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Abstract

Dose-response relationships represent the cornerstone of
toxicological assessment, quantifying how biological systems react to
varying exposure levels of toxic substances. These relationships help
determine whether effects follow threshold or non-threshold models,
with threshold responses occurring only above specific dose levels
while non-threshold effects theoretically possible at any exposure.
The concept of hormesis—where low doses produce opposite effects
from high doses—further complicates these patterns. Toxicologists
establish critical reference points including NOAEL (No-Observed-
Adverse-Effect Level), LOAEL (Lowest-Observed-Adverse-Effect
Level), TD50 (Toxic Dose affecting 50% of population), and LD50
(Lethal Dose for 50%). Safety margins derive from these values
through application of uncertainty factors accounting for interspecies
differences, human variability, data limitations, and exposure
duration. The resulting reference doses and acceptable daily intakes
guide regulatory standards and clinical decision-making. Risk
assessment integrates these principles through a structured four-
stage process: hazard identification, dose-response assessment,
exposure assessment, and risk characterization. Individual variations
due to genetics, age, health status, and other factors create significant
response differences, necessitating population-protective approaches
when establishing safety standards for environmental toxins,
pharmaceuticals, and occupational exposures.
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Learning Objectives

After completion of the chapter, the learners should be able to:

e  Differentiate between threshold and non-threshold dose-
response relationships and explain the concept of
hormesis.

e Calculate and interpret key toxic dose parameters
including NOAEL, LOAEL, TD50, and LD50.

e Apply uncertainty factors appropriately to establish safety
margins and reference doses for various exposure
scenarios.

e  Construct and analyze dose-response curves to predict
toxicological outcomes at different exposure levels.

e  Perform a structured risk assessment following the four-
stage process of hazard identification, dose-response
assessment, exposure assessment, and risk
characterization.

e  Evaluate how individual variations including genetic
polymorphisms, age, and health status modify dose-
response relationships and influence risk assessment.

THRESHOLD CONCEPTS

he relationship between exposure dose and resulting

biological effect forms the cornerstone of toxicological

science, with threshold concepts providing essential
frameworks for understanding when toxic responses emerge.

Fundamental Principles

The threshold concept represents a foundational principle in
toxicology, proposing that for many toxic effects, a critical dose exists
below which no adverse response occurs. This concept derives from the
biological reality that organisms possess compensatory mechanisms
capable of managing limited toxic insults without manifesting detectable
dysfunction. These adaptive capacities include detoxification enzymes,
antioxidant systems, DNA repair mechanisms, and cellular regenerative
capabilities that collectively establish a buffer zone between exposure
and observable harm. The threshold dose, therefore, represents the point
at which these defensive and adaptive systems become overwhelmed,
allowing the toxic effect to manifest.

Thresholds operate at multiple biological levels. At the molecular
level, covalent binding of reactive metabolites to cellular
macromolecules may remain inconsequential until a critical number of
adducts forms. At the cellular level, oxidative stress may be effectively
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neutralized by glutathione and antioxidant enzymes until these defenses
become saturated. At the tissue level, cellular death may be
compensated by regeneration until the rate of cell loss exceeds
replacement capacity. At the organismal level, physiological
compensatory mechanisms may maintain function despite underlying
damage until a critical mass of dysfunction accumulates.

O Remember The manifestation of
= thresholds in dose-response

Threshold models propose that  relationships typically
adverse effects occur only above  produces sigmoidal curves
specific exposure levels, while non-  when response magnitude is

threshold models suggest some risk  plotted against logarithmic

exists at any dose, with concepts  dose. These curves display a

like hormesis describing beneficial no-effect region at low doses,

effects at low doses of otherwise a transition zone where

toxic substances. response begins and
increases rapidly with small dose increments, and a plateau region at
high doses where maximum response is approached. This pattern
reflects the biological reality that most toxicological processes involve
multiple steps with saturable components, creating non-linear
relationships between exposure and effect.

