Research paper

Development of a framework for risk tradeoff analysis of
chemical substance substitution
- An approach to risk assessment using relative comparisonMasashi Gamo* and Jun-ichi Takeshita
[Translation from Synthesiology, Vol.9, No.4, p.187–197 (2016)]
A chemical substance is often substituted for another to reduce risks associated with use of the original substance. However, the
replacement may be associated with new risks, and this introduces a risk tradeoff problem. Although the concept of risk tradeoff analysis
has been discussed in this context, no feasible method has yet been developed. In this study, a novel assessment method was proposed,
based on relative risk comparison among substances, through an examination of some possible approaches. Case studies were also
conducted to assess the efficacy of the method.
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1 Introduction
While the use of chemical substances is necessary for
achieving a prosperous and sustainable society, there is
concern about related risks against humans and ecosystems.
The production, use, and emission of chemical substances
determined to pose signif icant risks are regulated by
laws and through self-management. For example, such
substances as polychlorinated biphenyls (PCBs), some
chloride agrichemicals, brominated flame retardants, and
heavy metals such as mercury, cadmium, and lead are
strictly regulated, while the emissions of substances like air
pollutants such as toluene are declining every year due to
voluntary emission control.[1]
Although the risk associated with a particular substance
can be reduced by regulating the use and emission of that
substance, related measures may be costly; and replacement
by different, less hazardous substances is often made, while
maintaining the functionality of the product in which the
original substance was used. For example, the brominated
flame retardant, decabromodiphenyl ether (decaBDE), has
been replaced by substances such as bisphenol-A bis(diphenyl
phosphate) (BDP);[2] lead solder alloys by ‘lead-free solder
alloys,’ such as tin-silver-copper alloys, which do not contain
lead;[3] and chlorinated solvents by carbohydrate or aqueous
varieties, for use as industrial cleansers.[4]
The occurrence of new risk when reducing a certain risk is
called ‘risk trade off.’ To assess whether the replacement of
a given substance constitutes appropriate risk management,

it is insufficient merely to demonstrate reduction in the risks
associated with the original substance. It is necessary also to
consider the potential risks associated with the replacement
substance. It is necessary to determine whether the overall
risk of the replacement substance is less than that of the
original substance; and in addition, by comparing the risks
before and after substitution, to assess whether the given
substitution produces a risk reduction effect that exceeds the
cost of countermeasures.
Kishimoto [5] argued for the necessity of developing an
assessment method for human health risks associated with
chemical substance use, which would reflect social requirements,
including the new social demand for “comparing risks of
different types of chemical substances, and the assessment
of cost-effectiveness of emission reduction measures;” and
presented a case study involving toluene risk assessment. Here,
he proposed a method for quantifying human health risks,
using quality of life (QOL) as the risk index, by backcasting
from the demand. The method enabled the comparison of the
cost-effectiveness of risk reduction measures for toluene with
that of risk reduction measures for other chemical substances,
infectious diseases, accidents, disasters, etc.
However, Kishimoto’s proposal is, in practice, applicable
only to substances such as toluene, for which abundant
toxicity information is available. In risk tradeoff analysis
associated with substance substitution, the substitution often
involves replacing a substance for which there is relatively
abundant information, with one for which there is insufficient
information. For such risk tradeoff analysis to become a
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realistic assessment method, then, it is necessary to develop a
technique whereby Kishimoto’s risk comparison conception
is executable.
In this paper, we discuss the approaches taken in this regard,
as well as the development of basic techniques enabling risk
tradeoff analysis of chemical substance substitution, and
the results of related case studies. We also discuss future
prospects for this analytical method.

