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Variability of in vivo repeat dose data informs NAM 
performance expectations and a part of scientific confidence

• In Section 4(h) in the Lautenberg 
amendment to Toxic Substances Control Act:

• “…Administrator shall reduce and replace, to the extent 
practicable and scientifically justified…the use of 
vertebrate animals in the testing of chemical substances 
or mixtures…”

• New approach methods (NAMs) need to provide 
“information of equivalent or better scientific quality and 
relevance…” than the traditional animal models

• Multiple frameworks suggest scientific 
confidence may depend in part on fitness for 
purpose, biological relevance, and 
characterization of NAM performance, which 
in some cases relates to traditional animal 
study performance or reference data.

3

How do we define expectations of in silico, in chemico, and in vitro models for predicting repeat-dose toxicity?

In silico, in chemico, and in vitro models cannot predict in vivo systemic effect values from animal studies with 
greater accuracy than those animal models reproduce themselves.

US EPA NAMs WorkPlan (2020-2021)

van der Zalm et al. (2022). 10.1007/s00204-022-03365-4

Parish et al. (2020).
10.1016/j.yrtph.2020.104592

https://doi.org/10.1007/s00204-022-03365-4
https://doi.org/10.1016/j.yrtph.2020.104592


How can variability in traditional animal studies be expressed 
for use as reference or training data?
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“Truth” (traditional toxicology)

Negative Positive

Predicted 
(NAM)

Negative True negative False negative

Positive False positive True positive

Qualitative: We need to know if a specific effect is 
always observed or not.

We need to know something about classification 
performance or about reference data for a phenotype.

Quantitative: variance is a measure of how far values 
are spread from the average. 

We need to know what the “spread” or variability of 
traditional effect levels might be to know the range of 

acceptable or “good” values from a NAM.

If we are going to learn from variable and uncertain data, we will propagate this variability and uncertainty to any NAMs 
developed. 

If we are going to evaluate NAM performance based on comparison to in vivo data, we should account for variability and 
uncertainty in these reference data.

Lowest effect levels (LELs) or lowest observable adverse effect 
levels (LOAELs)
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Part I: Benchmarks on quantitative reproducibility of systemic 
findings in repeat dose animal studies
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Primary Research Question Statistical approaches

What is the range of possible 
effect values (mg/kg/day) in 
replicate studies for a given 
chemical?

• Residual root mean square 
error (RMSE) is an estimate of 
variance in the same units as 
the systemic effect values.

• The RMSE can be used to 
define a minimum prediction 
interval, or estimate range, for 
a model.

What is the maximal accuracy of a 
new model that attempts to 
predict effect values for a 
chemical?

• The mean square error (MSE) 
is used to approximate the 
unexplained variance (not 
explained by study descriptors) 
for comparison to total 
variance.

• This % unexplained variance 
limits the maximal R-squared 
on a new model.

Pham LL, Watford S, Pradeep P, Martin MT, Thomas RS, Judson RS, Setzer RW, Paul 
Friedman K. 2020. 10.1016/j.comtox.2020.100126

https://doi.org/10.1016/j.comtox.2020.100126


Based on the study descriptors in ToxRefDB v2.0, we developed statistical 
models of the variance in quantitative systemic effect level values.
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Figure 2. Statistical model of the variance. LEL = lowest effect level; LOAEL = lowest observable adverse effect level. The LEL is the lowest treatment-related effect observed for a given chemical in a study, and the LOAEL is 
defined by expert review as coinciding with the critical effect dose level from a given study. Multiple studies for a given chemical yield multiple LELs and LOAELs for computation of variance. MLR = multilinear regression; RLR = robust 
linear regression; ACM = augmented cell means; Adm. Method = administration method; % Sub Purity = % substance purity used in the study. The gray shaded study descriptor boxes are categorical variables, and the white study 
descriptor boxes are continuous variables. The box around five categorical study descriptors for the ACM indicates these were concatenated to a factor to define study replicates.

