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ABSTRACT

Objectives: The purpose of this study is to suggest an optimal method by comparing the analysis methods of
work environment measurement datasets including left-censored data where one or more measurements are
below the limit of detection (LOD).

Methods: A computer program was used to generate left-censored datasets for various combinations of
censoring rate (1% to 90%) and sample size (30 to 300). For the analysis of the censored data, the simple
substitution method (LOD/2), B-substitution method, maximum likelihood estimation (MLE) method,
Bayesian method, and regression on order statistics (ROS)were all compared. Each method was used to
estimate four parameters of the log-normal distribution: (1) geometric mean (GM), (2) geometric standard
deviation (GSD), (3) 95th percentile (X95), and (4) arithmetic mean (AM) for the censored dataset. The
performance of each method was evaluated using relative bias and relative root mean squared error (rMSE).

Results: In the case of the largest sample size (n=300), when the censoring rate was less than 40%, the
relative bias and rMSE were small for all five methods. When the censoring rate was large (70%, 90%), the
simple substitution method was inappropriate because the relative bias was the largest, regardless of the
sample size. When the sample size was small and the censoring rate was large, the Bayesian method, the 8
—substitution method, and the MLE method showed the smallest relative bias.

Conclusions: The accuracy and precision of all methods tended to increase as the sample size was larger and

the censoring rate was smaller. The simple substitution method was inappropriate when the censoring rate
was high, and the B-substitution method, MLE method, and Bayesian method can be widely applied.
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Assumption »

Log-normal distribution with
true value of AM=6.98, GM=3.76,
GSD=3.04, X95=34.41 and a single LOD

I } l

Sample size » ‘ N=30 ‘ ‘ N

60 | | N=100 |

| N=300 |

| l
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substitution

|

analysis »
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| Estimation of AM, GM, GSD and X95 ‘

Fig. 1. A graphical diagram on the simulation study design. The dashed line means that the rest of the items proceed the same
(AM: arithmetic mean, GM: geometric mean, GSD: geometric standard deviation, X95: 95" percentile, LOD: limit of
detection, MLE: maximum likelihood estimation, ROS: regression on order statistics).
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Fig. 2. Relative bias of AM (a), GM (b), GSD (c), and X95 (d) estimated by five censoring data analysis methods for datasets
generated by a combination of censoring rate and sample size (AM: arithmetic mean, GM: geometric mean, GSD:
geometric standard deviation, X95: 95" percentile, LOD: limit of detection, MLE: maximum likelihood estimation, ROS:

regression on order statistics).
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Fig. 3. Relative rMSE of AM (a), GM (b), GSD (c), and X95 (d) estimated by five censoring data analysis methods for datasets
generated by a combination of censoring rate and sample size (AM: arithmetic mean, GM: geometric mean, GSD:
geometric standard deviation, X95: 95" percentile, LOD: limit of detection, MLE: maximum likelihood estimation, ROS:
regression on order statistics, rMSE: root mean square error).
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Table 1. Censoring data analysis methods with good performance by sample size and the degree of censoring

Percent Sample size
Parameter
censored 30 60 100 300
Relative bias ( +5%

AM 10 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
70 M/BS/Ba M/R/BS/Ba M/R/BS/Ba M/R/BS/Ba
0 BS/Ba BS/Ba M/R/BS/Ba

GM 10 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
70 BS/Ba M/BS/Ba M/R/BS/Ba M/R/BS/Ba
Q0 Ba Ba M/BS/Ba

GSD 10 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 M/R/BS/Ba M/R/BS/Ba M/R/BS/Ba M/R/BS/Ba
70 M/BS/Ba M/R/BS/Ba M/R/BS/Ba M/R/BS/Ba
90 M M M/Ba M/R/BS/Ba

X95 10 M/R/BS/Ba M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 M/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
70 M/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
0 S/M/BS S/M/Ba S/M/R/BS/Ba S/M/R/BS/Ba

Relative rMSE ( 20%

AM 10 M/R/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
70 M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
0 M/R/BS/Ba

GM 10 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
70 M/Ba M/R/BS/Ba
90

GSD 10 S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
40 S/Ba S/M/R/BS/Ba S/M/R/BS/Ba S/M/R/BS/Ba
70 M/BS/Ba M/R/BS/Ba
90 M/BS/Ba

