX I e e RS PR R LR
1 MRS5S EZE
1.1 ffRXEDR

5T A TAEAL T F/INE 771X, BRI 2 000 km?, J& T-W 3G Z XS, 4R T34 R 1o Fim e 45
S 650 mm Al 14.6 oCZ22 ) el 8k + fdl -, EEAEY AE R R, 3 pH AT
6.07~8.16 yu >, WF5E X BT E R BRI/ NEFZIX, A E A RETVEEIN T I o Y ARG HRTG
S FHEOZHIX IR ZA P A1 Cd FE A JE . L1 P W58 iR iz X -4 Cd MbrR =ik 74.1%,
56.6% HI/NEZFEA Cd B L. X 11 Cd 15 YL nB™ R, R T ™ EAY Cd 5deml, Xt/
o 7 XA BRI A ) AN e 3 2
1.2 HERRESHR

KRR SR A et AR, il FHF GPS M PR fE 7. AFSTTEMFE X NIREE T 206 4>t -
INEREAR ) RPARAEIR)Z 13 (020 cm) IRAREE, B REE SR 3R AR 2 I SR A TR U 43
REUE 1.0~1.5 kg ZEA AEAS T, SRAES IR 5~10 MO NERES,, [RIFRAE 132 A= ahkiAs, B
R W N o L R = 7 N ol g L M =G

BRI . WIS 0.20 mm FHFLIRRES, A A AT, INEREARZHUBRIEAF PR/
B, MREETKIEUE 3 IR, £ 150 C FHEAMEFRMLE 30 min, UL 60 C T 2EE, &5, AL
7o, BB AR IR IS R e M KB FokUgr, 7F 80 C A Pt Tt T-4b 3, i
BRI BT RS LA . R S DURRIAI M, /N A 7™ S it B4R A - SR I A T Ak
LI

I ICP-MS (Agilent 7500a, USA) MERESH Cd &5, 05 13 A0l FH bR e I e A 7 I B4
i, A2 PR IEISCRAE 87%~106% ZIH].
1.3 1RBIEN

AWFFHEH PBTK AR, Cd SCR B SGE R, JRlh PBTK B M= B3 (I4HH)
Cd WEhSACRZE Cd FrAEAFFCE S, AR AR R E R R B1 (02%) 1 B2 (&8
AEH) H Cd MEhBARLL K U-Cd it LR BRERIT Cd o MImER N, B FICE I
U, genbii . AR, CBRE, DUREEIERHEI R, WE 1 R, SRISHE (C1-C8) MHTLA L MRl Al
ZYHNE 1 PR, PBTK BRI Pl ezt ()~(8) Fin.

% 1 PBTK {REPSHHIETERER&RAE

Table 1" Initial ranges of parameter values of multi-compartment PBTK model

S8 FE S FeARBR e bR RAME 225 SRR IR
I REREECHEAR (g (kg-d)™) 0.21 12.3 5.88 23:(9)
C 7 e dr Cdidi 0.03 0.1 k0.1, B10.05 14]

[
C, i3 CaFEA% B HALZH 2 ) % 0.4 0.5 0.5 [
C, M3 CAFERE B Y 0.09 0.25 0.094 [
C, FFHEC AL 3 4 J B AR 11 1) % /Day ™ 0.000 1 0.000 3 0.000 14 [
C; &R TR F CAE RS 2 LY %/ Day 0.1 0.15 0.13 [14]
C, B HIE Ca 5 31 PRI Y TR 0.000 02 0.002 0.000 022 [
C, M3 CAFERS 3 42 Ja B 2R 11 ) 3R 0.001 0.05 0.04 [
[

C, IR CARERS B 4 SR B AR 1 1) L A5 0.2 0.4 0.25 16]
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I(t)=C1-G(t) N
B1(t) = I(t) - B2(t) o

B2(t) = C8-1(t) v

dBdlt(t) = 11(t) - (C2+C3+C7)-B1(t) @
% = 12(t)+C7 - BI(t) + C4 - L(t) ¥
% =C3-BI(t) - C4-L(1) ©
% = C5-B2(t) - C6-K(1) "
% = (1-C5)-B2(t)+C6 - K(t) Y

