
Utilizing Threshold of Toxicological Concern (TTC) with High 
Throughput Exposure Predictions (HTE) as a Risk-Based 
Prioritization Approach for thousands of chemicals

Grace Patlewicza,*, John F. Wambaugha, Susan P. Felterb, Ted W. Simonc, Richard A. 
Beckerd

aNational Center for Computational Toxicology (NCCT), Office of Research and Development, US 
Environmental Protection Agency, 109 TW Alexander Dr, Research Triangle Park, NC 27711, 
USA

bProcter & Gamble, Central Product Safety, Mason, OH 45040, USA

cTed Simon LLC, Winston GA 30187, USA

dAmerican Chemistry Council, 700 2nd St. NE, Washington, DC 20002

Abstract

Regulatory agencies across the world are facing the challenge of performing risk-based 

prioritization of thousands of chemicals in commerce. Here, we present an approach using the 

Threshold of Toxicological Concern (TTC) combined with heuristic high-throughput exposure 

(HTE) modelling to rank order chemicals for further evaluation. Accordingly, for risk-based 

prioritization, chemicals with exposures > TTC would be ranked as higher priority for further 

evaluation whereas substances with exposures < TTC would be ranked as lower priority. An initial 

proof of concept, using a dataset of 7986 substances with previously modeled median and upper 

95% credible interval (UCI) total daily median exposure rates showed fewer than 5% of 

substances had UCI exposures > the Cramer Class III TTC (1.5 μg/kg-day). We extended the 

analysis by profiling the same dataset through the TTC workflow published by Kroes et al (2004) 

which accounts for known exclusions to the TTC as well as structural alerts. UCI exposures were 

then compared to the appropriate class-specific TTC. None of the substances categorized as 

Cramer Class I or Cramer Class II exceeded their respective TTC values and no more than 2% of 

substances categorized as Cramer Class III or acetylcholinesterase inhibitors exceeded their 

respective TTC values. The modeled UCI exposures for the majority of the 1853 chemicals with 

genotoxicity structural alerts did exceed the TTC of 0.0025 μg/kg-day, but only 79 substances 

exceeded this TTC if median exposure values were used. For substances for which UCI exposures 

exceeded relevant TTC values, we highlight possible approaches for consideration to refine the 

HTE : TTC approach. Overall, coupling TTC with HTE offers promise as a pragmatic first step in 

ranking substances as part of a risk-based prioritization approach.
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1. Introduction

The last decade has seen an ever-increasing number of regulatory frameworks being 

implemented for chemical safety evaluation. One of the more prominent frameworks was the 

European Union (EU) Registration Evaluation, Authorisation and Restriction of Chemicals 

(REACH) regulation that came into force in June 2007, which set forth minimum sets of 

information that needed to be submitted, by manufacturers and importers on the basis of 

tonnage triggers [1]. Frameworks similar to REACH have also been established in other 

regions including China [2], Korea [3] and Turkey [4]. In the United States (US), the 

primary chemicals management law for the last 40 years has been the Toxic Substances 

Control Act (TSCA). The Frank R. Lautenberg Chemical Safety 21st Century Act (LCSA) 

which was enacted in June 2016 [5] significantly revised this law. There are currently 

∼80,000 substances on the TSCA inventory (see https://www.epa.gov/tsca-inventory/about-

tsca-chemical-substance-inventory), which includes both substances that are currently active 

in commerce (~25,000) and those that are not actively used. United States Environmental 

Protection Agency (US EPA) has estimated there are approximately 15,000 non-polymeric 

chemicals produced in quantities greater than 10,000 pounds per year in commerce [6]. In 

addition, US EPA reviews pre-manufacturing dossiers for about 1,000 new substances each 

year [7], but not all new substances are commercialized. Regardless of jurisdiction, all these 

regulatory programs have many challenges in common. Most notably, the scope of 

substances in commerce equates to inventories comprising thousands of substances, many of 

which lack sufficient publicly available toxicity and exposure information to inform risk-

based decision-making.

1.1 Background

Approaches for conducting risk-based prioritization are not new, and, in various forms, they 

represent an important component of regulatory frameworks in many countries, including 

Australia, Canada, US and the EU (summarized in Supplemental Material). Nevertheless, 

this is particularly challenging in the US since the TSCA requires the US EPA to perform 

risk-based prioritization of chemicals in commerce and then, for high-priority substances, 

develop risk evaluations that integrate toxicity data with exposure information derived from 

intended conditions of use [5].

Rather than perform extensive in vivo testing based on toxicological responses in animals, 

which, in terms of time and resources, is not even practical for thousands of substances, 

there has been a concerted move within the scientific and regulatory community towards 

investigating alternative approaches. These alternative approaches employ methods such as 

(quantitative) structure–activity relationships ((Q)SAR), high throughput screening (HTS) 

assays, toxicokinetics, physiological mechanisms and dose-dependent biological changes. 

These paradigm-changing approaches stem, in a large part, from the visions articulated in 
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the 2007 NRC report “Toxicity Testing in the 21st Century: A Vision and a Strategy” [8], the 

2012 NRC report “Exposure Science in the 21st Century: A Vision and A Strategy” [9-10] 

and most recently the 2017 NRC Report “Using 21st Century Science to Improve Risk-

Related Evaluations” [11].

To actualize the vision of these NRC reports, several large research programs were initiated 

(see summary of a selection of these programs in the Supplemental Material). Many of these 

have mostly focused on applying in vitro assays (including batteries of tests) to measure 

biological activities of chemicals as indicators of biological pathway perturbations. It may 

also be possible to use the results as points of departure for chemical toxicity decision-

making. In addition, there has been an acceleration of exposure science initiatives focused 

on deriving exposure estimates so that these advanced methods can generate exposure 

information for integrating with 21st century toxicity information to enable risk-based 

decision-making. One such example is the ExpoCast initiative by US EPA that has been 

instrumental in developing mechanistic and heuristic models for making high-throughput 

exposure (HTE) predictions that can be rapidly parameterized for thousands of chemicals. 

