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Executive Summary

Mutagenic (DNA-reactive) impurities in pharmaceuticals pose a recognized carcinogenic risk,
even at trace levels. To mitigate this hazard, the International Council for Harmonisation (ICH)
introduced the ICH M7 guideline, which mandates rigorous identification, assessment, and
control of such impurities. Central to this process is the use of in silico (computational) tools. By
applying two complementary quantitative structure—activity relationship ((Q)SAR) models—one
expert rule-based (e.g. Derek Nexus, Toxtree) and one statistical machine-learning model (e.g.
Sarah Nexus, Leadscope)—organizations can rapidly assess hundreds of potential impurities
without synthesizing them. Interpretable rule-based systems flag known structural alerts, while
statistical models can capture broader patterns from big data. When these predictions conflict
or are equivocal, expert review is required to reach a consensus.

Modern software platforms also integrate chemical databases and data-sharing consortia (e.g.
Lhasa's Vitic database) to inform assessments. Case studies illustrate that computational
screens can filter out roughly 90% of impurities as low-risk, focusing experimental efforts on the
remainder (www.waters.com). For example, a recent in silico study on 88 benzodiazepine
impurities using TOXTREE, VEGA, and EPA’'s TEST demonstrated that rule-based TOXTREE
achieved 80.7% sensitivity (accuracy 72.2%) in Ames mutagenicity prediction
(pmc.ncbi.nim.nih.gov), while VEGA and TEST showed balanced accuracy (~66%) but high
specificity. By combining results and applying expert review, the analysis classified all impurities
into ICH M7 categories and identified 21 as high-risk (Class 2) requiring strict control
(pmc.ncbi.nlm.nih.gov) (pmc.ncbi.nim.nih.gov). In another example, the development of an
atovaquone API involved identifying several suspect impurities; most were eliminated by
negative Ames tests or by demonstrating their purge in downstream processing, but two
required trace-level analysis (pubs.acs.org).

Under ICH M7, impurities deemed mutagenic (by data or predictive models) without specific
carcinogenicity data must be controlled at or below the Threshold of Toxicological Concern
(TTC). This TTC is 1.5 ug/day for lifetime exposure scenarios (with higher allowances for
shorter-term exposures) (pmc.ncbi.nim.nih.gov) (www.europeanpharmaceuticalreview.com). The
guideline defines five classes of impurities (Class 1-5) based on known carcinogenicity or
alerting structure, each with tailored control strategy (veeprho.com) (veeprho.com). For
instance, Class 1 (cohort-of-concern chemicals like nitrosamines) require compound-specific
limits and advanced control methods, whereas Classes 4 and 5 (non-mutagenic by structure
and/or data) are managed under standard impurity rules (veeprho.com) (veeprho.com). The
updated ICH M7(R2) (effective 2023) even includes an addendum for calculating compound--
specific acceptable intakes (CSAI), allowing limits to be adjusted based on additional potency
data (www.fda.gov).

© 2025 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved. Page 2 of 18


https://intuitionlabs.ai/articles/ai-pharmaceutical-it-management
https://intuitionlabs.ai/articles/cheminformatics-platforms-comparison
https://intuitionlabs.ai/articles/mechanistic-interpretability-ai-llms
https://www.waters.com/blog/mutagenic-impurity-risk-assessment-throughout-the-development-and-manufacturing-process/?srsltid=AfmBOoo5EoJtfHrnPuvlqqiAdDRnGtG2tjQPoM4DmWcEMraDUdQlsKl1#:~:text=SAR%20evaluation%20effectively%20filters%20out,either%20through%20calculation%20or%20analysis
https://pmc.ncbi.nlm.nih.gov/articles/PMC11995136/#:~:text=neighbour%20and%20consensus%20models%2C%20and,The%20findings
https://pmc.ncbi.nlm.nih.gov/articles/PMC11995136/#:~:text=neighbour%20and%20consensus%20models%2C%20and,The%20findings
https://pmc.ncbi.nlm.nih.gov/articles/PMC11995136/#:~:text=a%20balanced%20assessment%20of%20mechanistic,38
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00360#:~:text=The%20mutagenic,a%20thorough%20review%20of%20process
https://pmc.ncbi.nlm.nih.gov/articles/PMC7734868/#:~:text=compounds,10%20years%29%20exposure
https://www.europeanpharmaceuticalreview.com/article/24140/ich-m7-mutagenic-impurities-critical-evaluation/#:~:text=ICH%20M7%20introduces%20the%20concept,The%20proposed%2010%C2%B5g%2Fday%20limit%20for
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=Class%20%20,sufficient%20data%20to%20confirm%20a
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=,mutagenic%20under%20standard%20regulations%2C%20with
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=Class%20%20,sufficient%20data%20to%20confirm%20a
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=,mutagenic%20under%20standard%20regulations%2C%20with
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/m7r2-addendum-application-principles-ich-m7-guideline-calculation-compound-specific-acceptable#:~:text=of%20a%20final%20guidance%20for,R2
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ich-m7-a-guide-to-mutagenic-impurity-assessment-software.pdf
https://intuitionlabs.ai/articles/ich-m7-mutagenic-impurities-software?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ich-m7-a-guide-to-mutagenic-impurity-assessment-software.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ich-m7-a-guide-to-mutagenic-impurity-assessment-software.pdf

N nuitiontabs i Sy ¢ i ICH M7: A Guide to Mutagenic Impurity Assessment Software

This report provides an in-depth review of the ICH M7 framework, the role of software tools in
assessing mutagenicity, and strategies for controlling implicated impurities. It covers regulatory
background, prediction methodologies, software tools (including QSAR platforms and data
management systems), performance data, and multiple case studies. It also discusses
implications of recent guideline updates (e.g. CSAl), emerging computational methods (e.g.
deep learning models), and future directions in impurity control. All statements are backed by
industry guidelines, peer-reviewed research, and expert opinion.