Threshold Types

Different conceptual threshold models apply to various
toxicological contexts. The true threshold model proposes an absolute
dose below which no adverse effect occurs in any individual within a
population. This model typically applies to non-genotoxic effects where
clear mechanistic grounds exist for expecting a threshold, such as
irritation requiring a minimum concentration to overcome epithelial
barriers or enzyme inhibition requiring a minimum percentage of
inhibition before functional consequences emerge.

The practical threshold model acknowledges that while theoretical
responses might occur at very low doses, they remain undetectable
using available methods or become indistinguishable from background
variation. This concept proves particularly relevant for endpoints with
high spontaneous incidence rates or substantial intra-individual
variability, where subtle toxicant-induced changes may be masked by
normal biological fluctuations.

The population threshold model addresses inter-individual
variability, recognizing that while thresholds exist for individuals, they
vary across populations due to genetic polymorphisms, pre-existing
conditions, age-related differences, and other susceptibility factors. This
distribution of individual thresholds means that as dose increases, an
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increasing proportion of the population manifests effects, creating an
apparent dose-response relationship even when each individual
possesses a discrete threshold.

The hormetic threshold model describes biphasic responses where
low doses produce effects opposite to those seen at higher doses, often
reflecting adaptive responses beneficial to the organism. Examples
include radiation hormesis, where low doses may stimulate DNA repair
mechanisms, and chemical hormesis, where mild oxidative stress might
upregulate protective antioxidant pathways. This model challenges
linear extrapolations and suggests that biological responses to toxicants
may be fundamentally non-monotonic.
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Figure 3.1 Types of Dose-Response Curves

Non-Threshold Models

Certain toxicological effects, particularly carcinogenesis initiated by
genotoxic agents, are traditionally considered non-threshold
phenomena. This perspective derives from the theoretical premise that
a single DNA mutation in a critical gene could potentially initiate the
carcinogenic process, and that even a single molecule of a DNA-reactive
compound could cause such a mutation. This one-hit model suggests
that no absolutely safe dose exists for genotoxic carcinogens, with risk
decreasing but never reaching zero as dose approaches zero.

The linear no-threshold (LNT) model represents the practical
application of non-threshold concepts in regulatory toxicology,
assuming proportionality between dose and response down to the
lowest doses. While this model provides a conservative approach to risk
management, it remains controversial due to limited empirical evidence
at extremely low doses and emerging understanding of adaptive
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responses, DNA repair efficiency, and the multi-stage nature of
carcinogenesis that may introduce practical thresholds even for
genotoxic agents.

Several factors complicate the no-threshold paradigm for
carcinogenesis. Background DNA damage from endogenous processes,
including oxidative metabolism and spontaneous hydrolysis,
continuously produces levels of DNA lesions far exceeding those from
typical environmental exposures to genotoxic chemicals. Efficient DNA
repair systems preferentially address certain lesions, potentially creating
practical thresholds below which damage is effectively repaired.
Immune surveillance mechanisms recognize and eliminate transformed
cells, providing another defense layer that may introduce threshold-like
effects in the carcinogenic process.

Recent advances in molecular toxicology suggest alternatives to the
strict non-threshold model even for genotoxic carcinogens. The margin
of exposure approach acknowledges potential practical thresholds while
maintaining conservative assessments. The key events dose-response
framework evaluates thresholds at each stage of a toxicological process,
recognizing that even for carcinogenesis, rate-limiting steps with
threshold characteristics may exist within the overall process.

Threshold Determination Methods

Establishing threshold values involves multiple experimental
approaches and statistical methods. The No Observed Adverse Effect
Level (NOAEL) represents the highest experimental dose producing no
statistically significant increase in frequency or severity of adverse
effects compared to controls. This empirical approach relies on the
experimental dose spacing, sample size, and statistical power of the
study design, potentially overestimating the true threshold if the study
lacks sensitivity or appropriate dose selection.

The Lowest Observed Adverse Effect Level (LOAEL) identifies the
lowest experimental dose producing statistically significant adverse
effects, providing an upper bound for the threshold when a clear
NOAEL cannot be established. The Benchmark Dose (BMD)
methodology addresses limitations of the NOAEL/LOAEL approach by
modeling the entire dose-response curve to estimate the dose associated
with a predefined level of response (typically 5% or 10% above
background). This approach maximizes use of all experimental data,
quantifies uncertainty, and reduces dependency on experimental dose
selection.

