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Learning objectives

• Distinguish absorbed radiation dose from biological 
response.

• Explain how dose rate and fractionation modify cumulative 
injury.

• Predict the influence of field size, proliferation and 
oxygenation.

• Connect endothelial damage with delayed ischemia and 
fibrosis.

Clinical reasoning 
task: Explain why 

equal physical 
exposure need not 

produce equal tissue 
injury.



The biological response is not set by dose alone

Physical radiation 
exposure

Time and spatial 
distribution

Biology of the 
exposed tissue

Cell injury and 
tissue outcome

Radiation quality and absorbed dose are necessary, but insufficient, descriptors of injury.



Five major modifiers of radiation injury

Delivery rate

Recovery time 
between 

exposures

Field size

Amount of tissue 
irradiated

Proliferation

Reliance on DNA 
replication

Oxygen

ROS-mediated 
DNA injury

Vessels

Late ischemia and 
fibrosis

Each determinant changes a different step between energy deposition and organ damage.



Ionizing radiation can damage DNA directly

Ionizing radiation
Direct interaction 

with DNA
DNA lesion

Repair, arrest or 
cell death

The direct route does not require water-derived radicals.



Indirect injury begins with water radiolysis

Ionizing radiation Radiolysis of water Free radicals / ROS DNA damage

The indirect, radical-mediated route as the more prominent mechanism.



Oxygen amplifies indirect DNA injury

Water-derived radicals

More oxygen Enhanced ROS-associated DNA injury

Hypoxic tissue Lower radiation sensitivity

This physical–chemical dependency underlies the importance of tissue oxygenation.



DNA damage leads to divergent cellular outcomes

DNA damage

Effective repair Surviving cells and tissue reconstitution

Severe or 
unrepaired 
lesions

Cell-cycle inhibition and cell death

Aberrant repair
Genomic instability and possible 
carcinogenesis

The same initial exposure can yield recovery, early tissue failure or late sequelae.



Early and delayed effects have different drivers

Early tissue effects Delayed tissue effects

Loss of rapidly dividing cellular populations Chronic vessel narrowing and tissue ischemia

Bone marrow, lymphoid tissues and GI mucosa
Fibrosis, impaired healing and parenchymal 
atrophy

Often apparent soon after exposure May emerge months or years later

Biological timing reflects the affected cell compartment and downstream tissue responses.



Radiation quality affects damage distribution

Alpha particles X-rays and gamma rays

Heavy damage over a restricted track Energy distributed over a longer, deeper path

High local injury per unit of tissue traversed Lower local damage per unit of tissue traversed

Physical quality helps determine effect Physical quality helps determine effect

The five biological determinants operate alongside—not instead of—radiation physics.



Physical dose and biologic effect are distinct

Gray (Gy) Sievert (Sv)

Absorbed energy per tissue mass Biologically weighted radiation dose

Answers: How much energy is deposited? Answers: What is the weighted exposure?

Does not by itself specify biological outcome Still does not capture every local tissue condition

Do not interchange numerical doses across different dose concepts without the relevant assumptions.



Delivery rate changes opportunities for repair

Radiation deposits 
energy

DNA lesions 
accumulate

Repair can occur 
between doses

Residual damage 
determines later 

effects

Rate of delivery modifies biology even when a course has the same nominal total dose.



Radiation damage can accumulate across exposures

• Each exposure can introduce additional molecular damage.
• An interval is not necessarily sufficient to repair all lesions.
• The remaining damage contributes to the effect of later 

exposures.
• Cumulative biological injury therefore depends on recovery 

completeness.

Cumulative exposure 
≠ an identical 

biological outcome 
for all schedules.



One exposure and multiple exposures are not equivalent

Single, concentrated exposure Separated exposures

Little or no interval for inter-exposure repair Intervals permit some cellular recovery

Large simultaneous burden of lesions Damage is distributed over time

Biological effects may be more pronounced Reduced cumulative injury if repair succeeds

Qualitative comparison at an equal stated physical total dose; Not a numeric dose-response claim.