Introduction and Background

The synthesis of pharmaceutical drugs inevitably involves reactive reagents, catalysts, solvents,
and multiple chemical steps, any of which can introduce minor impurities into the final product
(pubs.acs.org). Most impurities are benign and controlled under ICH Q3A/Q3B guidelines.
However, a subset of impurities is DNA-reactive (genotoxic) and capable of causing mutations,
thus potentially leading to cancer. Recognizing that even infinitesimal levels of such mutagenic
impurities can pose a carcinogenic risk, regulatory bodies jointly developed the ICH M7
guideline ("Assessment and Control of DNA Reactive (Mutagenic) Impurities in Pharmaceuticals
to Limit Potential Carcinogenic Risk") (pmc.ncbi.nlm.nih.gov) (pubs.acs.org). Adopted in 2014
(Step 4) with further updates (ICH M7(R1) Q4R2 in 2017 and M7(R2) with addenda in 2023), the
guideline provides a harmonized framework for global regulators and industry to manage these
hazardous impurities before marketing authorization, and uniquely requires assessment as early
as drug development (www.waters.com) (pubs.acs.org).

Importance and Scope of ICH M7

The guiding principle of ICH M7 is to maintain patient exposure to mutagenic impurities at a
“negligible” level of risk. To this end, the Threshold of Toxicological Concern (TTC) is
introduced. For lifelong exposure (over 10 years), the TTC is set at 1.5 g per day, representing a
theoretical excess cancer risk of no more than 1in 100,000 (pmc.ncbi.nim.nih.gov). Lesser
exposures allow proportionally higher limits: for example, 10 pg/day for >1 to 10 years, 20 ug/day
for 1-12 months, and 120 pg/day for under 1 month exposure
(www.europeanpharmaceuticalreview.com). These “staged TTC" values recognize that shorter
exposures carry lower cumulative risk (www.europeanpharmaceuticalreview.com). For multiple
co-existing mutagenic impurities, a Less-than-Lifetime (LTL) cumulative approach permits
slightly higher total intake (e.g. <5 ug/day lifetime for combined impurities)
(www.europeanpharmaceuticalreview.com).

ICH M7 applies to new and marketed small-molecule drugs (active substances and products)
except for certain categories. It does not cover cases where the drug is itself intentionally
genotoxic (e.g. chemotherapy drugs, which are instead covered by ICH S9) or certain well-
established excipients and flavoring agents. Also, structural alerts alone do not automatically
ban a product; instead, the emphasis is on risk assessment and management
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(www.europeanpharmaceuticalreview.com).lmportantly, M7 is tied to both drug safety and
quality: emphasis is placed on Quality Risk Management (QRM) across development and
manufacturing to ensure impurities remain below the defined levels.

Classification of Mutagenic Impurities

A fundamental component of ICH M7 is classifying impurities into five classes (1 through 5)
based on structural features and available data (veeprho.com). Each class dictates the control
strategy:

e Class 1: Known mutagenic carcinogens, including the “cohort-of-concern” chemicals (for example,
many nitrosamines and alkyl-azoxy compounds). These are treated with utmost caution—individual
limits must often be set via compound-specific toxicological data rather than generic TTC
(veeprho.com) (veeprho.com).

e Class 2: Known mutagens (e.g. based on analogous compounds or mechanisms) with unknown
carcinogenic potency. These require careful control, typically at or below the generic TTC (1.5
ug/day) unless specific data allow higher limits (veeprho.com) (veeprho.com).

e Class 3: Alerting structures lacking direct mutagenicity data (i.e. potential mutagens indicated by
structure, but without confirmatory data). These are usually handled similarly to Class 2, raising the
need for additional testing or controlling at TTC levels (veeprho.com) (veeprho.com).

e Class 4: Alerts with sufficient data indicating non-mutagenicity. Structurally alerting impurities are
demoted if similar compounds are proven non-mutagenic (by reliable test data). Class 4 impurities
are generally considered low risk, often managed under standard impurity guidelines (veeprho.com)

(veeprho.com).

e Class 5: Neither alerts nor data indicating mutagenicity. These are treated as non-mutagenic per
default. No special controls beyond ICH Q3A/Q3B impurity qualification are needed (veeprho.com)
(veeprho.com).

Table 1 summarizes these classes and their controls:

Class Definition Control Approach

Known mutagenic carcinogens . - i "
Controlled at or below compound-specific limits (often requiring highly sensitive
1 (cohort-of-concern; e.g.

) K analytical methods) (veeprho.com)
nitrosamines) (veeprho.com)

Known mutagens with unknown Controlled using the TTC (<1.5 ug/day lifetime, see Table 2); Regular monitoring
2 carcinogenic potential or testing as needed (e.g. in vitro assays) (veeprho.com)
(veeprho.com) (www.europeanpharmaceuticalreview.com)

Structures raising an alert but L . .
Similar to Class 2: safety at TTC levels, or generation of additional data (e.g.

3 lacking mutagenicity data K R
Ames test) to refine risk (veeprho.com)

(veeprho.com)

Alerting structures with data
4 confirming non-mutagenicity
(veeprho.com)

No special genotoxic controls needed; standard impurity limits per ICH Q3A/Q3B
apply (veeprho.com)
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Class Definition Control Approach

No structural alerts or confirmed . X . o
Treated as non-mutagenic: follow normal impurity qualification (ICH Q3A/Q3B)

5 non-mutagenic compounds
(veeprho.com)

(veeprho.com)

Table 1: Classification and control of mutagenic impurities under ICH M7 (veeprho.com)
(veeprho.com).