Pham LL, Watford S, Pradeep P, Martin MT, Thomas RS, Judson RS, Setzer RW, Paul Friedman K. 2020. 10.1016/j.comtox.2020.100126
.

Multilinear regression 
(MLR, RLR)

Augmented cell 
means (ACM)

Aggregation level Chemical Chemical-Study Type-
Species-Sex-Admin 
Method combination

Replicate definition 
stringency

Not stringent Stringent

N Maximized; ↓ impact 
of outliers/database 
error rate

Small; may bias 
variance estimate

Study descriptors Contribute 
independently to 
variance

Accounts for possible 
interactions among 
descriptors

Approximated by 
mean square error

Total variance Using two approaches:

https://doi.org/10.1016/j.comtox.2020.100126


Repeat dose studies for regulatory toxicology, as conducted and curated, 
may have inherent irreducible amount of unexplained variance.
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Total Variance 
(log10-

mg/kg/day)2

Unexplained 
Variance (MSE)

(log10-
mg/kg/day)2

RMSE 
(log10-

mg/kg/day)

% 
explained 
variance

Minimum 
prediction interval
(log10-mg/kg/day)

Range 0.744 - 1.013 0.2 - 0.395 0.448 - 0.629 54.9 - 73.3 ± 0.878 - ± 1.23

Median (MAD) 0.825 
(0.065)

0.301
(0.068)

0.549
0.061

66.1
4.89

± 1.07
(0.12)

Mean 
(SD)

0.838
(0.070)

0.300
(0.055)

0.545
(0.050)

65.3
(4.86)

± 1.07
(0.098)

• A multi-linear regression QSAR model of chronic oral rat LOAEL values 
for approximately 400 chemicals, demonstrated a RMSE of 0.73 
log10(mg/kg-day) which was similar to the size of the variability in the 
training data, ±0.64 log10(mg/kg-day), suggested that the error in the 
model approached the error in the reference data from different 
laboratories (Mazzatorta et al. 2008; Helma et al. 2018).

Pradeep P, Paul Friedman K, Judson RS. (2020). 10.1016/j.comtox.2020.100139

Based on tables from Pham LL, Watford S, Pradeep P, Martin MT, Thomas RS, Judson RS, Setzer RW, Paul Friedman K. 
2020. 10.1016/j.comtox.2020.100126

• 28 different statistical models were constructed.

• RMSE is used to define a 95% minimum prediction 
interval (i.e., based on the standard deviation or 
spread of the residuals).

• The % explained variance (amount explained by 
study descriptors) likely approaches 55-73%.

• This means that the R2 on some new, predictive 
model would approach 0.55 to 0.73 as an upper 
bound on accuracy.

https://doi.org/10.1016/j.comtox.2020.100126


Range of 95% minimum prediction intervals across the modeling 
approaches, effect levels, and study types is 58-284-fold
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If attempting to use a NAM-based 
predictive model for prediction of 
a reference systemic effect level 

value of 10 mg/kg/day, it is likely 
that given the variability in 

reference data of this kind, that a 
model prediction of somewhere 
between 1 and 100 mg/kg/day 

would be the greatest amount of 
accuracy achievable (100-fold 

wide).

Based on tables from Pham LL, Watford S, Pradeep P, Martin MT, Thomas RS, Judson RS, Setzer RW, 
Paul Friedman K. 2020. 10.1016/j.comtox.2020.100126

https://doi.org/10.1016/j.comtox.2020.100126


Part II: What if we only considered reproducibility in the 
context of specific organ-level effects?

• Hypothesis: focusing on organ-level 
effects will result in reduced variance 
because the target site is conserved

• 6 tissues with the most positive reporting
• Exclude non-specific systemic effects (BW, 

food consumption)
• How reproducible are these types of 

effects in replicate studies?

