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What learners should be able to explain

• Why lymphoid tissue and marrow are particularly radiosensitive

• Why blood-cell lineages decline at different times after exposure

• How dose and surviving precursors determine recovery versus persistent aplasia

The organizing principle is injury to cells plus turnover of their progeny.



Two radiation-sensitive compartments

Lymphoid system

• Circulating and tissue lymphocytes

• Rapid direct lymphocyte killing

• Early lymphopenia and tissue shrinkage

Bone marrow

• Hematopoietic stem and precursor cells

• Suppression of new cell production

• Delayed granulocytopenia, 

thrombocytopenia, and anemia



From irradiation to a peripheral cytopenia

Radiation exposure
Vulnerable cells 

injured
Loss or failure of 

renewal
Decline in blood 

count

Direct cell killing and reduced replacement operate on different time scales.



Injury mechanism and clinical readout

Tissue-level event

• Lymphocyte death in blood and lymphoid 

organs

• Hematopoietic precursor depletion or 

dysfunction

• Regeneration if viable precursors remain

Observable consequence

• Early lymphocyte count decline

• Later depletion of mature blood elements

• Recovery or persistent aplasia



Ionizing radiation targets cellular DNA

Ionization DNA injury
Inhibition of cell 

division / cell death
Tissue depletion

DNA damage links the physical exposure to rapidly developing marrow and lymphoid injury.



Direct and indirect DNA injury

Direct effect

• Ionization damages DNA directly

• Chromosomal breaks may follow

• Proliferating precursors cannot divide 

normally

Indirect effect

• Radiolysis of water

• Reactive radical formation

• DNA damage amplified by oxygen 

availability



Indirect damage through radiolysis of water

Ionizing energy Water radiolysis Free radicals / ROS DNA injury

Free radical generation as a major mechanism of radiation-associated DNA damage.



Why dividing cells are vulnerable

Proliferating cells

• DNA replication is repeatedly required

• Genome damage disrupts cell division

• Rapidly renewing tissues show early injury

Relatively quiescent cells

• Lower immediate dependence on division

• Often less acutely susceptible

• Susceptibility is not absolute at very high 

doses



Failure of DNA repair has two immediate fates

DNA injury Repair insufficient Cell-cycle arrest
Cell loss / failed 

production

The lymphoid and marrow phenotype depends on whether injury affects existing cells or their 
renewal pool.



Exposure field modifies marrow consequences

Large exposed field

• More hematopoietic and lymphoid 

compartments irradiated

• Less uninjured reserve may remain

• Systemic count effects can be profound

Limited exposed field

• Some marrow outside the field may be 

spared

• Cell-production reserve may persist

• Local damage need not imply comparable 

whole-body aplasia



Why fractionation can reduce normal-tissue injury

First fraction Interval for repair Subsequent fraction
Residual damage 

accumulates

The source notes that normal cells may repair some injury between exposures; The effect 
depends on incomplete recovery.



Dose and time are separate dimensions

Dose severity

• More extensive cellular injury at higher 

doses

• More severe cytopenias

• Greater risk of permanent stem-cell loss

Time since exposure

• Lymphocyte changes can be immediate

• Granulocyte and platelet deficits are 

delayed

• Anemia and recovery emerge over longer 

intervals



Radiation-sensitive tissues in context

Tissue / cell population Why early injury is prominent

Lymphoid cells Direct killing of mature lymphocytes

Bone marrow Loss of rapidly renewing precursors

Gastrointestinal mucosa Continuous epithelial renewal

Gonadal germ cells High vulnerability of replicating cells

The lecture centers on hematopoietic and lymphoid manifestations; Other tissues are included for context.



The earliest hematologic signal: Lymphocyte loss

High-dose, broad-
field exposure

Lymphocytes killed 
directly

Rapid fall in 
circulating 

lymphocytes

Lymphoid tissue 
depletion

Severe lymphopenia may appear within hours in substantial exposures.



Lymphocyte radiosensitivity is distinctive

• Radiation can kill lymphocytes already present in the circulation

• Tissue lymphocytes are affected in parallel

• Acute lymphopenia therefore does not require waiting for marrow output to fail



Where lymphocytes are lost

Circulation

• Peripheral lymphocytes are directly 

susceptible

• Absolute lymphocyte count may fall rapidly

• Early change reflects cell death, not just 

reduced production

Tissue compartments

• Lymph nodes and spleen

• Thymus and gut-associated lymphoid sites

• Concurrent depletion reduces lymphoid 

tissue mass



Radiation-associated lymphoid organ shrinkage

Death of resident 
lymphocytes

Loss of cellular 
tissue volume

Shrinkage of nodes 
and spleen

Possible 
repopulation

This is a cell-loss process; It should not be represented as immediate radiation fibrosis.