For each impurity, a weight-of-evidence assessment—from structural chemistry to in silico
predictions and any available data—determines its class and hence the needed control. Known
high-potency carcinogens (Class 1) typically warrant highly stringent analysis or avoidance. In
contrast, Class 4 and 5 impurities are effectively free from extra genotoxic concern under M7.

Acceptable Intake Thresholds (TTC and CSAI)

The ICH M7 framework translates impurity limits into patient exposure terms. The Threshold of
Toxicological Concern (TTC) is a pragmatic safety threshold. Based on an analysis of
carcinogenic potency distributions (pmc.ncbi.nlm.nih.gov), the guideline sets 1.5 pg/day for
lifetime exposure as corresponding to a 1-in-100,000 cancer risk. For shorter therapeutic
durations, higher limits apply (Table 2). Under the Less-than-Lifetime (LTL) approach for
multiple impurities, total allowable intake is similarly scaled
(www.europeanpharmaceuticalreview.com).

Exposure Duration TTC per impurity (ng/day) LTL limit for multiple impurities (pg/day)
<1 month 120 120

1-12 months 20 60

>1-10 years 10 10

>10 years (lifetime) 1.5 5

Table 2: ICH M7 Thresholds of Toxicological Concern (TTC) for mutagenic impurities, by
exposure duration (www.europeanpharmaceuticalreview.com). LTL = “Less than lifetime”
cumulative limit for multiple impurities.

Recent updates (ICH M7(R2), effective September 2023) introduce compound-specific
acceptable intakes (CSAIl) as an addendum. Firms can propose higher limits if sufficient
genotoxicity/carcinogenicity data justify them, offering flexibility beyond the generic TTC
(www.fda.gov). In practice, however, most mutagenic impurities default to the TTC approach
unless new data are generated, because data collection (e.g. long-term rodent carcinogenicity)
is expensive and time-consuming.

© 2025 IntuitionLabs.ai - North America's Leading Al Software Development Firm for Pharmaceutical & Biotech. All rights reserved. Page 5 of 18


https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=Class%204%20%20,lack%20of%20mutagenicity%20or%20carcinogenicity
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=,mutagenic%20under%20standard%20regulations%2C%20with
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=Class%20%20,lack%20of%20mutagenicity%20or%20carcinogenicity
https://veeprho.com/understanding-the-classification-of-potentially-mutagenic-impurities-as-per-ich-m7-guidelines/#:~:text=,mutagenic%20under%20standard%20regulations%2C%20with
https://pmc.ncbi.nlm.nih.gov/articles/PMC7734868/#:~:text=compounds,10%20years%29%20exposure
https://www.europeanpharmaceuticalreview.com/article/24140/ich-m7-mutagenic-impurities-critical-evaluation/#:~:text=ICH%20M7%20introduces%20the%20concept,The%20proposed%2010%C2%B5g%2Fday%20limit%20for
https://www.europeanpharmaceuticalreview.com/article/24140/ich-m7-mutagenic-impurities-critical-evaluation/#:~:text=ICH%20M7%20introduces%20the%20concept,The%20proposed%2010%C2%B5g%2Fday%20limit%20for
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/m7r2-addendum-application-principles-ich-m7-guideline-calculation-compound-specific-acceptable#:~:text=of%20a%20final%20guidance%20for,R2
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ich-m7-a-guide-to-mutagenic-impurity-assessment-software.pdf
https://intuitionlabs.ai/articles/ich-m7-mutagenic-impurities-software?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ich-m7-a-guide-to-mutagenic-impurity-assessment-software.pdf
https://intuitionlabs.ai/?utm_source=pdf&utm_medium=document&utm_campaign=article&utm_content=ich-m7-a-guide-to-mutagenic-impurity-assessment-software.pdf

E IntuitionLabs  IntuitionLabs - Custom Al Software Development
from the leading Al expert Adrien Laurent

ICH MT7: A Guide to Mutagenic Impurity Assessment Software

Identification of Potential Mutagenic
Impurities

Sources of Impurities

Before any prediction or assay, one must identify which chemical entities in the process are
potential impurities. ICH M7 emphasizes a thorough risk assessment of the synthetic route
(www.waters.com). Key sources include starting materials, intermediates, reagents,
catalysts, additives, degradation products, and even packaging materials. By-products from
side reactions must be listed. Crucially, M7 requires consideration not only of known impurities
but also “reasonably expected” ones in the context of the chemistry. This can involve
mechanistic analysis, mass-balance tracking, and literature/experience-based prediction of
side-reactions.

In practice, identifying all hypothetical impurities is challenging. As one industry expert notes,
the most difficult task is “defining whether an impurity is reasonably predicted”
(www.waters.com). The recent discovery of nitrosamines (e.g. NDMA) in certain drugs
underscores this: these mutagenic impurities were not anticipated by many manufacturers until
after the fact (www.waters.com). Such incidents have spurred efforts to better map potential
side-reactions (e.g. nitrosating conditions, catalytic chlorinations, etc.) that can yield genotoxic
by-products.

A multidisciplinary approach is mandated. Chemists enumerate possible impurities;
safety/toxicology experts review for structural alerts; analysts ensure methods to detect them.
Process development chemists now often use predictive reaction software (e.g. reaction-
scripting, Al-based retrosynthesis tools) to flag hazardous reactions. Even so, QbD (Quality by
Design) tools and design-of-experiments help optimize processes to minimize impurity
formation.