X95 10 M/R/BS/Ba S/M/R/BS/Ba
40 M/Ba S/M/R/BS/Ba
70 Ba S/M/R/BS/Ba
0 S/M/R/BS/Ba

AM: arithmetic mean, GM: geometric mean, GSD: geometric standard deviation, X95: 95" percentile, rMSE: root mean

square error, S: simple substitution, M: maximum likelihood estimator, R:

regression on order statistics,

BS:

beta-substitution, Ba: Bayesian estimator, The bold text on a grey background means (1% for relative bias or {15% for

relative rMSE.
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2015¥3 2016 WEMDS] | A5 &A% A3
T 2T AT HEY 64719 AEF A 3 AR 49
= 757IR ARIERE RS = FoHA EHE
€9 FYU5= 84.6%= EAEEC| ¢ =52 ¢ &
AHKoh et al., 2021). A4 W 34 E g9 =
O& Zopx|A| "o}, webA, & EEO] w2 EHEEQ
A 240 3% "y Ag=E 25 18T
o #|o] Xt WS AREst= Aol B ARt HHAM
E= GM) 4 23 AT Aolt}. & AollA] o]
Aot S 857 o) AR AP B2 ut 7
(=1/)°] qaA= FAHE AFAEZ(nhoninformative
prior distribution)o]X|gt  ©o]&°] Tl GM
(=exp()2 GSD(= exp(0))oll tHolAl= FJEA ARE
X(informative prior distribution)& AM&SH A3} 5
Yot AHA APAREEE o83k A3t WsiA Huynh
et al. (2016) H[E} thAIH #|o]X|Qt ®HH-E Bl w51
=t JEA APAGEE o83 Hlo]x|Qt HIH} w[e} of
Aol FARE Fro] Hakdat FE=E vehdth= 2
W HY, 2 A9 BoAY Ao} A%k &
Atk & AtollA et I 9] e gt 244
E4Z 99k thaa A

o< tiAE S LODH|YHY] g2 LOD/2= HiAIsH
7] 2o BT =& EXE LOD/20A HHgh
AT FAFstaL O A3 EHEE0] 5255 GM2 &
9] HFIS, GSD+= =9 HF s 4= A& 29
oA ERIskAT. < dAHS o2 Y g2
Al A7t feFEEE gETal 7PYSHA] geEs
AM} X958 & 4 GM¥} GSDE °©l-85HA] gkA|qt,
AM2 GM¥} H|&SHA #3271 AdEleng E4E
0] 2255 ¢ HFES Eth o iAol A
X95= ARE 7P A2 ARE & sAd=E Uddt
T A9 5% 291 ol sidole AEgEE X95= gt
ojg} T2 wWhHE IHEO| FU|7t FAdl, EHEE]
95% mTRl AHoll= A HIFFo| gle ZHE e
Tt Supplementary Table 1914 n=300%1 %94
Aol EHEEC] 4Hglo] X959 AiE HIFd2 -
0.6%, rMSEX 13.7%2 454 A Ao 535t
Al Utk SRt 29 27171 AE wile BeE A
shotA 4T JEI7E BEstal FEstA 49 5%2
gho] EA45HA] = A7 WA ] wiol €4 Hx
9] HgFgo] HATHN=30, 60°A BFAHLZ 5%
Fro] HFEE HY).
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ROSE= #29] 717 & 395 ALstal ExEE0]
=2 BE ROy AU QoA AM, GM, GSD9| H3F
/43t rtMSEZ} A Uttt o= ROS7} thg 322
2E SRR, FEH(ordered) #SHE THH
F2 o= IAEHNA y-EHI 7172 In(GM)H
In(GSD)E Fgsh= ®<ddl, LOD v|gte] HEd #=
FEL 5 5YUSH LOD g Zi7] wjiof y-HHy}
71€719] F4olA B5 wHakdo] el 11 Hr= &
HEE0| oS oIt ROSS| TS 7HAIslA
AAIH(Imputation)® HEH(method of moments)
S Z339t AdKroubst) ROS7F A= AtHHelsel,
2012).