For non-threshold effects, mathematical models facilitate low-dose
extrapolation from observable effect ranges to environmentally relevant
exposures. Linear models assume proportionality between dose and
response throughout the extrapolation range. Multi-stage models
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incorporate biological concepts of carcinogenesis requiring multiple
sequential events. Physiologically based toxicokinetic (PBTK) models
integrate absorption, distribution, metabolism, and excretion data to
estimate internal doses at target tissues, potentially revealing nonlinear
relationships between external exposure and internal effective dose.

The threshold of toxicological concern (TTC) provides a generic
threshold approach when chemical-specific data are limited,
establishing exposure thresholds below which risk remains negligible
based on structural categories and existing toxicological databases. This
pragmatic approach enables preliminary risk assessment for substances
lacking complete toxicological profiles, though it requires careful
consideration of applicability domains and exclusion of highly potent
substance classes.

TOXIC DOSES

uantitative expression of toxicant potency through defined

dose metrics enables systematic comparison between

compounds and informs risk management decisions across
regulatory frameworks.

Dose Metrics and Definitions

The quantification of toxic potency requires precise dose metrics
adapted to various exposure scenarios and toxicological endpoints.
Administered dose represents the amount of toxicant provided to an
organism, typically expressed as mg/kg body weight for acute exposures
or mg/kg/day for repeated exposures. This most basic metric provides a
standardized comparison across different body sizes but does not
account for toxicokinetic differences between species or compounds. For
airborne toxicants, concentration-time products (Ct) express the
relationship between exposure concentration and duration, recognizing
that these factors often demonstrate reciprocity in determining toxic
outcomes.

Absorbed dose refines this concept by quantifying the fraction of
administered dose actually entering systemic circulation, accounting for
incomplete absorption across exposure barriers. For oral exposures,
first-pass hepatic metabolism may substantially reduce bioavailability
compared to other routes. Internal dose further specifies the amount
reaching a specific organ, tissue, or cellular target, incorporating
distribution factors. Biologically effective dose represents the most
precise metric, measuring the amount actually interacting with critical
molecular targets to initiate toxic responses, such as DNA adduct
formation or enzyme inhibition.
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Table 3.1: Types of Dose-Response Relationships

Type Characteristics | Examples Implications
Linear Direct Many No safe
proportionality | carcinogens, threshold
between dose radiation effects | assumed
and effect
Threshold | No effects Most non-cancer | NOAEL/LOAEL
below specific | endpoints can be
dose level established
Hormetic | Beneficial Some essential Complicates
effects at low elements, risk assessment
doses, harmful | radiation
at high doses
Sigmoid S-shaped curve | Many Defines ED50,
with plateau at | pharmacological | LD50
high doses effects parameters
Bell- Increasing then | Some Maximum effect
shaped decreasing immunological, | atintermediate
effect with endocrine doses
dose effects
U-shaped | Adverse effects | Some vitamins Optimal range
at both low and minerals between
and high doses extremes

Critical dose parameters include
NOAEL (No-Observed-Adverse-
Effect Level), LOAEL (Lowest-
Observed-Adverse-Effect  Level),
TD50 (Toxic Dose affecting 50%),
and LD50 (Lethal Dose affecting
50%).

Several specialized dose
concepts address specific
toxicological contexts. The
minimum lethal dose (MLD)
identifies the lowest dose
causing death
species. The absolutely lethal
dose (ALD) represents the
dose causing death in all

in a test

exposed individuals. Maximum tolerated dose (MTD) defines the
highest dose producing toxicity without significantly affecting survival,
often used as the high dose in carcinogenicity bioassays. Human
equivalent dose (HED) translates animal dosing to predicted human
exposures, incorporating allometric scaling or physiologically based
models to account for interspecies differences in toxicokinetics and

toxicodynamics.
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