WiAITE Python 3.8 HgmfEdt ik izt T, A ARJERIE AN O) HE LR X ERER/NE . &
K B AKARFBERHEA Cd 75 (ADD) (pg-(kg-d)™") , BFlEJERATRIR, HRR) de 2 i 25 S 2 T i
U-Cd &,

HAbZHZR
B=1-B e (Other Tissues)
(Blood 1)

'’ .
¥ loxg o PR
L JFIE(Liver) (Urine)
g CK

B I (Kidney)

(1-C)xB,

B 1 ZX=E PBTK ##A/ER
Fig. 1 llustration of the multi-compartment PBTK model

PBTK BRI A A b5 X & R A 385 Cd =, (il FERR XU A B 22 85 mAR AT, & F A A=
PR INAZ DA R CHAB G X NARZREE T 4R Cd RO, TTRARIL (9).
... IRiXxEDXEF
ADDi = Cix BWxAT 9
A H. ADD, MR XJEREER (N, oK, KR, B3R, BE) Cd H¥RENE, ng(kgd), C NELK
M N RPRE S HA A Y) Cd &5, mgkg ' X (9) HAhS808& CBUE L 2.

*2 ERNEITHEIEESHEVE

Table 2 Parameters values of health risk assessment model

S8 £ LA BASHE S AT SRR
120 NN gd! 310.7+60.5 IEASM B > R () 4
IR, TR gd! 37.1 LN, i} [27]
IR, peapie iR gd’ 99.9 H oA [27]
IR, I C S YN gd! 45.6 LN, i) [27]
IR, S = YN gd! 26.2 LN, i} [27]
BW LN kg 61.38+11.7 Ao ] A ]
EF ey YR da’! 180, 345F01365 Epviil [28]
ED T FRAERR a 24 B ] [28]

AT - 35 2 R ) d EDx365 Ee Yl [28]
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FESA TR AT, S BOSZE A, RS E A TG T R BRI
P2, Monte Carlo BEAAEMIHE B TA it F R s WA A0 A8 i P BN LSS BURE AR E S
B, RAZE SR AR, I 07 B RS0 A B FEARHESE T, BENLBLILRY BRI E
10 000 K, VIERERIXBAFERER Cd e XS IMER T o JE R IR e F1 BW BRI T-0F5 XS I 15
A [T I TR s i P O T = ) AR
1.4 HHHEE

A 5T BIAEAS R FAHOC AT d FH SPSS 27.0 8, Bl nT Ak ab 3 ] Origin 2021 %, Python
3.8 F k1T PBTK #i48l . Monte Carlo BEHLIEALIL A Oracle Crystal Ball 11.1.2.4 (Oracle, USA) #K {452
P, FHUIEAE 10 000 ISR TREE.,

2 FR5IR

2.1 XiBHEMBEYICdEE

MRX TS EY) Cd FEFHEWNE 3 fin, & 30H, 148 o (Cd) FHMEM 1.52 mgkeg ',
72.3% B3RS Cd SR (0.6 mg-kg ™) P, 3 Cd BURIRIEAIR KR, 285 2B S E O T X —
F(CV: 144.53%) o /IN&E o (Cd) ZATERIE), 430 1E 0.02~1.63 mg-kg ' ZIH], HAARRE (CV) ik
102%, XFEIZHIX/NEZFRH Cd S a2 N & . /INEFFRL @ (Cd) FXIE N (0.20+£0.20) mg-kg ',
X—HEEmE T (EMEEEFRERESTE IR E ) (GB2762-2022) P HUEM) 0.1 mg-kg ' MIFRME. #8
TR NEATRIRE D (57.8%) Cd & kbs, ULHITIE X/ NERFRRS AR Cd EAEME, H Cd #BhriEo
BORPEEE, RIEIREE AR A, AEACF DR X R RO T 909% MRS A P /N AR R Bk
JEPT X —HER, RIS Cd /N2 ATRE S X IS IR B a2

#* 3 MRXTIRFRY Ca S EHFHE
Table 3 Dietary Cd concentration in the study area
IRAKAE/ R/ ME/ PRy A/ brifE 2/

i [ B / - B B AR RZE%
(mg-kg™) (mgkg ) (mg-kg™") (mg-kg™) (mg-keg™)

