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Abstract

In this paper, we consider a Bayesian analysis of the dose-effect relationship of cadmium to evaluate a bench-
mark dose(BMD). For this purpose, two dose-response curves commonly used in the toxicity study are fitted
based on Bayesian methods to the data collected from the scientific literature on cadmium toxicity. Specif-
ically, Bayesian meta-analysis and hierarchical modeling build an overall dose-effect relationship that use a
piecewise linear model and Hill model, where the inter-study heterogeneity and inter-individual variability
of dose and effect such as gender, age and ethnicity are accounted. Estimation of the unknown parameters
is made by using a Markov chain Monte Carlo algorithm based user-friendly software WinBUGS. Benchmark
dose estimates are evaluated for various cut-offs and compared with different tested subpopulations with
with gender, age and ethnicity based on these two Bayesian hierarchical models.
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1. ME

Hlo| APt RS 3 SAA EAYHEE tUs B A% 2Rl Wi 22dde oslsketl
|3 SAA WS AFo o3t 7144, AET, 54T 5o g S8kl &8H 1 vt
(Choi 5, 2010; Choi, 2010; Lee 5, 2011; Jo 5, 2012). o] & &9, Choi 5 (2010)3} Choi (2010)°f| A

= A=A wo]A ¢ RHE 53 2392 (dose-response) AHR S EAE191.2 1, £3] Choi (2010)01A]
£ S E I (toxicity)oll et ] BIHE fIst 7154 AAS Fl5te] ASE Ho|A ¢ P S &8
3ttt el Ede S48 d ) it SFukSol ] ARSEE tEF QA 7154 F9 sk Benchmark
dose(7]E4%, BMD)2A] o8] Sue] #=&A73 AFoA theFsiA ARSI 9on, 53] S
gERgoryy 245 /EAo|ng BHA4S NI 4+ Yrhs FHOE ASEY 2L 4%
FAHELS S4BT thst Hsid Bl wo] ARSE L T} (U.S.EPA, 2002; Lee 5, 2002).
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7= (cadmium) 2 A &F] o3 LGN ofz} A Ao rE s Ao® dHA o,
L9E EFoly FH8F SOl I3l AFS LGA77] w2l I FdelAe F2 =g <
A =2 B2 AF AFE oA AT webd Sl=Ee 534_'4 5] Alofstr] e FFE T2
shiolm 23 Hejet AE IS Fol EAlsioF ske A =42 ERFA ok JECFA(Joint
FAO/WHO Expert Committee on Food Additives), EFSA(European Food Safety Authority) &
I 22 =71 E o A= FtEge] fAdErE AAst AEAFC Y BUEPES AA
ST (EFSA, 2009; JECFA, 2011). £3] EFSA (2009)%} JECFA (2011) d7olA= AEL %
o TAY = Sle 7tEE =& Wal o U2 FEE Alwsty] fdl o2 utelM st=g 2 At
RE WPoR AuE wEY 0e ATE ANt AsE w2 A 27 FHCRE AR
A Wo] AwBold AESHA Ry 4Mo T MEE Aol FeiA o, BFSA (2000),
JECFA (2011)8} 22 A7 = o83 85 7I1=F <X (urinary cadmium)e} Ak o] AF9]
B2M G(Beta2-Microglobulin) & vl o.2 3t {3UEE2I5 o) Ulste] FAF B4 A o8 &
o AA=F 8 +A48 ARSI NEAE AHE ATE AU 53] EFSA (2009)9] A7l
A 200320070 2A £38 20730 F=E B4 AR S-S WA B A7E 2
5ol that Wol ek Bl o] WEEAS Teissh.
SEit olelal ofe) M) ATolAle] A A} ATH IA (EFSA, 2009; JECFA, 2011)5-2 7o
A o] Rl AFRA, =g A kel thek ARt Ql Aol AFFon SRS AR e i S
2 A oA tha vFe We Holw, 53] wlo] x|t B e] gkt % ol ek ApAT
240] 71U = vteltt. ok2# feluTtelME o) E Ft=F AlF el e A= AW Folrt
olol, 3 =Rl AL 7129l EFSA (2009)9] 229} 2149 2RAAL 53l £48 25 FEF 4
Ask paMe] BE AT ARE TP ML ARE WO ol EAL
A AL AT, T 2 £ AR AU A 5 b
AREE e, & =22 TAAA BAEHAES FF FARRE SAEE thEk wo x|k Es-EA
% ol vge® o 7]%££‘¢(BMD)74] Aol &8d 2o g o s ot
Wepa), 2 £ RelAE BFSA (2009)9] 455 37149 BAAAL B 5
Sow Fmgel SupngaAcl e ol d BAL AN
2 WRh ol fsiel SABLA e SN
3] (piecewise-linear) 23, Hill 2 & )% AR5 %
N CELER PR .
3t = 7FA] 2o gl Bl o] x| <t —E'—@u% 23t vfz 3= A4 EHZZ (Markov Chain Monte Carlo;
olo] w2 Tt 7|EXES AArsta vl dict. By

P

r&
il

MCMC) W¥E E3to] 548 23531 o

olAE A oA $EEAG] F2 BEFE WinBUGSE o831 k] F 71 S8R
Yol that RYNEAEL AANHES Bk FARCR, 28l A E Gl et 7B AL
afsn 98 A2 thste] @Ak 3BANE TARA F 7 SPNIRFS WO G o)
A BAS AN I3 EFFES AN o)) ME FHEL Hw RAFES G} 47
NNE BES B3 £ =RS Aok F71 AT Pt FFAA DA = Hw S et

2. J|20M14: J|E2E U It E SUSKAIE A
2.1. J|EEY (Benchmark Dose; BMD)

gl

718 % (Benchmark Dose; BMD)2 F20]X] & #4F-5-=/d (dose-response curve) oA 7]E1-5-(Ben-
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chmark Response; BMR)¢|2tal Foj5 &= 5% A5l th-su v &3 (dose) 2 2A] ¥H-SH
o] Fejol wpebA trE A ALbEnt TSI oj4tE d Aol WEEE)] thst §3RkeT Aol A
Aks] 0] 2] 7] w2 of] F-8 3 (zero dose) T 7] 283 (background dose; bd) ol tdle] 7|EHHS = F
o7 F2h& wk-g (adverse response) o] U T FEo &= SFo® AFH o7 AL 5 9ot
(Choi, 2010), 9443 WSS Aol sESHSo it -8 Y57 ol 478 o=
A = §7] wiEol] A7ER] Aol EAF ¢ o, &3] 54T HoklA= A e
HEo 2 FoiZ dAddgk(cut-off; ¢)F FHEES T FdH JEEFE