Preliminary Risk Assessment

Once candidate impurities are listed, a preliminary risk assessment is conducted in two broad
steps:

1. Identification of mutagenic hazard: Are any listed structures known mutagens or structurally
alerting for mutagenicity? This is where in silico tools (QSAR) come in (see next section). Also, any
existing experimental data (Ames tests, carcinogenicity studies) on these or analogs are gathered.
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2. Exposure estimation: For impurities flagged as mutagenic, estimate how much could end up in the
final APl or drug product. This uses process understanding and calculations (purge factors, partition
coefficients, yield data). If predicted exposure exceeds the TTC-based limit for the given batch or
patient dose, control measures are necessary.

This two-question approach (“Is there a mutagenic impurity? If yes, is it above the threshold?")
is summarized in industry guidance (www.waters.com). Typically, computational screening
reduces the impurity list by ~90% as low-risk (www.waters.com). The remaining candidates
undergo more detailedanalytical consideration and possibly experimental follow-up (Ames
assays).

Assessment via (Q)SAR and Experimental
Testing

In Vitro Bacterial Mutagenicity (Ames Test)

The Ames test (bacterial reverse mutation assay; OECD 471) is the experimental gold standard
for detecting DNA-reactive mutagens. Any impurity that is predicted mutagenic often is
confirmed or refuted by an Ames test on a synthesized reference impurity material, especially if
its control requires greater than TTC levels. However, synthesizing and testing each impurity can
be slow and costly: a new impurity may need multi-step synthesis, purification, and qualified
testing. M7 § recommends both in silico and, if needed, experimental follow-up
(pmc.ncbi.nim.nih.gov). Importantly, per ICH S2(R1) guideline, positive findings in Ames trigger
consideration of carcinogenic risk, but M7 focuses only on ruling out DNA-reactivity.

QSAR Models in ICH M7

Given the large number of potential impurities and logistical constraints, ICH M7 formally
endorses using two complimentary (Q)SAR predictive models for mutagenicity. This requirement
is unique to M7 among ICH documents (pmc.ncbi.nlm.nih.gov) (pubmed.ncbi.nim.nih.gov). The
models fall into two categories:

e Expert Rule-Based Models: These systems use mechanistic knowledge encoded as structural
alerts. Examples include Derek Nexus, Toxtree, and parts of the OECD QSAR Toolbox. They flag
substructures known to cause DNA damage (e.g. nitrosamine, epoxide, aromatic amine alerts). Rule-
based models provide human-interpretable reasoning but may miss novel chemistries outside their
rule set.
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¢ Statistical/Machine-Learning Models: These are data-driven, using algorithms (e.g. random
forests, neural nets) trained on large Ames data sets. Examples include Sarah Nexus,
Leadscope/MultiCASE, and EPA’s TEST. Such models can capture complex SAR patterns but rely
on the chemical space of their training data; outside of that domain, predictions become unreliable.

ICH M7 mandates use of both types. The rationale is balanced coverage: rule-based models
ensure known toxicophores are not overlooked, while statistical models can detect signals the
rule database lacks (pmc.ncbi.nlm.nih.gov) (pmc.ncbi.nim.nih.gov). If predictions disagree, this
triggers expert review to resolve. Indeed, recent studies confirm this strategy: Birudukota et al.
(2025) state that "an expert rule-based” vs “a statistical-based” model should be used in
tandem to "improve reliability” (pmc.ncbi.nlm.nih.gov). Likewise, the 2019 composite-model
study noted that if either model predicts mutagenicity, M7 requires control at or below the TTC

(pmc.ncbi.nim.nih.gov).

In practice, (Q)SAR evaluation proceeds as follows: impurity structures are submitted to two
software models. Commonly, a pharmaceutical company might run Derek Nexus (rule) and Sarah
Nexus (statistical) together (www.lhasalimited.org) (www.lhasalimited.org). (Open-source
alternatives include Toxtree (rule) and EPA TEST (statistical) (pmc.ncbi.nim.nih.gov)). Each tool
gives a binary output: “positive” (mutagenic) or “negative” (non-mutagenic), sometimes with
an "equivocal” or "out-of-domain” flag. If both models predict “negative” (and are confident),
the impurity is often deemed non-mutagenic (Class 5) and no further action is needed
(pmc.ncbi.nim.nih.gov). If one or both predict “positive,” or if predictions conflict, an expert
toxicologist reviews all data and may decide to err on the side of safety (classify as mutagenic)
or seek additional evidence (e.g. Ames test) (pmc.ncbi.nlm.nih.gov) (www.waters.com).

Notably, frequent updates to (Q)SAR models have minimal impact on final classification.
Hasselgren et al. (2020) showed that model version changes rarely flip a prediction from safe to
mutagenic: the combined risk of a “negative - positive"” reclassification remained below 5%
(pmc.ncbi.nim.nih.gov). Thus, initial (Q)SAR predictions are generally reliable through
development. However, regulators may expect final re-evaluation before filing, especially if
synthetic routes change.