Lymph-node changes: Mechanism before morphology

• Acute lymphocyte loss can shrink lymph-node tissue

• Extent depends on dose and irradiated volume

• Late atrophy or fibrosis is a different timescale of injury

Acute depletion ≠ delayed fibrotic remodeling.



Splenic changes parallel nodal changes

• Lymphocytes are radiosensitive within splenic tissue

• Substantial exposures may cause splenic shrinkage

• Recovery depends on survival and replenishment of lymphoid precursors



Early lymphoid changes versus delayed marrow failure

Characteristic Lymphoid depletion Marrow precursor injury

Dominant early event Direct loss of lymphocytes Suppressed blood-cell generation

Typical timing Hours after substantial exposure Counts decline over days to weeks

Visible readout Lymphopenia; organ shrinkage
Neutropenia; thrombocytopenia; 
anemia

Recovery condition Viable lymphoid precursors Viable hematopoietic stem cells



How lymphocyte counts can recover

Sublethal exposure
Viable precursors 

survive
Lymphoid 

regeneration
Count restoration

Restoration of a normal lymphocyte count over weeks to months when regeneration is possible.



Lymphocyte recovery has a biological prerequisite

• The initial lymphocyte fall does not by itself prove irreversible failure

• Reconstitution requires viable precursor populations

• Weeks-to-months recovery is described after sublethal exposure



One count can represent different biology

Immediate lymphopenia

• Rapid direct radiation effect

• Can occur while mature red cells still 

circulate

• Cannot be equated with established 

irreversible aplasia

Sustained pancytopenia

• Failure of new hematopoietic production

• Persists if regenerative pools are lost

• Must be interpreted with elapsed time and 

exposure severity



The normal marrow production hierarchy

Hematopoietic stem 
cells

Lineage precursors
Maturing marrow 

elements
Circulating blood 

cells

A radiation lesion near the top of the hierarchy can affect several lineages at once.



Why precursor injury has delayed effects

Production side

• Dividing precursors are highly 

radiosensitive

• Radiation can sharply suppress marrow 

output

• Multi-lineage consequences may develop

Peripheral pool

• Existing mature cells remain temporarily

• Their persistence varies by cell type

• Counts decline as mature cells disappear 

without replacement



Marrow aplasia is dose-dependent

• Radiation injures hematopoietic precursor cells

• Marrow production can become profoundly reduced

• Higher doses generally produce deeper cytopenias and longer recovery

In the source, very high doses can produce permanent aplasia.



Suppressed production becomes pancytopenia

Hematopoietic 
precursors injured

Myeloid and 
erythroid output 

falls

Existing mature cells 
age out

Multiple circulating 
lineages decline

Each count falls on its own timetable because mature-cell turnover differs.



Mature-cell turnover governs the blood-count sequence

Lineage Textbook turnover scale Expected timing of count change

Granulocytes Less than a day Days; nadir during second week

Platelets About 10 days End of first week; later nadir

Red cells About 120-day circulating lifespan Anemia begins after 2–3 weeks

The source broadly calls these “half-lives”; 120 days is conventionally the approximate erythrocyte lifespan, not its half-life.



Granulocytes: Fast turnover, early depletion

Before suppression

• Rapid physiological cell turnover

• Continual marrow replacement is essential

• Existing circulating population is relatively 

short-lived

After marrow injury

• Replacement falters rapidly

• Neutropenia can appear within days

• Severity reflects dose and recovery 

capacity



Neutrophil count: The early transient rise

Radiation exposure Brief count increase
Subsequent 
neutropenia

Later nadir

An initial neutrophil increase does not exclude significant subsequent marrow injury.



Neutropenia appears within several days

• Granulocyte production is radiation-sensitive

• Short-lived circulating cells are quickly depleted without replacement

• Peripheral counts may lag the injury to precursors



The granulocyte nadir follows initial injury

Immediate

Exposure

Several days

Neutropenia develops

Second week

Granulocyte nadir

2–3 months

Possible normalization

Timing follows Robbins; This is a qualitative event sequence, not a measured patient trajectory.