Suwazono -, 2006; Sand 5, 2008). FAFLZE=, WA 7|EWHSS A=
Zro] = 71A] 9] @45 (additional risk/extra risk) ol th-5-3= 7R A4S

BMR = (1 — P(BMD)) — (1 — P(bd)), for additional risk, (2.1)
BMR = (1- P(BM];)() )(1 — P(bd)), for extra risk, (2.2)

o
gif
r>~
o
fru
P
rlr

%, 8% doll e e wSs Yoot £ td B u()E BIELE, A3k o°
RTEE, Yo~ N(u(d), 0*) & TLTHT 38, Yark Fol2 28k ¢ 0|5t S8-2 o433} 2o

P(d)=P(Yy<c)=a (%‘M) . (2.3)

At A5 BA 9 Ao E B B9 (EFSA 2009; National Cancer Center, 2012), 21 W

A3 4] (2.2)9) 7128 7S AH8SHE P(log(BMD))= 4] (2.4)9 2ol ).

P(log(BMD)) = (1 — BMR)® (M) = (2.4)

[e)
T =

webd 4 (2.4)9} (2.3)& Aejahd HE Ao 4 (25)9 29| BM

)
it

BMD = exp {u_l [logc™ — U<I>_1(p*)] (2.5)

}
4 (2.5)€ hybrid-approach (Crump, 2002)2}3L £2]o] 7% 3hv] A%y §ubeAmolAe] &
8o 2 g8 o] gt} (Sand 5, 2008; EFSA, 2009).
4 (1) (294 EE et 2ol AT USUEE AT SIUSTAAAL rUEys

w(d)E AA3E= Zo] FAoH AAZ AREA A= AFEY (linear model) oA FE Hill 2
7}A] theksk gaha SEFE] AHE 4 9o (Crump, 2002; Sand 5, 2008) USEPAA= O]Ei
3t 232 ulek AEAH FAZH FYHoez 1389 BMD 4 £2=ZE 9] (BenchMarkDose

Software; BMDS, www.epa.gov/NCEA /bmds)& Al&3st St & =Foi= AdAT7 (EFSA,
2009) oA AREH 274 /“j (Piecewise Linear; PL)E2 ¥} Hill 28-S 183l o]8jst =8 F 7}
A& 18ty BgPE 4 Bt ope} DIC(Deviance Information Criterion) 2} 22 o] 2] oF & Al
1T B9 FO1 AR DA I £YO| S AN IR AT B4 DATES B0k %

W AR Fehe 4 (2.6)-(27)% o] 77 FolALH, PL YL 4 (2.6)14] Bo] 573
2 7R3k (breakpoint, §)2 NECE 71271(5)7} FebAL 2718 AFLAL Juah Hill 2R
2l (2.7)e] FAR AAY g B35 upel gR F7F B gaAshe vAdy 23S UeRdoh

(d_ a1 + Bid, if d <9,
K Qs+ Ba(d—5), ifd> 3,

d"]
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L 28o] ool 71 BACE i, as, B, o, 6 TH NS B4k BRsiA W 228 48 mye] 7
zow I 5 A5l ars AARE TEGE SN ZHE sty W az = a1 + Ai0% B
< ¢4 ek Hill BRI 4 (2704 2 & 95l ARA0R a, 8, 1, o) ] 7] BEE

TR G, o] F o AT 2 ME G Ailo] AN ATEE 2= $o] SHTT

% 4 9tk PL BY3} Hil BY 25 4(d)7 St A9RET ode 2 & slow, S8 oleie v
49 G0k A (20)8 WBOL @ AFAY ATRA(H, BMDS M)A 1288l H1 73
A (estimate) A4ke]L} o] whE A7 AR B A4 SEANA) Agol ofelgol
=31 glek. ol ¥kl eRolA] Jejsku gl Wol A HI WAL B 71%&3k A 72
ol Thet AFREE ATFOEA BN e AHS T 4 glon ofee BHBE UL A
B3] mhol A TA L] GOl & 4 Ak okl AA Mol At SEEANA T2 AL
£ WinBUGSE %3} 7@317] wlzo] T} oje} BaRoll s 474 488 & + A}

