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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models

Pesticide Sex Endpoint ~BM? AIC SR’ P BMD BMDL BMD/ RN®
BMDL

Acephate  F  EryChE" LL 12 -03 0.920 17.9 5.1 351 (1,2)
Carben- NA Malforma- L 26 0.1 091 886 75.9 117  (8,9)
dazim tion

NA LL 27 -05 086 5192 1986 2.61
Carbo- F  EryChE LL 14 07 068 49 1.6 3.06 (10, 11)
furan M  EryChE LL 14 06  0.86 5.4 1.7 3.18

F  EryChE LL 15 06 073 5.4 1.2 45

M EryChE LL 15 06 071 5.5 1.6 3.44
Chlorpy- F  BrainChE” LL 9 03 0.97 0.06  0.006 10 (14)
rifos M  Plas- LL 10 03 0.96 0.05 0.005 10

maChE”

F  EryChE LL 10 0.1 0.99 0.07 0.004 17.5

M EryChE LL 9 004 099 0.08 0.007 11.4

M PlasmaChE LL 18 03 0.91 124 023 5.39

F EryChE LL 16 04 093 1.22 024  5.08

M EryChE LL 16 03 0.97 100 023 435

F  EryChE LL 10 0.1 0.95 0.32 0.05 6.4

F PlasmaChE LL 12 06 072 0.25 0.03 8.33

M EryChE LL 9 03 0.91 0.85 0.08 10.6

M PlasmaChE LL 11 06 072 034 005 6.8
Metho-  F  EryChE LL 11 005 088 044 0.1 4 (42, 43)
myl M EryChE LL 6 0 0.99 0.35 0.16  2.19

F EryChE LL 11 -0.04 086 0.35 0.11 3.18

M  EryChE LL 10 -0.1 0.99 064 010 64

F  EryChE LL 9 -0.1 0.98 0.52 0.10 52

M EryChE LL 10 -0.1 0.99 0.61 0.09  6.78
Feni- F PlasmaChE G 11 -0.1 0.94 1.10 043 256 (31,32)
trothion M PlasmaChE G 10 -0.1 0.94 1.33 045 296
Terbufos F  BrainChE G 14 -001 099 0.58 0.19  3.05 (59, 60)

F PlasmaChE G 17 -0.1 0.87 0.43 0.17  2.53
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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models

(continued)
Pesticide Sex Endpoint  BM® AIC  SR” P BMD BMDL BMD/ RN?
BMDL
M BrainChE G 8 -0.02 099 0.68 0.21 3.24
M PlasmaChE G 12 -0.04 0.96 0.54 0.19 2.84
Paraquat M EryChE G 328 -0.03 096 3.32 1.94 1.71 (46)
M Cataract G 304 -0.01 048 4.13 2.85 1.45
Captan NA Adenoma-
carcinoma G 346 -0.04 0.18 406 126 322 (6,7)
NA Kidney G 99 -0.16 0.52 320 172 1.86
adenoma
Methi- NA Adenoma G 244 -0.18 0.008 0.056 0.007 8 (40, 41)
dathion ~ NA Carcinoma M 299  -0.007 0.83 5.11 328 156
Carbo- F PlasmaChE M 299 0 0.63 78.2 77 1.02 (12)
sulfan M PlasmaChE M 376 0 0.016 702 67 1.05
F EryChE M 360 0 0.17 78 77 1.01
EryChE M 353 0 0.54 66 66 1
Fipronil NA Thyroid QL 70 -1.3 0.72 4.84 3.32 1.46 (33,34)
adenoma
NA Thyroid M 166  -0.39  0.90 0.04 0.02 2
adenoma
NA Thyroid G 112 0.03 0.13 4.52 1.71 2.64
carcinoma
+ adenoma
NA Thyroid M 68 098  0.09 4.03 1.35 2.99
carcinoma
Ethephon NA EryChE M 397  -0.004 0.005 757 713 1.06 (26,27)
Tri- NA Liver tumor QL 33 034 0.16 405 132 3.07 (64, 65)
adimefon NA Liver hy- LL 189 0 1 170 28 6.07
perplasia
Propineb NA Tumors G 160 0 0.03 76 35 2.17  (52,53)
NA Lymphoid LL 204 142 0.03 100 43 2.33

hyperplasia
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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models