2 Investigation and discussion of approaches
Here, we consider the merits and demerits of cur rent
approaches to risk tradeoff analysis, in terms of the comparative
risk before and after substance substitution. Figure 1 shows the
relationship between the basic techniques and the complex of
analytical methods considered below.
2.1 General risk analysis method
The first approach involves the application of a general
assessment method for chemical substance risks. In this
method, the nature and level of risk is assessed through
comparison of levels of tolerance to those of exposure to a
given chemical substance. Tolerance level, the exposure level
at which the manifestation of toxicity is not a concern, is often
calculated by applying an uncertainty factor (safety factor)
to the results of animal tests and human epidemiological
studies; whereas, exposure level is determined by multiplying
the concentration in environmental media (air, water, food,
etc.) by the amount of intake of the media. The concentration
in environmental media is obtained by actual measurement
or by simulation-based prediction. There is considered to be
no risk if the exposure level is less than the tolerance level,
and risk if the former is greater the latter.
However, since the comparison of exposure and tolerance
levels is conducted separately for each individual substance,
if the respective ratios of exposure to tolerance level for two
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substances are calculated to be 0.1 and 0.5, for example,
neither is considered to involve risk, and no relation is
established between them. This lack of relation becomes
especially problematic when the types of toxicity differ
between the two substances. With this approach, then, any
difference in the level of risk before and after substance
substitution can be considered only as difference in the
presence (or absence) of risk.
In addition, calculation of the tolerance level requires the
results of animal tests and human epidemiological studies;
and since sufficient information on toxicity may not be
available to enable accurate tolerance level calculation for a
given substance after substitution, it must be concluded that
risk tradeoff analysis based on this method is difficult.
2.2 Method using a common risk index
To solve the problem faced by such general risk analysis
methods, wherein the relative risks of multiple and varied
substances cannot be compared, Kishimoto proposed an
approach involving quantitative expression of the magnitude
of health risks, based on a common index.[5] As common
indices, lifespan reduction due to adverse health effects, or
similar reduction but with adjustment for quality of life, are
both widely used. For example, Gamo et al.[6] used an index
called lost life expectancy (lifespan reduction) to evaluate
replacement of a termite control agent; and Gamo et al.[7]
used this same index to rank major environmental pollutants.
Kishimoto[5] used an index based on loss of quality-adjusted
life-years (QALYs: lifespan adjusted for quality of life) in
the detailed risk evaluation of toluene; and Cohen et al.[8]
used this index to compare the benefit of polysaturated fatty
acid, with the risk of methyl mercury, in fish consumption.
Disability-adjusted life expectancy years (lifespan with
adjustment for disabilities caused by disease) is used as an
index in calculations of the worldwide burden of disease
by the World Health Organization (WHO);[9] and Havelaar
et al.[10] used this index to compare the risk of bromate
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Fig. 1 Scenario for developing the methodology for risk tradeoff analysis, and the basic
techniques
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byproducts, with risk reduction in infectious disease by the
disinfection of drinking water.
The problem with this approach is that its estimations require
the results of human epidemiological studies, and many
potential replacement substances do not even have sufficient
animal test data, let alone human epidemiological study
results. In sum, this approach is less executable than the
general risk analysis method described in Subchapter 2.1.
2.3 Estimation based on structure-activity relationships
and/or cell-based assays
In light of the problems faced by the foregoing methods, one
way to counter the lack of information on the potential toxicity of
substances after substitution is a risk estimation approach based
on structure-activity relationships and/or cell-based assays.
The structure-activity relationship is an expression relating the
structure of a given chemical substance to its activity (in this
case, toxicity). By constructing the expression, based on data
for multiple chemical substances, it is possible to estimate the
potential toxicity of substances without animal or human study
data. Several related studies have been conducted, and recently
a prediction system based on categorization for repeated dose
toxicity, called the Hazard Evaluation Support System (HESS),
was developed in Japan.[11]
In a similar manner, the approach based on cell-based
assays involves conducting tests using cells instead of
animals, and assessing the presence and degree of toxicity
of the target substance based on these tests. The Ames
test (detection of mutagenicity using bacteria), which
evaluates the mutagenicity of chemical substances, is well
known, and several cell-test methods are described in the
guidelines of the Organisation for Economic Co-operation
and Development (OECD). However, the general consensus
is that it is difficult to correlate the effect on cells with the
effect on individual organisms.
While use of these methods is expected to increase in the
future, due to demands for cost reduction in animal testing
and from the perspective of animal rights, they cannot replace
animal tests at this point; and it is technically impossible to
estimate information equivalent to human epidemiological
studies, based on the results of these methods. Moreover,
even if technological development progresses to the point
where it becomes possible to determine the nature and
level of risk for each substance, this alone would not enable
multiple-substance risk comparison, as discussed above with
regard to the general risk evaluation method (Subchapter 2.1).
2.4 Method of multiple-substance relative comparison
To enable comparative risk tradeoff analysis of substance
substitution, we have proposed an approach involving
the relative comparison of substance risks, based on a
quantitative risk evaluation method (Subchapter 2.2), to

enable relevant estimation when human epidemiological data
is unavailable. In this approach, the substance for which the
risk can be evaluated using a common scale based on human
epidemiological data is established as a reference substance,
and hazard assessment of the target substance is conducted by
relative comparison with the reference substance. This avoids
the difficulty of estimating the relevant human epidemiological
data based on animal test results (or on cell-based assays or
structure-activity relationships).
Several reports have been published on the approach of
assessing substance risk without sufficient test data, based
on such comparison. For example, Maier [12] proposed the
“parallelogram approach,” where workplace tolerance
concentrations are established by comparing the activities
of pharmaceutical intermediates without hazard data, with
those of substances with sufficient animal test data, based
on cell-based assays. This is similar to our proposal in the
sense that the results of cell-based assays are not directly
used for estimating individual effects, but instead as a
tool for relative comparison. Nakanishi et al.[13] proposed
a “two-axis approach” for conducting risk evaluation of
carbon nanotubes (CNT). To evaluate the risk to workers
of inhalation exposure to various CNTs, the inhalation
exposure test, which is standard but costly, is conducted only
for representative CNTs, while the simpler method of an
intertracheal administration test (where a CNT suspension is
applied to an animal’s trachea) is conducted for other CNTs,
in order to establish a wide range of comparison.
In the case of the method discussed here, the established
method[6][7] was chosen as a basis for quantifying the risk
of reference substances. However, as there is no existing
research on a method for relative risk comparison of
reference and target substances, it was necessary to develop
an original method for conducting such comparison based
on limited information.[14] The details of this method will be
presented in the next chapter.

