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Hematopoietic System
H-type Tissue

Hematopoietic tissues are located primarily in the 
bone marrow
Liver and spleen normally have no hematopoietic 
activity, but can become active in some 
circumstances



Hematopoietic Tissues 
Pattern of depletion and recovery 
following 4-6 Gy of TBI 

The stem cells of hematopoietic tissues are 
particularly radiosensitive with a D0 < 1 Gy

The time at which the nadir occurs is a 
combination of the radiosensitivity of 
the stem cells and the lifetime of the 
mature functional cells

Lymphocytopenia

Granulocytopenia 

Thrombocytopenia

Anemia 
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among the most sensitive cells in the body. After 
larger doses, the number of all blood cells is al-
tered; lymphopenia is followed by granulopenia, 
then thrombopenia, and fi nally anemia.

Following a total body dose of 4 to 6 Gy, 
there is a temporary increase in the number 
of granulocytes because of the mobilization of 
the reserve pool, followed by a rapid fall by the 
end of the 1st week. The number then remains 
almost constant before falling again to a mini-
mum value at 18 to 20 days after irradiation. 
After 1 week of aplasia, regeneration is rapid 
and takes place more or less simultaneously in 
platelets, reticulocytes, and granulocytes. After 
higher doses, the cell minimum is reached ear-
lier and the period of aplasia lasts longer, in-
creasing the possibility of hemorrhage and/or 
infection, which could prove fatal. At lower 
doses, around 1 Gy, the depression in granulo-
cyte count is less marked and regeneration less 
rapid. The general pattern of the blood counts 
after a modest dose of radiation is illustrated in 
Figure 20.3.

The survival of stem cells determines the 
subsequent performance of the bone marrow 
after total body irradiation, because in the fi rst 
few hours there is a sudden decrease in the num-
ber of pluripotent stem cells and progenitor cells. 
If the number of stem cells falls below a critical 
level, production of functional cells essentially 
stops until partial regeneration of the stem cell 
compartment occurs and differentiation is al-
lowed to resume. Administration of hemato-
poietic growth factors can shorten the period of 
aplasia markedly and accelerate regeneration of 
all blood cells.

S ebaceous glands are as sensitive as hair, but sweat 
glands are less radiosensitive. Regenerated skin 
may be dry and hairless. An objective measure of 
skin damage may be obtained by a determination 
of electrical conductivity, which is infl uenced by 
sweat production.

Hematopoietic System
Hematopoietic tissues are located primarily in 
the bone marrow, with 60% located in the p elvis 
and vertebrae and the remainder in the ribs, 
skull, sternum, scapula, and proximal sections of 
the femur and humerus. A tiny fraction of stem 
cells are found in the circulation. In the normal 
healthy adult, the liver and spleen have no he-
matopoietic activity, but they can become active 
in some circumstances—for example, after partial 
body irradiation. The pluripotent stem cells go 
through a period of multiplication and matura-
tion, followed by differentiation without division, 
before they become mature circulating blood ele-
ments of the various types.

The stem cells are particularly radiosensitive. 
The survival curve has little or no shoulder and a 
D0 of slightly less than 1 Gy (Chapter 19). There 
is little sparing from either fractionating the dose 
or lowering the dose rate. The transit time from 
stem cell to fully functioning cell, however, dif-
fers for the various circulatory blood elements, 
and these differences account for the complex 
changes in blood count seen after irradiation.

Blood Cell Counts after Total Body Irradiation

A dose as low as 0.3 Gy leads to a reduction in 
the number of lymphocytes, because they are 
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FIGURE 20.3  The pattern of depletion and re-
covery of the principal circulating elements of the 
blood following an intermediate dose of total body 
radiation. The curves are purely illustrative: The time 
at which the nadir occurs is a combination of the 
radiosensitivity of the stem cells and the lifetime of 
the mature functional cells.
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Hematopoietic Tissues
Palliative spleen irradiation for splenomegaly 

https://doi.org/10.3332/ecancer.2018.887 



Hematopoietic Tissues

Partial Body Irradiation

Irradiated Volume

The effects of partial body radiation on BM are the same as those 
following total body irradiation
Fractionated dose > 30 Gy may cause permanent aplasia 

Unirradiated Volume

The stem cells start dividing within hours, and a compensatory 
hyperplasia attempts to maintain a total production of blood elements 

Hematopoiesis may extend to long bones, liver, spleen

Pools of stem cells falls progressively as differentiation is accelerated 

Patients remain sensitive to new insult for months or even years following 
irradiationIMRT to spare bone marrow



Hematopoietic Tissues

Normal marrow

Hypocellular marrow

Regenerating marrow



Hematopoietic System 

Normally, only 10% of hematopoietic stem cells are cycling 

Effect of Chemotherapy

Following irradiation, a greater proportion of stem cells divide actively to regenerate blood 
elements 

Many chemotherapy agents specifically target cycling cells 

Marrow of patients irradiated to a larger volume are more sensitive to cytotoxic 
chemo drugs  



Lymphoid Tissue and the Immune 
System

Lifespan = 5 moLifespan = 7 wks

Lifespan = 2-3 days



Lymphoid Tissue and the Immune System

TBI

Circulating lymphocytes – # rapidly fall

Lymphoid tissue (nodes, spleen) – rapidly 
depleted of cells 

Lymphocytes are very radiosensitive largely 
because of apoptosis

B cells are more radiosensitive than T cells



Lymphoid Tissue and the Immune System

Effect of Irradiation on Immune Function

Radiation exposure often result in increased susceptibility to infection 

The effect depends on the volume irradiated, the number of surviving cells, as well 
as their capacity to migrate and become lodged in the microenvironment

A total body dose of 3.5-4.5 Gy inhibits the immune response against a new 
antigen (unprimed T cells are very radiosensitive)

Partial body irradiation has a limited effect on the immune response 



Lymphoid Tissue and the Immune System

Use of Radiation for Immune Ablation

Total lymphoid irradiation (TLI) is used to treat 
Hodgkin’s disease, autoimmune disease, and to 
prepare patients for organ transplantation

TLI leads to long-lasting T cell lymphopenia 

Radiation appears to promote tolerance, enhances the 
chances of allograft survival

TLI
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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 Injury TD5/5, Gy TD50/5, Gy Field Size

 Growing cartilage,  Growth arrest, dwarfi ng 10 30 Whole
  child bone
 Mature cartilage, Necrosis, fracture, sclerosis 60 100 Whole
  adult bone  60 100 10 cm2

 Eye
  Retina Blindness 45 65 Whole
  Cornea  50 6 Whole
  Lens Cataract 10 18 Whole
 Endocrine
  Thyroid Hypothyroidism 45 150 Whole
  Adrenal Hypoadrenalism 60 — Whole
  Pituitary Hypopituitarism 45 200 Whole
 Peripheral nerves Neuritis 60 100  —
 Ear
  Middle Serous otitis 30 40 No volume 
     effect
  Vestibular Meniere syndrome 60 70  —
Class III organs
 Muscle
  Child Atrophy 20 40 Whole
  Adult Fibrosis 60 80 Whole
 Lymph nodes Atrophy, sclerosis 50 70 Whole node
  and lymphatics
 Large arteries Sclerosis 80 100 10 cm2

  and veins
 Uterus Necrosis, perforation 100 200 Whole
 Vagina Ulcer, fi stula 90 100 Whole
 Breast
  Child No development 10 15 Whole
  Adult Atrophy, necrosis 50 100 Whole
Based on a combination of Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 
1968; and Emami B, Lyman J, Broun A, et al. Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–122, with permission. Table compiled by Dr. Richard Miller. The fi gures in this table are a guide only.  

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities (Continued)
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Question 1

Which of the following is the correct temporal sequence for the 
appearance of the stated radiation effect on peripheral blood 
components? 
A. lymphocytopenia, granulocytopenia, thrombocytopenia, anemia 

B. anemia, lymphocytopenia, granulocytopenia, thrombocytopenia 

C. granulocytopenia, thromobocytopenia, anemia, lymphocytopenia 

D. lymphocytopenia, anemia, granulocytopenia, thrombocytopenia 

E. lymphocytopenia, thrombocytopenia, granulocytopenia, anemia



Hematopoietic Tissues 
Pattern of depletion and recovery 
following 4-6 Gy of TBI 

The stem cells of hematopoietic tissues are 
particularly radiosensitive with a D0 < 1 Gy

The time at which the nadir occurs is a 
combination of the radiosensitivity of 
the stem cells and the lifetime of the 
mature functional cells

Lymphocytopenia

Granulocytopenia 

Thrombocytopenia
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among the most sensitive cells in the body. After 
larger doses, the number of all blood cells is al-
tered; lymphopenia is followed by granulopenia, 
then thrombopenia, and fi nally anemia.

Following a total body dose of 4 to 6 Gy, 
there is a temporary increase in the number 
of granulocytes because of the mobilization of 
the reserve pool, followed by a rapid fall by the 
end of the 1st week. The number then remains 
almost constant before falling again to a mini-
mum value at 18 to 20 days after irradiation. 
After 1 week of aplasia, regeneration is rapid 
and takes place more or less simultaneously in 
platelets, reticulocytes, and granulocytes. After 
higher doses, the cell minimum is reached ear-
lier and the period of aplasia lasts longer, in-
creasing the possibility of hemorrhage and/or 
infection, which could prove fatal. At lower 
doses, around 1 Gy, the depression in granulo-
cyte count is less marked and regeneration less 
rapid. The general pattern of the blood counts 
after a modest dose of radiation is illustrated in 
Figure 20.3.

The survival of stem cells determines the 
subsequent performance of the bone marrow 
after total body irradiation, because in the fi rst 
few hours there is a sudden decrease in the num-
ber of pluripotent stem cells and progenitor cells. 
If the number of stem cells falls below a critical 
level, production of functional cells essentially 
stops until partial regeneration of the stem cell 
compartment occurs and differentiation is al-
lowed to resume. Administration of hemato-
poietic growth factors can shorten the period of 
aplasia markedly and accelerate regeneration of 
all blood cells.

S ebaceous glands are as sensitive as hair, but sweat 
glands are less radiosensitive. Regenerated skin 
may be dry and hairless. An objective measure of 
skin damage may be obtained by a determination 
of electrical conductivity, which is infl uenced by 
sweat production.

Hematopoietic System
Hematopoietic tissues are located primarily in 
the bone marrow, with 60% located in the p elvis 
and vertebrae and the remainder in the ribs, 
skull, sternum, scapula, and proximal sections of 
the femur and humerus. A tiny fraction of stem 
cells are found in the circulation. In the normal 
healthy adult, the liver and spleen have no he-
matopoietic activity, but they can become active 
in some circumstances—for example, after partial 
body irradiation. The pluripotent stem cells go 
through a period of multiplication and matura-
tion, followed by differentiation without division, 
before they become mature circulating blood ele-
ments of the various types.

The stem cells are particularly radiosensitive. 
The survival curve has little or no shoulder and a 
D0 of slightly less than 1 Gy (Chapter 19). There 
is little sparing from either fractionating the dose 
or lowering the dose rate. The transit time from 
stem cell to fully functioning cell, however, dif-
fers for the various circulatory blood elements, 
and these differences account for the complex 
changes in blood count seen after irradiation.

Blood Cell Counts after Total Body Irradiation

A dose as low as 0.3 Gy leads to a reduction in 
the number of lymphocytes, because they are 
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FIGURE 20.3  The pattern of depletion and re-
covery of the principal circulating elements of the 
blood following an intermediate dose of total body 
radiation. The curves are purely illustrative: The time 
at which the nadir occurs is a combination of the 
radiosensitivity of the stem cells and the lifetime of 
the mature functional cells.
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Question 2
Which of the following statements is TRUE concerning radiation 
effects on the bone marrow? 
A. In general, B cells are more radiosensitive than T cells. 
B. Following total body irradiation, thrombocytopenia is typically 

observed before neutropenia. 
C. Lymphocyte counts do not drop until several weeks after total-

body irradiation. 
D. Individuals suffering from the bone marrow syndrome usually 

die of severe anemia.