9
Supp Fig 2, Paul Friedman et al. (in prep).



How reproducible are organ level effects in replicate studies and studies 
of different duration?
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A. What is the qualitative reproducibility of organ-level findings in 
repeat dose animal studies?

B. Are variance estimates reduced for organ-level effects in repeat dose 
animal studies when compared to systemic effects, using LELs, BMDs, 
etc.?

C. Understanding NAM alternatives are not necessarily 1:1 replacements, 
would estimates of subchronic and chronic effect levels be necessary?

D. Are NAM-based PODs within estimates of variability in replicate repeat 
dose studies?

Figure 1, Paul Friedman et al. (in prep).



A: How qualitatively reproducible are organ level findings in repeat dose 
studies?
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Primary Research Question Statistical approaches

How concordant are organ-level 
effects for multiple repeat dose 
study observations?

Calculate concordance of 
findings between replicate 
studies when grouped by 
chemical and organ; chemical, 
organ, and species; and 
chemical, organ, and study type

• Qualitative reproducibility of organ-level effect observations
in repeat dose studies of adult animals was 33-88%,
depending on grouping.

• Organs associated with more negative chemicals (stomach,
thyroid, adrenal) had higher rates of concordance.

• Within-species concordance tended to be greater than
within-study concordance.

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐶𝐶𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐 𝑤𝑤𝑐𝑐𝑤𝑤𝑐 𝑝𝑝𝐶𝐶𝑝𝑝𝑐𝑐𝑤𝑤𝑐𝑐𝑝𝑝𝐶𝐶 𝑓𝑓𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑓𝑓 𝑐𝑐𝐶𝐶 𝐶𝐶𝑐𝑐𝑐𝑐 𝑝𝑝𝑤𝑤𝑠𝑠𝐶𝐶𝑐𝑐𝐶𝐶𝑝𝑝 +
𝐶𝐶𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑝𝑝 𝑤𝑤𝑐𝑐𝑤𝑤𝑐 𝐶𝐶𝐶𝐶𝑓𝑓𝐶𝐶𝑤𝑤𝑐𝑐𝑝𝑝𝐶𝐶 𝑓𝑓𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑓𝑓 𝑐𝑐𝐶𝐶 𝐶𝐶𝑐𝑐𝑐𝑐 𝑝𝑝𝑤𝑤𝑠𝑠𝐶𝐶𝑐𝑐𝐶𝐶𝑝𝑝

𝑤𝑤𝐶𝐶𝑤𝑤𝐶𝐶𝑐𝑐 𝐶𝐶𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑐𝑐𝑝𝑝 𝑤𝑤𝐶𝐶𝑝𝑝𝑤𝑤𝐶𝐶𝐶𝐶

Figure 2, Paul Friedman et al. (in prep).

Figure 2, Paul Friedman et al. (in prep).



Previous estimates of inter-species concordance are within 
the range we observed
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Comparison 
type

Effect type Species Description of N % Concordance Reference

Intraspecies 
(species-sex) 
concordance

Site-specific 
carcinogenesis

Male/Female site-specific 
carcinogenesis, average of 
within-mouse and within-rat

146 chemicals for rat; 159 
chemicals for mouse

65-66 Haseman and Lockhart, 1993 
https://doi.org/10.1289/ehp.9310150

Interspecies 
concordance

Site-specific 
carcinogenesis, 
average for all 
sites

Rat/Mouse 173 site-specific cancer 
positives in rat divided by 
positives in mouse, by 
chemical

35 Haseman and Lockhart, 1993 
https://doi.org/10.1289/ehp.9310150

Interspecies 
concordance

Site-specific 
carcinogenesis, 
average for all 
sites

Mouse/Rat 167 site-specific cancer 
positives in mouse divided by 
positives in rat, by chemical