3 Framework of assessment and basic techniques
3.1 Overall structure
It is assumed that, for the target substance, there is only
fragmentary animal test data, and no human epidemiological
data, to enable the sort of quantitative risk assessment as is
described in Subchapter 2.2. Here, fragmentary animal test
data denotes cases where, for example, there exist data or
papers characterizing the specific effects of the substance on
the liver, but none describing all the effects on all organs; and
human epidemiological data refers specifically to the doseresponse relationship (relationship between the exposure
level and occurrence rate of the effect) in humans.
In reality, it is impossible to directly estimate such target
substance human epidemiological data based solely on
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fragmentary animal test data, given the species difference
between humans and animals. Therefore, we devised a
framework for conducting such an estimation with the
following procedure (Fig. 2 shows a conceptual diagram of
the procedure).
1) The substance with human epidemiological data, and
for which quantitative risk assessment is possible, is
established as the reference substance.
2) A relative comparison is made between the reference
substance and the target substance, at the level of animal
test data, to calculate the relative toxicity value, which is
the ratio of the exposure level of the target substance, to
that of the reference substance at which both substances
present the same level of toxicity.
3) The dose-response relationship of the target substance
is estimated by multiplying the relative toxicity value
calculated in (2) with the known dose-response relationship
of the reference substance (Fig. 3). In this case, it is

desirable to establish a confidence interval for the estimated
dose-response relationship equation.
4) The quantitative risk assessment is conducted by combining
the dose-response relationship of the target substance
and the value of severity of the expected health effect as
expressed in terms of a common index.
Typically, chemical substances affect multiple organs, but
the level of exposure required to trigger an adverse effect
varies with the given organ. Therefore, to reflect the diversity
in substance toxicity, it is desirable to conduct this fourstep estimation for each organ. Thus, we decided to treat the
liver and kidney independently, as they were major organs
in which adverse effects occurred. The reference substances
were established and relative toxicity values were calculated
for each organ.
3.2 Reference substances and dose-response relationships
In establishing the reference substances for liver and kidney

Reference substance

Target substance

Human epidemiological
data available, quantitative
risk assessment possible

Only fragmentary animal
test data available

Animal test data:
Relationship of exposure
level and eﬀect on
animals

Data

Data

Human epidemiological
data: Relationship of
exposure level and eﬀect
on humans

Data

Relative comparison1）
Relative
toxicity value1）
Estimation２）
Estimation

Severity of eﬀect on
humans: Reduction in
QALYs due to health
eﬀect

３）

Quantitative risk
assessment of
target substance

１) Relative comparison between the reference substance and the target substance, calculation of relative toxicity
value from Takeshita et al.[14] (Subchapter 3.2)
２) The conceptual diagram for estimating the human epidemiological data for the target substance, based on the
human epidemiological data and relative toxicity values of the reference substance, is shown in Fig. 3.
３) These values are general values for types of eﬀects, and it was assumed that they are not dependent on types
of exposed substance.

Fig. 2 Framework of the risk tradeoff analysis based on relative assessment of substances
Occurrence
rate of
eﬀect in
humans

Reference substance
With human epidemiological data

Relative toxicity value

Target substance
Without human
epidemiological data
→ Estimation is
necessary
Conﬁdence interval
of estimation
Exposure level

Fig. 3 Estimation of the dose-response relationship of the target substance, based
on the dose-response relationship of the reference substance and the relative
toxicity value

−188 −

Synthesiology - English edition Vol.9 No.4 (2017)

Research paper : Development of a framework for risk tradeoff analysis of chemical substance substitution (M. Gamo et al.)

effects, the CHE Toxicant and Disease Database[15] of the
Collaborative on Health and the Environment (CHE), an
international environmental group, was used to search for
chemical substances that were known to cause adverse
effects on organs. This database, which is based on three
famous textbooks on toxicology, enables searches for
chemical substances that may be the cause of disease.
We selected substances for which the evidence was “strong”
for liver and kidney effects, and then narrowed the search to
substances with published human epidemiological data, by
referring to existing documents on hazard assessment. As a
result, we established as reference substances vinyl chloride
monomer (chloroethene) for liver, and cadmium for kidney
effects. The human dose-response relationship information
for each substance is as follows.
3.2.1 Liver effect
Ho et al.[16] studied workers who were exposed to vinyl
chloride monomer in the air, and reported that of 271 subjects
exposed to 1–20 ppm (equivalent to 2.5–50 mg/m 3), 12
showed liver dysfunction (4 had liver enlargement, 4 had
liver and spleen enlargement, and 4 had spleen enlargement).
As this was occurrence rate data for a specific concentration
range, we decided to apply the distribution of sensitivities
to noncarcinogenic effects, as proposed by Huijbregts
et al.;[17] that is, a geometric standard deviation of 1.82
when the lognormal distribution is assumed for individual
differences. As a result, for inhalation exposure to vinyl
chloride monomer, the dose-response relationship of liver
effect was set as the lognormal distribution (with a geometric
mean value of 31 mg/m3, and a geometric standard deviation
of 1.82). In using this value for the risk assessment of oral
exposure, the concentration in air was converted to a daily
intake amount (unit: mg/kg/day) by using assumed values for
respiratory volume and weight.
3.2.2 Kidney effect
The effects of cadmium on humans have been studied in
detail, and renal tubular disorder is known as a highly
sensitive adverse effect. In this case, then, the established
dose-response relationship value was used. Renal tubular
disorder was defined as the situation where the urine β 2microglobulin concentration exceeded 1000 μg/g creatinine.
The sensitivity of this tubular disorder is age dependent, and
Gamo et al.[18] and Nakanishi et al.[19] summarize the doseresponse relationship parameters for each age.
3.3 Derivation method for the relative toxicity value[14][20]
The following two factors were considered requisite for a
relative toxicity derivation method to be developed.
• It is possible to complement missing data: On the assumption
that the available animal test data is fragmentary, it may
be the case that either or both the data for liver and kidney
are lacking. In such a case, it is difficult to use the data