Lymphoid Tissue and the Immune System

TBI

Circulating lymphocytes – # rapidly fall

Lymphoid tissue (nodes, spleen) – rapidly 
depleted of cells 

Lymphocytes are very radiosensitive largely 
because of apoptosis

B cells are more radiosensitive than T cells



Question 3

Which of the following types of blood cells is most 
radioresistant? 
A. Granuocyte/monocyte colony forming cells (GM-CFC) 
B. Spleen-colony forming units (CFU-S)
C. Macrophages
D. Unprimed T-helper cells 
E. B-cells 



Question 4
Which of the following statements is TRUE concerning radiation effects on the 
bone marrow?
A. The absolute lymphocyte count rate of decrease over 2 days may 

estimate the severity of total body irradiation induced injury
B. Following total body irradiation, thrombocytopenia is typically observed 

before neutropenia
C. Lymphocyte counts do not decrease until several weeks after total body 

irradiation  
D. Individuals suffering from bone marrow syndrome usually die of severe 

anenmia
E. There is no late effect pathology associated with bone marrow irradiation



Take My Money 

Having all that money would be stressful!
I would probably donate most because I know that many lottery winners 
end up with less money than they had originally. 
A.     B. 

C.     D. 



The Digestive Tract

The digestive tract is made up 
of several organs like the oral 
cavity, pharynx, esophagus, 
stomach, small intestine, 
large intestine, rectum and 
the anus



The Digestive Tract – Oral Cavity

The cellular organization of the oral mucosa is 
similar to that of the skin

The lifespan of the differentiated cells is much 
shorter than in epidermis ® more rapid 
reaction to radiation

Mucositis is a major dose limiting factor in the 
treatment of head & neck cancer

H-Type Tissue



The Digestive Tract – Oral Cavity

Confluent mucositis

Desquamation of the oral cavity occurs by about 
day 12

Desquamation occurs first in the soft palate, 
followed by the hypopharynx, vallecula, floor of 
mouth, cheeks, epiglottis, base of tongue, vocal 
cords, and dorsum of tongue

FIGURE 4 | World Health Organization’s Oral Toxicity Scale. Republished with the permission of Dr. Patrick Stiff, Loyola University Medical Center,  
Maywood, IL, USA.

TABLE 5 | Toxicity grading of oral mucositis (OM) according to World Health Organization (WHO) and National Cancer Institute Common Toxicity Criteria 
(NCI-CTC) criteria (2)a.

Side effect Grade 0 
(none)

Grade 1  
(mild)

Grade 2  
(moderate)

Grade 3  
(severe)

Grade 4  
(life threatening)

WHO oral mucositis 
(stomatitis)

None Oral soreness, 
erythema

Oral erythema, ulcers, can 
eat solids

Oral ulcers, requires liquid diet only Oral alimentation not possible

NCI-CTC chemotherapy-
induced stomatitis/
pharyngitis (oral/
pharyngeal mucositis)

None Painless ulcers, 
erythema, or mild 
soreness in the 
absence of lesions

Painful erythema, edema, 
or ulcers, but can eat or 
swallow

Painful erythema, edema, or ulcers 
requiring intravenous hydration

Severe ulceration or requires 
parenteral or enteral nutritional support 
or prophylactic intubation

NCI-CTC mucositis due to 
radiation

None Erythema of the 
mucosa

Patchy 
pseudomembranous 
reaction (patches generally 
≤1.5 cm in diameter and 
non-contiguous)

Confluent pseudomembranous 
reaction (contiguous patches 
generally >1.5 cm in diameter)

Necrosis or deep ulceration; may 
include bleeding not induced by minor 
trauma or abrasion

NCI-CTC stomatitis/
pharyngitis (oral/
pharyngeal mucositis) 
for bone marrow 
transplantation studies

None Painless ulcers, 
erythema, or mild 
soreness in the 
absence of lesions

Painful erythema, edema, 
or ulcers, but can swallow

Painful erythema, edema, or ulcers 
preventing swallowing or requiring 
hydration or parenteral (or enteral) 
nutritional support

Severe ulceration requiring 
prophylactic intubation or resulting in 
documented aspiration pneumonia

aRepublished with the permission of Dr. Christoph C. Zielinski.
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recommend the use of a standardized oral care protocol, 
e.g. brushing with a soft toothbrush, flossing and the use of 
non-medicated rinses (saline or sodium bicarbonate rinses) 
(Table 9) (33–36). The good oral care can be summarized as 
follows:

 – Rinsing with a non-irritating solution, e.g., saline to increase 
the quality of saliva.

 – Daily ultrasoft tooth brushing with fluoride toothpaste.
 – Scaling and cleaning.
 – Very soft diet with low sugar and non-acidic food and 

drinks (Table 8).
 – Flossing is not recommended due to low platelet count.
 – Minimize denture use.

 – No smoking or alcohol.
 – Other preventive procedures include minimizing the 

microbial load (will be discussed more in the treatment 
section) and educating the patient on good oral hygiene, 
which is mandatory.

2. Cryotherapy has been recommended for CT-induced OM, but 
no proven role in RIOM due to insufficient evidence (33).

3. Keratinocyte growth factor is an epithelial mitogen that reduces 
the levels of ROS by activating nuclear factor (erythroid-
derived 2)-like 2 and had been used in RIOM with promising 
results (37–53). It appears to be one of the promising treatment 
and prevention options for RIOM that has been investigated 
in clinical trials (39, 43). Palifermin (IV recombinant human 



The Digestive Tract – Oral Cavity 

FIGURE 2 | Redding’s summary of RT and/or chemotherapy (CT)-induced oral mucositis pathobiology (11). Redding has summarized the pathobiology 
phases of radiation-induced oral mucositis induced by RT and/or CT. In brief, initiation phase with RT and/or CT results in direct and lethal DNA damage, which 
leads to release of reactive oxygen species (ROS) from epithelial, vascular endothelial, fibroblasts, and tissue macrophages with cycles of amplifications. Within such 
primary damage response, the DNA damage and ROS lead to three major steps: (1) fibronectin breakdown that activates macrophages ending with stimulation of 
matrix metalloproteinase; (2) nuclear factor-κB (NF-κB) activation that stimulates the gene expression and release of pro-inflammatory cytokines, e.g., TNF-α, 
interleukin (IL)-1β, and IL-6; and (3) ceramide pathway through sphingomyelinase and ceramide synthase. The result will be more tissue injury and stimulated 
apoptosis. During the signal amplification phase, there is restimulation of tissue damage and apoptosis by the major pro-inflammatory cytokines (TNF-α, IL-1β, and 
IL-6), NF-κB-mediated gene expression, and ceramide and caspase pathways. During the ulceration and loss of the protective barrier, secondary infection adds 
more pro-inflammatory reactions and complicates the already existing inflammation before the healing phase starts by matrix signaling to basal epithelial cells to 
migrate, proliferate, and differentiate. Republished with the permission of Dr. Redding. (A) Initial phase, (B) primary damage phase, (C) signal amplification phase, 
and (D) ulcerative phase.
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cytokines: tumor necrosis factor-α (TNF-α) and IL-1β, which 
amplify the primary signal and activate NF-κB. This leads to 
transcription of genes responsible for MAPK, cyclooxegenase-2 
(COX-2), and tyrosine kinase signaling molecules. These 
signaling pathways activate MMPs 1 and 3 in the epithelial and 
lamina propria cells, which collectively cause tissue injury (10) 
(Figure 3).

RIOM GRADING AND SCORING SCALES

There has been more than one grading scale for RIOM. Table 4 
shows the comparison of different RIOM scoring scales (14, 21–23).

World Health Organization Oral Toxicity Scale measures 
the anatomical, symptomatic, and functional elements of OM 
(Figure  4). The Radiation Therapy Oncology Group (RTOG) 
determined the acute radiation morbidity scoring criteria for 
mucous membranes. Finally, the Western Consortium for Cancer 
Nursing Research describes only the anatomical changes associ-
ated with OM (24).

Radiation Therapy Oncology Group developed the Acute 
Radiation Morbidity Scoring Criteria for the evaluation of RT 
effects (another criterion was generated for late effects of RT) 
(25). The National Cancer Institute (NCI) Common Toxicity 
Criteria (NCI-CTC) scores CT-related side effects. The RTOG 
was gathered with the NCI-CTC to produce version 2.0, which 
has been used in all NCI clinical trials since March 1998 (Table 5) 
(2, 25, 26).

The OM Index (OMI) scores the severity of OM by the 
erythema, ulceration, atrophy, and edema (a scale of 0–3 was 
designated for each element: 0 = none and 3 = severe). The OMI 
is considered internally consistent with high test–retest and 
interscorer reliability, and it shows solid validity (27).

The OM Assessment Scale (OMAS) is a highly reproducible 
scoring scale for RIOM, responsive over time, and accurate in 
detecting OM-associated elements (25). OMAS records the 
objective assessment of OM depending on the scoring of the 
presence and size of the ulceration or pseudomembrane (score 
0–3: 0 = no lesion; 1 = lesion of <1 cm2; 2 = lesion of 1–3 cm2; 

The pathophysiology of 
radiation-induced oral 
mucositis (RIOM) is not fully 
understood

Recent studies proposed that 
the pathogenesis of RIOM 
involves release of various 
pro-inflammatory cytokines 
from epithelial, vascular, and 
connective tissue cells at the 
site of tissue injury

Secondary infection with 
bacteria or yeast may also 
occur

Maria 2017; Frontiers in Oncology 7: 89



The Digestive Tract – Oral Cavity

Salivary Gland

The serous acinar cells of the salivary glands die by apoptosis 

Xerostomia (dry mouth) appears during and after radiation 
and is the main clinical effect that can interfere with nutrition, 
deteriorate oral hygiene, and predispose to dental problems  

Taste Buds

Impairment of taste acuity occurs during the 3rd week 



The Digestive Tract – Oral Cavity

Sequence of Events During Treatment of H&N Cancer 

Week 1

Asymptomatic to slight focal hyperemia and edema caused by dilatation of capillaries in 
sensitive patients

Week 2

Increasing pain and loss of desire to eat
Sense of taste is altered
Erythema and edema increase
Early patchy desquamative mucositis occurs



The Digestive Tract – Oral Cavity

Week 3

Mucositis and swelling with depletion of gland secretions leading to difficulty in swallowing
Mucositis plaques are confluent

Week 4

Confluent mucositis sloughs, resulting in denuded lamina propria
Mucosa becomes covered by fibrin and neutrophils

Week 5

Maximum radiation damage apparent 
Extreme sensitivity to touch, temperature, and grainy food
Recovery of epithelial layer may begin during therapy



The Digestive Tract – Oral Cavity

Oral Tongue  

Tongue consists of muscle bundles which undergo mild 
progressive fibrosis and fiber atrophy after irradiation 
Picture also showing severe xerostomia

Late Effects

Osteoradionecrosis (ORN)

ORN can be spontaneous, but it most commonly results from 
tissue injury. Even apparently innocuous forms of trauma such 
as denture-related injury, ulcers, or tooth extraction can 
overwhelm the reparative capacity of the radiation-injured bone. 
Pentoxifylline may be helpful for the treatment of radiation 
fibrosis and osteoradionecrosis. 