37 Haseman and Lockhart, 1993 
https://doi.org/10.1289/ehp.9310150

Intraspecies 
concordance

Carcinogen/non-
carcinogen

Mouse NCI/NTP studies vs. CPDB 
literature component; 70 
chemicals

49 Gottmann et al., 2001
10.1289/ehp.01109509

Intraspecies 
concordance

Carcinogen/non-
carcinogen

Rat NCI/NTP studies vs. CPDB 
literature component; 71 
chemicals

62 Gottmann et al., 2001
10.1289/ehp.01109509

Interspecies Carcinogen/non-
carcinogen

Rat vs. Mouse NTP studies, 313 chemicals 74.4 Huff et al., 1991
10.1289/ehp.9193247

Table 4, Paul Friedman et al. (in prep).

https://doi.org/10.1289/ehp.9310150
https://doi.org/10.1289/ehp.9310150
https://doi.org/10.1289/ehp.9310150
https://doi.org/10.1289/ehp.01109509
https://doi.org/10.1289/ehp.01109509
https://doi.org/10.1289/ehp.9193247


Examining organ effect levels specifically failed to reduce estimates of 
variance (RMSE)
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Figure 3, Paul Friedman et al. (in prep).

Predictions of an organ-level finding within 
±1 log10-mg/kg/day may be an upper limit 

expectation on NAM performance.

Primary Research 
Question

Statistical 
approaches

Can the estimate of 
variance for 
chemicals with 
replicate studies be 
reduced by 
estimating variance 
in specific organs?

Use multi-linear 
regression to 
approximate total 
variance, 
unexplained variance 
(MSE), RMSE, and % 
variance explained.



Qualitative reproducibility of organ-level findings between SUB and CHR 
studies may inform NAM strategy

• In silico NAMs for repeat dose toxicity could potentially be improved by combining SUB 
and CHR data for greater chemical coverage in training/testing.

• Is it reasonable to expect similar organs will be affected by different study durations?

• Would a strategy focused on identification of a protective repeat dose point of 
departure using shorter-term studies or NAMs, without a chronic exposure study, miss 
organ-level effects?

• NAM strategy could include cheminformatics and toxicoinformatics to identify substances with 
longer serum half-life.

• Exclude consideration of adversity of the findings in the organ.

14



Odds ratios for a positive in a tissue in a CHR given a negative in SUB are 
all less than 1, indicating this is an unlikely scenario.
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Possible indication: a repeat dose POD for a target 
organ at 90 days, particularly for liver and kidney 

where we have the largest datasets, is likely 
protective for a chronic finding.

(without accounting for level of adversity)

Primary Research Question Statistical approaches

What are the odds a chemical will 
produce any organ-level effect in a 
chronic (1-2 yr) study if the subchronic 
study was negative?

Calculate odds ratios for 
chemicals with 
subchronic and chronic 
study information

A negative in the SUB indicates a greater likelihood of negative in the 
CHR.

Figure 4B, Paul Friedman et al. (in prep).



Generally, the chronic effect level values are 0.3 log10-mg/kg/day less 
than subchronic effect level values
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sample mean 
difference from the 

original data 
(log10(CHR/SUB))

2-sided 95% 
confidence 

interval (p <0.05); 
if the interval 

includes 0 then we 
cannot say that 

the true mean 
difference is 

different from 0 

Distribution of 
log10-transformed 

LEL differences 
following 100,000 

randomization tests

• The mean differences in CHR – SUB min LEL values by organ approach estimates of variance in replicate repeat dose 
studies.

• In silico and in vitro NAMs for repeat dose point-of-departure estimation could combine SUB and CHR data in training.
• Current uncertainty or adjustment factors for SUB to CHR are protective.