1Ael M AR e} 2ol, ATF wZol UE A4 FANAE 2 8F ASE 55 (urinary cad-
mium) &} Akl Aol AF 9 B2M G(Beta2-Microglobulin) & WIHCoZ 3t S8 A8 2 Hlgto 2
EAA BAL AN (EFSA, 2009; JECFA, 2011). ©]9} fAMSHA|, B =RoA thE 1} k=
A8 A 8% =B f2MGY L2 AT A2 2 A, 20095 5 AZRAH A o] Fo] R
$ESAT AR (EFSA, 2000)5h 7H=F 9151 B71E 98] & =29] Aol Al EFSA (2009) A7
o]T W E EFo EHUP AN B3 F713 A5 E FAH] At EFSA (2009)2] AFoNAM = 7I=
B9 50 $508 TAE A1 o) eSS BUIEE o A AE 449
el A e Do APENE A% che TEo SadTEeEe 9o 3
-?j- al _g__|—(‘5].oq /\Hiﬂl XH_E_@'—G]N_H] e _/’\_ o= r,H;LxJo] E;&“Z—]O] 7]34 o_g;ﬂ
—"i—?ﬂzﬁ,i 8t 59| t}okal 2@ Hofo] ARE 1 glon (Noh 2008; Kulinskaya 5, 2008),
El~r AA] AZA wlolA ok W AR o] AN vgE AT EAES ZdFse=d
=37 9Jt} (Parmigiani, 2002; Spiegelhalter -, 2004; Ntzoufras, 2009).
olgd Fl=F ‘%h?_%—ﬁv-’l.oﬂ AAME HEHEAL2 E850 gow (Gamo 5, 2006; Omaroval}
Phillips, 2007), 53] EFSA (2000)o4= wlo]z] ¢t WEFRAS Eaje] 7|20 F=F S EA A
=2 d3= o?JOPoq 71E8eg AAegith. EFSA (2009)0A4E 7= =23 A%, wo] A
AR Fol| ARH 7)) = (renal: (82M G, alM (or HC), NAG-total, NAG-A, NAG-B, RBP; protein-
uria, bone mineral density 5 )& AFE3Fe] 1966 A€ 2008 d) Z2X FHAS 23 A2 vfgo =z
L% FF=F $A9) f2MG] ©]FoIR 165709] AT 35709] ME e AT =Ro2RE 42 5
ATt o3t 16570 A8 F 74N ool &t BSEZhold, 5670 B, WA 35709 #HEXA
ol T 72 glo] BE550T, AYol B ARNE 504 o) (0 M/ whol et A7)
6709 LG EAs] BEHAT o F FB 02 A 16579 AR 2 15979 Amw A
Al BP0 ARREH AT S ARV 2P AFE=EY YYETA(random effect) S 1L sH7] F)5t
o] 7+ FE3kol tisiA 1014 8871A] 715k study codeZ} FoI= 3l 15970 FE3kolE & 3371
study code7} 2ofs|o} AT, olE ST 3 WA AR T study code, 3 WA Aol 9
study code S0 & o|Fo]x It} Table 2.10& 7I=F ST RS 35 HyEo] o4y
I A&y ozg 747 g okxlo] glon o] s M4EL EFSA (2009)9] A& (©]3F EFSA-20092 A3
et AAZ B =FolA AHEH AFF (olsF NCC-20128 A A7) BFoA F5H ez 39 o] gt
Table 2.10] 248 &5 % ol4d WHES PAMeR Aouw, A¥(e) S F 744 7249
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Table 2.1. Cadmium Data: Discrete/Continuous

A5 FECIAR) e (A% )
sex Female (1) : Male (0) : Mixed (0.5) UCd-n 8% 7t=F 7stE e © A5 5
age >=50 years (1) : <50 years (2) UCd-GM 2% 7l=§| 7|37 &=3
etn Asian (1) : Caucasian (2) UCd-SD 8% 7l=F B REA A=
study code  1-88 / 1-103 b2M-n B2M 718t Ed & FEYA &
b2M-GM  B2M 7|5t8 7 BH=3h
b2M-SD  f2M EREN A=

O = 24, 1 = o4A) ol9lol] 2AE AFEENM FAT 42 A7t T3 (mixed)d 7ol
£ 0.59] ol T, d¥ WM (age)v 4 A7t ol R0l Sk9 2F B APl 50AE =

of mwe} % A (504 o4, 504 BlvhZ TR 91F W4 (etn, ethnicity)&
¢l (Caucasian) &2 FH239 0, study coder 15 837tx]9] 7153t 3t &
215 WMol oA TR ofxloll e PRI A ThE ofAo} Qi) F
2J3} zolE HolA| @ Aoy HUFY wfEo] 9B IZ9 58 EF opxjolelow B33
t} (EFSA, 2009). 9&3 W42 e 7|29 AFETA dolR 8% 7I=§Y f2MGY 7338 dE
o] Z+ZH(UCd-GM, b2M-GM) "o x|t HEHE A o] ARRE] it e UCd-nd} b2M-nd Zt dF=8
NN 8 8% A=FET 2MGe] 71e8 7 FelA ARRE A5t 5 onjsitt. & £
Jakubowski 5 (1987)oll4 49 A2E A5 H W study codet= 8| 3]sl & A Jdko] 8%
ZFEE} f2M G 715w 3 A5 5 Alvsth 1 F & A9 39, UCd-n2 38, b2M-
nd 342X A2 o2 ASYAAR A sl B 4 e, o9k o] EFSA (2009) 247014 A
49 AgolAE UCd-n} b2M-no] A= v #e 2 497t 35 SAsken, o= Long-term
follow-up A7E &3 AEFTH Al AT = A& I35 AR Ao, AFold o7 B4
F JE= EAZY & 5 I} (Iwata 5, 1993). B =82 EA oA AF&3 217, NCC-2012% 0|23t
71€2] EFSA-2009 2t wigog I o]% 7t Uad A7Ewo® FE doj A8E st
Z 41709 =RollA 204709 A5AE FAF o] Qe study code 17 1037449 753t gk 2
b AA AR oI ageWF F T A7 gho] Q7] wliel ol& ALe 19074%HE 1
2ot oljg T 259 o4y WM4ELS 2

< 8% 7t=gd f2MG 7 958 AERE FHHeE A
=t ARRE Y, 2AF < study codes Yo T (random effect), 1 ©]2]9] o]4ty W4EL

=
]

X

Z 2> Y foh o

FHfixed effect) & APt AMSHTE Hoh AASE AH 2 324 ALY, o4ty W4
£ Table 2.29} Zro] g ok=n], ALY MFES QA 32 Table 2.337} o] g okdTH
o] MAE 9t B =R EAoA A3 AMESH NCC-2012 A58 o2l EFSA-2009 2k
37 29k o] gith. ThEF Table 2.2¢ £ 9Fs| o] 9l uke}l Zro] NCC-2012 A& EFSA-2009S
gor FrHHor £3% AR FAH Jlov EFSA-20099] AR BF A= =th F
AAH oz, EFSA-20099] 159709 #3 3k % 707] &3 o] NCC-20120] £33+ 0] gt o]2gh
70708 FE kL 14719] study code, & 149 =Eox] £ o, NCC-20120|A % ZEHO
2 ALE Yt dE 59 Iwata 5 (1993) =202 HEQ 22 EFSA-20092F NCC-2012 t]e]E el
2% 2315 0] 9)e vhd Jakubowski 5 (1987) =Fo 25 EQ] £3 72> NCC-2012 o] Ejojut 38t
=] itk ol&# EFSA-20099 A+ 1966-2008\ 2] E3ol|A Ats +3& 3 b, NCC-2012 At
£ 1982-2012d9] R¥IX Foj ARE AHIHIES WalETh