The Digestive Tract – Oral Cavity

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)*

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Brain Whole organ 3D-CRT Symptomatic necrosis Dmax <60 <3 Data at 72 and 90 Gy, extrapolated
from BED modelsWhole organ 3D-CRT Symptomatic necrosis Dmax = 72 5

Whole organ 3D-CRT Symptomatic necrosis Dmax = 90 10

Whole organ SRS (single fraction) Symptomatic necrosis V12 <5–10 cc <20 Rapid rise when V12 > 5–10 cc

Brain stem Whole organ Whole organ Permanent cranial
neuropathy or necrosis

Dmax <54 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

D1–10 cck #59 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

Dmax <64 <5 Point dose <<1 cc

Whole organ SRS (single fraction) Permanent cranial
neuropathy or necrosis

Dmax <12.5 <5 For patients with acoustic tumors

Optic
nerve / chiasm

Whole organ 3D-CRT Optic neuropathy Dmax <55 <3 Given the small size, 3D CRT is often
whole organzzWhole organ 3D-CRT Optic neuropathy Dmax 55–60 3–7

Whole organ 3D-CRT Optic neuropathy Dmax >60 >7-20

Whole organ SRS (single fraction) Optic neuropathy Dmax <12 <10

Spinal cord Partial organ 3D-CRT Myelopathy Dmax = 50 0.2 Including full cord cross-section
Partial organ 3D-CRT Myelopathy Dmax = 60 6
Partial organ 3D-CRT Myelopathy Dmax = 69 50

Partial organ SRS (single fraction) Myelopathy Dmax = 13 1 Partial cord cross-section irradiated
Partial organ SRS (hypofraction) Myelopathy Dmax = 20 1 3 fractions, partial cord cross-section

irradiated

Cochlea Whole organ 3D-CRT Sensory neural hearing loss Mean dose #45 <30 Mean dose to cochlear, hearing at 4
kHz

Whole organ SRS (single fraction) Sensory neural hearing loss Prescription dose #14 <25 Serviceable hearing

Parotid Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <25 <20 For combined parotid glands{

Unilateral whole
parotid gland

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <20 <20 For single parotid gland.
At least one parotid gland spared to
<20 Gy{
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Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <39 <50 For combined parotid glands (per
Fig. 3 in paper) {

Pharynx Pharyngeal
constrictors

Whole organ Symptomatic dysphagia and
aspiration

Mean dose <50 <20 Based on Section B4 in paper

Larynx Whole organ 3D-CRT Vocal dysfunction Dmax <66 <20 With chemotherapy, based on single
study (see Section A4.2 in paper)

Whole organ 3D-CRT Aspiration Mean dose <50 <30 With chemotherapy, based on single
study (see Fig. 1 in paper)

Whole organ 3D-CRT Edema Mean dose <44 <20 Without chemotherapy, based
on single study in patients without
larynx cancer**Whole organ 3D-CRT Edema V50 <27% <20

Lung Whole organ 3D-CRT Symptomatic pneumonitis V20 # 30% <20 For combined lung. Gradual dose
response

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 7 5 Excludes purposeful whole lung
irradiationWhole organ 3D-CRT Symptomatic pneumonitis Mean dose = 13 10

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 20 20
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 24 30
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 27 40

Esophagus Whole organ 3D-CRT Grade $3 acute esophagitis Mean dose <34 5–20 Based on RTOG and several studies

Whole organ 3D-CRT Grade $2 acute esophagitis V35 <50% <30 A variety of alternate threshold doses
have been implicated.

Appears to be a dose/volume responseWhole organ 3D-CRT Grade $2 acute esophagitis V50 <40% <30
Whole organ 3D-CRT Grade $2 acute esophagitis V70 <20% <30

Heart Pericardium 3D-CRT Pericarditis Mean dose <26 <15 Based on single study
Pericardium 3D-CRT Pericarditis V30 <46% <15

Whole organ 3D-CRT Long-term cardiac mortality V25 <10% <1 Overly safe risk estimate based on
model predictions
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Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)*

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Brain Whole organ 3D-CRT Symptomatic necrosis Dmax <60 <3 Data at 72 and 90 Gy, extrapolated
from BED modelsWhole organ 3D-CRT Symptomatic necrosis Dmax = 72 5

Whole organ 3D-CRT Symptomatic necrosis Dmax = 90 10

Whole organ SRS (single fraction) Symptomatic necrosis V12 <5–10 cc <20 Rapid rise when V12 > 5–10 cc

Brain stem Whole organ Whole organ Permanent cranial
neuropathy or necrosis

Dmax <54 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

D1–10 cck #59 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

Dmax <64 <5 Point dose <<1 cc

Whole organ SRS (single fraction) Permanent cranial
neuropathy or necrosis

Dmax <12.5 <5 For patients with acoustic tumors

Optic
nerve / chiasm

Whole organ 3D-CRT Optic neuropathy Dmax <55 <3 Given the small size, 3D CRT is often
whole organzzWhole organ 3D-CRT Optic neuropathy Dmax 55–60 3–7

Whole organ 3D-CRT Optic neuropathy Dmax >60 >7-20

Whole organ SRS (single fraction) Optic neuropathy Dmax <12 <10

Spinal cord Partial organ 3D-CRT Myelopathy Dmax = 50 0.2 Including full cord cross-section
Partial organ 3D-CRT Myelopathy Dmax = 60 6
Partial organ 3D-CRT Myelopathy Dmax = 69 50

Partial organ SRS (single fraction) Myelopathy Dmax = 13 1 Partial cord cross-section irradiated
Partial organ SRS (hypofraction) Myelopathy Dmax = 20 1 3 fractions, partial cord cross-section

irradiated

Cochlea Whole organ 3D-CRT Sensory neural hearing loss Mean dose #45 <30 Mean dose to cochlear, hearing at 4
kHz

Whole organ SRS (single fraction) Sensory neural hearing loss Prescription dose #14 <25 Serviceable hearing

Parotid Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <25 <20 For combined parotid glands{

Unilateral whole
parotid gland

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <20 <20 For single parotid gland.
At least one parotid gland spared to
<20 Gy{
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Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <39 <50 For combined parotid glands (per
Fig. 3 in paper) {

Pharynx Pharyngeal
constrictors

Whole organ Symptomatic dysphagia and
aspiration

Mean dose <50 <20 Based on Section B4 in paper

Larynx Whole organ 3D-CRT Vocal dysfunction Dmax <66 <20 With chemotherapy, based on single
study (see Section A4.2 in paper)

Whole organ 3D-CRT Aspiration Mean dose <50 <30 With chemotherapy, based on single
study (see Fig. 1 in paper)

Whole organ 3D-CRT Edema Mean dose <44 <20 Without chemotherapy, based
on single study in patients without
larynx cancer**Whole organ 3D-CRT Edema V50 <27% <20

Lung Whole organ 3D-CRT Symptomatic pneumonitis V20 # 30% <20 For combined lung. Gradual dose
response

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 7 5 Excludes purposeful whole lung
irradiationWhole organ 3D-CRT Symptomatic pneumonitis Mean dose = 13 10

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 20 20
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 24 30
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 27 40

Esophagus Whole organ 3D-CRT Grade $3 acute esophagitis Mean dose <34 5–20 Based on RTOG and several studies

Whole organ 3D-CRT Grade $2 acute esophagitis V35 <50% <30 A variety of alternate threshold doses
have been implicated.

Appears to be a dose/volume responseWhole organ 3D-CRT Grade $2 acute esophagitis V50 <40% <30
Whole organ 3D-CRT Grade $2 acute esophagitis V70 <20% <30

Heart Pericardium 3D-CRT Pericarditis Mean dose <26 <15 Based on single study
Pericardium 3D-CRT Pericarditis V30 <46% <15

Whole organ 3D-CRT Long-term cardiac mortality V25 <10% <1 Overly safe risk estimate based on
model predictions
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
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     effect
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     dependent)
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Question 1 
Which of the following statements is TRUE concerning irradiation of 
the salivary glands? 
A. Serous acinar cells die only by mitotic catastrophe after irradiation. 
B. The serous acinar cells of the parotid and submaxillary glands are 

considered the target cells for radiation-induced salivary gland 
damage. 

C. Salivary dysfunction is a late radiation effect rarely observed 
earlier than six months following treatment. 

D. Mucous cells are more radiosensitive than serous cells. 
E. Dose fractionation results in significant sparing of serous cells.



The Digestive Tract – Oral Cavity

Salivary Gland

The serous acinar cells of the salivary glands die by apoptosis 

Xerostomia (dry mouth) appears during and after radiation 
and is the main clinical effect that can interfere with nutrition, 
deteriorate oral hygiene, and predispose to dental problems  

Taste Buds

Impairment of taste acuity occurs during the 3rd week 



Question 2 
The tolerance dose for xerostomia resulting from treatment of a head 
and neck tumor with 3 Gy fractions compared to 2 Gy fractions would 
be expected to:
A. Increase substantially
B. Increase slightly
C. Decrease substantially
D. Remain about the same
E. Either increase or decrease depending upon the particular patient

Serous cells die by apoptosis, hence tolerance not influenced by fraction size 

Medical residents only



Question 3
One type of radiation-induced bone injury is mandibular radionecrosis 
(MORN).  Which of the following is NOT a risk factor for MORN?

A. Presence of teeth
B. Pre-existing dental disease
C. Use of fluorinated water
D. Tooth extraction after radiotherapy
E. Use of large doses per fraction during treatment

Medical residents only



Question 4 
The oral mucosa and skin present with many similar pathological features during their progression 
toward radiation toxicity. Which of the following statements regarding the overlapping pathologies 
observed in these tissues is FALSE? 
A. Oral mucositis is a result of the death and consequent desquamation of the epithelial layers, and 

is therefore an analogous event to the radiodermatitis (dry/moist desquamation) seen as an early 
response in irradiated skin 

B. Erythema secondary to vasodilation is observed in skin following doses greater than about 2 Gy, 
similar to the case for mucositis 

C. Radiation effects in both oral mucosa and skin are dependent on total dose, fraction size, and 
volume irradiated 

D. Possible late effects in both skin and oral mucosa include ulceration and fibrosis 
E. The development of dental caries following oral radiotherapy is similar mechanistically to the 

infections that accompany radiation-induced dermal ulcers; both result from ischemic necrosis due 
to the loss of small blood vessels (dental caries are results of xerostomia rather than infection)

Medical residents only



Question 5 

A drug used to treat fibrosis and osteoradionecrosis is: 
A. Amifostine
B. Tirapazamine 
C. Nicotinamide 
D. Pentoxifylline 
E. Misonidazole 

§ Pentoxifylline is a commonly used medication 
for muscle pain associated with peripheral 
artery disease. It improves peripheral blood 
flow, flexibility of red blood cell membranes, 
microcirculation, and tissue oxygenation and 
reduces viscosity of blood.

§ Tocopherol (vitamin E) impairs tissue fibrosis 
and is a potent oxygen radical scavenger that 
may reduce damage caused by free radicals 
impacting necrosis.

Medical residents only



The Digestive Tract – Esophagus 
Acute  

Esophagitis appear at about 10 - 12 days
Symptoms include dysphagia, odynophagia (pain with swallowing) or acid 
reflux
Can be potentiated by hyperfractionation; concurrent chemotherapy

Late

Late effects are related to muscle layer; they include necrosis and a 
thickening of the epithelium
Symptoms include difficulty on swallowing and ulceration after high doses 

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <39 <50 For combined parotid glands (per
Fig. 3 in paper) {

Pharynx Pharyngeal
constrictors

Whole organ Symptomatic dysphagia and
aspiration

Mean dose <50 <20 Based on Section B4 in paper

Larynx Whole organ 3D-CRT Vocal dysfunction Dmax <66 <20 With chemotherapy, based on single
study (see Section A4.2 in paper)

Whole organ 3D-CRT Aspiration Mean dose <50 <30 With chemotherapy, based on single
study (see Fig. 1 in paper)

Whole organ 3D-CRT Edema Mean dose <44 <20 Without chemotherapy, based
on single study in patients without
larynx cancer**Whole organ 3D-CRT Edema V50 <27% <20

Lung Whole organ 3D-CRT Symptomatic pneumonitis V20 # 30% <20 For combined lung. Gradual dose
response

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 7 5 Excludes purposeful whole lung
irradiationWhole organ 3D-CRT Symptomatic pneumonitis Mean dose = 13 10

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 20 20
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 24 30
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 27 40

Esophagus Whole organ 3D-CRT Grade $3 acute esophagitis Mean dose <34 5–20 Based on RTOG and several studies

Whole organ 3D-CRT Grade $2 acute esophagitis V35 <50% <30 A variety of alternate threshold doses
have been implicated.