As previously demonstrated [12-15], the integration of hazard-related HTS results with HTE 

modeling should enable risk-based evaluations to be undertaken earlier in the chemical 

management decision process. For such risk-based evaluations, chemicals with estimated 

human exposures (based on HTE modeling) that approach or overlap doses of potential 

concern (e.g., oral equivalent dose calculated from HTS assays) would be prioritized to 

undergo further evaluation, and substances with HTE modeled exposures below those 

calculated from HTS assays would be lower priority. The ILSI-HESI RISK211 project [16] 

and its associated internet-based application tool provides a risk-based approach that can be 

tailored to support decisions for diverse risk contexts, from screening to in-depth 

evaluations. An example has recently been published using TTC within the RISK21 project 

for prioritizing potential drinking water contaminants based on theoretical exposures derived 

from water solubilities [17].

As promising as these efforts have been, there are challenges to overcome before such 

approaches become truly routine for the range of regulatory needs. Although HTS assays are 

less time and resource intensive to run than traditional in vivo studies, testing of thousands 

or tens of thousands of chemicals using HTS methods still represents a considerable 

practical undertaking. Richard et al. [18] described the challenges and tactical considerations 

of moving from a chemical structure-based inventory to a library of samples for testing in 

the ToxCast HTS assays. Some of those challenges include identifying substances that 

cannot be readily tested in an in vitro system. HTS testing may be hindered by technical 

limitations such as volatility, hydrophobicity, susceptibility to hydrolysis, all of which are 

important considerations when assessing the quality control of the samples, which in turn is 

critical for interpreting the experimental results. For example, false negative responses may 

occur if substances volatilize, and false positive results may occur if surfactants change the 

conformation of proteins.

1International Life Sciences Institute (ILSI) Health and Environmental Sciences Institute (HESI) Risk Assessment in the 21st Century 
(RISK21) – see http://risk21.org/
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There is also the question of appreciating the extent to which an existing suite of HTS 

assays, such as the ToxCast library, actually represent the landscape of biological activities 

of interest. High throughput transcriptomics (HTTR) may encompass a wider coverage of 

the biological landscape and represent an important first step to direct subsequent HTS 

assays that characterize specific mechanisms/pathways [19-21]. Existing HTS assays 

typically have limited metabolic capabilities, pertinent to certain chemical classes and 

toxicity effects. Progress is being made to take account of metabolism in in vitro systems, 

examples include incorporating metabolism into the ToxCast HTS assays [22-23]. As 

methods progress, one can envision at least in the short-term, the development of a 

“toolbox” comprising a variety of experimental techniques to address specific classes of 

substances or distinct decision contexts.

Computational approaches have also emerged, and there is growing interest to exploit these 

approaches prior to any experimental testing (in vitro or traditional toxicity testing. For 

example, predictive models, such as read-across, (Q)SAR, machine learning, and hybrid 

models are now being developed for routine predictions of many toxicity outcomes [24-27]. 

Machine learning and other SAR type approaches based on chemical descriptor information 

have also been applied to derive models capable of predicting ToxCast HTS assay outcomes 

themselves or understand how chemoinformatics can enrich the interpretation of HTS results 

[18, 27]. Predictive QSAR models can provide physicochemical properties such as LogKow 

(the log of the octanol-water partition coefficient), vapor pressure, pKa (acid dissociation 

constant), etc., which can also inform the testing results. The EPA Chemistry Dashboard is 

one resource that has incorporated a range of models to derive predictions for a number of 

physicochemical and environmental fate properties for chemicals in the DSSTox inventory 

(see https://comptox.epa.gov/dashboard [28]). Other tools include the OECD Toolbox 

[https://www.qsartoolbox.org/]. The Threshold of Toxicological Concern (TTC), as 

discussed below, is an example of a useful computational approach that can be employed as 

a pragmatic, fit-for-purpose screening tool.

2. Using Threshold of Toxicological Concern (TTC) with Chemical Specific 

High Throughput Exposure Estimates to Prioritize Thousands of 

Substances

A practical first step of a risk-based prioritization process could be to couple the well-

established Threshold of Toxicological Concern (TTC) with chemical-specific exposure 

estimates derived from HTE modeling. The advances made in the development of HTE 

modelling provides an opportunity to use TTC-based exposure thresholds to prioritize or 

rank thousands of substances and to identify substances that would be the first candidates for 

further evaluation. Such evaluation could rely on approaches such as HTTR, HTS, or 

traditional animal toxicity testing. The approach presented here focuses on evaluating the 

utility of the TTC approach for a set of 7968 chemicals for which HTE modelling had been 

used to derive exposure ranges consistent with the results of NHANES2 biomonitoring of a 

2NHANES = National Health and Nutrition Examination Survey is a survey research program conducted by the National Center for 
Health Statistics within the Centers for Disease Control and Prevention (CDC)
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sample of the US population [29]. Although the focus of this paper is on the use of TTC for 

risk-based priority setting of chemicals in commerce for regulatory purposes, screening level 

risk evaluations using the TTC can also be performed for food contact materials, impurities 

in pharmaceuticals, pesticides, personal care products [30].