AA B =Ro] wbggFR oA ARRE NCC-2012 A8 83 ¥ A%3 W4 9% 7l=F7
B2M Gl A= Table 2.30] 719 2FgARF ¥ ¥ ok}t Figure 2.1-2.3%} Zo] o27pA] 1
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Table 2.2. Frequency Table of Discrete Covariates

EFSA-2009 NCC-2012
Male Female Mixed Male Female Mixed
Gender
54 72 33 93 65 32
A age > 50 age < 50 age > 50 age < 50
8¢ 104 55 119 71
. Asian Caucasian Asian Caucasian
Ethnicity
127 32 153 37

Table 2.3. Summary statistics of UCd-GM and S2M G-GM after logarithmic transformation

=72 EFSA-2009 NCC-2012
log(UCd-GM) log(B2M G-GM) log(UCd-GM) log(B2M G-GM)
Min —2.04 2.71 —2.66 2.29
Q1 0.34 4.52 0.34 4.08
Median 0.88 4.91 1.13 4.96
Q3 1.60 5.53 1.97 5.50
Max 3.27 12.065 3.58 12.06
Mean 0.93 5.33 1.09 5.09
Histogram of log(Ucd_GM) Histogram of log(b2_GM)

1O - T N S

3 2 Bl 0 1 2 3 4 2 4 3} 8 10 12

log(Uicd_GM) 10g(h?_GM)

Figure 2.1. Histograms of Ucd-GM (left) and 82M G-GM(right)

=5 5o B EA4S aEsidlth FAIA SR, Figure 2.1} o] s|2EaS Fof + Wy 7
Zte] B2 &5 A5 K3 Figure 2.2-2.39] AHHEE 53 £ w4 7k A A E YT} Figure 2.1-

230 ME 2% Fl=B3 2MGL 21 W3E e AMRE9on, Figure 2.2014% EFSA-2009%}
NCC-2012 A2 thet £ - =7 284 901 Figure 2.304E o4l W4 &S 719] Ao
E S AR E S a3 Th AR EY XFole 203 8F JEFe] YEole ol Sk
23 W3 g2MGol 18 A lon, 8F Ft=FY f2MG] A9 247 o7 XA AU, F
W] BAE APHEoE BAY BAVF 288 29S¢ 5 Jdon, AFBAE uItd 2F
ZtEFe] EAS &% 32 VIF 2R 7177 Gt AP BAE A e 2o BldetA Bt
o}l2# Figure 2.32 NCC-2012 59 8% 7I=Fd B2MGE AHF=

7tzy 28-S wle] Apelg 7] fl8ke] Z47ke] o]aky wigro] w4 Jvh(fixed effect

£ 7 )5 283
S oj9) AAEE Yehdt) Figure 2.3 A Ed wl 929 plotol A& 504 mwkel AFHSof v]s)
e 504 o449l AFEE<], 72Ul plotollA& Caucasian®l] HIS|AE Asiano] AHS=E ¢ w2
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Figure 2.2. Scatter plots of Ucd-GM wvs. S2MG-GM : EFSA-2009 (left) / NCC-2012 (right)
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) 4 4 a
5 g it g o e
g s wt g
© = e + © 4 o
a + F o & Fa
a v+ o E
- R S R i
B % +o FHF 5 + * % *m vj;**f w7
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Figure 2.3. Scatter plots of Ucd-GM wvs. 82M G-GM with fixed effects

F2MGE A% wYE & 5 9. WA 28 43 A A Al T WrE TS
o] A3 Btk Aol e W S EEY plotol At Kotow HAsA o E AAR Aol 27

= d=en AA 2y A Al & A2 gkl 09 7P77}€ o= o 4= At

3. HIO|X|Ot A: Piecewise Linear 23 Y Hill 23 7|8t

3FoAE B =RolA 1A} e F UMK WSR-S FAHoR A9t olE HlEgo R
NCC-2012 2o thst Hﬂow A EAS AAISE o] #ste] 2" oA a7fE vkel 22 F 7HA] v

PL)3} Hill 23-& NCC-2012 #}50)| 2-g3to] 2+ 23 o A]<] o]
2 FAeo] that e Sasict. 289 Figure 2.2-2.300A4 & 4= Q150
F7re] REEEFAAE v o] A7) ufgel, AFATeIME 1Y PL 2 ¥} Hill
o mEsttt FARoRE A (3.1)(3.7)F 2ol RHH AFHARZE HA3EL v o] A ¢k

A
ol & f3l WA, B2MG HFE By 2 A3l 23 A4+ 32 (log-normal distribution; LN)E tw}h
AS, A SRE F2MGL AT 2, Vi 2A A (3.1)T 2L REE BErkn AR
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Y, ZlogB”kwN(,um,a—Q), i=1,...,t;, j=1,...,J. (3.1)
Y k=1 i

AAE NCC-2012 220 £3H f2MGe A&7k 73187 groegA A (3.1)3 2ol 190709 7t
o] A=, j= AE U2 study codeE oJuatn] 152E J = 1032 7153 e 712 4 glon,
NCC-2012 A5= 41719 study codeS zt=t}. ThA] @ald, 190719 NCC-2012 A5 35S 242t =
Eo] 7hs3h 7}1‘*‘7‘4% study coded ZHA = n, 1907]9] XPE Zroll g9 M2 o2 study coded] 3
AGE 410 B RSy t; = 190). WheS 2MGol e AuisrE 2% FhEFo
Zs5lon o] ¢ 2% 7}553 F4E = AR =B 2% (dose; d)ol] o5 REBEC} = 2%
TF UFE U E BYsta S2MGH 7 E 20 A £28 Wt 7pged, A 3
2% Jl=82 VST 3, Xy 24 A (3.2)8 22 EXE wlErky st

rkﬂ N o})l

~

1 & 62 . .
Xij:W;lOgUileN<dij,W), Z:L...,tj,]:l,...,(]. (32
webd #F2HE F A2 (Viy, Xip)3 A (3.1)-(3. 2)% 7PgekaL, S pigoll thaliAe A
233 4 (3.4)9 Hill R¥E IHEE st} of&d] AE7F #AE AR tE dt+

st = Qe YYEIE study codei FRF R, udlMe s, 2 BE3 Hof 4
(3.3)cll Z3=m, 4 (3.5)%} Zo] AFEEE /M)