Appears to be a dose/volume responseWhole organ 3D-CRT Grade $2 acute esophagitis V50 <40% <30
Whole organ 3D-CRT Grade $2 acute esophagitis V70 <20% <30

Heart Pericardium 3D-CRT Pericarditis Mean dose <26 <15 Based on single study
Pericardium 3D-CRT Pericarditis V30 <46% <15

Whole organ 3D-CRT Long-term cardiac mortality V25 <10% <1 Overly safe risk estimate based on
model predictions
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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(Continued)

25858_Hall_CH20.indd   33425858_Hall_CH20.indd   334 3/11/11   4:32 AM3/11/11   4:32 AM

Rapid proliferating 
squamous cell epithelium



Question 1
Acute radiation esophagitis presents as dysphagia or a substernal burning 
sensation as early as 2 weeks after the start of conventionally fractionated 
radiation therapy. Medical management most often involves: 
A. Angiotensin converting enzyme inhibitors 
B. Gene therapy with manganese superoxide dismutase 
C. Non-steroidal anti-inflammatory drugs 
D. Pentoxifylline 
E. Vitamin E 

Medical residents only



The Digestive Tract – Stomach 
Early

Irradiation causes nausea, vomiting
Delayed gastric emptying and epithelial denudement are the 
two main early radiation effects

Acute ulceration may occur shortly after the completion of 
treatment (> 40 Gy)  but rarely leads to perforation

Precursor cells of gastric glands give rise 
to mucin-secreting surface columnar cells 
with short lifespan (~ 3 or 4 days) and to 
acid-secreting parietal and pepsinogen-
secreting chief cells that have long 
lifespan (hundreds of days)

Late

Dyspepsia (6 months to 4 yrs) and gastritis (1 to 12 months)
Late ulceration and submucosal fibrosis leading to antral 
fibrosis 

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Liver Whole liver – GTV 3D-CRT or
Whole organ

Classic RILDyy Mean dose <30-32 <5 Excluding patients with pre-existing
liver disease or hepatocellular
carcinoma, as tolerance doses
are lower in these patients

Whole liver – GTV 3D-CRT Classic RILD Mean dose <42 <50

Whole liver – GTV 3D-CRT or
Whole organ

Classic RILD Mean dose <28 <5 In patients with Child-Pugh A
preexisting liver disease or
hepatocellular carcinoma,
excluding hepatitis B
reactivation
as an endpointWhole liver – GTV 3D-CRT Classic RILD Mean dose <36 <50

Whole liver –GTV SBRT (hypofraction) Classic RILD Mean dose <13
<18

<5
<5

3 fractions, for primary liver cancer
6 fractions, for primary liver cancer

Whole liver – GTV SBRT (hypofraction) Classic RILD Mean dose <15
<20

<5
<5

3 fractions, for liver metastases
6 fractions, for liver metastases

>700 cc of normal liver SBRT (hypofraction) Classic RILD Dmax <15 <5 Critical volume based, in 3–5
fractions

Kidney Bilateral whole kidneyz Bilateral whole organ
or 3D-CRT

Clinically relevant renal
dysfunction

Mean dose <15–18 <5

Bilateral whole kidneyz Bilateral whole organ Clinically relevant renal
dysfunction

Mean dose <28 <50

Bilateral whole kidneyz 3D-CRT Clinically relevant renal
dysfuntction

V12 <55% <5 For combined kidney
V20 <32%
V23 <30%
V28 <20%

Stomach Whole organ Whole organ Ulceration D100k <45 <7

Small bowel Individual small bowel loops 3D-CRT Grade $ 3 acute toxicityx V15 <120 cc <10 Volume based on segmentation of
the individual loops of bowel, not the
entire potential peritoneal space

Entire potential space within
peritoneal cavity

3D-CRT Grade $ 3 acute toxicityx V45 <195 cc <10 Volume based on the entire potential
space within the peritoneal cavity

(Continued )

U
se

of
N

T
C

P
m

odels
in

the
clinic

d
L

.
B

.
M

A
R

K
S

et
al.

S
17

334 | Section II • For Students of Radiation Oncology |

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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The Digestive Tract – Small and Large 
Intestine Early

Acute mucositis due to epithelial denudation 
Symptoms manifest as diarrhea
Regenerative response appears rapidly 
Acute symptoms are seldom dose-limiting – interruption of 
treatment for a few days usually alleviate symptoms

Late

Fibrosis and ischemia are typical late effects
Late effects involve all tissue layers and are caused by 
atrophy of the mucosa (due to vascular injury)  
Subsequent breakdown results from mechanical irritation and 
bacterial infection

Overgrowth of the fibromuscular tissue with stenosis and 
serosal breakdown and adhesion formation may also occur

Should be viewed as 
persistent unchecked 
inflammatory response 



The Digestive Tract – Small and Large 
Intestine

Characteristic mucosal changes observed in 
radiation proctitis with multiple telangiectasias

Friability and oozing of blood from atrophic-
appearing mucosa due to radiation

Small bowel Large bowel

Sucralfate enemas constitute first-line treatment of hemorrhagic radiation proctitis. 
Laser photocoagulation, argon beam coagulation, and local formalin therapy are also efficacious 
and may be considered as second-line therapy in such patients. 



The Digestive Tract – Small and Large 
Intestine

This slide illustrates disorderly crypts, 
fibrosis of lamina propria, and vascular 
dilatation, all of which are characteristic 
of colonic injury due to radiation 

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Liver Whole liver – GTV 3D-CRT or
Whole organ

Classic RILDyy Mean dose <30-32 <5 Excluding patients with pre-existing
liver disease or hepatocellular
carcinoma, as tolerance doses
are lower in these patients

Whole liver – GTV 3D-CRT Classic RILD Mean dose <42 <50

Whole liver – GTV 3D-CRT or
Whole organ

Classic RILD Mean dose <28 <5 In patients with Child-Pugh A
preexisting liver disease or
hepatocellular carcinoma,
excluding hepatitis B
reactivation
as an endpointWhole liver – GTV 3D-CRT Classic RILD Mean dose <36 <50

Whole liver –GTV SBRT (hypofraction) Classic RILD Mean dose <13
<18

<5
<5

3 fractions, for primary liver cancer
6 fractions, for primary liver cancer

Whole liver – GTV SBRT (hypofraction) Classic RILD Mean dose <15
<20

<5
<5

3 fractions, for liver metastases
6 fractions, for liver metastases

>700 cc of normal liver SBRT (hypofraction) Classic RILD Dmax <15 <5 Critical volume based, in 3–5
fractions

Kidney Bilateral whole kidneyz Bilateral whole organ
or 3D-CRT

Clinically relevant renal
dysfunction

Mean dose <15–18 <5

Bilateral whole kidneyz Bilateral whole organ Clinically relevant renal
dysfunction

Mean dose <28 <50

Bilateral whole kidneyz 3D-CRT Clinically relevant renal
dysfuntction

V12 <55% <5 For combined kidney
V20 <32%
V23 <30%
V28 <20%

Stomach Whole organ Whole organ Ulceration D100k <45 <7

Small bowel Individual small bowel loops 3D-CRT Grade $ 3 acute toxicityx V15 <120 cc <10 Volume based on segmentation of
the individual loops of bowel, not the
entire potential peritoneal space

Entire potential space within
peritoneal cavity

3D-CRT Grade $ 3 acute toxicityx V45 <195 cc <10 Volume based on the entire potential
space within the peritoneal cavity

(Continued )
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Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Rectum Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V50 <50% <15
<10

Prostate cancer treatment

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V60 <35% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V65 <25% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V70 <20% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V75 <15% <15
<10

Bladder Whole organ 3D-CRT Grade $ 3 late RTOG Dmax <65 <6 Bladder cancer treatment.
Variations in bladder size/shape/
location during RT hamper ability to
generate accurate data

Whole organ 3D-CRT Grade $3 late RTOG V65 #50 % Prostate cancer treatment
Based on current RTOG 0415

recommendation
V70 #35 %
V75 #25 %
V80 #15 %

Penile bulb Whole organ 3D-CRT Severe erectile dysfunction Mean dose to
95% of gland <50

<35

Whole organ 3D-CRT Severe erectile dysfunction D90k <50 <35
Whole organ 3D-CRT Severe erectile dysfunction D60-70 <70 <55

Abbreviations: 3D-CRT = 3-dimensional conformal radiotherapy, SRS = stereotactic radiosurgery, BED = Biologically effective dose, SBRT = stereotactic body radiotherapy, RILD = radi-
ation-induced liver disease, RTOG = Radiation Therapy Oncology Group.

* All data are estimated from the literature summarized in the QUANTEC reviews unless otherwise noted. Clinically, these data should be applied with caution. Clinicians are strongly advised
to use the individual QUANTEC articles to check the applicability of these limits to the clinical situation at hand. They largely do not reflect modern IMRT.
y All at standard fractionation (i.e., 1.8–2.0 Gy per daily fraction) unless otherwise noted. Vx is the volume of the organ receiving $ x Gy. Dmax = Maximum radiation dose.
z Non-TBI.
x With combined chemotherapy.
k Dx = minimum dose received by the ‘‘hottest’’ x% (or x cc’s) of the organ.
{ Severe xerostomia is related to additional factors including the doses to the submandibular glands.
** Estimated by Dr. Eisbruch.
yy Classic Radiation induced liver disease (RILD) involves anicteric hepatomegaly and ascites, typically occurring between 2 weeks and 3 months after therapy. Classic RILD also involves

elevated alkaline phosphatase (more than twice the upper limit of normal or baseline value).
zz For optic nerve, the cases of neuropathy in the 55 to 60 Gy range received z59 Gy (see optic nerve paper for details). Excludes patients with pituitary tumors where the tolerance may be

reduced.
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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Therapeutic Opportunities with 
Pharmacologic Mitigators

Huh 2020 – Clinical Cancer Research; 26: 3079-90 

Figure 1 summarizes the primary factors that contribute to pelvic
radiation disease and the functional consequences of this chronic
damage.

Patient-related Factors that Contribute
to Pelvic Radiation Disease

Comorbidities may contribute to higher incidence of chronic
normal tissue injury post radiotherapy (36–38). A few examples are
discussed below. These and others are summarized in Supplementary
Table S1.

Eifel and colleagues examined records of nearly 3,500 patients with
cervix cancer, treated with definitive radiotherapy between 1960 and
1994 (36). Although these patients were not treated with modern
conformal methods, the results revealed important information about
patient-related factors that can contribute to chronic injury. Factors
that were associated with overall risk included race, body mass index
(BMI), smoking history, and prior histories of pelvic inflammatory
disease or venereal disease. Patients who smoked > 1 pack per day
exhibited an overall 2.3-fold increase in risk of chronic injury in
multivariate analysis. The associated incidence of small bowel com-
plications increased from 2% for nonsmokers to 11.1% for patients
who smoked more than 1 pack per day. Hispanic race was associated
with decreased overall risk, whereas history of pelvic infection
increased overall risk of injury by 1.7 fold. Patients with BMI < 22
were at 1.29-fold more likely to experience chronic injury.

Willett and colleagues examined the incidence of acute and chronic
bowel injury in patients with rectal cancer with a history of inflam-
matory bowel disease (37). The 5-year actuarial rate of late toxicity was

73% for patients treated with conventional therapy, but those patients
who were treated with approaches to focus more exactly on the tumor
volume experienced an actuarial complication rate of 25%. Other
patient-related factors were not reported.