2.1 Threshold of Toxicological Concern

TTC is a level of exposure that is considered to be of no appreciable risk to human health 

despite the absence of chemical-specific toxicity data [31]. A recent state-of-the science 

review by EFSA/WHO [30] concludes that TTC is a fit-for-purpose approach that has broad 

applicability as a risk assessment tool. As analytical detection approaches are improved, it is 

conceivable that more contaminants will be observed in the environment, for which a 

pragmatic means of assessing their associated health risks is needed. TTC does not supplant 

toxicity testing or chemical-specific risk assessment where required. The TTC concept has 

been incorporated into some regulatory frameworks; these include evaluation of food 

additives (i.e., flavor chemicals and food contact chemicals) and genotoxic impurities in 

pharmaceuticals [32-33]. For a comprehensive history of the TTC concept and its 

application to chemicals in food, the reader is referred to the International Life Sciences 

Institute (ILSI) monograph [34], the State of the Science review by EFSA/WHO [30], and 

other reviews [35]. Here we present a brief overview of the structural TTCs and their 

application within the Kroes et al. [36] workflow to put this application into context and 

highlight chemical-specific exclusions. Health Canada [37], Australia’s National Industrial 

Chemicals Notification and Assessment Scheme (NICNAS) [38] and Food Standards 

Australia New Zealand (FSANZ) [39] are using or considering TTC as a tool for 

prioritization and risk-based screening efforts. More recently, evaluating the utility of the 

TTC was noted as a possible activity in US EPA’s Draft Strategic Plan to Promote the 

Development and Implementation of Alternative Test Methods [40].

Kroes et al. [36] presents a tiered TTC approach that establishes several human exposure 

thresholds over four orders of magnitude, ranging from 0.15 μg /d (0.0025 μg /kg-day) to 

1800 μg /day (30 μg /kg-day). The exposure limit established for each TTC tier is based on 

an evaluation of existing toxicity data for chemicals in each tier. It is noted that some 

chemicals have been excluded from TTC because they are not represented in the toxicity 

databases supporting TTC (e.g., metals or metal containing compounds, proteins) or because 

standard risk assessment approaches are not appropriate (2,3,7,8-dibenzo-p-dioxin (TCDD) 

and its analogues, and steroids). However, it is generally recognized that the majority of 

organic compounds are within the chemical domain of TTC [30] and those lacking toxicity 

data can be assigned to the appropriate TTC tier based on an evaluation of chemical 

structure.

Kroes et al. [36] determined the lowest TTC tier to be 0.15 μg /d (0.0025 μg/kg-day); this 

category is assigned to any compound with structural alerts for genotoxicity/mutagenicity. 

The exposure limit for this tier is based on an evaluation of the distribution of carcinogenic 

potencies of 730 chemical carcinogens (expressed by the carcinogenic potency, TD50, the 

chronic dose-rate in mg/kg body wt/day which would induce tumors in half the test animals 

at the end of a standard lifespan for the species – see https://toxnet.nlm.nih.gov/cpdb/); these 
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were plotted and transformed into a distribution of exposures calculated to represent an 

estimated lifetime cancer risk of one in a million based on linear low-dose extrapolation. 

Based on this distribution, an exposure of 0.15 μg /day (0.0025 μg /kg-day) was determined 

to be protective for most carcinogens. Three groups of carcinogens (aflatoxin-like 

compounds, azoxy- and N-nitroso-compounds; termed the ‘cohort of concern’) have been 

excluded because many compounds in these classes are characterized as high potency, 

genotoxic carcinogens.

For compounds without structural alerts, there are a series of noncancer TTC tiers, which are 

based on the three structural classes defined by the Cramer et al. [41] decision tree. The 

decision tree comprises 33 questions which utilizes recognized pathways for metabolic 

deactivation and activation, data on toxicity, and the presence of a substance as a component 

of traditional foods or as an endogenous metabolite. The three Cramer structural classes 

have been defined elsewhere [31] as follows:

• Cramer Class 1 are substances of simple chemical structure with known 

metabolic pathways and are of low potential toxicity.

• Cramer Class II contains substances that are intermediate -- they possess 

structures that are less innocuous than in the Class 1 but do not have a positive 

indication of toxicity which are characteristic of Class III.

• Cramer Class III contain structural features that permit no strong initial 

impression of safety, or may even suggest significant toxicity.

Derivation of TTC values for each of the Cramer Classes stems from the work of Munro et 

al. [42]. Munro and colleagues compiled a database of NOELs for 613 substances that had 

been tested in repeat-dose oral toxicity studies including sub-chronic, chronic, reproductive 

and developmental toxicity. Where there were multiple NOELs for a given substance, the 

lowest one was selected (there were a total of 2941 NOELs for the 613 substances). The 

substances were then assigned to the appropriate Cramer structural class, and cumulative 

distributions of the logarithms of NOELs were plotted separately for each of the structural 

classes. Where necessary, adjustments were also made to extrapolate subchronic NOELs to 

chronic, and LOELs to NOELs. The 5th percentile NOEL was estimated for each structural 

class and this was in turn converted to the TTC limit by applying the conventional default 

safety/uncertainty factor of 100 (10X to account for extrapolation of animals to humans and 

10X for human variability) [42]. Thus, TTC values are similar in many respects to health 

guidance values such as a Tolerable Daily Intake, or a Chronic Minimal Risk Level (MRL) 

both of which represent daily exposure levels that occur over a lifetime, even to sensitive 

subpopulations (e.g. children, without producing an appreciable degree of health risk) [43]. 

The TTC values established were 1800 μg/person/day for Cramer Class I, 540 μg/person/day 

for Cramer Class II, and 90 μg/person/day for Cramer Class III substances, assuming a 

60kg3 body weight. In evaluating the distribution of NOELs, special consideration was 

given to chemicals shown to be neurotoxicants, immunotoxicants and teratogens. It was 

concluded that except for neurotoxicants (specifically organophosphate pesticides (OPs) and 

3It is noted that typically 70kg is assumed for an adult body weight, at the time when TTCs were first derived, a default of 60kg was 
used.
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carbamates), such compounds would still be adequately represented by the TTC approach 

for systemic toxicity endpoints. For organophosphates and carbamates, a human exposure 

threshold of 18 μg/person/day was derived. This threshold was not intended to replace the 

normal regulatory assessments and controls for OPs and carbamates used as pesticides, but 

could be used to evaluate their risk should a non-approved or unregulated organophosphate/

carbamate be detected as a contaminant. It is noted that the NOELs for the OPs and 

carbamates were not removed from the original Cramer Class III distribution, and many 

publications have suggested that this distribution should be re-evaluated without these 

compounds since an untested OP or carbamate would not be assigned to Cramer Class III. 