in actual risk tradeoff analysis unless the relative toxicity
values can be estimated for both organs. The method in
which the significance of effects in multiple organs are
mutually estimated is called the quantitative activity-activity
relationship (QAAR).
• It is possible to estimate the confidence interval: Estimation
is inherently uncertain, yet the estimation of uncertainty
is essential in considering the results of risk tradeoff
analysis. For example, in cases where it seems that the risk
has decreased with the replacement of a given substance,
the estimation of a confidence interval is necessary to
determine whether the decrease is dubious or not.
With these factors and the methodological aim in mind,
we decided to apply structural equation modeling (SEM),
which is a statistical analysis method encompassing linear
regression analysis and factor analysis. In SEM, the statistical
model parameters used in establishing relationships between
the variables are determined such that the variance and
covariance calculated from the model will best correspond to
the variance and covariance calculated from the actual data.
Figure 4 shows an abstract diagram of this procedure.
To construct the training data set, existing test data were
obtained from literature on roughly 165 substances listed in
the Japanese Pollutant Release and Transfer Register as Class
I Designated Chemical Substances. There are 45 toxicity
endpoint items in total, for the combination of target organs
(liver, kidney, blood, urine, body weight, death, spleen,
digestive tract, respiratory organ, brain, etc.), test animal
species (rat, mouse), and administration methods (oral
exposure, inhalation exposure).
Using the constructed model, the no-observed-effect level
(NOEL) is estimated for each item and substance, and based
on this result, the relative toxicity value of the two substances
is estimated. Let Substance A be the reference, Substance B
be the target, and a, σa, b, σb be, respectively, the logarithmic
NOEL value for Substance A, its standard deviation, the
logarithmic NOEL value for Substance B, and its standard
deviation. Then, the relative toxicity value of Substance B
versus Substance A (the reference) and its 95 % prediction
interval are calculated by the following equations.
Relative toxicity value: exp (b−a)
95 % prediction interval:
[exp (b−a−2 σa2+σb2), exp (b−a+2 σa2+σb2)]

The estimation accuracy of the respective NOELs for each
substance was quantified according to the OECD principles
of verif ication, by applying the leave-one-out crossvalidation method, which dictates that each observed value
is removed and then estimated by the remaining observed
values. This is repeated for all values, and then the estimated
values are compared with the true values. In this case, the

−189 −

Synthesiology - English edition Vol.9 No.4 (2017)

Research paper : Development of a framework for risk tradeoff analysis of chemical substance substitution (M. Gamo et al.)

correlation coefficient between the observed and estimated
values was 0.89; and in terms of estimation accuracy, 93 %
of the observed values were included in the 95 % prediction
interval, and 97 % of the ratios of estimated and observed
values were less than 10.
3.4 Common index of the effects
As noted in Subchapter 2.2, among the common indices of
human health effect are lost life expectancy, quality-adjusted
life-years (QALYs), and disability-adjusted life-years. Here,
we used the QALY index, which incorporates both lifespan
and QOL reduction. In the case of QOL reduction, various
values are typically reported, according to the disease and
its state, even if the same organ is affected; but here we set a
general value, without assuming any specific disease state.
As the liver and kidney effect information obtainable for the
reference substances differed, the estimation method differed
for the two organs.
3.4.1 Liver effect
The liver dysfunctions reported by Ho et al.,[16] as discussed
in Section 3.2.1, were based on the observation of workers,
and were considered to ref lect a relatively light, chronic
effect due to long-term exposure to chemical substances.
In the risk ranking of environmental pollutants, Gamo et
al.[7] conducted an assessment by specifying as one year the
reduction in lifespan due to health conditions accompanied
Step 1: Preliminary analysis of the data set

Checking correlation among the toxicity endpoint
items (NOEL for each animal species, administration
method, and organ)
Rat,
oral,
liver

Rat,
inhalation,
liver

Mouse,
oral,
liver

Mouse,
inhalation,
liver

Rat,
oral,
kidney

Rat,
oral,
liver

0.635
(34)

0.607
(41)

0.385
(16)

0.890
(84)

Rat,
inhalation,
liver

!"#$%&'"

0.745
(15)

0.830
(25)

0.466
(33)

!"#$%&/(

0.828
(8)

0.598
(35)

!"#$%&/"

0.639
(15)

Mouse,
oral,
liver
Mouse,
inhalation,
liver
Rat,
oral,
kidney

by some expression of subjective symptoms, and our present
evaluation adopted this assessment. For QOL, the data
compiled and organized by Tengs et al.[21] was reviewed, and
the QOL value of 0.01 was used, in the QALY calculation,
for the lightest liver disorder among the liver diseases. This
value means that, for example, when an individual lives (for
about 80 years) in this state of health, the disorder will be
considered to have the same degree of severity as a lifespan
reduction of 80 yr × 0.01 = 0.8 yr.
3.4.2 Kidney effect
Renal tubular disorder by cadmium exposure is thought to
occur in those over 50 years old, and it has been reported that
the mortality of people in this health state is, respectively,
1.57 times (males) and 1.81 times (females) the mortality rate
of healthy individuals.[22] Based on this information, lifespan
reduction was calculated based on the life table (a table
of mortality by age, which enables calculation of average
lifespan and other values). For the QOL reduction due to
kidney disease, the data compiled and organized by Tengs et
al.[21] was similarly reviewed, and the QOL value of 0.01 was
used for the lightest kidney disorder.