Wedlake and colleagues enrolled 308 patients into a study to
examine the incidence of pelvic radiation disease at one year post
radiotherapy for pelvic malignancies (39). Patient-related factors
considered in this analysis included age, BMI, history of previous
surgery, smoking history, diabetes, hypertension, history of inflam-
matory bowel disease, connective tissue disease, regular NSAID use,
and whether they also received chemotherapy. 193 patients were
eligible for analysis at one year. There was weak association between
acute symptom scores and incidence of pelvic radiation disease, but no
statistically significant association between any of the patient-related
factors and toxicity was observed. The study included patients with any
pelvic malignancy. The heterogeneity of treatment received and site of
radiotherapy may have contributed to the inability to discern impor-
tance of patient-related risk factors.

Huscher and colleagues examined the incidence of chronic
small bowel toxicity among 806 patients treated postoperatively for
endometrial or cervix cancer (40). Factors associated with chronic
injury in univariate analysis included radiotherapy dose per fraction
(> vs. <1.8 Gy), patient age (< vs. >60 years) and whether or not the
patients developed grade 3–4 acute toxicity. The RRs for these three
factors in multivariate analysis were 2.81, 1.02 (continuous variable,
per year), and 3.01, respectively.

In summary, although there is heterogeneity in reporting of patient-
related factors and probability for pelvic radiation disease, smoking
history (36, 39), BMI (36, 39), history of prior inflammatory disease in

PROTECTION DURING ACUTE PHASE PROTECTION DURING CHRONIC PHASE CHRONICALLY INJURED TISSUE

• Protect endothelium
• Activate M1 macrophages
• T-cell recruitment

• Decrease TGFβ
• Decrease oxidative stress
• M2 macrophage polarization

Enterocyte Stem cell Goblet cell Fibroblast

Inflammation from immune
activation: dendritic cells,

macrophages, and activated T cells

Immune cells

Quiescent
T cells

Commensal
bacteria

Thrombus
formation

Collagen

Figure 1.
Left two panels, points of preventive intervention for acute and chronic intestinal injury after radiotherapy are depicted. Right panel, key features of chronically
injured bowel contribute to malabsorption. Flattening of villi, relative depletion of stem cells, increase in goblet cells, fibrosis, microvascular rarefaction, and chronic
inflammation are common. Transmigration of commensal bacteria can also contribute to inflammation.

Mitigating the Toxicities of Pelvic Radiation
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Key Features

§ Flattening of villi
§ Relative depletion of stem cells
§ Increase in goblet cells
§ Fibrosis
§ Microvascular rarefaction
§ Chronic inflammation

1. Directly protect against or mitigate the O2 free radical injury
2. Target downstream tissue responses after radiation exposure



Question 1

Which of the following effects is typically observed within 
a week following irradiation of the small intestine? 
A. hypertrophic villi 
B. lymphocyte infiltration 
C. atrophic villi 
D. mucosal atrophy 
E. bowel stenosis 

Think about this picture: 



Question 2
Concerning irradiation of the small and large intestine, which of the following 
statements is FALSE? 
A. Chronic radiation injury is attributable primarily to fibrosis and vascular 

insufficiency (chronic ischemia)
B. The most common portions of the intestinal tract that display radiation 

damage include the cecum, terminal ileum, rectum, and distal sigmoid
C. Acute radiation injury is most prominent in the mucosa, whereas late 

effects tend to manifest themselves in the submucosa
D. Compared to hierachical tissues, the gastrointestinal mucosal is a slowly 

renewing system
E. Killing of the stem cells in the gut crypts and the resulting failure to replace 

mature cells causes the gastrointestinal syndrome following acute radiation 
exposure 

Even if you are not sure of all the statements, focus on what you do know



Question 3 
Which of the following statements concerning complications arising from 
pelvic irradiation is FALSE? 
A. Diarrhea is the most common manifestation of radiation injury to the 

bowel 
B. Diarrhea usually does not appear until at least 6 months following the 

completion of radiotherapy
C. Late bowel reactions include mucosaI atrophy, stenosis, ulceration, 

obstruction, adhesions and perforation. 
D. Bowel stenosis can develop in the absence of severe mucosal atrophy 

or ulceration 
E. Adhesions following irradiation contribute to late bowel injury and 

usually develop 2-7 months after irradiation 

Diarrhea is an early response that occurs during the course of radiation therapy



Question 4

What portion of the gastrointestinal tract generally exhibits the greatest 
acute radiation-induced injury for a given dose? 
A. Stomach
B. Oropharynx 
C. Small intestine 
D. Large intestine 
E. Esophagus 

Think about GI syndrome in the context of total body irradiation 



Entrepreneur & Philanthropy

With that much money, I would try to open a radiation center in a low 
resource area of the world and work in it. After opening and running the 
clinic, I would retire early and focus on raising a good family



Lungs 

Structurally defined FSU in parallel
Late-responding tissue with a/b ratio of 3 Gy
Tolerance depends on dose, volume, and 
fraction size 

Radiation target cells – pulmonary endothelial 
cells & type II pneumocytes

Subacute

Acute (subacute) pneumonitis
Latency – 2- 6 months
Symptoms – cough, dyspnea, may be 
asymptomatic
Imaging – opacity on chest x-ray

Late

Pulmonary fibrosis
Latency – more than a year
Symptoms – difficulty with breathing 
TGF-b plays an important role in lung fibrosis



Lungs

Radiation pneumonitis

Chemo agents such as bleomycin, cyclophosphamide, mustines can also cause lung 
damage ® concurrent use of radiation and these drugs will reduce lung tolerance

Regions of pneumonitis can extend outside of the treatment field, known as abscopal 
effects.



Cytokines and Radiation-Induced Lung 
Injuries

In addition to epithelial cells, the alveolar space is also occupied
by alveolar macrophages. They constitute a long-lived resident popu-
lation, established in the lung during development and constantly
patrolling the lung microenvironment. These macrophages are essen-
tial for tissue homeostasis, early pathogen recognition, as well as ini-
tiation of the local immune response and resolution of inflammation.
Even in a homeostatic condition within the tissue, alveolar macro-
phages retain high phagocytic activity, working to clear particulate
antigens and dead epithelial cells from the airways [6–8].

The functional subunit of the lung is the alveolar–capillary barrier
(ACB), which is also the subunit most sensitive to the effects of ion-
izing radiation [9]. This barrier is formed ultrastructurally by AECI
and the endothelial cells of capillaries and their basement mem-
branes. Both endothelial and epithelial cells are flat and thus have
large surface areas but minimal cytoplasm. They compose the ACB,
with a thickness of just 0.3 μm [6–10]. Moreover, the formation of
tight junctions between alveolar epithelial cells is mostly responsible
for the ACB’s resistance to the movement of proteins [11].

The most numerous cell populations in the alveolar interstitium
are resident fibroblasts. The fibroblast population makes up >95%
of the interstitial cells. Resident fibroblasts descend from various
precursors and position themselves beneath epithelial cells or are
scattered through the interstitium between the epithelial and endothe-
lial layers, but without directly contacting the vasculature. These cells
are highly adaptable, continuously adjusting the support they provide
to growth, injuries repair or regeneration, and capable of cytokine
production. Under certain pathological circumstances, resident

fibroblasts may be activated and transform into myofibroblasts, which
constitute the key effector cell type in tissue fibrosis [12–14].

As ionizing radiation passes through lung tissue, its energy has
sufficient strength to directly cause double-strand breaks in DNA
molecules, as well as to hydrolyze water and other molecules. This
hydrolysis resolves into the generation of reactive radicals [reactive
oxygen (ROS) and nitric oxide (NOS) species] and may lead to sec-
ondary interaction with DNA and other cellular components or the
extracellular matrix [15]. Although most DNA damage is repaired,
any incorrect reparation may lead to cellular defects and cell death
over a much longer period of time and can initiate a robust immune
response even before any significant tissue damages occur [16].

Irradiation of normal lung by thoracic or whole-body irradiation
damages resident cells in the tissue. Epithelial and endothelial cell
deaths after exposure to radiation can occur within hours through an
apoptotic pathway. Apoptosis has been identified experimentally in
the lung parenchyma within hours after injury [17]. Furthermore,
DNA damages involving radiation can induce DNA repair system
sensors, such as DNA-dependent protein kinase (DNA-PK), an ataxia
telangiectasia-mutated gene (ATM), and an ataxia telangiectasia-
related gene (ATR) [18]. Activation of these sensors resolves by initiating
specific transcriptional factors, such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) [19], p53, and SP-1 [20].
Additionally, oxidative stress and free radicals can result from the
actions of pro-inflammatory cytokines. Moreover, the radiation
itself also triggers a non-specific, acute ‘cytokine storm’ that
resolves within 24 h. Release of these cytokines and other protein
products of activated transcription factors may play a major role in
subsequent radiation-induced lung injuries [21].

RADIATION-INDUCED PULMONARY INJURY
Ionizing radiation on lung tissue may constitute a continuous spectrum
of sequential molecular events. Radiation-induced pulmonary injury
(RIPI) may result when there are insufficient repair mechanisms in the
irradiated pulmonary tissue, or low efficiency in repopulating to replace
damaged and/or dead lung tissue. In 1968, Rubin and Casserat [22]
published their original description of radiation pneumonitis in three
main clinical phases. These are: (i) an early phase lasting up to the first
month that is a latent period of pneumonitis, (ii) an acute (intermediate,
exudative) period that occurs in the period between 1 and 6 months,
and (iii) a late or chronic phase occurring after 6 months and termed
‘radiation fibrosis’. The most critical phase for preventing and possible
treatment of RIPI is the early, latent phase (Fig. 2A), also known as radi-
ation pneumonitis associated with early response. This occurs 2–4 weeks
post-irradiation. Although during this phase histological and physiological
damages present in the lungs are not evident by light microscopy, the
changes are obvious on the molecular and cellular levels. Ultrastructural
damages, meanwhile, are evident only by electron microscopy [23].

The first occurrences are observed on the pneumocytes types I
and II and endothelial cells. Experimental data show that AECI
react to ionizing radiation by swelling and necrosis, which resolve in
basement membrane denudation. This effect has been observed in
various experimental models (rat, mouse) and also in relation to dif-
ferent irradiation schedules (whole body and local thorax) [24].
Within hours after exposure, AECII release surfactant into the

Fig. 1. Structural scheme of an alveolus in the lung under
physiological conditions. The lung alveoli consist of an
epithelial layer and an extracellular matrix surrounded by
capillaries. The major cells in the alveolar wall comprise
pneumocytes Types I and II, and alveolar macrophages. The
gas-exchanging region, the alveolar–capillary barrier, is
formed by Type I alveolar epithelial cells and the endothelial
cells of the capillaries, and consists of the basement membrane
between these cells. The interstitium of the alveoli is occupied
by resident fibroblasts and forms an extracellular matrix.
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alveolar space [25], but the proportions of surfactant subtypes are
altered by a combination of increased synthesis and decreased meta-
bolism of the heavier subtypes, and surface activity of surfactant sub-
types is impaired [26]. Ultrastructural change in AECII is
characterized by a decreased number of lamellar bodies, while the
remaining lamellar bodies become enlarged and irregular within
24 h after irradiation [27–29]. Also, an insult on endothelial cells
occurs within days after irradiation. The cytoplasm of endothelial
cells is hypertrophied and vacuolated. These changes resolve into
increased microvascular permeability, and 1 week post-irradiation

there becomes evident separation from the basement membrane,
interstitial edema, swelling, and obstruction in numerous capillaries [30].