Munro et al. [31] suggested that the new limit for Cramer Class III would be at least 180 μg/

day. Most regulatory agencies have not yet adopted this higher value, suggesting that it 

would be more prudent to wait until an update of the entire decision tree is available, rather 

than updating through an incremental process [30].

Traditionally, the TTC values have been expressed in units of μg/person/day based on a 

default body weight of 60 kg. More recently, it has been recommended that the TTC values 

be expressed in units of μg /kg-day to facilitate the use of these values for different 

populations including infants and children [30]. The corresponding TTC limits are 30 μg/kg-

day for Cramer Class I, 9 μg/kg-day for Cramer Class II, 1.5 μg/kg-day for Cramer Class III 

substances, and 0.3 μg/kg-day for OPs and carbamates. The human exposure thresholds 

(TTC values) established by Kroes et al. [36] are summarized in Table 1.

2.2 High throughput exposure (HTE) modelling

Wambaugh and colleagues [29] developed a rapid heuristic high throughput exposure (HTE) 

model that enables prediction of potential human exposure to the many thousands of 

substances for which little or no empirical exposure data are available. This HTE model was 

calibrated by comparison to NHANES urinary data that reflects total exposure (all routes/

sources) [29]. The NHANES biomonitoring data are spot samples and reflect the level of the 

chemical (or its metabolite) at a point in time. Biomarker concentrations are impacted by 

chemical half-life, unknown time of exposure, and unknown or uncertain magnitude, 

frequency, and duration of exposure, etc. In spot biomonitoring sampling, while 

measurements of compounds with long half-lives will be indicative of long-term exposures, 

for compounds with short half-lives, the lower and upper concentration percentiles measured 

may not be informative of long-term average biomarker concentrations for individuals. 

Instead, the lower end of the distribution may comprise samples taken at longer times since 

exposure events and the upper end may reflect samples collected closer in time after 

exposure events [45]. That said, the research of Aylward et al. [46] concluded that, for 

substances with short half-lives, central tendency measures in NHANES “may be more 

informative of longer-term average biomarker concentrations on a population basis,” and the 

NHANES study design is sufficient to allow estimation of the central tendency of the 

exposure rate for compounds with short-half-lives. Therefore, the HTE model of the 

NHANES data allows inferences about the central tendency of the US populations and 

demographic groups (i.e., population median exposure rate), but does not inform higher or 

lower exposed subgroups of individuals (e.g. workers or individuals exposed to local sources 

of exposure). The HTE model characterizes a population median exposure rate that is 
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augmented by five predictive “heuristics” that correspond to greater or lesser chemical 

exposure rates. However, the importance of these predictors does not vary significantly 

between demographic groups and therefore any actual differences in exposure between the 

groups are only captured in the median predicted exposure rate, which is the same across all 

chemicals for a given demographic group.

The extent to which portions of the population will be exposed at a higher level depends on 

how each chemical is specifically used and the situations relevant to the individuals (e.g., 

occupational vs. general population). In the Aylward et al. [46] analysis of the NHANES 

biomarker concentrations the ratio between the 95th percentile highest exposed individuals 

and the median was as large as 50.15. Simulation studies by Isaacs et al. predict that the ratio 

of the 99th highest exposed potential to the median could be as much as a million (personal 

communication). Therefore, while the HTE model of the NHANES data allows inferences 

about the median (and the upper confidence intervals of the median exposures) of the U.S. 

population and different demographic groups, the data does not provide modeled exposures 

for higher exposed subpopulations of individuals. This limitation does not prevent the use of 

the findings for prioritizations since chemicals with higher median doses for the overall 

population are likely to have higher doses for individuals in the population. However, the 

limitation does prevent the demonstration that a chemical predicted to have negligible risk to 

highly exposed subpopulations.

3. Materials and Methods

The dataset that was evaluated in this approach was taken from Wambaugh et al [29] who 

filtered the Tox21 library to reflect substances with similar uses to those in NHANES. To 

test the feasibility of this approach, we initially assumed none of the 7986 substances in the 

dataset were automatically excluded from the TTC approach or contained structural alerts 

that raised a concern for potential genotoxicity. Then we compared the conservative Cramer 

Class III TTC value of 1.5 μg/kg-day to the previously calculated median and upper 95% 

credible interval (UCI) of total daily median exposure rates for 7968 chemicals ([47]; Figure 

1). As discussed in greater detail in the Results section 4.1, using the ratio of exposure to 

TTC (i.e., HTE: TTC) as a metric for risk-based prioritization, fewer than 5% of chemicals 

had an UCI level of exposure that exceeded the TTC.

The initial evaluation showed the approach of using the ratio of exposure to TTC (HTE: 

TTC) appeared feasible (see section 4.1) and we processed the same dataset through the 

Kroes et al. [36] TTC workflow. The objective was to determine what impact these 

exclusions and other TTC values had on the ability of the TTC approach to be used as part 

of a screening level risk-based prioritization (as outlined in Figure 2). As indicated in Figure 

2, if a criterion for exclusion was met, a chemical would be excluded from the TTC 

approach and instead, be subjected to a substance-specific risk evaluation. For completeness, 

we included this tranche in the workflow in Figure 2, although we did not conduct any such 

substance-specific assessments as part of this study. Substances that were excluded were set 

aside, and then, for the remaining chemicals, we applied the specific TTC values for Cramer 

5See Table 4 in Aylward et al [45] which quotes a ratio of 50.1 for Triclosan
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classes I, II, and III, AChEIs and substances with genotoxicity structural alerts to the 

respective datasets for risk-based prioritization.