Fractionation introduces recovery intervals

Dose

Damage

Interval

Repair

Dose

New damage

Interval

Repair

Outcome

Residual injury

The decisive distinction is repair between fractions—not merely a lower dose per visit.



Incomplete recovery leaves residual injury

First exposure Partial recovery
Subsequent 

exposure
Persistent 

cumulative damage

Fractionated doses are cumulative insofar as repair remains incomplete.



Why fractionation can protect normal tissue

• Normal cells often repair injury and recover between 
treatment fractions.

• Some tumor cells recover less effectively than the 
surrounding normal tissue.

• This difference is exploited in radiation therapy.
• The principle is general, not a guarantee for every tumor or 

organ.

Therapeutic 
selectivity partly 

arises from 
differences in 

recovery kinetics.



Tumor and normal tissue follow unequal recovery paths

Separated radiation 
fractions

Normal tissue
Repair and reconstitution may reduce 
cumulative injury

Tumor
Imperfect recovery may retain 
antitumor injury

An ideal therapeutic course maximizes tumor damage while limiting normal-tissue injury.



Fractionation does not abolish tissue toxicity

• Radiation injury is reduced only to the degree that cells 
successfully repair damage.

• A highly proliferative normal tissue remains vulnerable.
• Irradiated microvessels can acquire delayed lesions despite 

early recovery.
• Long-term fibrosis can appear after a course of radiotherapy.

Short-term tolerance 
does not exclude late 

complications.



Time course belongs in radiation exposure history

Information recorded Why it matters

Total delivered dose Defines the cumulative physical exposure

Schedule and number of fractions Identifies intervals available for recovery

Exposed field and tissue type Identifies the biological targets

Time since irradiation Places early and late effects in context

An absorbed-dose value without these descriptors is an incomplete clinical exposure history.



Teaching scenario: Equal total dose, different schedules

HYPOTHETICAL TEACHING SCENARIO

Two hypothetical tissue samples receive the same 
total absorbed radiation dose. Sample A receives a 
single exposure; Sample B receives separated 
fractions.

DISCUSSION QUESTION

If viable cells can repair DNA 
damage between exposures, 
which schedule may leave 
less residual injury?

Answer / reasoning: The fractionated schedule may leave less residual injury, provided recovery during 
the intervals is meaningful.



Delivery rate—causal synthesis

Longer recovery 
opportunities

More repaired 
lesions

Less residual DNA 
injury

Potentially less 
tissue toxicity

The protection is conditional: Cell type, dose and completeness of repair remain important.



Field size changes how much tissue is at risk

Radiation field 
expands

More cells and 
microvessels exposed

Larger functional 
tissue burden

Greater potential 
for organ injury

The spatial extent of exposure is a biological determinant independent of per-site dose.



A small field and a whole-body field differ

Small, shielded field Large field

Normal tissue outside the field is spared More tissue compartments are irradiated

Relatively high local doses may be tolerated Lower doses may produce severe systemic injury

Main concern may be local tissue injury
Multi-organ functional consequences become 
possible

Robbins explicitly contrasts relatively high small-field exposures with lethal larger-field exposure.



Shielding changes the affected tissue population

Directed beam exposure

Inside the field Cells and vessels receive irradiation

Shielded tissue Exposure and injury can be limited

Field design determines the tissue at risk; It does not alter the intrinsic biology of each cell.



Exposed volume and regenerative reserve are linked

• When a larger share of an organ is irradiated, fewer 
unaffected cells remain.

• Injury to multiple highly proliferative compartments can 
impair systemic function.

• Extent of exposure can therefore alter the severity and 
recoverability of injury.

• Interpret field size together with dose and tissue sensitivity.

Conceptual inference 
field-size and tissue-

regeneration 
discussion.