) a1+ Bidi +veei + vaai +v99i + 55, i di <6, (3.3)
Hig a2 + Bg(dl — 5), if d; > (5, '
d?
ij = 0+ Ye€i + Yai +Y3gi + 85 + B X (77, s ) , di >0, (3.4)
d + €50
55 ~ N(0,Tst). (3.5)

N

2} (3.3)9NA Ve, Ya, 12 22 010 HBHE Al 7HA o8 WE, ei(UF), ai(AF), g:i(1E)e
e UEIT, i3} fot 2708 MY RN 7 TN A¥RY 7187 (slope), o
=3 (breakpomt) S aj(background) ¥ aes F F7HlA el ME oA 2] A H (intercept) S LEF
th a8 Aee 27 APRFNAY F WA PR B sFety] wjEel, AR ax =
a1+ f1(d — bd) 8] JAE W5 & 5 Sk Hill ‘jﬁéoﬂﬁh NEHLE a, B, n, €50 vl 7HA] 2
$7F 83, a(background)= 7 W2 dosed| A9 AggS, B(amplitude)= Hill FA10A 713
2 FEG W2 F2Y AolE, AFAE B4 ne SA FA9] FHE, eso® edsoh &3, F
iu-3- &) 50%0l th-8sh= %% Z¥zt ow) et} Figure 3.1004& o4ty wWo) &35 1ejst
A o2 7182 PL 233} Hill 230 FeiE 7124 2et 4 yehfaL Sick,

Ned Qrerezsy +11 2% BN 2MG ARE /1GWT AR Folv, olge ol
% #3058 A2E0 oa BREgel tha ko] +33lon Table 2.10] 2ok o] g ek 2
o] UCd-SD2} b2M-SDo] WS zheth olE 5o, 284 4¥ ulel o] Jakubowski 5
(1987)014 448 A2 59 ke UCAne 38, b2Mnl 324 A2 T2 BEU4R 28 7
Aw, 389 RF AZEH 3489 F2MGA D@ 7o) AT EREA0| ASH o} Yok o
e mREOC) AR 94 =Y Al UL} 2L PHo ABH = 4 (3.1)% (32)04 2
7o) log Biju 9} log Ui 7k B8 A7 AF0|M 548 479 B4 o°9} 0° S 2= AFRZE e

= M

H:l

L
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shape parameter
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T
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log(Ucd_GM) log(Ucd_GM)

Figure 3.1. Left: Piecewise Linear Model (4 parameters) / Right: Hill Model (4 parameters)

al 7]' ']6]' o axﬂi _/':}QE] BQMGQJ FH T']:_"/L(SZ B2M s SiQ,UCd)% é]l (36)-7’]' Qo] 21—7—]'— XQ'E‘-SE—% EE]—
22 ¢4 Aok
2 o’ 2
Si,BQA{ ~ ;X (’I’L»L—l), = 1,,190, (36)
>
Sivca~ —x*(mi—1), i=1,...,190

2 (3.1)(3.5)°l 7l€d AHde vigre s PL 2o thgh wio] A< #42 F337] fste] 2 2ol
tisted 4 (3.7)3% o] AR ZE A= Pt

a1 ~ N(0.001, 1000)(0, 100), § ~ N(0.001, 1000),

By ~ N(0.001,1000)1(0,100), B> ~ N(0.001,1000)I(0, 100),

g ~ N(0.001,1000), e ~ N(0.001, 1000),

~Ya ~ N(0.001,1000), % ~ Gamma(0.01,0.01),

1. Gamma(0.01, 0.01), 1. Gamma(0.01, 0.01),

02 Tst

d; ~ N(0.001,1000). (3.7)
21 (3.7)0 2AE kel o] ARBEEZEL HAbe] & HR A APHR 2 (informative prior)E AMS-3FS
o} maol AE ABAAS] FEHA 9] WEA LA A5 DA FoEH FAUA AUEE
o) Wi BTE A Y okgE FANA AREEE AL 1) A 23 BAGIA AT 5 Yt
APEIEIE 7L o) /-3 (improper distribution) 7} B & RAIE WA S SHlth. olef 22 AR EE

1: =

EFSA (2009)elM % AMEEloH, TUgt APHEE
th ok2# 71&7](slope) B5R1 i, G20 HieiA= & 9] o] F7hgel whet f2M G
ol 71t Aol Brdatr] wiel F9] e 2 A2 2 (truncated normal) & ARSI

A B an A, 7| 2H 2 EAYS= (background) f2M GO ol siBetER Fo Fhe 2 2
TE2E ARSIt T3, AAl AAl =2 AFEFY] Hdi)e FSFHA g1 2F Jt=FY
%Ur olell tf-g3h= f2MGE] Fo] ASH 7] el AT E nejetal AFAPAREE skt

AgFOEA T ATE HEASIES 59

O{N
N
r
sl
o

2 o
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Table 3.1. Summary of posterior samples based on WinBUGS implementation (PL model)

PL 29 Parameter Mean Standard error 5% Median 95%
Ya(Age) 0.2114 0.0549 0.1213 0.2117 0.3029
~e (Asian) 0.3286 0.3763 —0.3016 0.3277 0.9847
a1 (Background) 3.9550 0.3383 3.3640 3.9630 4.4820
d(Breakpoint) 1.7320 0.0204 1.6980 1.7320 1.7650
B1(Slopel) 0.0155 0.0132 0.0009 0.0117 0.0424
B2(Slope2) 5.2540 0.2804 4.8220 5.2340 5.7470
~vg(Women) —0.0037 0.0213 —0.0388 —0.0037 0.0313
7ot (Study) 1.215 0.2989 0.7744 1.188 1.746

Table 3.2. Summary of posterior samples based on WinBUGS implementation (Hill model)