Although the workflow could have relied in theory on the Kroes et al. [36] decision tree as 

encoded within Toxtree v2.5 [48], we found that the module did not lend itself to batch 

processing as a dose needed to be specified upfront on a per substance basis. If this step was 

bypassed using the “silent” checkbox, the entire workflow was not correctly processed to 

completion (see Supplementary information). Based on this observation, we created separate 

filters to mimic the exclusions as depicted in Figure 2 (see Supplementary information). 

Chemical structures were extracted from DSSTox within the EPA CompTox dashboard 

(https://comptox.epa.gov/dashboard [28]). Inorganics, bioaccumulative substances, steroids 

were identified using the Kroes et al. [36] workflow module contained within Toxtree v2.5 

(Ideaconsult Ltd), the OECD Toolbox’s ‘structure type’ profiler and Leadscope structural 

features (www.leadscope.com). OPs were identified by parsing out the SMiles ARbitrary 

Target Specification (SMARTS) flag in the Kroes workflow module and creating a separate 

rule in Toxtree whereas carbamates were identified as structural features using Leadscope’s 

structural feature hierarchy. Genotoxic alerts (including alerts that would trigger for high 

potency carcinogens) were identified using the in vitro mutagenicity alerts in the ISS6 

profiler within the OECD Toolbox v3.4 (https://www.qsartoolbox.org/). Cramer structural 

classes were identified using the Cramer module within Toxtree v2.5 [49]. The results from 

each of the respective filters were then combined within a KNIME pipeline (KNIME 2.12.2; 

https://www.knime.com/knime-analytics-platform) to process the entire structure file. We 

applied the specific TTC values for Cramer classes I, II, and III, AChEIs and substances 

with genotoxicity structural alerts to the respective datasets for risk-based prioritization 

(assuming a 60-kg adult). The predicted median and 95th percentile UCI exposure values 

from Wambaugh et al. [29] were joined for individual chemicals from each TTC category 

(i.e., Cramer I, II, III, AChEIs, Genotoxicity) by CAS number using the left_join function in 

the dplyr package with RStudio (R version 3.4.1 “Single Candle”). In the exposure values 

spreadsheet, some CAS numbers were corrupted (approximately 80 substances) and could 

not be matched programmatically to individual chemicals by the R program. Therefore, the 

exposure values for these substances were entered manually.

We then compared the HTE-derived UCI total daily median exposures to the appropriate 

class-specific TTC values. For risk-based prioritization, using the HTE: TTC approach, it 

was proposed that chemicals with exposures greater than the TTC would be ranked higher 

for further evaluation relative to substances with exposures less than the TTC.

4. Results

The results of the feasibility evaluation of the HTE: TTC approach are presented in Section 

4.1. In Section 4.2, we present the results of applying the TTC workflow to the full set of 

7968 substances to assign substances into the different TTC categories. The results of 

applying the HTE: TTC approach for risk-based prioritization using the assigned specific 

6ISS = Istituto Superiore di Sanità
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TTC values and HTE-derived UCI total daily median exposure estimates are presented in 

Section 4.3.

4.1 Initial Evaluation for Proof of Concept

To first investigate this approach, we assumed none of the substances were automatically 

excluded from the TTC approach or contained structural alerts that raised a concern for 

potential genotoxicity. We then compared the Cramer Class III TTC value of 1.5 μg/kg-day 

to the previously calculated median and upper 95% credible interval (UCI) of daily 

exposures for 7968 chemicals ([47]; Figure 1). Of the 7986 chemicals in the Wambaugh et 

al. [29] HTE dataset, only 273 (fewer than 5%) were found to have UCI daily exposures 

estimates that exceeded the Cramer Class III TTC value of 1.5 μg/kg-day (Supplemental 

Material); this was also the case for all demographic groups – data not shown. In addition, 

we compared the Cramer Class III TTC value to the substances with the highest predicted 

median exposures from the SHEDS-HT exposure modeling analysis of 2507 organic 

chemicals associated with consumer products and agricultural pesticides [50]. Similar to the 

results obtained from the Wambaugh et al. [29] HTE modeling, for median intakes, only a 

small fraction - 14 of 2507 substances (< 0.5%) exceeded the Cramer Class III TTC (see 

Supplemental Material).

4.2 Applying the TTC workflow to evaluate exposure to substances using class-specific 
TTC values

Chemical structures were available for 7699 of the 7968 substances in the dataset. Individual 

filters were used to exclude dioxin-like substances, metals, mixtures, salts, high potency 

carcinogens, and steroids from the set. The number of chemicals falling into each TTC 

category are summarized in Table 2. Overall, 904 substances out of the starting 7966 

structures were found not applicable for the TTC approach based on the aforementioned 

filters, and would therefore require a more in-depth, chemical-specific evaluation. The 

remaining set of 6795 substances applicable for consideration of the TTC were then 

evaluated further using the workflow in Figure 2 to determine which TTC value was most 

appropriate. The large number of steroids identified and excluded (211) was surprising and 

suggests that the custom filter may be too conservative in its removal of substances 

containing a steroid backbone for potential endocrine activity.

4.3 Risk-based screening using the appropriate class-specific TTC value for each 
chemical

For risk-based screening, we compared the HTE-modeled UCI total daily median exposures 

for each chemical to the appropriate TTC value. The results are summarized in Table 3. 

Overall, these findings indicate coupling the TTC approach with HTE modeling is a feasible 

approach as a pragmatic first step as part of risk-based prioritization for chemical safety 

evaluations.