Total-body exposure can cause systemic syndromes

Large-area 
irradiation

Multiple sensitive 
organs affected

Failure of critical cell 
populations

Acute radiation 
syndrome

Progressively higher whole-body doses involve hematopoietic, GI and central nervous systems.



Whole-body injury follows a system hierarchy

With progressively higher exposures Dominant organ-system consequences

Lower symptomatic exposures Hematopoietic and lymphoid injury

Greater exposures Gastrointestinal system involvement

Very severe exposures Central nervous system involvement

A qualitative sequence from the supplied total-body irradiation subsection; Not a dosage chart.



Teaching scenario: Local versus diffuse exposure

HYPOTHETICAL TEACHING SCENARIO

A hypothetical patient has a carefully shielded local 
radiation treatment. Another has radiation exposure 
distributed across most of the body.

DISCUSSION QUESTION

Why can the second 
exposure produce more 
severe systemic effects even 
if the local dose is lower?

Answer / reasoning: More sensitive tissues and functional organ mass are irradiated; Systemic 
consequences depend on field size.



Time and field size interact

Small field, separated

Local injury with 
repair opportunities

Small field, 
concentrated

Greater local repair 
burden

Large field, separated

Extensive exposed 
tissue despite intervals

Large field, 
concentrated

Broad exposure with 
limited immediate 

recovery

This is a qualitative teaching matrix, not an evidence-based risk ranking.



DNA replication creates radiation vulnerability

Radiation causes 
DNA lesions

Cell enters replication 
or division

Damaged DNA 
impairs 

proliferation

Cell loss and tissue 
dysfunction

Tissues that must renew their cells continuously are particularly sensitive.



Proliferative and quiescent cells respond differently

Rapidly dividing cell populations Nondividing populations

Replication repeatedly encounters DNA damage No immediate requirement for cell division

Early injury can disrupt cell replacement Often comparatively resistant to acute killing

Example: Marrow or intestinal mucosa Example: Neurons or mature muscle cells

Relative resistance of quiescent cells does not imply absolute immunity to radiation.



Hematopoietic precursors are highly vulnerable

• Marrow precursors divide to continuously replenish blood 
cells.

• Radiation can induce dose-dependent marrow aplasia.
• Loss of precursors eventually reduces circulating cell 

production.
• At very high exposures, loss of stem cells can cause 

persistent aplasia.

Biological sensitivity 
is expressed clinically 

through loss of 
blood-cell 

production.



Peripheral cytopenias emerge with different delays

Radiation

Marrow precursors 
injured

Early

Neutrophil decline

Later

Platelet decline

Later still

Anemia may appear

Different blood-cell life spans explain why peripheral counts do not fall simultaneously.



Lymphoid tissues may show very early injury

• Radiation can directly deplete circulating and tissue 
lymphocytes.

• Severe lymphopenia may appear within hours at high large-
field exposures.

• Lymph nodes and spleen may shrink following lymphocyte 
loss.

• Surviving precursors may repopulate the compartment after 
sublethal exposure.

Rapid lymphocyte 
depletion is a notable 

early 
hematolymphoid 

effect.



Gastrointestinal mucosa has high renewal demand

Radiation of GI 
mucosa

Injury to dividing 
epithelial populations

Defective mucosal 
renewal

Mucosal injury and 
ulceration

The supplied overview distinguishes early mucosal damage from late fibrosis of the bowel wall.



Gonadal germ-cell populations are sensitive

Testis Ovary

Spermatogenic cell populations are vulnerable Germ cells and granulosa cells may be damaged

Failure of germ-cell renewal can impair fertility Loss of cellular populations can impair fertility

Delayed atrophy/fibrosis may supervene Delayed atrophy/fibrosis may supervene

This is a mechanistic overview, not a fertility prediction for an individual exposure.



Neurons and mature muscle cells are relatively resistant

• Most mature neurons and muscle cells are not actively 
dividing.