4 Case study
The above method was used for the three risk tradeoff
analyses[2]–[4] conducted by the Research Institute of Science
Step 2: Structural equation modeling
Determination of relationships among all the
items based on the strength of correlation
among the toxicity endpoint items

Derivation of the (implied) covariance
structure of the data set

Step 3: Determination of the best prediction
equation

0"12$3&'(

Part of scatter diagram matrix
Bottom-left: scatter plots (both axes represent
logarithmic NOEL values)
Top-right: Pearson’
s correlation coeﬃcients
(parentheses: number of samples)

Existing animal test data of the substance
to be estimated
The vectors and matrices that quantify
the relationships among the toxicity
endpoint items obtained in Step 2
Equation 1: Equation for estimating
the mean values
Equation 2: Equation for estimating
the variances and covariances

Fig. 4 Procedure for developing the QAAR method using structural equation modeling
The dashed circle in the scatter diagram matrix in Step 1 shows the Pearson's correlation coefficient and scatter diagram,
when the NOEL of the liver effect due to oral exposure is compared for rats and mice (horizontal axis: rat value; vertical axis:
mouse value).
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Table 1. Change in estimated exposure level (decaBDE equivalent) with the substitution
of flame retardant: Liver effect
Estimated exposure level (mg/kg/day: decaBDE equivalent)
decaBDE

BDP

Scenario
with
substitution When 95 % upper limit of relative
toxicity value is used

2.1×10

Scenario without substitution

When mean value of relative
toxicity value is used

TPP

Total

8.8×10

－7

4.0×10

2.9×10－4

2.1×10－4

4.1×10－4

7.9×10－6

6.3×10－4

3.3×10－4

－

－

3.3×10－4

－4

－5

Table 2. Change in estimated exposure level (decaBDE equivalent) with the substitution
of flame retardant: Kidney effect
Estimated exposure level (mg/kg/day: decaBDE equivalent)
decaBDE

BDP

Scenario
with
substitution When 95 % upper limit of relative
toxicity value is used

2.1×10

Scenario without substitution

When mean value of relative
toxicity value is used

TPP

Total

6.9×10

－8

5.1×10

2.7×10－4

2.1×10－4

4.2×10－4

3.1×10－7

6.2×10－4

3.3×10－4

－

－

3.3×10－4

－4

－5

Table 3. Risk associated with the flame retardant in each substitution scenario[2] (day :
quality-adjusted life-year : value per person for lifetime exposure)
With substitution (current situation)
Without substitution
(imaginary situation)

When mean value of
relative toxicity value
is used

When 95 % upper
limit of relative
toxicity value is used

Liver eﬀect

<< 0.001
（2.8×10－57）

<< 0.001
（2.0×10－53）

<< 0.001
（9.5×10－57）

Kidney eﬀect

<< 0.001
（1.4×10－140）

<< 0.001
（1.0×10－122）

<< 0.001
（8.8×10－137）

Total

<< 0.001
（2.8×10－57）

<< 0.001
（2.0×10－53）

<< 0.001
（9.5×10－57）

for Safety and Sustainability at AIST. Here, we present a
summary of the replacement of a flame retardant used as
a plastic additive.[2] A study was done on a scenario where
decabromodiphenyl ether (decaBDE) was partially replaced
by bisphenol-A bis(diphenyl phosphate) (BDP) [which
includes triphenyl phosphate (TPP) as impurity], and an
imaginary scenario where a replacement for decaDBE was
not sought. For these scenarios, we conducted a material flow
analysis consisting of the assessment of the demand volume,
community-acquired stock volume, and waste volume of
each substance. Then the respective exposure levels of each
substance, through indoor air, environment, and food, was
estimated. The risk tradeoff analysis was conducted based
on the estimated exposure levels for each substance in each
scenario.
Before conducting the quantitative risk analysis based
on common indices, we first investigated the qualitative
difference in risk due to substitution. DecaBDE, the original
substance, was set as the reference substance, and the
relative toxicity values for BDP and TPP were calculated;
after which, the estimated exposure levels in each scenario
were calculated and totaled. The overall exposure level was

expressed as an equivalent amount of decaBDE (mg/kg/
day). Table 1 shows the liver effects, and Table 2 the kidney
effects. In the scenario with substitution, the estimated
exposure level of decaBDE equivalent was less than in the
scenario without substitution. Even with the addition of
BDP and TPP, it could be determined, using the estimated
mean value of relative toxicity, that the exposure level of
decaBDE equivalent decreased slightly in the scenario with
substitution. However, when the estimated 95 % upper limit
of the relative toxicity value was used, the exposure level of
decaBDE equivalent increased with substance substitution.
This means that, when the uncertainty involved in the
estimation of the replacement substance’s toxicity was
considered, it could not be determined whether the substance
substitution would necessarily contribute to risk reduction.
Here, the ratios of the 95 % upper limit and the mean of the
relative toxicity value for the liver effect, for BDP and TPP,
were 4.7 and 20, respectively; and for the kidney effect, 6.0
and 6.0, respectively. The difference in the ratio values for
the different substances and organs reflects the fact that the
availability and/or reported values of NOEL varied.
Table 3 shows the results of the quantitative risk comparison
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by common indices, based on the method described in
Chapter 3.[2] The magnitude of risk is expressed as the
QALYs (days) per person, through lifetime exposure. In
both scenarios, extremely small values, both for liver and
for kidney effect, were found. A lifetime probability of
cancer occurrence of 10 -5, often used as the upper limit of
the tolerable risk level, is equivalent to a lifespan reduction
of about 0.04 d.[23] Therefore, when the loss in QALYs is less
than 0.001 d, it can be concluded that the effectiveness of the
substance substitution, in terms of risk reduction, cannot be
determined.