Raw differences in CHR –SUB LELs
Sample mean differences ± CI compared to distribution of null 

mean differences



The distribution of LEL-AED50 differences demonstrated very long tails, 
signaling the differences in LELs or HEDs and AEDs can be extreme 
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• Distributions of raw differences suggest the mean difference approaches 0, but these distributions demonstrated 
much longer tails than the differences in CHR-SUB organ level LELs, with minimum LEL to AED50 comparisons at times 
suggesting differences in excess of 3 orders of magnitude in either direction at the tails

• The mean differences (HED or LEL – summary AED50 metrics) are all within 1 log10-mg/kg/day

CI using mean AED50 CI using mean AED50

CI using 5th %-ile AED50 CI using 5th %-ile AED50



The distribution of LEL-AED50 differences demonstrated very long tails, 
signaling that for smaller numbers of chemicals, the differences in LELs 
and AEDs can be extreme 
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It is possible that existing NAMs that indicate organ-level effects, on average, may predict liver- or kidney-related HEDs 
within estimates of variability in replicate in vivo studies, but caution should be employed in viewing this result due to 

the tails on the distribution of raw differences

Table 3, Paul Friedman et al. (in prep).

Table 3, Paul Friedman et al. (in prep).

Organ # Chemicals In vivo POD 
(log10-

mg/kg/day)

AED type 
(log10-

mg/kg/day) 

Mean 
difference, in 

vivo POD  -
AED (log10-
mg/kg/day)

p-value Lower CI 
bound

Upper CI 
bound

Liver 365 min LEL mean AED 0.3203 <0.0001 0.1736 0.4670

Liver 365 min LEL 5th %-ile AED 1.3755 <0.0001 1.172 1.579

Kidney 194 min LEL mean AED 0.5060 <0.0001 0.290 0.7223

Kidney 194 min LEL 5th %-ile AED 0.8586 <0.0001 0.608 1.110

Liver 365 min HED mean AED -0.3900 <0.0001 -0.5394 -0.2405

Liver 365 min HED 5th %-ile AED 0.6652 <0.0001 0.5013 0.8291

Kidney 194 min HED mean AED -0.2357 0.0245 -0.4418 -0.0295

Kidney 194 min HED 5th %-ile AED 0.1169 0.2953 -0.1027 0.3366



Conclusions: Primary takeaways from this work

• Part I: Variability in in vivo toxicity studies used in training or evaluation limits predictive 
accuracy of NAMs. 

• Maximal R-squared for a NAM-based predictive model of systemic effect levels may be 55 to 73%; 
i.e., as much as 1/3 of the variance in these data may not be explainable using study descriptors at 
the study and the organ level.

• The estimate of variance (RMSE) in curated LELs and/or LOAELs approaches a 0.5 log10-mg/kg/day 
at the study and the organ level.

• Understanding that a prediction of an animal systemic effect level within ± 1 log10-mg/kg/day fold 
demonstrates a very good NAM is important for acceptance of NAMs for chemical safety 
assessment.

• Part II: Qualitative and quantitative reproducibility of organ-level effect observations in 
repeat dose studies of adult animals

• Qualitative concordance of organ-level effects was 33-88%, with highest concordance within species. 
• Quantitative variability in organ-level effects are similar to estimates of variance at the study-level.
• Subchronic and chronic in vivo observations can likely be combined for modeling to increase N.
• It is unlikely that there are effects in organs like liver or kidney in a chronic study if these organs 

were unaffected in a subchronic study.
• A repeat dose point of departure could be predicted by a NAM (e.g., QSAR) and adjusted to create a 

chronic-protective prediction.
19



Further application of the learnings herein

• The LEL-AED50 and HED-AED50 comparison points to the need for a 
multifaceted approach to quantitative POD prediction when moving 
beyond the existing paradigm based on long-term animal studies and 
protective estimates of uncertainty factors, including strategies such as 
QSAR, read across, bioactivity, and short-term animal studies.

• Construction of NAM-based effect level estimates that offer an equivalent 
level of public health protection as effect levels produced by methods 
using animals may provide a bridge to major reduction in the use of 
animals as well as identification of cases in which animals may provide 
scientific value.

20



Thank you for listening
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