+ 3% 20.67 0.20 0.97 1.52 2.20 144.53
A 1.64 0.02 0.12 0.20 0.20 102
B9 0.22 0:001 0.005 0.006 0.025 4.17
B3 0.62 0.005 0.17 0.24 0.28 1.17
KR 0.02 0.002 0.005 0.007 0.006 0.86
IR 0.10 0.005 0.009 0.018 0.025 1.39
%3 B TR AEEEYN Cd Fw, H KR

K B R KR ANRIRE Cd FXE 51N e 31%

0.006. 0.24.,0.007 1 0.018 mg-kg™", XL FlAE 4.9%

FREONN 407% . 1.17% . 0.86% F1 1.39%. Tk

AR AR S BRI, B/ N2 Z MR 10.1%

HY Cd ittt TEHR IR, XLl
PIFARESEA Cd BITTRRADEV D, AL, fEft
TR B LA IR, BN AR R AR R
IR B2 BoR TIREEHIR Cd AR, HEE 2,
2 Cd HIEERA Cd 1 76.4%, X—HBIER T o
FAbeyy, M TNETRIRRE R Cd R 76.4%
FHL, BRI Cd R R RV
BT RRIE BRI/ NG m i, S i

- X 2 IR Cd TEEREBNKE
AIRESNT i B R A B AE AU, 755 [ EA

Fig. 2 Major dietary sources of Cd in the study area
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22 Cd BYHIRE=E
FRAE 2 5 KU A (9) 454 Monte Carlo FfiAlL

0
[

[C125%~75% — gk w¥(H

BEUrse, xR RGBT T Cd (0 24 IRCRAREE o ST
ABREFFOFAS, BEDZESRR T Cd T IR |

NS v H Y 2= 0 gl (8 3) o T ist

OISR R, ADD{H EE A AE 0.32~1.04 =

ug-(kg-d ") (25% Fl 75% 430D 1), HPRrEch 2 L e A L
0.58 ug-(kg-d™), MM ADD 2 0.84 pg-(kg-d™), gt ol

T E BB S N & %2 5t 25 (JECFA) % T s e il
{7 (0.8 pg-(kg-d ) (LA BW it) , HIIE & TR 00 L L L
{J‘l‘[ﬁpﬁ'ﬁf{‘é}% (ESF A) *&ﬁﬁ[ﬂl (036 },lg'(kg'dil)) ADD ADDmale ADDfemale
(VL BW i) o fEXIARET, 206 35.19% B)MA 3 MK Cd BRES

Cd A Bl JECFA WL, sk Fig. 3 Average daily dose of Cd in the study area

70.8% O/ MAET EFSA R,

SFTHENZE AT, B B RE RN 0.75 pg-(kg-d ™), MR 0.71 pg-(kg-d™"), FHEmEE
Tk, XFh2ZERATRESIRE 0, (RE AR R RS, HENE A Cd BEETA R —
MR ZE . R BHEIPE R S, (DR RS AT T bR abifE, X2 A
M. %S Cd B—MAFNESE, REEAENRNTIR, JEnab TR FMERME, A58 B E M
HEEPRE, KL, ER Cd BRI EEFENZ —, R Cd W28 LK.

2.3 AFRRBRRIKE

K 4 /R T PBTK SERIFHNAIAFFEIX 0 & 70 2 JE R U-Cd S fbitash, MRIEE 4 ppmiEgs
S, TR 0 2 70 % Bt U-Cd S LTEIES 0.29 F10.59 pg-g ™ WUEF. AS[RIAFREBL0 5 A
Pk U-Cd 1) LATE(E S 230 A S A R s ke s, BAokid, SM7EFR 5 0/NF 30 %, 30 &
40 %, 40 E 50 % . 50 E 60 % LUK 60 & 70 L, U-Cd AU IES 504 0.08, 0.30, 0.43, 0.57 Al
0.73 ug-g ' WUEF, LHXIRIAEN4 0.16, 0.60. 0.86, 1.14 Fl 1.45 ug-g ' WUEF, XK EHTHEL
Cd AP IIKGE 10 2 304F4 X0, Ak, BEEFRIK, SIETiRen se e, FRBbE s/
EXF Cd BITFFRIRESIEAR, HEI T8 U-Cd KR TR0,

30 4k 1.80 1
— B
25 o 144t
5 =
5 20 T
on
O 5 108
E O
= 1.5¢ 0
i <
4o I 0.72
= 1.0r 4
I =
=
05 & 0.36
0.0 7 L L L L L ) 0.00 L L L L L )
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Gty AR
(a) MBS IE R (ng-d™) (b) WL 1EJ5 (ug° g ' creatinine)