A near-zero granulocyte nadir is possible

• Severe reductions, sometimes approaching zero

• The second week is the stated nadir period

• Severity is affected by radiation dose and the extent of marrow exposure



Granulocyte recovery depends on marrow regeneration

Surviving 
hematopoietic cells

Resumed myeloid 
proliferation

New neutrophil 
production

Circulating count 
normalization

In survivors, restoration of normal granulocyte numbers may require 2–3 months.



Platelets decline on a different clock

Platelet persistence

• Approximate turnover time: 10 days

• Mature platelets remain after production 

stops

• Count may initially appear less affected

After marrow suppression

• Thrombocytopenia evident by end of week 

one

• Nadir occurs later than granulocyte nadir

• Recovery is delayed



Thrombocytopenia develops after the first days

Irradiation

Megakaryocytic output 
affected

End of week 1

Thrombocytopenia 
appears

After neutrophil nadir

Platelet nadir follows

Prolonged interval

Recovery may be 
delayed

The original section does not provide a single exact calendar day for the platelet nadir.



Platelet nadir and granulocyte nadir differ

• Platelets circulate longer than granulocytes

• Platelet counts may continue to fall after granulocytes reach their nadir

• A later platelet nadir reflects different cell kinetics, not necessarily a second exposure



Platelet recovery requires resumed production

Viable marrow 
precursors

Megakaryocyte 
production

Platelet release
Peripheral count 

recovery

If marrow aplasia persists, delayed platelet recovery should be anticipated.



Red cells: A large pre-existing circulating pool

Why the delay?

• The erythrocyte pool persists longer

• Reduced erythropoiesis need not cause 

immediate anemia

• Existing cells continue to circulate

After marrow injury

• New erythrocyte output is depressed

• Anemia generally appears later

• The deficit may persist for months



Anemia is typically a later effect

Irradiation

Erythroid precursors 
injured

First 1–2 weeks

Existing red cells persist

After 2–3 weeks

Anemia appears

Following months

Anemia may persist

Sequence is based on source timing, not a quantitative hemoglobin model.



Why anemia can persist for months

• Sustained loss of effective erythroid production limits replacement

• The long erythrocyte lifespan delays the initial fall

• Recovery requires renewed marrow output and time to rebuild the circulating pool



Three blood cell lineages, three onset patterns

Feature Granulocytes Platelets Red cells

Early marker Neutropenia within days
Thrombocytopenia near week 
1

Anemia after 2–3 weeks

Nadir / evolution Second week Later than granulocytes Can persist for months

Recovery May take 2–3 months Similarly delayed May be prolonged

Qualitative patterns for significant marrow irradiation; Trajectories vary by exposure severity.



The common lesion behind distinct cytopenias

Radiation to marrow
Precursor 

suppression
Turnover-dependent 

decline
Recovery or 

continued aplasia

Interpret the full blood count as an evolving system, not a single time-point test.



Transient aplasia versus permanent aplasia

Lower / sublethal injury

• Some regenerative precursors remain 

viable

• Marrow activity can resume

• Counts may recover over months

Very high dose injury

• Hematopoietic stem cells can be killed

• Marrow reconstitution may fail

• Permanent aplasia / aplastic anemia



Stem-cell loss changes the long-term outcome

Hematopoietic stem 
cells damaged

Self-renewing 
reserve reduced

Sustained loss of 
production

Failure of blood-
count recovery

Permanent aplasia differs mechanistically from temporary delay in output.



What increasing radiation dose changes

• Severity: Depth of lymphoid and marrow cell loss

• Duration: Length of the period of insufficient blood production

• Reversibility: Likelihood that stem cells remain available for renewal



Aplasia: Functional definitions

Term Mechanistic meaning in this lecture

Marrow suppression Production decreases after precursor injury

Transient aplasia Production recovers as surviving precursors regenerate

Persistent / permanent aplasia
Self-renewal and blood-count recovery fail after extensive stem-
cell loss

Permanent marrow aplasia is a consequence of sufficiently severe injury, not the automatic outcome of all radiation exposure.



Why the observed count depends on sampling time

Early sample Intermediate sample Nadir-period sample
Recovery-phase 

sample

The same exposure can produce very different blood-count patterns at different time points.



Systemic irradiation versus localized exposure

Large-field / total-body injury

• Potentially extensive lymphoid loss

• Widespread marrow precursor depletion

• Acute radiation syndrome may develop

Restricted radiation field

• Injury limited by volume irradiated

• Unexposed marrow may retain activity

• Systemic pattern can differ substantially



Acute radiation syndrome: Injury focus shifts with dose

Syndrome context Dominant organ system in Robbins

Lower acute systemic exposure Lymphocyte depletion

Higher exposure range Hematopoietic / marrow injury

Still higher exposure Gastrointestinal tract

Extreme exposure Central nervous system

Conceptual ordering only; Specific dose bands are intentionally omitted because clinical severity depends on exposure 
conditions.