• They are relatively resistant to direct radiation-induced cell 
killing.

• An exception at extremely high doses that impair 
transcription.

• Their tissues can nevertheless suffer secondary vascular 
damage.

Separate intrinsic 
cell-cycle sensitivity 

from organ-level 
susceptibility.



Early injury mirrors proliferative tissue demands

Frequently early affected Comparatively resistant to early direct killing

Marrow precursors and lymphocytes Mature neurons

Gastrointestinal mucosal cells Mature muscle cells

Germ-cell populations Other predominantly quiescent cells

Cell division is an organizing principle, not the only cause of tissue damage.



Repair versus reconstitution are different events

Irradiated renewing 
tissue

DNA repair Surviving cells correct molecular lesions

Tissue 
reconstitution

Surviving progenitors replace lost cells

Excessive injury Insufficient surviving cell reserve

Restored tissue architecture requires both molecular survival and an adequate regenerative pool.



Teaching scenario: Marrow versus skeletal muscle

HYPOTHETICAL TEACHING SCENARIO

An exposed marrow sample contains proliferating 
precursors. A skeletal muscle sample contains mostly 
mature nondividing myocytes.

DISCUSSION QUESTION

Which is more likely to show 
early failure from direct loss 
of proliferating cells?

Answer / reasoning: Marrow. Its function depends on sustained proliferation and replacement of blood 
cells.



Cell cycle and field size compound each other

Large field includes 
marrow and GI 

mucosa

Multiple dividing 
populations injured

Tissue replacement 
declines

Systemic 
complications 

become possible

Distribution matters because it determines how many sensitive compartments are affected.



The oxygen effect follows radical chemistry

Water radiolysis
Free-radical 
formation

ROS-associated 
reactions

Increased DNA 
injury with oxygen

The indirect DNA-injury pathway is emphasized in the Robbins radiation discussion.



Oxygenation distinguishes radiobiological response

Well-oxygenated region Poorly oxygenated region

Greater enhancement of radical-mediated injury Less enhancement of radical-mediated injury

Relatively more radiosensitive Relatively more radioresistant

Often better vascularized May occur in poorly perfused tissue

These contrasts refer to otherwise comparable tissue conditions.



Hypoxic tumor centers may resist radiotherapy

Rapid tumor growth
Poorly vascularized 

interior
Local hypoxia

Reduced radiation 
sensitivity

Hypoxic centers of rapidly growing tumors as a cause of relative radioresistance.



Hypoxia is not the same as absence of DNA damage

• Ionizing radiation can still interact with DNA directly.
• Indirect free-radical injury may be less enhanced when 

oxygen is low.
• Therefore hypoxia implies relative resistance, not complete 

protection.
• Physical dose and other tissue determinants remain 

relevant.

Avoid treating tumor 
hypoxia as a binary 

on/off switch for 
radiation injury.



Tumor perfusion shapes oxygen availability

Tumor with 
heterogeneous blood 

supply

Perfused region Relatively oxygenated and sensitive

Poorly perfused 
center

Hypoxic and relatively resistant

A conceptual tissue map; Individual tumors can have more complex oxygen distributions.



Oxygenation and proliferation provide different information

Proliferation axis Oxygenation axis

How often cells rely on replication How strongly radical-associated injury is enhanced

Determines sensitivity of renewing compartments Modifies indirect DNA damage

High proliferation can increase sensitivity Hypoxia can counteract some of that sensitivity

Do not assume that a rapidly growing tumor is uniformly radiosensitive.



Teaching scenario: Oxygenated rim, hypoxic center

HYPOTHETICAL TEACHING SCENARIO

A hypothetical rapidly growing tumor has a better-
perfused peripheral region and a poorly vascularized 
center.

DISCUSSION QUESTION

Which region is expected to 
be relatively less sensitive to 
the same irradiation, and 
why?