(continued)
N . B 5 BMD/ o
Pesticide Sex Endpoint BM” AIC SR P BMD BMDL RN
BMDL
NA Hepatoad- LL 261 -0.002 0 90 11 8.18
enoma
NA Hepatoad- G 379 0.001 0 163 23 7.09
enoma
NA Hepatoad- LL 248 032 0 3 2 1.5
enoma
NA Thyroid LP 133 -0.01 O 4.2 1.1 3.82
lesion
Iprodi- NA Space be- LL 116 -0.09 076 79 13 6.08 (38)
one tween body
wall and
organ
NA Small fetus LL 104 042 086 38 16 2.38
NA Benignand M 132 -022 1 213 72 2.96
malignant
liver tumor
NA Lutemoa LL 104 -0.72 0.08 172 93 1.85
8,9-ziso- NA Leftpalate, LL 60 -0.16 0.99 0.06 0.03 2 3)
mer of fetus bsais
avermec-
tin B1

Aver- NA Left palate, M 100 0.05 094 0.39 0.12 3.25 3)
mectin fetus bsais

Chlor- NA Adrenal LL 141 -1.6 0.10 22 1.72 12.8 (15)
pyrifos- vacuolation
methyl
Thiod- NA Liver LL 139  -0.01 041 71 35 2.03 (61,62)
carb masses
NA Kidney LL 266 0.14  0.81 35 22 1.59
mineral

deposit
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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models
(continued)

Pesticide

Sex

Endpoint

BM”

AIC

SR”

P

BMD BMDL

BMD/
BMDL

RN

Propa-
mocarb
hydro-
chloride
Difluben-
zuron

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Kidney
mineral
deposit
Hepatocyte
pleiomor-
phism
Hepatocyte
pleiomor-
phism
Spleen hae-
mosiderosis
Hepatocel-
lular carci-
noma
Hepatocel-
lular ad-
enoma
Hepatocel-
lular ad-
enoma

Tumor

Stomach
acanthosis
or hyper-
keratosis
Stomach
acanthosis
or hyper-
keratosis

LL

LL

LL

LL

QL

214

278

129

174

169

296

158

146

179

141

1.45

-1.05

-0.01

0.39

0.01

0.001

-0.91

0.03

-1.4

0.05

0.34

0.56

0.12

0.68

0.98

0.54

0.26

615

11

274

259

74

28

97

35

59

67

89

36

49

17

33

25

44

9.18

1.83

3.08

7.19

1.51

1.65

2.94

1.8 (50,51)

1.4 (18)

1.34
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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models

(continued)
o ] o 5 BMD/ 6
Pesticide Sex Endpoint BM” AIC SR P BMD BMDL RN
BMDL
Propoxur NA Bladder LL 61 0 1 202 74 2.73 (54, 55)
hyperplasia
Dicofol NA Liver ad- LL 83 0 1 22 15 1.47 17)
enoma
NA Hepatocel- LL 197  -0.55 0.03 10 5 2
luar carci-
noma
Etofen- NA Adrenal LL 358 052 087 29 16 1.81 (29)
prox vacuolation
NA Adrenal LL 197  -0.08 0.05 83 30 2.77
vacuolation
Fenari- NA Hyperpal- LL 64 -0.14 046 5 3 1.67 (30)
mol stic nodule
NA Hepatic LL 33 -0.04 0095 11 6 1.83
adenoma
Bifen- NA Bladder P 274 195 0 18 15 1.2 5)
thrin leiomyosar-
coma
Flusila- NA Hepatocel- LL 72 -0.59 090 27 11 2.45 (35)
zole lular vacu-
olation
NA Hepatocel- LL 8  -0.09 0.60 12 7 1.71
lular vacu-
olation
NA Hydrone- G 221 -183 0 0.49 0.41 1.2
phrosis
NA Liver acido- LL 153 0.01 097 5 2 2.5
philic foci

NA Liver dif- LL 266 0.05 0.88 2.25 1.12 2.01
fuse fat
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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models