4 HREX 0~70 ZERER Cd SRERERTEE

Fig. 4 Trends of urinary cadmium concentration, with age among residents aged 0~70 in the study area
TEXF 70 ZAFRA R B PERIL LR T U-Cd S piny, BB TR U-Cd & alik 0.80 ng-g ' AL
I, AR SRR RS Cd & 1.70 pg-d ™' MM ATIL 1.60 pg-g ' JUAF, K0 i R HETE Y
Cd #2273 pgd™'c 70 % 1 U-Cd &2 EFSA iR 2 FR1E (1 pg-g™ WLEF) B9, FHR A 2ot



2260 ok L B ¥ W 18 %

U-Cd & EFSA 22 RRMER 1.6 5. ik 3 1%, BYEREE od HYREEgE Tk, miah:
) U-Cd SRR BT, X e Lot B miExT Cd BIRE S e B, wnl e S5«
XA AR P ERfi A 0T Jadial, BRIVEHEE AR AT LIZ T Cd, SRERIRASTT, BivikaEA#asK
SEETE, MR REREAN Cd AMRES ) BEAEFSE IX R R 70 % U-Cd &% TR D AE41 4T (WHO)
AR 2EABRME (5.24 pg-g ' IUER) ¥, BIMERR/K Y Cd B8R, MA@ RS ATIR T BT . RE AT
SRR, KB Cd BEE XM R4 (i s

HIE 4(b) 7I%N, 7E 20 E 60 & RIRAEARET, RN Cd AR EEEE P, 17E 20 2 LI R AT 60 2 L L1
FINFEF, Cd YRR B AR . X AT RESR N NAE 20 & 60 B AFEF, i THRE S, ISR R D
AT RS SRR Cd AL LR R, ok, BEEFRRIER, AP Cd MBRBEEI R A%
RO[REL T, S50 Cd RPN ZFM, K, £1%F 20 2 60 2 X—FREtFiR B A RE, H Cd R X:
NG REE, FMERMARAERSE (20 ZLUT) , WgFE AR/ ARHERAE, W SHEEAG TR, BT
XEESH AT RERE G AR AR AL, BRI AR IER AR AR A . AR AR AR A B O S A T
WFFEIX U-Cd T, PR B F &S A H e PR K . ZHANG S50 FT LS5 BFgE 60, AT AR
N, F/AEAERXARR (R 4 R R, S E M EAEEE . NIk, ARMBZE LT A
TR Cd B, R e xRS DR IR Cd S =,
24 BREFNERSHMMXRES 2RI

& 5 s TR Y U-Cd & & (WP IX) 357
SR U-Cd # i (TR . g, _ g5
Bt AN ) BT, WIS B LA g, .
Bk U-Cd & RN 0.13~1.60 pg-g ™ WUEFS > - ESPANRER
0.07~0.80 pg-g ' WLAF, JUT~F-X3{E 5351k 0.59 o l
ngg ' WIEFS 0.29 pgg ! WUAF, (T P4 pE 7 b =
S S EIP A U-Cd i T BT 2 i A o
=, MFREXATHREI X, AREFEEEZE /A =0 . é
%, FT B MR LA, WK R ol =
Cd 2% FEoTmkA ™ (EAFRErE, T raE BRFEX VLR B e Eedt sk G
FEIX U-Cd &t THEGE E AR AT, 3X E5 WREERN U-Cd 2 85HMX
AIRE S XIS TG 8, JEHJE R0 TR SO U-Cd 2%kt
AR A OE, XSRS ET Cd &Eihy Fig. 5 Comparison of predicted U-Cd concentrations of

bl , AR REET Cd (X% ., SONG 2] residents in the study arfia and'measured U-Cd concentrations of
BgeEm, R EIOFER S, L Cd residents in other areas
AP GRS Cd B 10.5%. L2 T, BRGEE RS RAVIRE IR, X Cd 2 Ek KP4
%o WX AN B2 3 Cd Y EisYy, aRIEEE I Cd /N KBIZREE T Cd Is e,