There is strong evidence from experimental data that hypoxia
can be one of the driving forces in initializing and perpetuating
RIPI. In rats, moderate hypoxia was revealed at 6 weeks and severe
hypoxia at 6 months after hemithorax irradiation (Fisher-344 rats,
right lube, single-dose 28 Gy) [31], but in a later study using the
same model the occurrence of temporal tissue hypoxia was observed
just 3 days after irradiation [32]. These dramatic biochemical and
ultrastructural events occurring a short time after irradiation are

Fig. 2. (A) Latent phase of radiation-induced pulmonary injury: radiation-induced changes at molecular and cellular levels.
The subunit most sensitive to ionizing radiation is the alveolar–capillary barrier (ACB). The cytoplasm of endothelial cells is
hypertrophied and vacuolated, resulting in increased microvascular permeability. Ultrastructural interstitial edema can be
found in the ACB complex. AECII has decreased the number of lamellar bodies and releases impaired surfactant inside the
alveoli. AECI reacts by swelling and necrosis, which results in basement membrane denudation. (B)Acute phase of radiation-
induced pulmonary injury (radiation pneumonitis). This phase is characterized mainly by an inflammatory process triggered by
damage to lung parenchyma, epithelial cells, vascular endothelial cells, and stroma. It involves the induction of proinflammatory
cytokines and chemokines that recruit immune cells in the lung tissue. Recruited peripheral neutrophils, monocytes differentiated
into macrophages and the cytokines produced by different cell types are most responsible for the acute inflammation.
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Classical paradigm of the target cell kill hypothesis has shifted to a theory of 
orchestrated response, starting with ROS generation, followed by various activation of 
signal transduction pathways inducing processes leading to replacement of damaged 
cells, influx of inflammatory cells from peripheral blood and cytokine production, and 
development of radiation complications. 

Acute Phase of Radiation Pneumonitis



Lungs
Because of the parallel 
arrangement of FSU, small 
volume can tolerate high dose

In practice, many radiation oncologists are 
using the V20, V30 (i.e., the volume of lung 
receiving 20 Gy, 30 Gy) or mean lung dose 
as a defining limiting factor 

Dose Volume Histogram

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <39 <50 For combined parotid glands (per
Fig. 3 in paper) {

Pharynx Pharyngeal
constrictors

Whole organ Symptomatic dysphagia and
aspiration

Mean dose <50 <20 Based on Section B4 in paper

Larynx Whole organ 3D-CRT Vocal dysfunction Dmax <66 <20 With chemotherapy, based on single
study (see Section A4.2 in paper)

Whole organ 3D-CRT Aspiration Mean dose <50 <30 With chemotherapy, based on single
study (see Fig. 1 in paper)

Whole organ 3D-CRT Edema Mean dose <44 <20 Without chemotherapy, based
on single study in patients without
larynx cancer**Whole organ 3D-CRT Edema V50 <27% <20

Lung Whole organ 3D-CRT Symptomatic pneumonitis V20 # 30% <20 For combined lung. Gradual dose
response

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 7 5 Excludes purposeful whole lung
irradiationWhole organ 3D-CRT Symptomatic pneumonitis Mean dose = 13 10

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 20 20
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 24 30
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 27 40

Esophagus Whole organ 3D-CRT Grade $3 acute esophagitis Mean dose <34 5–20 Based on RTOG and several studies

Whole organ 3D-CRT Grade $2 acute esophagitis V35 <50% <30 A variety of alternate threshold doses
have been implicated.

Appears to be a dose/volume responseWhole organ 3D-CRT Grade $2 acute esophagitis V50 <40% <30
Whole organ 3D-CRT Grade $2 acute esophagitis V70 <20% <30

Heart Pericardium 3D-CRT Pericarditis Mean dose <26 <15 Based on single study
Pericardium 3D-CRT Pericarditis V30 <46% <15

Whole organ 3D-CRT Long-term cardiac mortality V25 <10% <1 Overly safe risk estimate based on
model predictions

(Continued )
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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Lungs – Case Study 
n 4240 cGy / 16 fx + 1000 

cGy / 4 fx boost
n Completed July, 2013



Oct 2013 (3 mo s/p XRT)
n Dry cough, fever 

100.8°F, chest tightness
n Sx not improved with Abx

Her symptoms resolved with prolonged steroids 



Question 1
Which of the following statements regarding the development of 
radiation-induced lung damage is TRUE? 
A. The volume of lung irradiated has relatively little effect on the 

tolerance dose. 
B. Radiation-induced pneumonitis is delineated by the treatment 

field. 
C. The majority of patients who develop radiation pneumonitis go on 

to develop pulmonary fibrosis. 
D. The TD5/5 for whole lung irradiation with a single dose is 

approximately 17.5 Gy. 
E. Fractionation has little or no effect on lung tolerance.

See Emami Table 

Abscopal effect. See slide. 

Parallel FSU, strong volume effect. 



Question 2
The tolerance dose 5% in 5 yrs (TD5/5) and 50% in 5 yrs 
(TD50/5) for lung pneumonitis is best represented by 
which of the following doses?
A. 8Gy and 15Gy respectively
B. 17Gy and 24Gy respectively
C. 22Gy and 30Gy respectively
D. 32Gy and 39Gy respectively
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Question 3 
With respect to radiation-induced toxicity in the lung, which of the following 
statements is FALSE? 
A. The likelihood of the injury is dependent on the volume irradiated 
B. Radiation pneumonitis is a characteristic late effect of lung radiotherapy that 

occurs 6-12 months after treatment completion. 
C. The dose response curve for lung injury following whole lung irradiation is steep 

regardless of the dose per fraction used 
D. Lung toxicity is enhanced when radiation is combined with carboplatin- 

paclitaxel. 
E. Several cell types are involved in the development of pulmonary late effects, 

including the type II pneumocyte, the alveolar macrophage and vascular 
endothelial cells 

Latency = 2-6 mo

See slide

Medical residents only



Lungs 

Structurally defined FSU in parallel
Late-responding tissue with a/b ratio of 3 Gy
Tolerance depends on dose, volume, and 
fraction size 

Radiation target cells – pulmonary endothelial 
cells & type II pneumocytes

Subacute

Acute (subacute) pneumonitis
Latency – 2- 6 months
Symptoms – cough, dyspnea, may be 
asymptomatic
Imaging – opacity on chest x-ray

Late

Pulmonary fibrosis
Latency – more than a year
Symptoms – difficulty with breathing 
TGF-b plays an important role in lung fibrosis



Kidneys

Kidney is a late-responding tissue

Renal irradiation can lead to the 
development of radiation nephropathy, 
which is characterized by proteinuria, 
anemia, hypertension and a chronic, 
progressive decrease in renal function

The morphologic changes include 
glomerulosclerosis, tubulointerstitial 
fibrosis

Recent data from both the laboratory and 
clinic suggest that this late effect can be 
modulated by drugs that drugs that block 
the renin-angiotensin system  



Kidneys
FSU = nephron (each containing ~ 1,000 stem cells)

Tolerance dose – because of the small size of each FSU, kidney has a relatively low 
tolerance dose 

Volume effect – because of the parallel FSU arrangement, part of the kidney may tolerate 
much higher doses

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Liver Whole liver – GTV 3D-CRT or
Whole organ

Classic RILDyy Mean dose <30-32 <5 Excluding patients with pre-existing
liver disease or hepatocellular
carcinoma, as tolerance doses
are lower in these patients

Whole liver – GTV 3D-CRT Classic RILD Mean dose <42 <50

Whole liver – GTV 3D-CRT or
Whole organ

Classic RILD Mean dose <28 <5 In patients with Child-Pugh A
preexisting liver disease or
hepatocellular carcinoma,
excluding hepatitis B
reactivation
as an endpointWhole liver – GTV 3D-CRT Classic RILD Mean dose <36 <50

Whole liver –GTV SBRT (hypofraction) Classic RILD Mean dose <13
<18

<5
<5

3 fractions, for primary liver cancer
6 fractions, for primary liver cancer

Whole liver – GTV SBRT (hypofraction) Classic RILD Mean dose <15
<20

<5
<5

3 fractions, for liver metastases
6 fractions, for liver metastases

>700 cc of normal liver SBRT (hypofraction) Classic RILD Dmax <15 <5 Critical volume based, in 3–5
fractions

Kidney Bilateral whole kidneyz Bilateral whole organ
or 3D-CRT

Clinically relevant renal
dysfunction

Mean dose <15–18 <5

Bilateral whole kidneyz Bilateral whole organ Clinically relevant renal
dysfunction

Mean dose <28 <50

Bilateral whole kidneyz 3D-CRT Clinically relevant renal
dysfuntction

V12 <55% <5 For combined kidney
V20 <32%
V23 <30%
V28 <20%

Stomach Whole organ Whole organ Ulceration D100k <45 <7

Small bowel Individual small bowel loops 3D-CRT Grade $ 3 acute toxicityx V15 <120 cc <10 Volume based on segmentation of
the individual loops of bowel, not the
entire potential peritoneal space

Entire potential space within
peritoneal cavity

3D-CRT Grade $ 3 acute toxicityx V45 <195 cc <10 Volume based on the entire potential
space within the peritoneal cavity

(Continued )
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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Question 1

Which of the following statements is TRUE concerning the response of 
the kidney to radiation? The kidney: 
A. is considered a relatively radiosensitive organ because of the 

marked sensitivity of cells that comprise the nephron 
B. exhibits little sparing with increasing dose fractionation 
C. has a relatively low tolerance dose because of the limited number of 

cells that comprise each functional subunit 
D. displays substantial re-treatment tolerance 
E. manifests symptoms of radiation nephropathy generally within 3 

months following the completion of radiotherapy



Question 2

Renal irradiation can lead to the development of radiation nephropathy, 
which is characterized by proteinuria, anemia, hypertension and a 
chronic, progressive decrease in renal function. The decline in kidney 
function characteristic of radiation nephropathy can be: 
A. Treated with anti-hypertensive agents such as beta blockers 
B. Prevented using anti-inflammatory agents 
C. Reversed using calcium channel blockers 
D. Mitigated using drugs that block the renin-angiotensin system
E. Accelerated at lower radiation doses 

Medical residents only



Liver 

Radiation-Induced Liver Disease (RILD)
(Historically called "radiation hepatitis“) 

. 

Usually develops 1-2 months after RT (range 
2 weeks - 8 months) 

Clinical syndrome – fatigue, ascites, 
anicteric hepatomegaly, elevated liver function 
tests (esp. alkaline phosphatase) 

Pathologic changes – veno-occlusive 
disease (VOD), marked central venous 
congestion, sparing of large veins, 
entrapment of erythrocytes, atrophy of 
adjacent hepatocytes 

Pathogenesis – since the principal observed 
injury in the liver is vascular in nature, the 
radiobiological target has been hypothesized 
as the endothelial cell



Liver 

transdifferentiated from quiescent HSCs into activated/
MF-HSCs, the main collagen-producing cells in the liver. This
HSC activation is also suggested to be an essential process in
RILD development because these cells are highly radiosensitive
and accumulate in the livers of patients with RILD.23

Consistent with this observation in human liver samples,
radiation increases the expression of alpha-smooth muscle
actin, a well-known marker of MF-HSCs, in the livers of
irradiated rats and mice.34–37 In addition, SEC apoptosis is
considered the primary event in radiation-induced liver
damage. Yamanouchi et al.17 reported that the number of
apoptotic SECs, not HCs, was elevated in the livers of irradiated
rats. SEC injury resulted in microcirculatory blood flow
disturbances, which damaged HCs. The injured SECs and
central vein endothelium also activated the coagulation cascade
and led to the deposition of fibrin and the formation of clots in
the central veins and hepatic sinusoids. The ensuing hypoxic
environment resulted in the death of centrilobular HCs
and atrophy of the inner hepatic plate, promoting hepatic
congestion and liver dysfunction.21,38 At later stages, a fibrotic
reaction in the sinusoids can lead to the obliteration of central
venules, leading to VOD. Therefore, a complex and dynamic
interaction among different types of hepatic cells occurs in
RILD, and a simplified model of this event is depicted in
Figure 1.