(continued)
o ] » 5 BMD/ 6
Pesticide Sex Endpoint BM” AIC SR P BMD BMDL RN
BMDL

NA Squamous M 59 0.02 0.20 10 5 2
cell carci-
noma

NA Hepatocel- LL 249  -0.66 0.40 1.89 0.86 22
lular fatty
change

NA Hepatocel- LL 202 0 035 25 32 7.81
lular fatty
change

NA Adenoma LL 438 -035 0.08 268 46 5.83
+carcinoma

NA Adenoma Lc 268 -0.23  0.59 120 99 1.21
+carcinoma

NA Hepatocel- LL 233 -0.62 0.38 6.0 3.18 1.89
lular hyper-
trophy

NA Hepatocel- G 241 -0.02 097 3.02 2.77 1.09
lular hyper-
trophy

NA Liver foci LL 335 -0.86 0.13 1.55 0.99 1.57
alteration

NA Bladder G 78  0.19 0.94 19 13 1.46
papillomas
carcinoma

NA Bladder G 112 -0.84 0.13 33 25 1.32
papillomas
carcinoma

NA Testicular LL 191 0 0.34 28 13 2.15
tumor

NA Cleftpalate G 36 0 1 171 50 3.42

NA Absenceof G 37 0 1 163 50 3.26

renal papilla
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Table 1. Parameters and source of BMD analysis for the 31 pesticide risk assessment models

(continued)
Pesticide Sex Endpoint  BM® AIC  SR” P BMD BMDL BMD/ RN?
BMDL
Phosa- NA Testicular LL 243 -0.84  0.001 0.70 0.35 2 (48)
lone atrophy
Imazalil NA Adenoma LL 238 -194 0.007 4 3 1.33  (36,37)
NA Adenoma G 205 0 0.46 83 22 3.77
NA Adenoma G 179 0 0.005 99 55 1.8
NA Carcinoma LL 71 -0.68 0.12 176 44 4
NA Thyroid LL 315 -039 0.05 14 8 1.75
carcinoma
Etho- NA Regen- LP 380 0 0 3.42 0.46 7.43 (28)
prophos eration of
epithelium
of kidney

1
2

)
)
3)
4)

probit.

% SR: scaled residual.

6
) RN: reference number.

EryChE: erythrocyte cholinesterase.
BrainChE: brain cholinesterase.

PlasmaChE: plasma cholinesterase.

BM: best model; LL: log-logistic; L: logistic; G: gamma; M:

multistage; QL: quantal-linear; LP: log-probit; P:
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&~ I8 31 BARZEZ NOAEL £2 BMDL
Table 2. Comparison of NOAEL and BMDL values for 31 pesticides

PRIER ARG SR R A3 M (0.2 mg/kg)
B2 10 ({EASHEAERME) - HER
WIRJHFL (dimethoate) ~ Z7%F2 (ethion) ~ &
FIIFZ (malathion) ~ B¢ (oxamyl) ~ AFFA
(diazinon) ~ J# AFA (methidathion) ~ #& E A
(methamidophos) ~ 7zl 42 (ethephon) ~
JEZ4E (thiabendazole) Fz FHFELFFHTIA (chlorpy-
rifos-methyl) I RER I ARV ER} - B2
14335 B 10 (data not shown) ©

'Y ~ NOAEL {HEL BMDL {H L&

F 31 (E R EEHY B E R & BMD 77
T HU{S BMDL {H » B2 NOAEL {H EE#% (%
=) BR/ B ST BMDL fE /)N R BB IT
NOAEL {E4} » K#f 5y 4EHY BMDL {H AR
NOAEL {€ - I RH ¥ NOAEL {H o] g i J&

Pesticide Endpoint SF?  NOAEL BMDL ADI ADI
(NOAEL/SF) (BMDL/SF)