MLE= 7% o] A FHEHe WHoly
(Hewett & Ganser, 2007; Huynh et al., 2014) &
o 77} &4, EHEE0] w2 AE Ee EoA
HF 7 rMSEZ} Hgl thAH o Hlo] x|t ¥ Kot
% A U= Zo] IEEH UM o= MLEZF JE 9
o] Zojx| WG == QUA|qt, 712 EnvStats®] &
F7F MLEE AAE o) +8EAE AT 7FsAdo] Sl
AR, n=30 T= 600]2L EAEEC] 90%% HoJAF
A MLE <=EA0] et 17t oy ¥ A==t o]
g3 209 EAl= F7HE0E FEo| Easitt

Her g2 o tiAES ERAX BHeE 1
23 IE HoA Bl AN £2 Y ARE
Hol9l, He dAHEE AtRt Ganser & Hewett
(2010)9] AF+ZT} FARYCE sHARE oz AM
= At Uy neso] gigh #F 2 &K standard
error)7t ¥&A A &7] "ol 77 FHS ot
EAEfH(bootstrap)dt 22 WS F-&ajot gt
(Huynh et al., 2016).

Ae t2A & AL ARt Ut Hewett & Ganser,
2007; Hornung & Reed, 1990; Huynh et al.,
2014; Huynh et al., 2016; Tekindal et al., 2017).
2 AFoNE #E2 A719F BEFEEC] et o= skt
9] HXgtE WHE sl oleHtkTable 1). &2
3717} 10071 ol/dolHA EHEE°] 40% olstel 4
9l 57HA] WY BHE AA-SHA B 370l Thsoitt
I weEo 322 3717 2 EFEE] AAA H
o A BAARY, HE iAol w0l
QF EA1%, MLE o] Adsirtal & &= et 1=y
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X95 49 AL & dANE EAEE0] F90%)
Aol FNEYEF (£5% oA H& 7FsotATt

2 A= 2 7HA Aol ok AA, HE A=
B = o] Bx EAof ot Gt 4
S=d, & dFoA=s @Y LODY A2yt
7Hgote] HOAHE Skt Huynh 520142
LOD7} 98 7} Q= A Exet &34 a8+t
H ¥ (mixed lognormal distribution)E 7145t H|
g} At MLE, H|24 4% (the Kaplan-Meier,
K-M)Z H|wstl=t, 9t dedd2Es 5 719
oldAR]l =& o] 74 tE i FHEEE 7HA
HA EgEo] Aokal 78 AAT. & AollA=
WEMDS| & k=& E49 AP+ Ao 7|x5to
@d LODO] i rEETE 7ottt WEMD+=
= eF 18097 &4 7=l oo &4 24E 23
7t 22l A=o)7] "ol 7 BA7|18 BA717] S5
o] Wzt LOD7} & &= Stk 18y st 7z 7]

7k 27130] & B40] glo] Hrt ZEst 2L
(el ICP-OES)7k 94 4= ghont, WA Aulmct 17k
o] wEo] THEEC] /PSS UNFHEAZIAAY)

o

N
4 LOD H5g7HRas 7hget 23 BF fARE 2t
E 2usa otk B4, BEA719 BHEES 47 4
M 20 WHAA FI ZFH AUEeEs B
AHS sttt wEA i EE F7]Q1 30/0ET}
oS 22 9o disiAe BEI7] 307MAS WY &
ATAIE IR H8F Sk glovw, BE St 3
ASE HE=Tt BE WoldE fFYsfor Stk

V. &

rhu

@ LOD7} Sl tEARES 7ot ot
2 F7](30-300)2 EAEE(10%-90%)= 23T A]
UE|eof met oAl 71 E4E A= E49(L0D/2
oA, Her A, MLE, ROS, Hlo]x]ehe] 4= &
A (AM, GM, GSD, X95)°f| gt Ze=E vl H7}
gt At 3ES7F Fa, BEHEE0] ALSE 4 i

Journal of Korean Society of Occupational and Environmental Hygiene, 2022: 32(1): 21-30

E9] Aoy} dolrle E4o] ARIETE RV
7} 1007 oldolHA EHEE0] 40% °lotl F--4l
5744 W B A-oHA| K4 70| 7hsst o,
FEF77} 30702 Zra BEFEE0] 70% oY AXA
g de dAES 2HERT, e diFgoly o]
At BA4% MLE "ol H&sitta & &= 9t} 18
U X95 39 #A¢ W gAYE EHEL0 2
(90%) A2ol= AHSF (£5% TFoAME= AL 715
Stact.
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