Of the 1294 substances in Cramer Class I, none exceeded the corresponding TTC value. 

This was also the case for all 332 substances categorized as Cramer Class II. For Cramer 

Class III, 58 substances out of 3214 exceeded the TTC value and one anti-cholinesterase 

inhibitor out of the 102 substances identified as such exceeded its TTC. For the 1853 
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chemicals with structural alerts for potential genotoxicity, the UCI modeled exposure for the 

vast majority exceeded the TTC of 0.0025 μg/kg-day, whereas, using median exposure 

values, only 79 exceeded this TTC. Furthermore, using the ICH genotoxic TTC [44] based 

on a lifetime cancer risk of 1 in 100,000, the 95th percentile modeled exposure for 18% of 

chemicals exceeded this TTC and for median exposure values, only 1% would exceed this 

TTC. (Note, the ICH genotoxic TTC corresponding to a lifetime risk of 1 in 100,000 falls 

within EPA’s risk range of 10−4 to 10−6 for carcinogens [51], the World Health organization 

guidelines [52] and California’s Proposition 65 regulations (https://oehha.ca.gov/media/

downloads/faqs/p65fact.pdf).

5. Discussion

The results indicate the HTE : TTC approach could be adopted as a pragmatic first step in 

the risk-based prioritization of thousands of substances. Indeed the HTE: TTC approach is 

based on transparent, reproducible and published methods, does not favor data rich 

substances over data poor substances, explicitly includes known domains of applicability 

that cover a wide range of chemical structures (and can screen out substances that fall 

outside domains of applicability); covers a broad suite of toxicity endpoints (including 

developmental, reproductive toxicities and carcinogenicity); and enables evaluation of a 

wide range of chemical exposures.

5.1 Refinements to the HTE : TTC approach

As promising as the approach was found in this study, additional work is still merited to 

evaluate the robustness of the TTC assignments based on the specific software 

implementation. Preliminary work using the specific Kroes workflow in Toxtree and parsing 

out some of the decision tree questions as separate filters (described in the supplementary 

information) shows that the exact numbers of chemicals falling into each of the TTC bins 

does vary from the analysis reported here, but this did not markedly impact the number of 

chemicals exceeding the HTE estimates in each TTC category. Further work is planned to 

compare the assignments made by the approach in this study relative to other published 

datasets e.g. Kroes et al., [36]; Yang et al., [53].

Enhancements for underlying TTC approach itself could also be considered. A number of 

activities that could be taken into account have been discussed by EFSA/WHO [30], Boobis 

et al., [54] and Hartung [35]. For example, progress is being made in extending the structural 

coverage of the database underpinning the structural TTC approach. A number of 

investigators have re-evaluated the TTC limits established by Munro et al [42] and Kroes et 

al. [36] in light of additional data; these re-evaluations have consistently shown the existing 

TTC limits to be protective (reviewed by EFSA/WHO, [30]). One of the most extensive 

evaluations was conducted by Yang et al. [53], who created a database of No-/Lowest-

Observed-Adverse-Effect Level (NOAEL/LOAEL) values from studies of 552 cosmetics-

related chemicals, including ingredients, contaminants, and packaging chemicals. When 

combined with the historical TTC dataset compiled by Munro et al. [42], the combined 

dataset was increased from 613 chemicals to 966 chemicals. The derived human exposure 

TTC values from the larger dataset were slightly higher (~ 1.5-fold) than those published by 
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Munro et al. [42] and Kroes et al. [36] for Cramer Classes I and III; too few chemicals were 

available for derivation of a Classes II TTC value. Yang et al [53] concluded that the TTC 

values in current use were also protective for chemicals associated with cosmetics.

It is also worth noting that the limitations the HTE model of the NHANES data allows 

inferences about the median (and the upper confidence intervals of the median exposures) of 

the U.S. population and different demographic groups. The data does not provide modeled 

exposures for higher exposed subpopulations of individuals.

6. Possible next steps for substances prioritized by the HTE: TTC 

approach

Whilst further evaluation of all substances will ultimately be required, in Table 4, we 

summarize possible next steps for substances identified as higher priority. All possible 

actions should be formulated keeping the specific decision context in mind.

One possible activity would be to refine the exposure analysis for higher prioritized 

substances (item 1 in Table 4). While the heuristic HTE model of Wambaugh et al. [29] 

provides estimates of population-wide representative exposures in the U.S. (i.e., the same 

type of exposure estimate as NHANES biomonitoring data), this HTE model does not 

produce scenario-specific individual exposure values such as high-end consumer scenarios 

or occupational exposure. Therefore, one potential next step could be to use the Targeted 

Risk Assessment tool as used in REACH or adapting other appropriate models, such as 

EPA’s Consumer Exposure Model [58], to allow for screening-level, scenario-based, 

deterministic exposure assessments. The refined exposure estimates could be used with 

appropriate TTC values in a refined risk-based prioritization approach or with actual toxicity 

data to yield a chemical-specific, scenario-specific, screening level risk evaluation.

A number of next steps could be envisioned and implemented to refine potential hazards 

(Item 2 in Table 4). For systemic endpoints, including, but not limited to, chronic toxicity, 

immunotoxicity, neurotoxicity, and reproductive and developmental toxicity, since only 

approximately 1-2% of the substances were considered of higher priority for further 

evaluation, obtaining and evaluating any relevant existing toxicity data for each chemical 

could be a practical undertaking. If a chemical’s relevant toxicity dataset contained 

information on most of the toxicity endpoints of interest, chemical specific NOAELs or 

points of departure (PODs) could be derived. In cases where little or no reliable existing 

toxicity data exist for a substance, a read-across approach could be used.