Acephate EryChE" 50/100  0.58 5.1 0.01 0.05
Carbofuran EryChE 100 0.22 1.2 0.002 0.01
Chlorpyrifos EryChE 100 1 0.004 0.01 0.00004
Methomyl EryChE 100 3 0.1 0.03 0.001
Terbufos PlasmaChE” 100 0.06 0.17 0.0006 0.0017
Carbendazim Malformation 100 2.5 75.9 0.03 0.76
Fenitrothion PlasmaChE 100 0.5 0.43 0.005 0.0043
Paraquat EryChE 100 0.45 1.94 0.005 0.02
Captan Kidney adenoma 100 12.5 172 0.13 0.17
Methidathion Carcinoma 100 0.11 3.28 0.001 0.03
Carbosulfan PlasmaChE 100 1 77 0.01 0.77
Fipronil Thyroid ademnoma 100 0.025 0.02 0.0003 0.0002
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Table 2. Comparison of NOAEL and BMDL values for 31 pesticides (continued)

FLAERIB A R A TR R 37

Pesticide Endpoint SF?  NOAEL BMDL ADI ADI
(NOAEL/SF) (BMDL/SF)

Ethephon EryChE 100 0.5 713 0.005 0.7

Triadimefon Liver hyperplastic 100 2.5 28 0.03 0.28

Propineb Tumors 100 0.74 35 0.007 0.35

Iprodione Luteoma 100 6 93 0.06 0.93

8,9-zisomer of Left palate 100 NA 0.03 NA 0.0003

avermectin Bl

Avermectin Left palate 100 0.2 0.12 0.002 0.001

Chlorpyrifos- Adrenal vacuolation 100 0.1 1.72 0.001 0.02

methyl

Thiodcarb Kidney mineral 100 1 22 0.01 0.22
deposit

Propamocarb Tumor 100 39 5 0.4 0.05

hydrochloride

Diflubenzuron Stomach acanthosis 100 2 25 0.02 0.25

Propoxur Bladder hyperplasia ~ 5/100 0.1 74 0.02 0.74

Dicofol Liver adenoma 100 2.5 15 0.03 0.15

Etofenprox Adrenal vacuolation 100 3.1 16 0.03 0.16

Fenarimol Hepatic adenoma 100 1.2 6 0.01 0.06

Bifenthrin Bladder leiomyosar- 100 1.5 15 0.02 0.15
coma

Flusilazole Hepatocellular vacu- 100 0.14 1.12 0.001 0.01
olation

Phosalone Testicular atrophy 100 0.625 0.35 0.006 0.004

Imazalil Thyroid carcinoma 100 2.5 8 0.03 0.08

Ethoprophos Regeneration of 100 0.04 0.46 0.0004 0.005

epithelium of kidney

" EryChE: erythrocyte cholinesterase.
? PlasmaChE: plasma cholinesterase.

¥ SF: safety factor.
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Appendix 1. Procedure for determining benchmark dose (BMD) level

Introduction

Before starting a BMD analysis

Decision tree for BMD modeling Selecting the
benchmark response level (BMR) Modeling the
data

Assessing how well the model describes the data

Reporting recommendations

BMDs and BMDLs vs. NOAELs and LOAELs
Biological vs. empirical modeling

Study design

Aspects of data reporting

Selecting studies to be modeled

Selecting endpoints to be modeled

Minimum dataset for calculating a BMD
Combining data for a BMD calculation
Dosimetric adjustments

See figure below

For quantal data

For continuous data

Selecting the model

Type of endpoint

Experimental design

Constraints

Covariates

Model fitting

Global goodness of fit measures (p values)
Scaled residuals at each dose level

Graphical displays

Improving model fit

Comparing models

Within a family of models: the Akaike Informa-
tion Criterion (AIC)

Other considerations

Calculating confidence limits to get a BMDL

Selecting the model to use for POD computation

Source: This information was summarized from the following website: https://www.epa.gov/bmds/benchmark-

dose-bmd-methods®.
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Appendix 2. Model classification of quantal and continuous data in BMDS

Model

Equation for the probability of a response

Parameter constraints

Quantal Models
(1) Gamma Model
(2) Logistic Model

(3) Log-Logistic Model
(4) Log-Probit Model
(5) Multistage Model
(6) Multistage-Cancer
(7) Probit Model

(8) Weibull Model

(9) Quantal-Linear

Continuous Models

Polynomial Continuous
Model

Power Continuous
Model

Hill Continuous Model
Exponential Continuous
Models, a set of nested
models

PX)=y+ (1 —y) [T(@); {olp tor € dt}]
P(X) =F{-(a + BX)} = F{-([X + (-a)(1/B)]