Answer / reasoning: The hypoxic center: Reduced oxygen availability limits enhancement of radical-
mediated DNA damage.



Oxygen modifies effect without changing field size

Same radiation 
beam

Different tissue 
oxygenation

Different radical-
mediated damage

Different biological 
response

A spatial dose map alone cannot fully predict cell kill.



Radiation injures endothelial cells

Radiation exposure
Endothelial cell 

injury
Vascular narrowing 

or occlusion

Chronic 
downstream tissue 

damage

Endothelial cells are moderately radiation-sensitive and mediate important delayed effects.



Vessel injury evolves over time

Early

Dilation

Progression

Swelling / vacuolation

Later

Intimal thickening

Chronic

Luminal narrowing

Changes ranging from acute dilation to fibrotic vessel-wall alteration.



Luminal narrowing produces ischemic consequences

Fibrointimal 
thickening

Reduced vascular 
lumen

Reduced tissue 
perfusion

Ischemic atrophy and 
impaired repair

The effect is parenchymal even when the primary late lesion is vascular.



Radiation-associated fibrosis has several drivers

Irradiated organ

Parenchymal cell 
death

Replacement by connective tissue

Vascular damage Chronic ischemic injury

Stem-cell loss and 
mediators

Inflammation and fibroblast activation

Multiple injuries converge on collagen deposition and functional scarring.



Why delayed fibrosis can follow initial recovery

• Visible early injury can resolve while endothelial damage 
progresses.

• Chronic ischemia limits regenerative capacity.
• Loss of parenchymal cells can stimulate fibrous replacement.
• Fibrosis and tissue contraction can become evident weeks, 

months or later.

Early clinical 
improvement does 

not exclude 
subsequent fibrotic 

remodeling.



Late damage may impair tissue healing

Endothelial 
dysfunction

Reduced perfusion Chronic ischemia
Poor healing and 
atrophic tissue

Delayed vascular effects can affect tissues with intrinsically low division rates.



Histologic consequences of vessel injury

Early or progressive changes Chronic changes

Endothelial swelling and vacuolation Intimal thickening and hyalinization

Small-vessel wall injury or thrombosis Marked luminal narrowing or obliteration

Acute microvascular dysfunction Interstitial collagen increase and scarring

Morphology from the adjacent Robbins description; No synthetic photomicrographs are shown.



Radiation atypia can resemble malignancy

• Surviving irradiated cells may contain abnormal nuclei and 
mitoses.

• Pleomorphism and multinucleated giant cells can persist 
after treatment.

• These alterations can resemble malignant cytologic features.
• A pathologist must interpret atypia in the context of 

irradiation history.

Radiation-induced 
atypia is a recognized 

diagnostic 
interpretation 

problem.



Late vascular injury and fibrosis are connected

Damaged vessels
Persistent perfusion 

deficit
Parenchymal loss

Fibrous tissue 
replacement

This tissue-level pathway explains why chronic radiation injury can be progressive.



Teaching scenario: Delayed atrophy after radiotherapy

HYPOTHETICAL TEACHING SCENARIO

A hypothetical irradiated tissue develops progressive 
atrophy and reduced healing capacity many months 
after treatment.

DISCUSSION QUESTION

Which determinant best 
explains the delayed rather 
than immediate nature of 
these findings?

Answer / reasoning: Progressive radiation-induced vascular damage with chronic ischemia and fibrosis.



Early versus late injury: A working timeline

Exposure

DNA and radical injury

Early

Sensitive cells depleted

Recovery

Repair / reconstitution

Delayed

Vascular narrowing / 
fibrosis

Timings are conceptual rather than a substitute for organ- and dose-specific clinical timelines.



DNA repair failure links acute and late outcomes

Unrepaired or aberrantly 
repaired DNA damage

Loss of cell 
viability

Acute tissue depletion

Mutation / 
genomic 
instability

Later neoplastic transformation

Loss of functional 
cells

Atrophy and tissue remodeling

Mechanistic paths share DNA damage but lead to different pathological endpoints.