If actual data on bioactivity are needed, then testing using in vitro HTS/transcriptomics 

methods could be undertaken utilizing in vitro to in vivo extrapolation (IVIVE) to convert in 
vitro PODs to equivalent oral doses and subsequently integrating with HTE (or a refined 

exposure assessment) to derive bioactivity-based chemical-specific risk-based screening 

evaluations (e.g., [12, 15]). In cases where gaps in toxicity datasets are still of concern, and 

if these are determined to be data needs, a tiered in vivo testing approach could be designed 

(e.g., [59-60]).
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In our analysis, the set of substances categorized as having structural alerts for potential 

genotoxic carcinogenicity were found to have the highest proportion of predicted exposures 

that exceeded the category-specific TTC values. This is not surprising, given the significant 

conservatism inherent to the derivation of the TTC value (i.e., linear low-dose extrapolation) 

and the wide range of potencies for carcinogens (i.e., over six orders of magnitude). 

Williams and colleagues [61] demonstrated that there is high confidence in specific in silico 
mutagenicity prediction models for predicting negatives. Thus, it is highly unlikely that the 

HTE: TTC ratio approach would underestimate the identification of potential genotoxic 

carcinogens.

This approach could lead to false positives because of the database and assumptions used in 

deriving this specific TTC. This TTC value (0.0025 μg/kg-day) for substances having 

structural alerts for potential genotoxicity-induced cancer was derived by assuming no 

threshold and then using linear extrapolation to derive a dose equivalent to an individual 

excess lifetime cancer risk of 1×10−6. Boobis et al. [54] provide detailed recommendations 

for reviewing and updating TTC values for potential carcinogens. The authors stress [54] 

that compounds carcinogenic by a mode of action (MOA) other than DNA-reactive 

mutagenicity will be adequately covered by the existing systemic toxicity Cramer 

classification procedures. They recommend first reviewing the carcinogen database to 

identify and segregate substances that are carcinogenic by a DNA-reactive mutagenic MOA 

from those that act by a non-genotoxic mode of action and then developing a carcinogen 

TTC to be applied for likely DNA-reactive mutagenic agents, while also emphasizing that 

compounds that may be carcinogenic by a MOA other than DNA-reactive mutagenicity are 

adequately covered by higher TTC values. Concomitantly, to implement this approach, 

screening tools to identify structural alerts of those compounds likely to be DNA-reactive 

mutagenic carcinogens will need to be updated (or developed de novo). Implementation of 

these improvement activities would be beneficial to refine this specific TTC category.

Absent of such refinements in this specific TTC, what are some potential next steps in 

pursuing chemicals prioritized based on the HTE: TTC approach where the TTC value is 

based on structural alerts for potential genotoxicity? A logical first step would be to obtain 

the existing relevant data of genotoxicity for each of these substances, since the TTC 

screening approach is only based on the presence of structural alerts. If available, chemical 

specific results of in vitro or in vivo studies could be collated for carcinogenic endpoints. 

Such considerations were proposed by Felter et al. [62] and Cheeseman et al. [63] by 

refining TTC values based on the availability of in vitro bacterial mutagenicity data. Then 

evaluations would be conducted to determine whether the existing data were supportive of a 

potential mutagenic MOA. In cases where data needs are identified, tiered toxicity testing 

approaches should be considered [59, 64-66].

6.1. Does the HTE: TTC approach address potential exposures, hazards and risks to 
children?

Increasingly, assessments are including specific evaluation of potential health risks to 

sensitive subpopulations, including children. This raises the question of whether the HTE: 

TTC approach addresses potential exposures, hazards and risks relevant to children. 
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Children are considered in the sense that TTC values are similar in many respects to health 

guidance values such as a Tolerable Daily Intake, Chronic Minimal Risk Level (MRL) all of 

which represent daily exposure levels that occur over a lifetime, even to sensitive 

subpopulations (e.g. children) without producing an appreciable degree of health risk [43, 

67]. In addition, TTC values themselves also encompass toxicity endpoints related to 

concerns for children’s health. TTC values are based on effects on all organ systems in the in 
vivo animal experimental systems used. Typically, these include consideration of toxicity in 

all major organ systems, such as the nervous system, digestive system, circulatory system, 

respiratory system, reproductive system, etc. Laufersweiler et al., [68] independently 

analyzed developmental and reproductive toxicity datasets and showed that the TTC values 

“provide a conservative value for protection of human health with respect to reproductive 

and developmental endpoints.” Furthermore, EFSA/WHO’s review [30] concluded that 

systemic toxicity TTC values (Cramer Classes I, II, and III) are sufficiently protective for 

adverse effects on development, a toxicity of particular concern for children’s health.

Typically, comparisons to TTC values should be made to average daily lifetime exposures. 

However, if specific exposures to children were of concern, the priority substances identified 

by the HTE: TTC approach could be subjected to screening-level scenario based 

deterministic exposure assessments using appropriate models that explicitly include 

chemical product use scenarios for children. In addition, for exposures that are limited to 

discrete periods, an assumption of lifetime exposure may be an overestimate and 

adjustments to the TTC values could be made (e.g., see the recommendations of Felter et al., 

[62]). Then, the derived exposure estimates could be compared to the appropriate less-than-

lifetime adjusted TTC value for each specific chemical to yield a chemical-specific, 

scenario-specific screening level risk evaluation.