Radiation morphology should not be overinterpreted

Cellular effects

• Chromosomal damage, aberrant mitoses

• Nuclear swelling and pleomorphism

• Cell loss including apoptosis

Diagnostic caution

• These are radiation-associated cytologic 

alterations

• Marked atypia can resemble malignant 

cells

• Interpret morphology in exposure and 

treatment context



Connecting DNA injury to cellular atypia

Double-strand 
breaks

Chromosomal 
abnormalities

Abnormal mitoses / 
nuclei

Confounding 
atypical 

morphology

This is background radiation pathology, not a claim that cytology alone establishes marrow 
failure.



Acute depletion is distinct from late tissue injury

Acute hematologic injury

• Lymphocyte killing

• Marrow precursor loss

• Cytopenias over hours to weeks

Late radiation reaction

• Vascular damage may evolve

• Tissue fibrosis and atrophy may occur

• Months-to-years complications are distinct



Application: An early lymphocyte fall

Scenario

A patient has substantial large-field ionizing-radiation 
exposure. A lymphocyte count obtained hours later is 
markedly reduced.

Which mechanism best explains the immediate result?

Mechanistic interpretation

Direct killing of lymphocytes in 
circulation and lymphoid tissues, 
rather than depletion of the 
mature-cell pool from failed 
marrow output.

Very early onset • Marked 
lymphocyte radiosensitivity



Application: Worsening counts in week two

Scenario

After a major exposure, a patient has a brief early 
neutrophil increase and then marked neutropenia in 
the second week.

Is this time course compatible with radiation injury?

Mechanistic interpretation

Yes. A transient rise, neutropenia 
within days, and a granulocyte 
nadir during the second week.

Short granulocyte turnover • Myeloid 
precursor injury



Application: Delayed platelet and red-cell effects

Scenario

Following marrow irradiation, granulocytes fall first, 
platelets become low by the end of week one, and 
anemia appears later.

What unifying principle explains the sequence?

Mechanistic interpretation

Suppressed marrow production 
combined with different turnover 
times of the circulating lineages.

Granulocytes: Short-lived • Platelets: 
Intermediate • Red cells: Longest 
persistence



Application: Persistent pancytopenia

Scenario

A patient with very high radiation exposure shows 
profound cytopenias with no subsequent return of 
blood counts.

What is the most important mechanistic concern?

Mechanistic interpretation

Loss of hematopoietic stem-cell 
reserve with permanent marrow 
aplasia, as described for very high 
radiation doses.

Multilineage nonrecovery • Very high-
dose context



A practical interpretation sequence

• Establish elapsed time and how much marrow was irradiated

• Identify the cell lineages affected and their likely turnover delays

• Ask whether counts are falling, at nadir, recovering, or persistently aplastic

The source supports temporal interpretation; It does not supply a clinical treatment algorithm.



Interpret the pattern, not a single count

Observation Supported biological interpretation

Lymphopenia within hours Direct mature lymphocyte killing

Neutropenia in days Deficient myeloid replacement

Platelet decline around week 1 Delayed effect of megakaryocytic suppression

Anemia after 2–3 weeks Delayed loss of circulating erythrocyte mass

No count recovery after severe 
exposure

Possible permanent stem-cell aplasia



Three linked clocks explain the syndrome

Direct lymphocyte loss: 
Hours

Myeloid / platelet 
depletion: Days–weeks

Erythrocyte deficit / 
recovery: Weeks–months

Conceptual time windows are separate from individual patient-specific predictions.



Conclusions for pathology and clinical correlation

• Acute lymphoid injury can precede evident marrow-lineage cytopenias

• Blood count kinetics reflect both precursor injury and mature-cell persistence

• The central prognostic distinction is regenerative versus permanently depleted 

marrow

Magnitude, exposed field, and time since exposure must be interpreted together.



Source and scope

Robbins, Cotran & Kumar: Pathologic Basis of Disease

11th edition (2026)

• Primary heading: “Acute Effects on Hematopoietic and Lymphoid Systems”.

• Context: determinants of radiation injury, total-body irradiation and accompanying tables, and 

general radiation morphology.

• All mechanism figures and process diagrams in this lecture are original editable conceptual 

schematics.
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