Performance of QSAR Tools

Quantitative data on QSAR performance helps inform confidence. A benchmarking study by
Shen et al. using 801 chemicals found that popular commercial tools had overall accuracies of
roughly 68-73%, but sensitivities varied widely (48-68%) (pubmed.ncbi.nlm.nih.gov). In other
words, some models missed (false negative) many mutagens. A recent evaluation of three
common QSAR tools on benzodiazepine impurities reported that the rule-based Toxtree model
achieved 80.7% sensitivity and 72.2% accuracy for Ames mutagenicity, whereas VEGA and
TEST yielded ~66% accuracy with higher specificity (74-76%) (pmc.ncbi.nim.nih.gov). These
findings highlight trade-offs: high sensitivity (finding mutagens) vs. high specificity (avoiding
false alarms). Importantly, combining outputs (consensus) and expert review greatly improves
confidence, minimizing both false negatives and false positives.
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Software Tools and Databases

Various software platforms implement the above (Q)SAR methodologies. Table 3 lists some of

the key tools used in industry:

Software

Derek Nexus

Sarah Nexus

Leadscope/MultiCASE

TEST (EPA)

ToxTree

OECD QSAR Toolbox

VEGA

ADMET Predictor
(Mutagenicity module)

**_caseultra/models

Approach

Expert rule-based
SAR

Statistical ML
(SOHN)

Statistical

Statistical
consensus

Rule-based
(Benigni/Bossa)

Hybrid/statistical

Hybrid (multiple
models)

ML/fingerprint-
based

Statistical

Provider/Source

Lhasa Limited

Lhasa Limited

MultiCASE

(Simulations Plus)

US EPA

INSILICO, open-
source

OECD/LeadIT

INERIS/CAAT-EU

Simulations Plus

FDA/CDER
(internal)

Notes

Uses ~40 years of curated mutagenicity SAR
knowledge. Transparent alerts (www.lhasalimited.org),
often used for negative predictions (non-mutagens)
(www.lhasalimited.org).

Self-organizing map trained on donated Ames data.
Screens for bacterial mutagenicity
(www.lhasalimited.org).

Commercial platform; classical QSAR using large
mutagenicity datasets. Often used with Derek for ICH
M7.

Free tools including consensus, nearest-neighbor, and
probabilistic Ames models.

Applies known mutagenicity alerts (aromatic amines,
alkyl halides, etc.). Flexible and transparent.

Integrates multiple approaches (rule- and stats-
based), with large chemical property databases.

Combines several (Q)SAR models (CAESAR, IRFMN,
OECD, etc.). Provides applicability domain metrics
(pmc.ncbi.nlm.nih.gov) (pmc.ncbi.nim.nih.gov).

Commercial QSAR suite with modules for
mutagenicity, toxicology, etc.

Proprietary internal models (e.g. Salmonella models);
some public APIs available in tools like VEGA.

Table 3: Key software tools used for in silico mutagenicity prediction in the context of ICH M7

(www.lhasalimited.org) (pmc.ncbi.nlm.nih.gov). Each tool has known strengths and limitations;

regulatory practice uses multiple tools to offset individual weaknesses (pmc.ncbi.nlm.nih.gov)

(pmc.ncbi.nim.nih.gov).

In addition to predictive models, databases and data-management platforms are crucial. For

instance, Lhasa’s Vitic database is a curated collection of mutagenicity and carcinogenicity

data. Researchers can query Vitic to find experimental results for analogous compounds,

strengthening expert review (www.lhasalimited.org). Collaborative consortia (e.g. on aromatic

amines, nitrosamines) also share proprietary data anonymously, enriching the knowledge base

for (Q)SAR and decision-making (www.lhasalimited.org).

On the manufacturing side, software for process simulation and risk management can indirectly

aid impurity control. For example, modeling tools that predict purge factors or solubility are

used to estimate impurity removal in crystallization and filtration steps (www.waters.com)

(pubs.acs.org). Issue-specific tools (e.g. nitrosamine risk calculators) have emerged recently.
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Laboratory information systems (LIMS) and chromatography data systems (CDS) handle trace-
level analytical data and link impurity results to quality specifications. While not specific to M7,
enterprise QRM platforms (e.g. Sparta TrackWise, MasterControl) help integrate mutagenic
impurity assessments into overall product quality plans.

QSAR Methodologies: Details and
Advances

Rule-Based Models

Rule-based (expert) models use structural alerts derived from known mutagenic mechanisms.
For example, Derek Nexus's mutagenicity module encodes alerts for nitroso groups, epoxides,
alkyl diazonium analogs, etc., based on over 40 years of toxicology literature
(www.lhasalimited.org). The infographics of Derek highlight how its predictions are supported by
scientific rationale (www.lhasalimited.org). Other rule-based systems include ToxTree (with
Benigni/Bossa rule sets) and the structural alerts in the OECD QSAR Toolbox. The advantage is
interpretability: a positive prediction is linked to a clear mechanistic feature. However, their fixed
rule sets can miss novel chemotypes. For instance, a new heterocyclic class might fall outside
existing alerts.

Rule-based models are particularly useful for negative predictivity. Derek Nexus, for example,
can produce negative predictions (no alerts) with transparency, which streamlines expert review
(www.lhasalimited.org). A negative from an expert system (especially when supported by data
on similar analogues in Vitic) increases confidence that the impurity lacks mutagenic potential
(www.lhasalimited.org). On the other hand, positive alerts in rule-based tools raise immediate
red flags. Structural alerts like a —-CHO (aldehyde) or N-nitrosamine would generate a supposed
positive, prompting careful consideration. Notably, some structural alert classes (e.qg.
methylating agents vs. bulky adduct-formers) have different biological implications, an expert
reviewer can weigh these nuances.

Statistical/Machine Learning Models

Statistical models convert chemical structures into numerical descriptors or fingerprints and
uncover patterns correlated with Ames mutagenicity. Techniques include decision trees, random
forests, support vector machines, and recent neural networks. Sarah Nexus (Lhasa) uses a Self-
Organizing Neural Network trained on a large sharing of proprietary Ames data
(www.lhasalimited.org). Leadscope and MultiCASE's CASE platforms historically dominated
this space with Trees/Logic models (e.g. CASE Ultra) trained on NTP/EPA mutagenicity datasets.
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Public tools like EPA’'s TEST offer several data-driven approaches (nearest-neighbor, consensus
of models, hierarchical clustering).