5 Discussion
The substance substitution risk tradeoff analyzed in the
case studies of the flame retardant[2] (Chapter 4), lead solder
alloy,[3] and industrial cleanser,[4] arose from concern for
the risk presented by the original substances. To determine
whether such substit utions are appropr iate f rom the
perspective of risk reduction, quantitative risk analysis based
on scientific evidence is essential, and the aforementioned
studies performed at the Research Institute of Science
for Safety and Sustainability were the first instances of
such analysis. This was primarily made possible by the
development of the assessment method described in this
paper. Kishimoto[5] developed the concept, and we engaged
in developmental research on basic techniques to realize it.
Our risk tradeoff analysis involved chemical substance
substitution aimed at preservation of the original substance’s
functionality; for example, preserving the flame-retardant
property in plastic. However, related measures may involve
simply reducing the amount used of a certain substance, to
reduce the associated risks. In such cases, a tradeoff occurs
which may involve risks other than chemical substance
toxicity alone. To take two examples, the reduction of product
functionality may increase the risk of fires or accidents,
and reducing energy efficiency may increase the risk of
global warming. While we have constructed a provisional
framework for comparing the risks associated with different
chemical substances, there remains the question of how to
compare risk types other than toxicity, with the attendant
questions of how to express such different risk types in terms
of common indices, and how society should understand
tradeoff involving risks with greatly varying properties.
Such questions must be addressed, for example, in the
risk analysis of substances (such as nanomaterials) used in
future technologies, for which, as practical application is
lacking, there is, as yet, no risk tradeoff concern, though
strict regulation may be applied. However, if such regulation
should limit the possibilities for future technology, there is a
chance of forsaking future risk reduction in some fields, and
this too must be considered.
The method of chemical substance risk tradeoff analysis

presented in this paper must also be improved in the
following respects. The toxicity data that formed the basis
for the QAAR model constructed for the relative comparison
of toxicity consists of animal test results published in general
toxicological journals, and the reliability of the data has not
been carefully investigated. Currently, government agencies
tend to utilize highly reliable test data, collected within the
framework of the Law Concerning the Examination and
Regulation of Manufacture, etc. of Chemical Substances,
for the purpose of creating a structure-activity relationship
model for toxicity. The rebuilding of models, based on such
data, will increase the reliability of the assessment results.
Also, this paper’s QAAR model is based solely on the
correlation among the toxicity endpoint items observed in
animals; however, to enable the assessment of substances for
which no animal test results are available, NOEL estimation
values based on structure-activity relationships, as well as the
results of cell-based assays, and chemical substance structure
descriptors, should be used as variables in structural equation
modeling. In addition, to increase the model’s reliability,
both variable selection and establishment of cause-effect
relationships can be performed based on the information
on the mode of action of chemical substances. Finally, in
this study, the focus was on the effects on major organs
(here, the liver and kidney). However, chemical substances
may also have neurotoxicity and/or sensitizing effects, and
future research topics must include the selection of reference
substances, the understanding of dose-response relationships,
and the estimation of QALYs, for these other effects.
Improvement is also needed in the treatment of uncertainty.
In this paper, we drew attention to the importance of the
estimation of uncertainty in the tradeoff analysis, and
quantified the uncertainty in the estimation of relative
toxicity values, based on the correlation among toxicity
endpoint items. However, other relevant uncertainties were
not treated here explicitly. Notable among these are the
uncertainties involved in the selection of reference substances
(even if the focus is on ‘liver effect,’ it may be necessary
to establish different reference substances for different
substances), the estimation of dose-response relationships
for reference substances (uncertainty in the reliability of
the human epidemiological data on the given reference
substance, and/or uncertainty accompanying the derivation
method for obtaining the given dose-response relationship),
and the determination of QALYs for a given effect (even if
the focus is on ‘liver effect,’ the degree of severity may differ
among substances). Also, in terms of exposure assessment,
there are uncertainties in the establishment of the substitution
scenarios and estimation of exposure levels. We must, to
some extent, accept the fact that uncertainty is an inherent
feature of assessment. For example, though in the research
and development of assessment methods, the main aim is
to reduce the uncertainty in factors with a large degree of
uncertainty, and much R&D work is focused on this aim,

−192 −

Synthesiology - English edition Vol.9 No.4 (2017)

Research paper : Development of a framework for risk tradeoff analysis of chemical substance substitution (M. Gamo et al.)