1B

PXsy, B) =y + (1 —y) Fi-(a+ B InX)}
PX) =y + (1 —y) @it p InX}
P(X)=y+ (1 —y) [1 —exp{-2 B; X;}]

P(X) =P(X;y, p) = Dia + X}

PX)=vy+ (1 —y) [1 - exp{-px,j]

uX) =y + 2B X;
nX)=y+pX,

pX) =y v X,/ (k+X,)

Model 2: u(X) =y exp{sign k X} Model 3:

w(X) =y exp{sign (k X)4}

Model 4: p(X) =y (c—(c— 1) exp{-1 k X})
Model 5: p(X) =y (c — (c — 1) exp{-1 (k X)

af)

Here, 0<P(X)<1,X>0
a>0,>0,0<y<1

0<y<l,-o<q<+w0,>0

0<y<l,-o<q<+w, >0

=1 .., k0o<y<lI

0<y<l,-o<q<+w, >0

0=0,0<y<L,B>0
w(X) is the mean response at
dose X >

j=1 ..,n

a>0,3>0

Source: https://www.epa.gov/bmds/benchmark-dose-bmd-methods
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Appendix 3. BMD analysis of an endpoint-six steps

1. Choose BMR(s) and dose metrics to evaluate.

Have all models & RE3 Data not
model parameters amenable for BMD
been considered? modeling

2. Select the set of appropriate models, set
parameter options, and run models

4. Estimate BMDs and BMDLs for the adequate models. Use lowest reasonable
Are they sufficiently close? BMDL

5. Is one model clearly better than the others considering Consider combining

best fit and least complexity (i.e., lowest AIC)? BMDs (or BMDLs)

Use BMD [or BMDL) from the model with the lowest AIC

6. Document the BMD analysis, including uncertainties, as outlined in reporting requirements.

Source: https://www.epa.gov/bmds/benchmark-dose-bmd-methods®”.
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Using the Benchmark Dose Approach to Perform a
Risk Assessment of 31 Pesticides

Shui-Yuan Lu", Wei-Chien Mou', Min-Chen Chen', Wei-Ren Tsai'

Abstract

Lu, S. Y., Mou, W. C., Chen, M. C., and Tsai, W. R. 2016. Using the benchmark dose approach to
perform a risk assessment of 31 pesticides. Taiwan Pestic. Sci. 1: 24-49.

This study analyzed the toxicity of pesticides using the benchmark dose (BMD)
approach. For this, we collected toxicological records for 109 pesticides from the Joint FAO/
WHO Meeting on Pesticide Residues (JMPR), the European Food Safety Authority (EFSA),
and other related reports or references. We then used software developed by the USEPA to
analyze BMD and benchmark dose lower bound (BMDL) values. Among 109 pesticides,
only 31 met the requirements for BMD anlaysis; and we therefore could not fit models
for approximately two thirds of pesticides. This primarily occurred due to experimental
design and effect level. For the 31 pesticides that underwent BMD analysis, criteria for
quality determination were based on the BMD/BMDL ratio, goodness of fit (GOF), and the
BMD range. The BMD/BMDL ratio should be less than two, and our data was fulfilled and
not fulfilled with 65% and 35%, respectively. For the GOF test developed by the USEPA,
smaller Akaike Information Criteria (AIC) scores, and larger P values indicate better model
performance. Out of the Log-Logistic models that we developed for the 31 pesticides,
the best one had an AIC score of around 10 and a P value of around 0.90. In Log-Logistic
models, the absolute value of scaled residuals should be less than two. Furthermore, criteria
of BMD in the range was fulfilled and not fulfilled for 94% and 6% of pesticides, respectively.
We also found that, for most of the 31 pesticides, the BMDL value was greater than the no-
observed-adverse-effect-level (NOAEL). Our results show that the BMD approach can serve
as a robust tool for pesticide risk assessment. We strongly suggest that the animal toxicity
studies which investigate new pesticides should meet the requirements of BMD analysis in

order to fully elucidate associated risks.

Key words: benchmark dose, pesticides, acceptable daily intake, risk assessment.
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