TGF-β is produced by many types of hepatic cells, including
HSC, and promotes the accumulation of MF-HSC during liver
fibrosis.31 In the livers of irradiated rats, the level of TGF-β1
increased as the dose of radiation increased, and this expression
pattern of TGF-β1 was correlated with the degree of hepatic
fibrosis.39 In addition, TGF-β1 stimulated the prolonged
production of reactive oxygen species in HCs.40 This increased

oxidative stress was shown to be involved in the development
and pathogenesis of late radiation-induced fibrosis. TGF-β
activated by radiation promotes the production of profibrotic
cytokines and stimulates collagen deposition.31 These fibro-
genic effects of TGF-β are mediated by the overproduction of
plasminogen activator inhibitor-1, one of the downstream
targets of TGF-β, which inhibits plasminogen activators,
thereby preventing the breakdown of fibrin and promoting its
accumulation.41 In addition, connective tissue growth factor, a
fibrogenic cytokine, is a downstream mediator of the effect of
TGF-β on extracellular matrix deposition, including collagen
synthesis.41 Thus, TGF-β1 plays an important role in RILD by
mediating multicellular interactions and promoting fibrosis.
Increasing evidence suggests that Hh signaling plays a pivotal
role in the development of RILD. Hh signaling influences the
functions of HSCs, SECs and HCs. In the injured liver,
apoptotic or ballooned HCs produce Hh ligands, which
stimulate Hh-responsive cells, such as progenitors, HSCs
and SECs.42,43 These cells, in turn, activate Hh signaling and
are involved in the remodeling responses to liver injury.
Wang et al.35,37 demonstrated that Hh signaling was activated
and involved in both acute and late liver responses to
irradiation. In these studies, Wang et al.35,37 showed that Hh
signaling was associated with the activation of HSCs and that
Hh suppression reduced the response of these cells, alleviating
radiation-induced liver fibrosis. Therefore, the Hh pathway is
suggested to be a potential player in the pathogenesis of RILD.

ANIMAL MODELS OF RILD: THE EXPERIMENTAL
APPROACH
Our understanding of RILD is mostly based on clinical
observations and patient-derived histopathology. Reed and

Figure 1 Simplified model of liver-specific cellular events in radiation-induced liver injury. (a) In the normal liver, liver sinusoids are lined
with SECs and KCs. Quiescent hepatic stellate cells (qHSCs) are located in the space of Disse and are in close contact with HCs and
SECs. (b) In the irradiated liver, ① injured SECs undergo apoptosis and release TNF-α, which promotes HC apoptosis and KC activation.
② In addition, injured SECs induce the penetration of red blood cells (RBCs) and activate fibrin deposition in central veins (CVs), leading
to sinusoidal obstruction. ③ The ensuing hypoxic environment leads to the death of HCs and the activation of KCs. ④ Activated KCs release
TGF-β, the major profibrogenic cytokine, which promotes the transdifferentiation of qHSCs into MF-HSCs. ⑤ Apoptotic HCs produce Hh
ligands, which trigger the proliferation of Hh-responsive cells, such as HSCs. MF-HSCs accumulate and promote the deposition of
extracellular matrix proteins, leading to liver fibrosis in the late stage of RILD.

Recent evidence and potential direction of RILD
J Kim and Y Jung

3

Experimental & Molecular Medicine

RILD pathogenesis includes complex and multicellular responses associated 
with vascular changes, increased collagen synthesis and sequential activation of 
key growth factors and cytokines, such as TNF-α, TGF-β and hedgehog (Hh), 
which are important regulators in repair responses to liver damage.

Kim & Jung 2017 – Experimental & Molecular Medicine 49: e359

Sinusoidal endothelial 
cell (SEC)

apoptosis



Liver
n Liver hilum (where bile 

duct, hepatic artery, and 
portal veins are centrally 
located) functions as a 
serial FSU tissue

n Damage to the bile duct 
will lead to 
dysfunctionality



Liver
Tolerance – in terms of radiosensitivity, liver ranks immediately below the kidney and 
lung

Volume effect – FSU arranged in parallel, therefore much larger doses are tolerated if 
only part of the organ is exposed; on the other hand, fatal hepatitis may result from a 
fractionated protocol of only 35 Gy if the whole liver irradiated (life span of hepatocyte 
is ~ 1 year)

334 | Section II • For Students of Radiation Oncology |

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)
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Liver
Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Liver Whole liver – GTV 3D-CRT or
Whole organ

Classic RILDyy Mean dose <30-32 <5 Excluding patients with pre-existing
liver disease or hepatocellular
carcinoma, as tolerance doses
are lower in these patients

Whole liver – GTV 3D-CRT Classic RILD Mean dose <42 <50

Whole liver – GTV 3D-CRT or
Whole organ

Classic RILD Mean dose <28 <5 In patients with Child-Pugh A
preexisting liver disease or
hepatocellular carcinoma,
excluding hepatitis B
reactivation
as an endpointWhole liver – GTV 3D-CRT Classic RILD Mean dose <36 <50

Whole liver –GTV SBRT (hypofraction) Classic RILD Mean dose <13
<18

<5
<5

3 fractions, for primary liver cancer
6 fractions, for primary liver cancer

Whole liver – GTV SBRT (hypofraction) Classic RILD Mean dose <15
<20

<5
<5

3 fractions, for liver metastases
6 fractions, for liver metastases

>700 cc of normal liver SBRT (hypofraction) Classic RILD Dmax <15 <5 Critical volume based, in 3–5
fractions

Kidney Bilateral whole kidneyz Bilateral whole organ
or 3D-CRT

Clinically relevant renal
dysfunction

Mean dose <15–18 <5

Bilateral whole kidneyz Bilateral whole organ Clinically relevant renal
dysfunction

Mean dose <28 <50

Bilateral whole kidneyz 3D-CRT Clinically relevant renal
dysfuntction

V12 <55% <5 For combined kidney
V20 <32%
V23 <30%
V28 <20%

Stomach Whole organ Whole organ Ulceration D100k <45 <7

Small bowel Individual small bowel loops 3D-CRT Grade $ 3 acute toxicityx V15 <120 cc <10 Volume based on segmentation of
the individual loops of bowel, not the
entire potential peritoneal space

Entire potential space within
peritoneal cavity

3D-CRT Grade $ 3 acute toxicityx V45 <195 cc <10 Volume based on the entire potential
space within the peritoneal cavity

(Continued )
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Liver – Case Study 
R breast cancer, s/p lumpectomy and RT

1 mo after RT, presented with right upper 
abdominal pain, nausea, vomiting
MRI showed masslike infiltrative process

Case Report



Question 1

Which of the following statements is true regarding radiation-induced 
liver disease (RILD)? 
A. Hepatocytes are the principal radiobiological target. 
B. Liver is a flexible type tissue, so volume does not affect 

tolerance. 
C. High plasma levels of TGF-β predict for a decreased probability 

of developing RILD. 
D. Fraction size is not a factor in tolerance to RILD. 
E. In the bone marrow transplant setting, symptoms of RILD are 

observable within 3 months after treatment completion. 

Endothelial cells

Parallel organ; volume effect



Question 2
With respect to the morphologic changes associated with 
radiation-induced liver disease, notably veno-occlusive disease 
(VOD), all of the following may be observed, EXCEPT: 
A. Heavy congestion in the sinusoids 
B. Atrophy of the liver plates 
C. Fiber-filled lumen of the sublobular veins 
D. Apoptotic Kupffer cells filled with hematoxylin 
E. Subacute morphological changes 

Medical physics students are not required to know the details of VOD



Question 3
Concerning radiation induced liver disease (RILD), all of the following statements 
are true, EXCEPT: 
A. RILD is a clinical syndrome of ascites, elevated liver enzymes, and 

hepatomegaly in the absence of jaundice
B. RILD is rarely observed earlier than 6 months following completion of 

radiotherapy
C. Suprahepatic vein obstruction and veno-occlusive liver disease are seen in 

RILD
D. Pathologic changes in RILD include marked venous congestion in the central 

portion of each lobule-with sparing of the larger veins – and atrophy of 
hepatocytes adjacent to the congested veins

E. Killing of vascular endothelial cells appears to be of greater importance than 
hepatocyte lethality in the pathologic changes observed in RILD

Focus on what’s discussed in the slides

1-2 mo after RT

See slide



Bladder Epithelium 
The bladder epithelium consists of a basal layer 
formed of small diploid cells, covered by several 
layers of larger transitional cells and at the 
surface by a very large polyploid cells 

Cell renewal rate is low – the superficial 
cells have a lifespan of several months

Urinary frequency is due to loss of the 
surface cells and irritation of the deeper 
cellular layers by urine, leading to stimulation 
of cellular proliferation

Subsequent late effects are related to fibrosis 
and reduction in bladder capacity
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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Bladder – QUANTEC 
Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Rectum Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V50 <50% <15
<10

Prostate cancer treatment

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V60 <35% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V65 <25% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V70 <20% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V75 <15% <15
<10

Bladder Whole organ 3D-CRT Grade $ 3 late RTOG Dmax <65 <6 Bladder cancer treatment.
Variations in bladder size/shape/
location during RT hamper ability to
generate accurate data

Whole organ 3D-CRT Grade $3 late RTOG V65 #50 % Prostate cancer treatment
Based on current RTOG 0415

recommendation
V70 #35 %
V75 #25 %
V80 #15 %

Penile bulb Whole organ 3D-CRT Severe erectile dysfunction Mean dose to
95% of gland <50

<35

Whole organ 3D-CRT Severe erectile dysfunction D90k <50 <35
Whole organ 3D-CRT Severe erectile dysfunction D60-70 <70 <55

Abbreviations: 3D-CRT = 3-dimensional conformal radiotherapy, SRS = stereotactic radiosurgery, BED = Biologically effective dose, SBRT = stereotactic body radiotherapy, RILD = radi-
ation-induced liver disease, RTOG = Radiation Therapy Oncology Group.

* All data are estimated from the literature summarized in the QUANTEC reviews unless otherwise noted. Clinically, these data should be applied with caution. Clinicians are strongly advised
to use the individual QUANTEC articles to check the applicability of these limits to the clinical situation at hand. They largely do not reflect modern IMRT.
y All at standard fractionation (i.e., 1.8–2.0 Gy per daily fraction) unless otherwise noted. Vx is the volume of the organ receiving $ x Gy. Dmax = Maximum radiation dose.
z Non-TBI.
x With combined chemotherapy.
k Dx = minimum dose received by the ‘‘hottest’’ x% (or x cc’s) of the organ.
{ Severe xerostomia is related to additional factors including the doses to the submandibular glands.
** Estimated by Dr. Eisbruch.
yy Classic Radiation induced liver disease (RILD) involves anicteric hepatomegaly and ascites, typically occurring between 2 weeks and 3 months after therapy. Classic RILD also involves

elevated alkaline phosphatase (more than twice the upper limit of normal or baseline value).
zz For optic nerve, the cases of neuropathy in the 55 to 60 Gy range received z59 Gy (see optic nerve paper for details). Excludes patients with pituitary tumors where the tolerance may be

reduced.
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Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Rectum Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V50 <50% <15
<10

Prostate cancer treatment

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V60 <35% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V65 <25% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V70 <20% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V75 <15% <15
<10

Bladder Whole organ 3D-CRT Grade $ 3 late RTOG Dmax <65 <6 Bladder cancer treatment.
Variations in bladder size/shape/
location during RT hamper ability to
generate accurate data

Whole organ 3D-CRT Grade $3 late RTOG V65 #50 % Prostate cancer treatment
Based on current RTOG 0415

recommendation
V70 #35 %
V75 #25 %
V80 #15 %

Penile bulb Whole organ 3D-CRT Severe erectile dysfunction Mean dose to
95% of gland <50

<35

Whole organ 3D-CRT Severe erectile dysfunction D90k <50 <35
Whole organ 3D-CRT Severe erectile dysfunction D60-70 <70 <55

Abbreviations: 3D-CRT = 3-dimensional conformal radiotherapy, SRS = stereotactic radiosurgery, BED = Biologically effective dose, SBRT = stereotactic body radiotherapy, RILD = radi-
ation-induced liver disease, RTOG = Radiation Therapy Oncology Group.