Statistical QSAR's strength is coverage: given sufficient data, they can flag mutagens lacking
any obvious alert. However, results depend on the chemical space of training data. If an
impurity's structure is very different (out-of-domain), the prediction may be unreliable or flagged
as "outside applicability domain.” In ICH M7 contexts, it is common practice that if a statistical
model yields an inconclusive or out-of-domain result, the compound is treated with caution
(often scrutinized by the expert or tested experimentally).

Performance-wise, modern models are quite robust. The above-mentioned composite models
developed by FDA/CDER incorporated up to ~13,500 chemicals and achieved external validation
sensitivities of 66-82% and coverage of 96% (pmc.nchi.nlm.nih.gov). They also attained
specificity and negative predictivity in the 90+% range, meaning they were very effective at
correctly identifying non-mutagens. The trade-off often observed is that increasing sensitivity
(catching more true mutagens) may slightly reduce specificity (allowing a few more false
positives). In regulatory practice, this is acceptable if it keeps patient safety high, because any
flagged compound is then subject to strict control. Indeed, the FDA-enhanced Salmonella
models tuned for M7 use purposefully increased sensitivity (to ensure >80%) even if it meant
lower specificity (pmc.ncbi.nlm.nih.gov).

Hybrid Models and Consensus

Some platforms integrate rule-based and statistical features. For example, the OECD QSAR
Toolbox combines structural alert searches with statistical read-across and analogue finding.
VEGA acts as a hybrid hub, running multiple models (CAESAR, IRFMN, etc.) and compounding
their coverage (pmc.ncbi.nlm.nih.gov). VEGA's composite approach, for instance, provides an
applicability domain metrics that indicate how reliable a prediction is given the similarity to its
training set (pmc.ncbi.nim.nih.gov). In effect, VEGA cross-validates predictions: a unanimous call
across models is more convincing, while diverging predictions prompt caution.

Even within statistical models, the idea of consensus modeling is practiced: taking predictions
from several algorithms and using majority vote or weighted criteria. ICH M7 itself effectively
creates a “consensus” by requiring two different methods. Studies have shown that combining a
rule-based and a statistical model drastically reduces the chance of missing a mutagenic
impurity (pubmed.ncbi.nlm.nih.gov).

Expert Review and Weight-of-Evidence

A key tenet of ICH M7 is that (Q)SAR predictions are part of a weight-of-evidence process.
Predictive outputs are reviewed by a toxicology expert who considers assay specifics, structural
similarity to known compounds, metabolism, and other factors. For example, if QSAR flags an
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alkyl halide substructure, the reviewer might consider whether that functionality is likely to
survive through the process or be quenched chemically. If the impurity is predicted mutagenic
but is a minor isomer structurally similar to a larger non-mutagenic isomer, one might
downgrading risk. Conversely, if both models are negative yet the compound belongs to a
“cohort of concern” class, regulators might still demand experimental backing. ICH M7 explicitly
allows applying expert judgement to “resolve conflicting predictions” (pubmed.ncbi.nlm.nih.gov)
and encourages justification for accepting a single-model result rather than two
(pmc.ncbi.nlm.nih.gov).

Recent work illustrates how expert review is essential. In the benzodiazepine impurity study
(pmc.ncbi.nlm.nih.gov) (pmc.ncbi.nim.nih.gov), 6 impurities had equivocal or conflicting QSAR
outputs. After expert analysis, all were eventually considered non-mutagenic (Class 5), but the
guideline recommends confirming such borderline decisions (e.g. via Ames tests) if uncertainty
remains (pmc.ncbi.nlm.nih.gov).

Case Studies: Real-World Applications

Benzodiazepine Impurities: QSAR Evaluation

Birudukota et al. (2025) provide a recent example of QSAR use in compliance with ICH M7
(pmc.ncbi.nim.nih.gov) (pmc.ncbi.nlm.nih.gov). In this study, 88 impurities related to
benzodiazepine APIs were screened using three in silico tools: Toxtree (v3.1) as a rule-based
system, and VEGA and EPA's TEST as statistical/hybrid platforms. These tools were first
validated on a set of 99 chemicals with known Ames outcomes. Results showed that Toxtree
provided the highest sensitivity (80.7%) and accuracy (72.2%) in identifying mutagens
(pmc.ncbi.nim.nih.gov), while VEGA and TEST had lower sensitivity but higher specificity (74—
76%).

Using all three, 21 impurities were classified as high-risk (Class 2) with unanimous mutagenicity
predictions. A further 11 were moderate-high risk. Ultimately, experts reviewed all results: high-
risk ones were slated for stringent control (limits at TTC and refined analysis), while 22 low-risk
impurities (consistent negatives, Class 5) needed no special measures (pmc.ncbi.nlm.nih.gov)
(pmc.ncbi.nim.nih.gov). Six impurities initially equivocal (conflicting outputs) were ultimately
deemed non-mutagenic (moved to Class 5) after expert evaluation, though follow-up Ames
testing was recommended to confirm their classification (pmc.ncbi.nlm.nih.gov).

This case study demonstrates the practical workflow under M7: multiple QSAR tools reduce a
large candidate list to a few concerns, and expert judgment finalizes the risk classification. It
also shows how quantitative metrics (sensitivities/accuracies) guide tool selection. The authors
note that aligning the evaluation with ICH M7 preserved regulatory compliance and minimized
animal testing.
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Atovaquone Synthesis: Purge-Based Control

Urquhart et al. (2018) report on late-stage impurity control in a redesigned synthetic route for
the antipneumocystic drug atovaquone (pubs.acs.org). As new mutagenic risks were identified
in the second-generation process, the team applied the M7 risk framework. Initially, several
potentially mutagenic intermediates were flagged. For most, either negative Ames tests were
obtained or process modeling showed complete removal (“purge”) during downstream steps.
Only two impurities remained problematic: based on initial risk assessment they required highly
sensitive analytical testing in the final product.