AWFFEPHI A U-Cd 5 i 5 HA A SOk B i0%ds BA —E nT Hetk. WANG S5 iF5E 1 IR 5404
T TN U-Cd & iy RO A S AEHEBO R G U-Cd & U FEE 0 0.72 pg L7 Al
0.50 pig-L™"c LIU 2 XPAFFE X R U-Cd & gbf 7 T Hil, 7 5.34 ng-kgbw -wk ' () Cd ##2 T, 70 ¥/
FPERLCPERY U-Cd & it KA S5 0.71, 1.53 pug-g ™ F. Cao 5 X} 2017-2018 442 KHUJH EBAS
IPRIFEAS AT 1A, 4R Bzl fa RORSR LT FA(ECY 0.32 pg-g ' LT, XSELLEIR, SR8
TEE AT e, (B R TR ARG AT U-Cd S EM2ES . AR AERITINES Ra it T —4
PGB U-Cd & EER9A HINESE,  [R]dasimil 7S AT 28 Ee B i s B

PBTK HASTEPIAl R E b2 5 i A XU b JA Tz i U1 HGE R LA ) 28 S 45 T 1A=
YA SIS, AT LSS0 A2 1 BT e N A P 14 B A A R AR B AR M X T IR NI R EE WY
PBTK HERI] LIS fitg it o3 Afr, T BIBRAEANR) RER 1 5 T i XU, SR PBTK A0 AR i)
B RE R, AR EESAL YIRSl ) S B R RS A K T REFR SRR S AT
FEME . RORLHE H AL TR E S EOR R, TSP MAZ A TE 22 5, ATy . AR R
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RFE LA, XLEIE Al RERS B T A ERR P . IR R RZHOREREE T Cd W EZRAE, M)
JENE Cd BRI BRI, MR AEAE R RS Cd, BRI T AN, 518 — RIS, X
NEAAEFA O TERHTT . S T H B BB A HER M AITS TP, ASRBIFEN S 48 T TR TS 1 R R (S
B BATR R AR AU O IS Sn], AMTEEERML R U-Cd &, FFOM BRI
ARERY SR

3 4

AHIFFEHG PBTK AR BRI, B Cd STTRTEMR AN A/ AR R, JFLL U-Cd &t
VERHEDIAREMIRITAl Cd XS AMRAGPRAEAERE XS . =BT E 7R T TS XS/ AZkPRL Cd bl ol
BvE, HARZRECR, BREGH/NEMHEA Cd KRR, T75EHEM, PBTK MEIZ5REY, U-
Cd S EBEFRIE M ET b, LolEr) U-Cd S e B 2 4%, WLl S e A R, XURS: A H
IO SR VAR . PBTR B AR AN 1B TR A A LE WS R A B0, ST B TR P B i e 2
PR IR AT A FEANSE A (A A R A S AR A T
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Risk assessment of dietary cadmium exposure on human health in northern
China based on PBTK model
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Abstract Cadmium (Cd) is a toxic heavy metal that poses a threat to human health through food chain
contamination. Physiologically Based Toxicokinetic (PBTK) modeling is a valuable tool to quantify human
exposure to environmental elements. Based on PBTK modeling, combined with extensive regional survey data,
the potential urinary Cd (U-Cd) concentrations due to the consumption of Cd-contaminated food by the
inhabitants of a major wheat-producing area in northern China were predicted. Results showed that 57.8% of the
wheat grain samples exceeded the national food safety threshold value for Cd (0.1 mg-kg™'). Approximately
44.8% of residents had Cd intake concentrations surpassing the ‘safe limit recommended by Joint FAO/WHO
Expert Committee on Food Additives (JECFA) (0.8 ug-(kg'd')), while a significant 70.8% surpassed the
European Food Safety Authority (EFSA) recommended intake value (0.36 pg-(kg-d™')) for Cd intake. PBTK
modeling showed an increasing trend of U-Cd concentrations with age among the population. The U-Cd
concentrations for 70-year-old females and males reached 1.60 pig-g"' creatinine and 0.80 pg-g' creatinine,
respectively. The U-Cd concentration for 70-year-old females was twice that of males and exceeded the EFSA
recommended safety limit value (1 pug-g ' creatinine) for U-Cd concentration. The application of the PBTK
modeling for forecasting U-Cd accumulation across varied exposure groups is crucial in formulating effective
regional measures to mitigate Cd contamination, thereby offering a scientific foundation for food safety risk
assessment.
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