Hill =3 Parameter Mean Standard error 5% Median 95%

Ya(Age) 0.1951 0.0545 0.1049 0.1948 0.2865
B(Amplitude) 9.0550 0.5825 8.3300 8.9500 10.0900
~e(Asian) 0.4975 0.3258 —0.0812 0.5521 0.9424
a(Background) 3.8230 0.2449 3.4910 3.7930 4.2920

e50(ed50) 2.483 0.0521 2.412 2.478 2.576
n(Shape) 18.7800 1.4220 16.4500 18.7700 21.1000
~vg(Women) —0.0383 0.0214 —0.0736 —0.0384 —0.0036

ot (Study) 1.251 0.3172 0.7878 1.219 1.823

Hill 23] ojg Wol g BAGME slarAR 4 (38)3 2ol 24 Bl tisiel Bake] 2 A
2 NAEEE 283191 a(background)2} B(amplitude), n(shape), €s50(ed50)2] 7 truncated
normalg 7}4 5}t
a ~ N(0.001,1000)1(0,100), 7 ~ N(0.001,1000)I(1, 100),
B ~ N(0.001, 1000), es0 ~ N(0.001,1000)1(0, 100),
g ~ N(0.001,1000), e ~ N(0.001, 1000),
)

~a ~ N(0.001,1000), % ~ Gamma(0.01,0.01),
912 ~ Gamma(0.01,0.01), Ti ~ Gamma(0.01,0.01). (3.8)
st

3.2. WinBUGSZ 0|23t 24

& dolX= 3.1%00A 7]&ed PL 233} Hill 233} ojof] & APFEE (3.7)-(3.8)F W22 H|
o|A|¢F FAE A Tt AR RAE A AA] WAt SEEAANA FE AHEEH = Win-
BUGS (Spiegelhalter 5, 2003; Ntzoufras, 2009) ZZ 133 o]&3tt}. WinBUGS| A= H| o] x|t
ALF 2o A B3 vkt SAFE ATTo2ZH AR Al Bl E AlFstr] wiol BMD A4ke
st Bﬂo]x]o} BEaoly thakdt AA| EAME &85 o %Cmq (Choi 5, 2010; Choi 5, 2010),
ol AePel EFSA (2009)14= WmBUGSE =3t 2 ATLS 1859t WinBUGSHA
< 51—375.@' ooty AR 7 of i F3t AXAH 7]E(DIC; deviance information crite-

= dedo] Ro]3l7] wie, B FoxE= NCC-2012 =29 tisle] WinBUGE ©]&
3 nf= g2 Ao BHZE(Markov chain Monte Carlo; MCMC) W2 a3 AR RS &30
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Table 3.3. Gelman-Rubin statistics

463

PL 298 Gelmen-Rubin £ 74 2 Hill 23 Gelmen-Rubin %A &
Ya(Age) 1.004 Ya(Age) 0.9994
~e (Asian) 1.277 ~e (Asian) 1.072
a1 (Background) 1.231 a(Background) 1.153
d(Breakpoint) 1.03 B(Amplitude) 1.022
B1(Slopel) 1.002 €50(ed50) 1.016
B2(Slope2) 1.037 n(Shape) 1.007
~vg(Women) 1.006 ~Yg(Women) 1.002
Tst(Study) 1.001 Tst(Study) 1.001
PL History plot : Age PL History plot : Study
$ o T T T T T T ° T T T T T T
Hill History plot : Shape Hill History plot : Amplitude
s —-- Chain3
" =

0e+00 Pe+04 46+04 fe+04 ae+04 1e+05

iteration

4e+04

0e+00 De+04 6e+04 8e+04 1e+05

iteration

Figure 3.2. Trace plots for posterior samples(vq,7st) from PL model(top) / (n,8) from Hill model(bottom)

PL

H R Yt WinBUGS 1382

w33} Hill 232 42 4983 ¥ 2y

H 2y

A& 100,000 9] WHE (iteration) 3} ©] & 80,0001 2]

£ 2RAgel A8

o]lE X3l ALE

2 9FF Gelman-Rubin SA &2 ZoA & 5

80,000 ©]Z9o] ANERHEE] ZF
AN e 7t ®

mESo) AP T 45

THES

2o gt AFEEEO] trace plote] 2
plotl M= JA] F7]d0]u; FAI7F glo] S H] <ollA SR Adss &
Hohe AS A 4 9t

2] of

olx=
oxo

vreh AL Slch

AR 20,00071Y] AR

foke
| o7
F7H o2 M= g Al 79

o] NCC-2012 AA82E & A3 sh=A] 4
A3 M 7ol vl Iz Al (Markov chain)& A3 ZF chainoﬂ
42234 (burn-in) =
5} Table 3.1-3.237} 2o Table 3. 301]
1o S AR 4 AAT ol
weaz o

X7} Figure 3.2 F2o1A i1, ©]# 3t trace

& 5 glom wet A
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PL model Hil model
- — - = — N
= 7 — 7
— Mean . — Mean
—i= 2.5 '
o~ - - -  Median N o~
| h _
- c--=-  97.5% &£ fo -

10
|
10
|

log(h2_GM)
log(b2_GM)

log(Ucd_GM) log(Ucd_GM)

Figure 3.3. Dose-response mean prediction curve from PL model(left) / (n,8) from Hill model(right)

(¢}
/1 (dose-response mean prediction curve)-2 Figure 3.33 2t} HFuhgs832 4 (3. 3)7(3.4)01] A
A9 pi; & Hushy oy gk FEukg& ol it A S5IFAE Qojul7] fte], MCMC WH o8 &
E 20,000708) AFEFEEO2HE ;S A4S Figure 33014 & 4= gl%o] @]Z%* of thgk A
S 3= (posterior mean curve) I AFEZ 914 (posterior median curve) ©] Wj-$- F-A}51H, o
2] Figure 3.32 oS30l tfgt 95% A= 77+ Z33lar ek
NCC-2012 AA At th3t PL 283} Hill 2P o2 RE dojz FFuhe83F oS3 ¥k ofjgt
Figure 3.4-3.50 A= <18 (504 ©]4H/n )JJ— ?1% (Asian/Caucasian) ol w2 o eHS-8FF49 A}
0|2 RojZr}. Figure 3.4-3.50142] F = M9] }o]i= Table 3.1-3.20]42] AlEm R #t
29 ok 2 9ty =, Table 3.1-3.20] L;g ule} o], Aol we o) (va; Age)et 1Fol W 2}
0] (7e; Asian)= 00] opd -9 n|3t ZES 71X, o] 8t x}o] 7} Figure 3.4-3.50] ¥FIE S o 4 Y=
dl, ZZF 504171 @ A9 ofAlople] 271 504 mTke] 329} Caucasian®l 7ol H|s|A 8.5
ZEIEEZLO] SR f2MGY X7 2ol S & 5 ATh o2, Table 3.1-3.20 &okd w
Zo], Aol g Aol (yy; Women)= 00 Wi 7S & 5 glen, o] 3%, 3-8 334ds
I9 7 FA49 2ol UERA] 57| wiEell B =79 A= *3@'3}93‘3}-