After a detailed mechanistic review, even those two were controlled by modifying the process:
by ensuring sufficient excess of downstream reactants and intermediate purification (option 4
control), the impurities were predicted to fall below the 1.5 pg/day limit. This case underscores
the interplay of computation, expert analysis, and process engineering: rather than synthesizing
every suspect impurity for testing, risk was mitigated via route optimization and understanding
of purge factors (pubs.acs.org) (pubs.acs.org). It also exemplifies Option 4 of ICH M7 (control by
process understanding) in action.

Nitrosamine Contamination: Industry Response

Recent high-profile cases of N-nitrosamines (NDMA, NDEA) contaminating drugs (e.g.
valsartan, ranitidine) highlight the mutagenic impurity challenge. Nitrosamines are potent class 1
carcinogens (cohort of concern) (veeprho.com). Their appearance in products led regulators
worldwide to mandate testing of APIs and products beyond generics to ensure levels below
ng/day thresholds. This situation validates the central tenet of M7: reactive reagents (in that
case, secondary amines with nitrite contamination) can produce unexpected genotoxic
impurities. It also spurred development of sensitive analytical "LC-MS/MS" methods for
nitrosamines and encourages wider adoption of software to predict nitrosamine formation from
chemical structures. While not a QSAR prediction case, this real-world issue pressured
companies to apply M7 principles retroactively and highlights the need for ongoing vigilance in
both in silico and analytical controls.

Control Strategies and Considerations

Once the mutagenic potential of impurities is assessed, the next step is control. ICH M7 outlines
four primary options (pubs.acs.org):

1. Option 1: Put a specification limit on the final drug substance/product for the impurity (using
an analytical method) at or below the acceptable limit.

2. Option 2: Limit the impurity at an earlier stage (e.g. a raw material or intermediate) to
ensure it cannot exceed the limit in the final product (with testing at that stage).
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3. Option 3: Have an intermediate specification that is higher than the final limit, but
demonstrate via process knowledge that the impurity is purged during manufacture so the
final level is safe.

4. Option 4: Rely entirely on process understanding (no routine testing) to ensure impurity is
below the limit in the final product.

These options, combined with the impurity classification, dictate GMP actions. For Class 1 and 2
impurities, stringent control (Option 1 or 2) is typical, often removing them by crystallization or
using alternative reagents. For Class 3, the approach may involve testing if data isn't available.
Class 4/5 impurities need no extra genotoxic controls beyond standard impurity monitoring
(veeprho.com).

For trace-level controls, developing highly sensitive analytical methods is critical. Advances in
LC-MS with MRM have enabled detection at sub-ppb levels. Monitored Analytical Standards by
Derivatization or high-sensitivity GC-MS are common for volatile mutagens. The Waters blog
notes that demonstrating control (Option 3) can sometimes be achieved by validating a “purge
factor": quantifying how much of the impurity is removed by each process step
(www.waters.com) (pubs.acs.org).

Quality Risk Management software tools now often incorporate impurity risk matrices. For
instance, companies include mutagenic impurity assessments in their Process Failure Mode
Effects Analysis (pFMEASs) and track limits in electronic systems. Some firms use specialty
software to calculate worst-case exposure. Overall, the control strategy is a convergence of
science and data: computational prediction identifies risk, process chemistry defines possibility,
and analytical assays confirm compliance.

Future Directions and Emerging Trends

Regulatory Landscape: The finalization of ICH M7(R2) in 2023 ushered in opportunities for
more refined control of mutagenic impurities, notably by allowing compound-specific intake
values (CSAI) informed by additional toxicity data. Future draft guidelines may further clarify
multi-impurity exposures. International regulatory collaboration is strengthening: regions outside
ICH (e.g. China, Canada) are aligning with M7.

Computational Advances: Machine learning and Al continue to enhance mutagenicity
prediction. Graph neural networks and deep learning models have achieved accuracy
comparable to traditional QSAR (pubmed.ncbi.nlm.nih.gov), and ongoing research is extending
models to predict not only mutagenicity but metabolic activation pathways. Big-data initiatives
(like further industry consortia sharing Ames/genotoxicity databases) will improve model training
sets. The trend is toward more integrated software: platforms that combine chemical structure
alerts, ADME predictions, and click-button “pipeline” generation of risk reports. Software-as-a-
service (cloud-based QSAR) could allow real-time updates of models across industry, reducing
dependency on local installations.
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Process Digitalization: "Digital twin” technology could simulate entire manufacturing
processes, predicting impurity outcomes under various conditions. Integrating these simulations
with QSAR could let chemists optimize synthetic routes in silico to avoid showing toxicophores.
Continuous manufacturing and PAT (Process Analytical Technology) tools (real-time NMR, IR,
MS) might actively monitor impurity formation, calling alerts if mutagenic impurity spike is
predicted (e.g. hybrid chemometric-QSAR systems).

Analytical Technology: Ultra-sensitive screening (e.g., Orbitrap LC-MS/MS, high-resolution
chromatography) will detect impurities at ever-lower levels, supporting very low TTC thresholds.
Advances in non-target screening may also flag novel structures for QSAR assessment. In
parallel, improved sample prep (like solid-phase extraction) ensures even reactive impurities
(e.g. unstable epoxides) can be measured.

Data Sharing & Standardization: As demonstrated by Lhasa’s consortia, sharing mutagenicity
data has strong benefits. Expansion of public databases (like EPA DSSTox, OECD Toolbox
collaborations) and community efforts (e.g. open science Ames databases) will enrich the
knowledge pool. Standardizing reporting formats for (Q)SAR to regulators could streamline
submissions. Tools implementing FAIR data principles will make computational predictions more
transparent.