there are cases where there is a limit on reducing uncertainty,
and/or there is little or no effect on decision-making despite
the presence of large uncertainty (for example, in the context
of the present study, when the superiority of Substance
A over Substance B is very clear, even with uncertainty
considered). Nonetheless, to develop a risk tradeoff analysis
method that contributes to effective decision making in
future, the quantitative estimation of uncertainty, and
the formation of consensus regarding the magnitude of
uncertainty, will become increasingly important.
In presenting our novel method for risk tradeoff analysis,
and the related case study, our hope is that consideration of
the risk tradeoffs involved chemical substance substitution
will ultimately extend to society at large; and in this way,
it may be possible to avoid unhelpful regulations or the
substitution of substances based on poor scientific evidence.
As noted earlier, substance substitution incurs costs, and
the risk may even increase in some cases. Effective risk
tradeoff analysis is necessary both for the companies that
manufacture chemical substances and for the general public
that uses them. While there is no move for incorporating
such assessment in specific regulations at this point, the
OECD, for example, has established an ad hoc group focused
on the substitution of hazardous chemical substances, and
is discussing the development of methods to support safe
assessment of substance substitution.[24] We, for our part, are
making timely presentations of our assessment method and
case studies to such bodies.
It is expected that the relative comparison-based approach
to risk assessment, as described here, will be applied to
risk assessments in diverse fields, not only to chemical
substances. Particularly in the case of new technologies that
may replace conventional ones, rather than simply estimating
the risks that may be introduced by such new technologies,
it will be more realistic and convincing to society at large
to perform relative comparisons of the two, based on a clear
understanding of the current risks posed by the conventional
technologies. Future topics to be studied, then, include the
opportunities and requirements for applying the relative
comparison approach, the identification and organization
of uncertainties inherent in such assessment, and the
relationship between such uncertainties and acceptability of
the assessment by society.
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Discussions with Reviewers
1 Overall
Comment (Akira Ono, AIST)

This paper proposes a novel, practical risk assessment
methodology, based on the technique of introducing an index that
can be broadly employed to quantitatively compare the magnitude
of risks with differing factors. It should be noted that this method
was applied to existing cases to verify its effectiveness.
Some different scenarios for developing the practical risk
assessment methodology were compared. The processes of
scenario selection are described, and this paper is appropriate as a
research paper for Synthesiology.
2 Uncertainty in the risk estimation
Question (Akira Ono)

I value highly the fact that you considered and executed the
method for estimating the uncertainty of risk (95 % confidence
interval: 2σ equivalent). Uncertainty is an important concept, and
I think it will be at the core of future research development. Based
on this way of thinking, I pose the following question, as well as
the subsequent questions and comments.
I would like to understand the specif ic mag nit ude of
uncertainty. In Tables 1, 2, and 3, how many times greater is the
uncertainty (2σ) than the mean value?
You estimate the relative toxicity value of the target substance
without human epidemiological data using a statistical method,
but what are the factors of uncertainty in this case? Please
give examples of factors that have large effects (for example,
the quality and amount of animal test data is insufficient, the
correlation among toxicity endpoint items is low, or the similarity
between the selected reference substance and the target substance
is low).
I think one of the key challenges in this research is how
to decrease the uncertainty involved in estimating the relative
toxicity value of the target substance. To do so, I think it is
necessary to clarify the factors that enhance the uncertainty,
and make efforts to reduce them, beginning with the largest
contributor. What do you think?
Answer (Masashi Gamo)
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We did not show the relative toxicity value itself; but the
ratios between its mean and 95 % upper limit values for the liver
effect, for BDP and TPP, were 4.7 and 20, respectively; and for
the kidney effect, 6.0 and 6.0, respectively. The differences in the
ratio values for different substances and organs reflect the fact
that there are differences in the availability and/or reported values
of NOEL.
In this paper, we highlighted the importance of the estimation
of uncertainty in the tradeoff analysis, and quantif ied the
uncertainty involved in the estimation of relative toxicity values
based on the correlation among toxicity endpoint items. On the
other hand, as you indicated, there are several uncertainties that
are not treated explicitly. Notable among these are the uncertainties
involved in the selection of reference substances (even if the focus is
on ‘liver effect,’ it may be necessary to establish different reference
substances for different substances), the estimation of doseresponse relationships for reference substances (uncertainty in the
reliability of the human epidemiological data on the given reference
substance, and/or uncertainty accompanying the derivation
method for obtaining the given dose-response relationship), and the
determination of QALYs for a given effect (even if the focus is on
‘liver effect,’ the degree of severity may differ among substances).
Also, in terms of exposure assessment, there are uncertainties
in the establishment of the substitution scenarios and estimation
of exposure levels. We must, to some extent, accept the fact that
uncertainty is an inherent feature of assessment. For example,
though in the research and development of assessment methods, the
main aim is to reduce the uncertainty in factors with a large degree
of uncertainty, and much R&D work is focused on this aim, there
are cases where there is a limit on reducing uncertainty, and/or
there is little or no effect on decision-making despite the presence of
large uncertainty (for example, in the context of the present study,
when the superiority of Substance A over Substance B is very
clear, even with uncertainty considered). Nonetheless, to develop a
risk tradeoff analysis method that contributes to effective decision
making in future, the quantitative estimation of uncertainty, and
the formation of consensus regarding the magnitude of uncertainty,
will become increasingly important.
I have added these comments to the text.
3 Verification of the adequacy of the estimation method
for uncertainty
Question (Akira Ono)

You estimate the uncertainty of risk estimate values using
statistical methods. Is there any way to verify this method’s
adequacy?
For example, let’s say you select several reference substances
for a certain target substance, and see how much variation there
is in the risk estimate values of the target substance with respect
to each reference substance; can you use this as an index of the
adequacy of the method?
Or, for example, say you select two substances that have
sufficient human epidemiological data, position one of these as
the reference substance and the other as the target substance, and
then estimate the target substance risk using the method described
in this paper. Here, you do not use the human epidemiological
data for the target substance, but only the animal test data. I
think you could do the same thing by interchanging the reference
substance and the target substance. Might not the difference
between the highly reliable estimate value based on the human
epidemiological data, and the estimate value based only on animal
test data, function as an index of the adequacy of the method?
Answer (Masashi Gamo)