4 (31)-(32)°1 2.F8 AFEEL MO R PL 23} Hill RYoIA) F@3§Fo) @ 53
q

3.3. J|=8 Atk % DICE

3.280A= WinBUGSE AH&3te] PL ¥ ¥} Hill 23] thet wlo]A gk £4& AASaL, o

o] 7t Bapol] ek AR RES 22T 4 Atk B HoA:, o ARE wiEeR Vs

ZFHBMD)E Aits 33t 2y 3 71ed NCC (2012) AH2E B4}

=8 AolA o e 2 FA oA AFH K 9T},

BMD A4kE 84 4 (2.2)0 HE extra riskE HIFOZE § BMD A4HE 13t o] HL
2y

il’ﬁ

7128 (BMR) o]l tidfiAle 5% E 10%2] 9@FEel] B8
BMDI10o|2t A HSes dth. FAHOo= PL 233} Hil
20,0009 AFFEEES BMDE F53 4 (2.5)0 thdstol 20,00071¢] BMD ARZEE g1 A4bst
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PL model Hil model

©  Age>50
Age 250
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Figure 3.4. Dose-response mean prediction curve with age effect from PL model(left) / from Hill model(right)
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Figure 3.5. Dose-response mean prediction curve with ethnicity effect from PL model(left) / from Hill model(right)

dl

1, °]& ©]&35t] BMDY 4l-&F7F(credible interval)& Tt Fo] X AlFEo gt BMD &}st
Zr(lower bound; BMDL)& F3L=% 3t} 0|23t AA BMD =5

ARERES AR A (2.5)0 ddstd 78 = glon, g e WinBUGSE F3l|A 3] 7}
S3lth 4 (2.5)9] Fo1- BMD 243 Zo] BMD A HsiAE Ak (cut-off; ¢*)o] 23t
B =704 EFSA (2009)o14 AME-E FHE FollA vk g2MGel tis) 13" F 712 g,
(300pg/gereatinine, 1000ug/gereatinine)-& AH&3FAth Table 3.40 2 2FH ule} o], BMDo]| tf
3to] AlE RS B3 FFA FH(BMD5, BMD10)3 MCMC W& S8 59 AFFRES] 3259
%o T)-25= BMD 8HaigH(BMDL)S 78 4 9lon, 74202 Table 3.49] £k8 7 BMDL5S}
BMDL10<S Z+2F &% BMD59 BMD102] AFSEH 29] 5% 313 TREYSE o u|3it};. Table
3.4 A= Asian AFol thet 4E7} Aol W2 BMD #ES 2950 glon, o2d A3E &3
A E uf, AFe] 50M7F o7t Zt=F X0 gt 7&&Fo] WolAE g BE AT & A
Ron, Al we} 7| &8l A 22 2fol 7t ot Aol wE AfolHrhs mf uAg Zo®
Holn, o]2]dt A= 3249 RIAY A} H3HS & 5 Ut

Table 3.501A+= NCC-2012 2t5 &5 wigo g & =FojA #A4+st BMD gz EFSA (2009)A B3
B 23S vjwsiith. EFSA (2009)2] Table 1894+ Caucasian®l 504 ©]AFQl Wxlof tfsle], &
7k 300 pg/gereatinines} 1000 pg/gereatinine< ARE3F BMD7} AlAlo] Elom, o]#fst A=
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Table 3.4. Estimates of BMDs: PL model/Hill model
Ak 300pg/gereatinine

Asian, Men, Asian, Women, Asian, Men, Asian, Women,
PL model
age < 50 age < 50 age > 50 age > 50
BMD10 6.1280 6.1300 6.0100 6.0120
(BMDL10) (5.8740) (5.8790) (5.7790) (5.7830)
BMD5 5.8980 5.9000 5.8170 5.8190
(BMDLS5) (5.6680) (5.6730) (5.5780) (5.5860)
Azt : 1000pg/gereatinine
BMD10 7.3380 7.3430 7.0670 7.0710
(BMDL10) (6.9120) (6.9180) (6.6700) (6.6790)
BMD5 6.9040 6.9080 6.6590 6.6630
(BMDLS5) (6.5080) (6.5130) (6.2950) (6.3030)
Z+gk : 300ug/creatinine
. Asian, Men, Asian, Women, Asian, Men, Asian, Women,
Hill model
age < 50 age < 50 age > 50 age > 50
BMD10 5.7080 5.7680 5.4110 5.4670
(BMDL10) (5.1100) (5.1690) (4.8500) (4.9080)
BMD5 5.0100 5.0710 4.7140 4.7680
(BMDLS5) (4.3990) (4.4600) (4.1510) (4.2060)
Hhgh . 1000ug/creatinine
BMD10 7.6710 7.7290 7.3590 7.4190
(BMDL10) (7.0600) (7.1280) (6.7510) (6.8220)
BMD5 7.1180 7.1830 6.7760 6.8430
(BMDLS5) (6.4410) (6.5160) (6.1020) (6.1770)

Table 3.5. Comparison of BMD estimates between EFSA-2009 and NCC-2012

Caucasian, Men, PL model PL model Hill model Hill model

age > 50 300 1000 300 1000

BMD10 5.86 6.92 5.73 6.77

EFSA-2009 (BMDL10) (5.41) (6.17) (4.97) (5.94)
BMD5 5.57 6.43 5.25 6.33

(BMDLS5) (5.09) (5.78) (4.45) (5.46)