A mechanistic map of all five determinants

When?

Rate / recovery

Where?

Field size

Which cells?

Proliferation

How 
oxygenated?

Indirect ROS injury

Which vessels?

Delayed ischemia

Read each column as a question that must be answered before predicting tissue effects.



Radiation injury depends on intersecting determinants

Question Associated determinant

Was there time to repair lesions? Delivery rate / fractionation

How much functional tissue was exposed? Field size

How dependent is tissue on cell division? Proliferation

Was the tissue hypoxic? Oxygenation

Could perfusion decline later? Vascular injury

A concise structure for analyzing a radiation injury clinical vignette.



Integrated scenario: Treatment field and schedule

HYPOTHETICAL TEACHING SCENARIO

Two hypothetical radiotherapy plans have the same 
total absorbed dose but differ in fractionation and in 
how much normal tissue enters the treatment field.

DISCUSSION QUESTION

Which two determinants 
must be compared before 
predicting normal-tissue 
toxicity?

Answer / reasoning: Recovery opportunities from dose scheduling and the volume/identity of normal 
tissue exposed.



Integrated scenario: Radiosensitive marrow in a large field

HYPOTHETICAL TEACHING SCENARIO

A hypothetical large radiation field includes extensive 
hematopoietic tissue and gastrointestinal mucosa.

DISCUSSION QUESTION

Why might injury appear 
early and involve more than 
one organ system?

Answer / reasoning: A large exposed field includes several rapidly proliferating cell populations 
vulnerable to DNA injury.



Integrated scenario: Cellular resistance, tissue injury

HYPOTHETICAL TEACHING SCENARIO

A hypothetical largely nondividing tissue shows little 
early parenchymal loss but delayed fibrosis after 
irradiation.

DISCUSSION QUESTION

How can late functional 
deterioration occur despite 
relative resistance to 
immediate cell killing?

Answer / reasoning: Radiation-induced vascular narrowing, ischemia, and fibrous replacement can 
affect the organ over time.



Three common errors in interpreting radiation effects

Misconception Correct interpretation

Equal absorbed dose means equal injury Rate, field, biology and oxygenation matter

Nondividing cells imply invulnerable organs Late vascular injury can still damage tissue

Hypoxic tumors are unaffected by radiation They may be relatively, not absolutely, resistant

These distinctions unify physical and pathological determinants.



Five determinants—one-line synthesis

• Delivery rate governs the opportunity for repair.
• Field size determines the burden of exposed tissue.
• Proliferation predicts early loss of renewing cells.
• Oxygenation modifies radical-mediated DNA injury.
• Vascular injury explains important delayed ischemic and fibrotic 

effects.

Dose alone cannot 
capture either early 
radiosensitivity or 
late tissue toxicity.



Application question: Identify the dominant determinant

HYPOTHETICAL TEACHING SCENARIO

An irradiated region becomes fibrotic years after a 
previously uneventful early recovery; Microscopy 
demonstrates thickened vessel walls and narrowed 
lumina.

DISCUSSION QUESTION

Which of the five 
determinants is most directly 
implicated, and what is the 
causal chain?

Answer / reasoning: Vascular injury → luminal narrowing → chronic ischemia → parenchymal atrophy 
and fibrosis.



References and source scope

• Robbins, Cotran & Kumar: Pathologic Basis of Disease. 11th edition (2026).
• Primary lecture scope: “Main Determinants of Biologic Effects of Ionizing Radiation” 

and its assigned “Total-Body Irradiation” subsection.
• Context incorporated from adjacent textbook sections on radiation units, 

hematolymphoid injury, fibrosis and DNA damage.
• Original editable diagrams are conceptual interpretations of the supplied text; no 

textbook figures have been copied.
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