7. Conclusions

Overall, this analysis shows the utility of the TTC method and illustrates how integrating 

HTE estimates with TTC values could be employed as a pragmatic first step in a risk-based 

prioritization approach. Given that considerable attention has been focused globally on the 

development and implementation of non-animal testing methods for toxicity evaluation, and 

that the TTC approach requires no further animal testing, opportunities to expand the 

understanding of, and confidence in the application of the TTC approach by the global 

regulatory science community are warranted. In addition, this analysis documents the value 

of harnessing predictive exposure modeling for use in risk-based prioritization. The ongoing 

efforts to refine and improve such exposure modeling are critical research activities, and 

there is a pressing need to generate more accurate predictions of exposures to chemicals in 

commerce. The goal is to extend such exposure prediction models beyond population-wide 

predictions to enable exposure modeling results of the thousands of chemicals in commerce 

to be confidently used in assessments that go beyond prioritization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• An approach of using TTC and HTE to facilitate risk-based prioritization is 

presented

• Used the Kroes et al. (2004) workflow to identify the number of chemicals 

within respective TTC classes

• Compared the predicted exposures with the relevant TTC values

• The appropriate TTC value was found to be protective for most TTC 

categories

• Possible refinements to the approach are outlined
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Figure 1. 
Risk-Based screening of 7986 chemicals by comparison of HTE-derived upper 95% credible 

interval (UCI) of total daily median exposures to the Cramer Class III TTC value of 1.5 

μg/kg-day. The labeled black horizontal line shows the TTC of 1.5 μg/kg-day.
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Figure 2. 
Proposed Workflow for Using the TTC Approach as Part of a Risk-based Prioritization 

approach
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Table 1.

Daily oral exposure TTC values for all applicable chemicals below which there would be no appreciable risk 

to human health.

Type of substance μg/person/day (μg/kg-day for 60 kg adult)

Alerts for potential genotoxic carcinogenicity
Kroes: 0.15 (0.0025 μg/kg-day) ICH: 1.5 (0.025 μg/kg-day)

a

4Acetylcholinesterase inhibitors (AChEI) (Organophosphates (OPs)/
carbamates)

18 (0.3 μg/kg-day)

Cramer Class III
90 (1.5 μg/kg-day)

b

Cramer Class II 540 (9.0 μg/kg-day)

Cramer Class I 1800 (30 μg/kg-day)

a
higher threshold (1.5 μg/person per day) is used for pharmaceutical impurities that are mutagenic or that are suspected of being mutagenic 

(International Conference on Harmonization (ICH) [44]).

b
Exclusion of organophosphates from the Munro et al. [42] Class III dataset would give rise to a 5th percentile NOAEL of 0.3 mg/kg-day which 

would yield a corrected Class III TTC of 180 μg/person-day instead of the 90 μg/person-day [31].

4For the remainder of the paper we refer to the OPs and carbamates set as AChEI based on the underlying data that was used by Kroes 
et al [36] to underpin them as distinct from the Cramer structural classes
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Table 2.

Results of filtering the dataset based on structures to categorize substances for application of structural 

category-specific TTC values.

TTC category Number of chemicals

Total dataset 7968

Dataset with available structures 7699

TTC is not appropriate 904

TTC is appropriate * 6795

Substances with structural alerts for genotoxicity 1853

AChEIs 102

Cramer class III 3214

Cramer class II 332

Cramer class I 1294

*
Appropriate indicates that these substances nominally fall within the “applicability domain” or “scope” of the TTC approach
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Table 3.

Risk-Based Prioritization Results Based on the HTE: TTC approach

TTC category Number
of
chemicals

TTC (μg/kg-day for
60 kg adult)

Percentage of Substances Exceeding the
TTC

UCI Exposure Value
(number of
chemicals)

Median Exposure
Value (number of
chemicals)

Cramer class III 3214 1.5 μg/kg-day
2% (58)

a 0

Cramer class II 332 9.0 μg/kg-day 0 0

Cramer class I 1294 30 μg/kg-day 0 0

AChEIs 102 0.3 μg/kg-day 1% (1) 0

Genotoxic alerts 1853 Kroes 0.0025 μg/kg-day 94% (1740) 4% (79)

ICH 0.025 μg/kg-day 18% (333) 1% (19)

a
Note: if the TTC Cramer Class III value of 3 μg/kg-day were to be used (the re-calculated Cramer Class III TTC developed by Munro et al., [31] 

following removal of organophosphates from the dataset) then the predicted UCI modeled exposures for less than 1% of the 3214 substances 
(specifically 28 chemicals) would be exceeding this TTC.
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Table 4.

Possible next steps for prioritized substances 
a

1 Refine the exposure assessment using suitable models for specific conditions of use, populations and activities. If additional 
exposure information is needed:

• Identify dominant exposure pathways through databases (Chemical and Product Categories Database https://
actor.epa.gov/cpcat/faces/home.xhtml; [55]), targeted sampling of plausible environmental media and household 
products, and structure-based predictions of chemical function [56]

• Add chemical structure to suspect screening libraries for environmental and biological monitoring [57]

2 Evaluate existing chemical-specific toxicity data, determine sufficiency of the information for a chemical-specific screening level 
risk assessment for endpoints of potential concern (systemic toxicity or cholinesterase inhibition or genotoxicity). If additional 
hazard information is needed for potential concerns related to systemic toxicity:

• Consider using read across.

• If chemical specific data are still needed, then consider a tiered approach utilizing HTS (e.g., ToxCast/Tox21, or 
whole genome transcriptomics).

• In a case where traditional in vivo toxicity testing is determined to be warranted, then a tiered approach should be 
contemplated.

3 If additional information is needed for potential concerns related to genotoxicity:

• Consider conducting genotoxicity screening tests of the chemical (e.g., Ames assay, gene mutation assay in 
mammalian cells, in vitro micronucleus, in vivo mammalian genetox) and design a tiered testing strategy.

• Evaluate potential modes of action using HTS (ToxCast/Tox21) screening assays to identify potential molecular 
initiating events associated with existing AOPs for cancer.

4 4. If additional information is needed for potential concerns related to cholinesterase inhibition, review principles and procedures 
for selecting appropriate endpoints for assessing potential hazards to humans exposed to anticholinesterase pesticides and design 
a tiered testing strategy.

a
The decision context should guide the selection of options, therefore these possible next steps should be considered illustrative, not exhaustive.
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