BMD10 6.32 7.71 5.86 7.83

NCC-2012 (BMDL10) (5.96) (7.14) (4.99) (6.89)
BMD5 6.04 7.25 5.52 7.29

(BMDLS5) (5.73) (6.71) (4.30) (6.26)

£ Table 3.59] 2°Fd AF} upd7iz 2, NCC-2012 A0l th3l] A4+st BMD ZEE3 v 2 sttt
PL 233} Hill 28 53k NCC-2012 At20) th3t 2@ Az o= %f& BMD AAHEGE ofu g},
T 2 Jled, oqust 23] NCC-2012 255 24 oA o et BHYAZLE wlo| A%
2yAd FA@oA AHEEE 3t olzgh oAt By M-S ﬂﬁw% Wo] x| ¢t 2ks A9
A AAFRo 7 AF ARREHE 7|E F9o dhol HAHH 7]|F (Deviance Information criterion; DIC,
Spiegelhalter 5 (2002))< o] 52 st} DICE 7|F07 RS Azl Ao o] 22 Zhe]
DICE Zt+ BE3o] A5Hm, 53] WinBUGSOA+= ©o|2]dt DIC g Ao AlFat7] uf&ol
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Table 3.6. DIC values from simulation data as well as NCC-2012 data

D D Pp DIC
PL 24 HAE/PL 29 30340.800 30113.400 227.489 30568.300
PL 2o A x5 /Hill 23 30400.000 30167.700 232.350 30632.400
Hill 25 /Hill 28 31096.600 30910.700 185.903 31282.500
Hill 2t /PL &3 31119.500 30892.700 226.801 31346.300
NCC-2012/PL 28 31874.400 31652.500 221.925 32096.400
NCC-2012/Hill 23 31913.600 31683.600 229.921 32143.500

(Ntzoufras, 2009), A A| #W o] x|t g B4 oA 83 AHEHT} (Lee 5, 2011; Oh 5, 2012).
#HAA}F AR 7]2(DIC)2 4 (3.9)%} Zo] A=,

DIC =D + Pp. (3.9)
D Ry AYEE S Fo2A Ax] AZ7UXE YeY Pot B39 HAEE e
= ogx §F 249 Jf5E onstt} (Spiegelhalter 5, 2002). DICO|AlE AFE HFS o] &3}
o] R3] AAEE ALt 224 AICH BICSE 22 URbAQl R e 7|52 543 490 )
Fohe Zor 3T 4 glon, weolx et RYPMdE ] VEer 8351 AHEE T} (Spiegelhalter 5,
2002). DIC+ 21 ko] &2 E‘o Y55 Fo A8E ¢ & AWt BP0 R IFHH, o]E nige
2 NCC (2012) #}=ol tiste] PL 233} Hill 2¥3tel41¢] DIC 3

1S WinBUGSE 53 Axlsir
=5 siolrh. o] & fAste] WA PL 23} Hill o] H(true)?d R olebar 7PEstar Rojdd A5
£ 747 AAsta 7k Akl wiste] PL ‘jﬁéiﬂr Hill %S 72 4 J?‘fPO:l ol tj-&-3h= DICE A4t
sto] AAZ Rl BYelM Ap57t A= e wl, DIC7E § ZA U4 gls i, NCC-2012 2
Foll A-gsfH gttt 023t A= Table 3.690 2oF= o] et 24d¥et 53] AsiA 2Ad geEs
A E o, DICE 39l BaoA] AAE RojAdzte s} 2ol By AFHS of o 27 2 3}o
& 4 Jeon, NCC-2012 zkgo] A3 S vl PL 23142 DIC gro] & tf 2 741/‘}304 o, o]
53l PL 23] NCC-2012 A5 AHWst7]ol & o v Boleta dEe Hele Zo] Basii

4

® o el AT EFSA (2000)o14 AH53F 7hE g Aol & A7) 4 2344
z 1 @7o] e AR oS ASHS] fAULIA] e ol
2 AT o2 wiFoR AEEYel B FAYEES AT ol Aokl S4B
%

o
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e o
oo % 2

=7

ml
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2, 9%, study code S 22 43 719 7]]@Zq FAL bt a4~ Q)

19 BRYEEAE AAsHTE ol st 7 74| 2ol thEt Ao x|t 24
23x Az 2 Z=E (Markov chain Monte Carlo; MCMC) ¥
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Aol &I} (random effect) & EF o A AT PL 29| A3 AF} Asiand ufl, Age”} 50 o]A4<Y
HAgAo] o oA+ AL EAsglon, e W XfolE Hus B e W& FEHAE X
Folgk 4= QI%, o= EFSA (2009)9] AFds FAS BEAZAAL g 4 Q). 71&
(BMD)£ Abel 3R (5%, 10%) 71W-goll diafiA F 7FA dghS A&t AlLbetglon
, 9= Add] w2 BMD 2479 vlzrt 75sank. AAz BMD 2R AT AT Ao
cq% 2}l = Tga{zm 2kokom Asiano]i Age7t 50 o4 Y w] o WA FFHNS ¢ 5 AN
o]H 3 AHEL F2 Caucasian®] 2ol HS FUH EFSA (2009)9] 235 ®Heke 4= )
B =R /EAQ 7= F SN AEE0] #557] o8 ul, AR Fl=E & =
ATLZAIA7F BRuE AFEAENA A ASES AR5 393l gt vEREAE WolAQ
HANA st o POk ofuE} thekst SA4EA EHT"J %o‘i'}%—ﬁr’ﬂ
o

o, ot ﬂl[ﬂl é £

mE

r

)
o
Siif
X
oL
g
O
T
nﬂu
Flu:

Zlojth. & =gell A 3k Mo x|k B4 7] 2AR] vgr By Jte® g 7‘°1U1 °lE &
A<l A oAk P B vk RAL FFHAAE 2T Aol o2 3t
7 =R ARRSIR Y A

;B EEolA AR AR W oo A AHeEe uHstL, & =8

HFE 58 veol, 49, g0l whE AolE aste A flofl Choi 5 (2010)014 A+ wket
ZE Hr} dubAola bl AS A w0 At Bl B AL o]F 53 BMD Alde FF
A & A Zs) & Zeltt
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