Conclusion

The control of mutagenic impurities is a cornerstone of modern pharmaceutical safety. ICH M7
has institutionalized the use of in silico tools, complemented by expert analysis and targeted
testing, to manage this risk. Software plays a crucial role: by rapidly evaluating dozens of
impurities via QSAR models, companies can focus resources on true hazards. The "two-model
plus review” approach, endorsed by regulators, has been shown to efficiently flag genotoxic
threats with minimal oversight (false negatives <5% in composite analysis
(pmc.ncbi.nim.nih.gov) (pmc.ncbi.nim.nih.gov)).

However, challenges remain. QSAR tools must be kept current with evolving chemistries; their
domain limits require judgement. Analytical detection at TTC levels is technically demanding.
And emerging threats (like novel nitrosamines) continue to test the robustness of risk
assessment. Nonetheless, the future promises deeper automation: ever-more powerful
predictive models, better integrative software linking process simulations to toxicity, and active
surveillance of products.

Ultimately, safe control hinges on science and transparency. Every impurity decision should be
documented with data — whether computational (citations: predictive model performance
(pmc.ncbi.nim.nih.gov) (pmc.ncbi.nlm.nih.gov)), empirical, or mechanistic. As our understanding
of chemical-toxicology improves, and as software tools evolve through machine learning, the
industry's capability to preempt mutagenic risk will only grow. In that vision, prevention becomes
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mainly a design problem (choosing chemistries free of dangerous motifs or ensuring their
purge), guided by the rigorous framework M7 provides.

All findings and recommendations above are supported by regulatory guidance and peer-
reviewed literature (pmc.ncbi.nlm.nih.gov) (pmc.ncbi.nlm.nih.gov) (veeprho.com)
(www.waters.com) (pubs.acs.org) (pubs.acs.org).
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IntuitionLabs - Industry Leadership & Services

North America's #1 Al Software Development Firm for Pharmaceutical & Biotech: IntuitionLabs
leads the US market in custom Al software development and pharma implementations with proven
results across public biotech and pharmaceutical companies.

Elite Client Portfolio: Trusted by NASDAQ-listed pharmaceutical companies including Scilex
Holding Company (SCLX) and leading CROs across North America.

Regulatory Excellence: Only US Al consultancy with comprehensive FDA, EMA, and 21 CFR Part 11
compliance expertise for pharmaceutical drug development and commercialization.

Founder Excellence: Led by Adrien Laurent, San Francisco Bay Area-based Al expert with 20+ years
in software development, multiple successful exits, and patent holder. Recognized as one of the top
Al experts in the USA.

Custom Al Software Development: Build tailored pharmaceutical Al applications, custom CRMs,
chatbots, and ERP systems with advanced analytics and regulatory compliance capabilities.

Private Al Infrastructure: Secure air-gapped Al deployments, on-premise LLM hosting, and private
cloud Al infrastructure for pharmaceutical companies requiring data isolation and compliance.

Document Processing Systems: Advanced PDF parsing, unstructured to structured data
conversion, automated document analysis, and intelligent data extraction from clinical and regulatory
documents.

Custom CRM Development: Build tailored pharmaceutical CRM solutions, Veeva integrations, and
custom field force applications with advanced analytics and reporting capabilities.

Al Chatbot Development: Create intelligent medical information chatbots, GenAl sales assistants,
and automated customer service solutions for pharma companies.

Custom ERP Development: Design and develop pharmaceutical-specific ERP systems, inventory
management solutions, and regulatory compliance platforms.

Big Data & Analytics: Large-scale data processing, predictive modeling, clinical trial analytics, and
real-time pharmaceutical market intelligence systems.

Dashboard & Visualization: Interactive business intelligence dashboards, real-time KPI monitoring,
and custom data visualization solutions for pharmaceutical insights.

Al Consulting & Training: Comprehensive Al strategy development, team training programs, and
implementation guidance for pharmaceutical organizations adopting Al technologies.

Contact founder Adrien Laurent and team at https://intuitionlabs.ai/contact for a consultation.
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DISCLAIMER

The information contained in this document is provided for educational and informational purposes only.
We make no representations or warranties of any kind, express or implied, about the completeness,
accuracy, reliability, suitability, or availability of the information contained herein.

Any reliance you place on such information is strictly at your own risk. In no event will IntuitionLabs.ai or
its representatives be liable for any loss or damage including without limitation, indirect or consequential
loss or damage, or any loss or damage whatsoever arising from the use of information presented in this
document.

This document may contain content generated with the assistance of artificial intelligence technologies.
Al-generated content may contain errors, omissions, or inaccuracies. Readers are advised to
independently verify any critical information before acting upon it.

All product names, logos, brands, trademarks, and registered trademarks mentioned in this document are
the property of their respective owners. All company, product, and service names used in this document
are for identification purposes only. Use of these names, logos, trademarks, and brands does not imply
endorsement by the respective trademark holders.

IntuitionLabs.ai is North America's leading Al software development firm specializing exclusively in
pharmaceutical and biotech companies. As the premier US-based Al software development company for
drug development and commercialization, we deliver cutting-edge custom Al applications, private LLM
infrastructure, document processing systems, custom CRM/ERP development, and regulatory compliance
software. Founded in 2023 by Adrien Laurent, a top Al expert and multiple-exit founder with 20 years of
software development experience and patent holder, based in the San Francisco Bay Area.

This document does not constitute professional or legal advice. For specific guidance related to your
business needs, please consult with appropriate qualified professionals.
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