Of the methods presented in the paper, we reported the
results of the leave-one-out cross-validation method concerning

the adequacy of the estimation of uncertainty involved in the
estimation of relative toxicity value, as shown in Subchapter
3.3. We found that 93 % of the observed values were included
in the 95 % prediction interval, and we believe the estimation
of uncertainty was adequate. This method is the most widely
accepted, by various bodies (including the OECD), as verification
of statistical estimation.
On the other hand, for the method of estimating the uncertainty
involved in the establishment of reference substances, I think it is
effective, as you suggested, to specify several such substances and
compare the estimate results based on these, or to mutually estimate
and verify the NOEL of reference substances; although there are not
many substances with human epidemiological data, which means
that this is one of the topics to be investigated in the future.
4 Use of data from the scenario that was not selected
Comment (Akira Ono)

In Fig. 1, you compare four scenarios and select the fourth
scenario for this research, regarding the three non-selected
scenarios as non-executable. However, isn’t it true that the
exposure/tolerance concent ration data, st r uct ure-activit y
relationships, and cell-based assay data in the scenarios that
you deemed non-executable contain a certain amount of useful
information on toxicity, although it is impossible to individually
execute the related risk tradeoff analysis? And if you could
incorporate these data into this research in some form, could you
not thereby reduce even more the uncertainty involved in the risk
assessment?
As a future direction in Paragraph 3 of Chapter 5 (Discussion),
you note that the point in increasing the reliability of estimation
results is to incor porate and integrate such data into the
methodology of this study. Please explain, even if it is just
your current thoughts, by what mechanism you can reduce the
uncertainty by integrating this data.
Answer (Masashi Gamo)

As you indicated, we think that the three non-selected
scenarios may contain data and methods that can be utilized
effectively in the risk tradeoff analysis.
For substances that have absolutely no animal test data, it
is important, from the perspective of animal rights, to use the
structure-activity relationships and cell-based assay results. One
possible approach is to use the NOEL estimation values based
on structure-activity relationships, cell-based assay results, and
the chemical substance structure descriptors, as observation
variables in the structural equation modeling. On the other hand,
in the method presented in this paper, the characterization of
the correlation among the variables in the structural equation
modeling depended only on the correlation among toxicity
endpoint items. However, we can also select variables, and
establish the cause-effect relationships among them, based on the
information on the mode of action of chemical substances, which
is also discussed in the treatment of the general risk assessment
method.
Paragraph 3 of Chapter5 (Discussion) was modified to reflect
these concerns.
5 Reason for replacing the flame retardant
Question (Akira Ono)

Table 3 shows the results of risk assessment, taking the
example of a conventional flame retardant. I understand that the
right column of the table (with no substitution, the imaginary
situation) shows the reduction in QALYs if the conventional flame
retardant is used, compared to when we stop using that flame
retardant.
The conventional flame retardant and replacement substance

−195 −

Synthesiology - English edition Vol.9 No.4 (2017)

Research paper : Development of a framework for risk tradeoff analysis of chemical substance substitution (M. Gamo et al.)

both have very small risk estimation values, in fact dramatically
small compared to the reduction in QALYs of 0.04 days, which is
the upper limit of the tolerable risk level. What is the reason for
the extremely low risk values obtained in the assessment? Does
this show that the risk has been overrated, and is in fact very
small? Or is it due to your introduction of the common index of
QALYs? Please explain.
And another question along the same lines. According to this
assessment result, the original-substance reduction in QALYs is
negligibly small, and you conclude that the substance substitution
was scientifically meaningless. I think this conclusion is correct;
but then, why was this f lame retardant substituted for the
original? What was the reason? The reason might not have been
scientifically sound, but it must have been convincing enough at
the time. Please provide the authors’ view, to the extent of your
knowledge, on what the reason was.
Answer (Masashi Gamo)

In Table 3, the mag nit ude relationships bet ween r isk
estimation values (QALYs) in the scenarios with and without
substitution are reversed, depending on whether one uses the mean
or the 95 % upper limit of the relative toxicity value. This is true

also in Tables 1 and 2, but it indicates that one cannot determine
whether the substitution of a given substance necessarily
contributes to risk reduction, considering the uncertainty involved
in the assessment.
In this specific case study, it was calculated that the risk
estimation value was extremely small. I think we would have
reached the conclusion that there was no risk, using the general
risk assessment method (comparison of exposure and tolerance
levels) as well. However, as explained in Subchapter 2.1, the
general risk assessment method could only provide the conclusion
that ‘there is no risk,’ whereas in this study, the magnitude of risk
could be specifically presented in terms of QALYs. By doing so,
it was clarified that the risk was not at a level that necessitated
discussion of risk reduction measures.
The reason for the flame retardant substitution was probably
that people were interested only in the toxicity of the conventional
flame retardant, and there was widespread desire to avoid this
substance. I do not think even a general risk assessment was done
at the time, and comparison of the hazards or risks of the original
and replacement substances was not done in detail, unlike the
careful analysis performed in this paper.
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