* All data are estimated from the literature summarized in the QUANTEC reviews unless otherwise noted. Clinically, these data should be applied with caution. Clinicians are strongly advised
to use the individual QUANTEC articles to check the applicability of these limits to the clinical situation at hand. They largely do not reflect modern IMRT.
y All at standard fractionation (i.e., 1.8–2.0 Gy per daily fraction) unless otherwise noted. Vx is the volume of the organ receiving $ x Gy. Dmax = Maximum radiation dose.
z Non-TBI.
x With combined chemotherapy.
k Dx = minimum dose received by the ‘‘hottest’’ x% (or x cc’s) of the organ.
{ Severe xerostomia is related to additional factors including the doses to the submandibular glands.
** Estimated by Dr. Eisbruch.
yy Classic Radiation induced liver disease (RILD) involves anicteric hepatomegaly and ascites, typically occurring between 2 weeks and 3 months after therapy. Classic RILD also involves

elevated alkaline phosphatase (more than twice the upper limit of normal or baseline value).
zz For optic nerve, the cases of neuropathy in the 55 to 60 Gy range received z59 Gy (see optic nerve paper for details). Excludes patients with pituitary tumors where the tolerance may be

reduced.
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§ Acute inflammatory phase
§ Latent symptom free phase
§ Late chronic inflammatory phase

Zwaans 2016 – Rev Urol. 2016;18(2):57-65 



Central and Peripheral Nervous System 

CNS PNS

The nervous system is less sensitive to radiation than other late-responding organs and 
tissues such as the kidney or lung
However, we try not to push to the TD5/5 and we use wide margins of safety in dose 
because damage to these tissues results in severe consequence, including paralysis



Brain Target Cells   

Non-proliferating end cells

Neurons Vascular endothelial cells 

Slow turnover 
Can proliferate rapidly after injury

Glial cells

Slow turnover
Only 1% are stem cells



Mechanism of Radiation-Induced Brain 
Injury

 2 Turnquist et al. Radiation-induced brain injury

and occur days to months following treatment, late-delayed 
injury occurs at least 6 months after radiation is considered 
irreversible and progressive. Acute injury is characterized 
by edema, headaches, drowsiness and is rare with modern 
radiation therapy techniques and is generally improved by 
dexamethasone. The early-delayed reaction is characterized 
by transient demyelination, somnolence, attention deficits, 
and short-term memory loss. Late-delayed injury involves 
white matter necrosis, vascular abnormalities, and more 
permanent demyelination, gliosis, and lasting cognitive 
impairment.

Decades ago, oncologists recognized these secondary 
neurological dysfunctions and risk of therapy-induced 
cancers in their patients. Therefore, the National Cancer 
Institute established the Late Effects of Cancer Therapy 
Program so that patients could be followed up for decades 
following successful therapy of their primary cancer.24 This 
initiative and historical patient cohort studies have led to 
improved therapies with fewer and less harmful delayed 
neurological and oncogenic effects.25 Additionally, these 
studies led to the evaluation of remedial interventions to 
ameliorate these adverse effects.

The mechanism of radiation-induced injury that corres-
ponds to the clinical findings are not completely under-
stood; however, recognized neuropathological sequelae 
and several new hypotheses exist which are detailed in 
the sections that follow. Given the increasing population 

of long-term cancer survivors, it is critical to understand 
the causes of radiation-induced brain injury and to develop 
strategies to prevent them.

Mechanisms of Radiation-Induced 
Brain Injury

Over the past 20  years, research into the late effects 
of radiation revealed that it arises from dynamic inter-
actions between multiple cell types and not simply de-
layed mitotic death of vascular and parenchymal cells 
of the target organ. It is now known that the cellular re-
sponse to radiation injury in the brain involves multiple 
cell types including astrocytes, microglia, oligodendro-
cytes, endothelial cells, and neurons that initiate and 
respond to inflammatory cascades and contribute to pro-
gressive neurological damage.18,26 Animal models have 
greatly aided research into the potential mechanism of 
radiation-induced brain injury and have shed light on the 
roles of neuroinflammation. In terms of factors leading 
to a neuroinflammatory cascade, multiple processes are 
thought to occur concomitantly including damage to the 
neurovascular unit leading to blood–brain barrier (BBB) 
damage, neural progenitor cell (NPC) death, inhibition of 
neurogenesis in the hippocampus, and direct activation 
of glia resulting in the senescence-associated secretory 

  

Blood-brain barrier disruption
vascular hyalinization

endothelial senescnece
fibrinoid necrosis

Neural progenitor
cell death

Astrocyte senescnece

Loss of hippocampal
neurogenesis

SASP
(IL-6, IL-1β)

Mechanisms of
Radiation-Induced

Brain Injury

Figure 1. Mechanisms of radiation-induced brain injury. Vascular changes including blood-brain barrier disruption, vascular hyalinization, endo-
thelial senescence, and fibrinoid necrosis. Other proposed mechanisms include loss of hippocampal neurogenesis, astrocyte senescence resulting 
in the release of senescence-associated secretory phenotype (SASP) cytokines, and neural progenitor cell death that result in cognitive decline 
following brain irradiation.
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The cellular response to radiation 
injury in the brain involves multiple 
cell types including astrocytes, 
microglia, oligodendrocytes, 
endothelial cells, and neurons that 
initiate and respond to inflammatory 
cascades and contribute to 
progressive neurological damage. 

Turnquist 2020; Neuro-Oncology Advances 2(1): 1-10



Brain

First 6 months (Early-Delayed)

Somnolence syndrome – due to transient demyelination
Leukoencephalopathy – destruction of the myelin 
sheaths 

Pathology usually involves white matter

Acute

The acute lesions include an increase in blood brain 
barrier permeability and edema, due in part to a 
rapid burst of apoptotic cell death, which is seen in a 
variety of normal brain cells, including endothelial cells. 



Brain
Beyond 6 months to a year

Brain radionecrosis 

Pathology – primarily limited to white matter, 
additionally gray matter also show changes along 
with vascular lesions such as telangiectasia and 
focal hemorrhages 

Symptoms – cognitive defects, seizure, difficulty 
with speech, balance problems 



Spinal Cord
Radiation-induced changes in the spinal cord are similar 
to those seen in the brain w.r.t. latency, tolerance dose, 
and histology 

Lhermitte’s sign is an electrical 
sensation that runs down the back and 
into the limbs, and is produced by 
bending the neck forward. 

Early-Delayed

Lhermittes sign 
May occur at doses as low as 35 Gy
Usually reversible and does not predict permanent myelopathy
Pathology – transient demyelination from inhibition of 
oligodendrocyte proliferation

6-18 months

Demyelination and necrosis of the white matter 

1-2 years
Vasculopathy 



Spinal Cord 
Effect of fractionation

Spinal cord is a late-responding tissue with a small a/b ratio, hence tolerance depends 
on dose per fraction

Lower dose per fraction reduce the risk of late effects 

Sublethal Damage Repair

There is evidence of two components of repair – one with a t1/2 less than 1 hour and 
one with t1/2 close to 4 hours

If 2 fractions are given per day, the time b/w fractions must be at least 6 hours 



Spinal Cord
Volume Effect

Spinal cord is the clearest example of a tissue in which FSUs 
are arranged in series

The probability of myelopathy depends on the length 
irradiated

Chemo Effect

Chemo agents such as methotrexate, cisplatin, vinblastine, AraC are neurotoxic

Concurrent or sequential use of chemo reduces the spinal cord (and brain) tolerance 
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matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular 
injury shows less dependence on cord length. 
Beyond a few centimeters, the tolerance is vir-
tually independent of the length of cord irradi-
ated. This would be predicted from the linear 
arrangement of the functional subunits. A chain 
is broken whether one, two, three, or more links 
are removed.

Retreatment after Long Time Intervals

The spinal cord does recover to some extent 
after long time periods following irradiation. 
The extent of the recovery depends, of course, 
on the fi rst treatment—that is, what fraction of 
tolerance was involved. Experiments with rats 
indicate that after an initial treatment to 50% 
tolerance, the retreatment tolerance approaches 
90% of the tolerance of the untreated control 
group by about a year after the initial irradia-
tion. If the initial treatment represented a larger 
fraction of tolerance, the retreatment that can be 
tolerated is reduced.

■  INFERRING THE RATIO !/" FROM 
MULTIFRACTION EXPERIMENTS IN 
NONCLONOGENIC SYSTEMS

The parameters of the dose-response curve for 
any normal tissue system for which a functional 
end point can be observed may be inferred by 
performing a multifraction experiment. Take, for 
example, an experiment in which mouse foot skin 
reaction is scored. Doses that result in the same 
skin reaction (e.g., moist desquamation of more 
than 50% of the area irradiated) if delivered as a 
single exposure in a multifraction regimen (e.g., 
5, 10, or 20 fractions) must be determined ex-
perimentally. Several assumptions must be made 
as follows:

 1. The dose–response relationship is repre-
sented adequately by the LQ formulation:

S ! e"!D""D2

  in which S is the fraction of cells surviving a 
dose, D, and ! and " are constants.

 2. Each dose in a fractionated regimen pro-
duces the same biologic effect.

 3. Full repair of sublethal damage takes place 
between dose fractions, but no cell prolifera-
tion occurs.

an isoeffect curve calculated for the very low 
!/" value of 1.5 Gy. The experimental data 
suggest that the linear quadratic (LQ) model 
o verestimates the tolerance for small doses per 
fraction of less than 2 Gy. However, this may be 
a result of incomplete repair, because in these 
experiments, the interfraction interval was only 
4 hours. There is good reason to believe that 
repair of sublethal damage takes place slowly in 
this normal tissue, and indeed, repair may be 
 biphasic, with “fast” and “slow” components. 
For this reason, if multiple doses per day are 
used to the spinal cord, the interfraction inter-
val should be at least 6 to 8 hours.

Volume Effects

The total volume of irradiated tissue usually is 
assumed to have an infl uence on the develop-
ment of tissue injury. The spinal cord is perhaps 
the clearest case in which the functional sub-
units (FSUs) are arranged in linear fashion, like 
links in a chain. Figure 19.27 shows the relation-
ship between tolerance dose and the length of 
cord irradiated in the rat. For short lengths of 
cord, below 1 cm, tolerance in terms of white 
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FIGURE 19.27  The dependence of spinal cord tol-
erance on the length of cord irradiated in the rat. For 
short lengths of cord, shorter than about 1 cm, tolerance 
for white matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular injury 
shows less dependence on cord length. Beyond a few 
centimeters, the tolerance dose is virtually independent 
of the length of cord irradiated. (Adapted from van der 
Kogel AJ. Central nervous system radiation injury in 
small animal models. In: Gutin PH, Leibel SA, Sheline GE, 
eds.  Radiation Injury to the Nervous System. New York, NY: 
Raven Press; 1991;91–112, with permission.)
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ulceration in a smaller area. In other words, al-
though the severity of a skin reaction is relatively 
independent of the area irradiated because heal-
ing occurs by regeneration of surviving clono-
gens scattered throughout the treated area, the 
tolerability is not. Therefore, there is a volume 
effect in clinical practice, but it is not based on an 
increased probability of injury as it is in tissues in 
which FSUs are arranged serially.

■ RADIATION PATHOLOGY OF TISSUES

As previously stated, the response of a tissue or 
organ to radiation depends primarily on three fac-
tors: (1) the inherent sensitivity of the individual 
cells, (2) the kinetics of the tissue as a whole of 
which the cells are a part, and (3) the way the cells 
are organized in that tissue. These factors combine 
to account for the substantial variation in response 
to radiation characteristic of different tissues.

In the case of tissues composed of highly 
differentiated cells performing specialized func-
tions, cell survival curves (Chapter 3) are largely 
irrelevant, because these cells have no mitotic 
future. Little information is available at the cel-
lular level concerning the effects of radiation on 
differentiated cells. All that can be said is that, in 
general, the amount of radiation needed to de-
stroy the functioning ability of a differentiated 
cell is far greater than that necessary to stop the 
mitotic activity of a dividing cell.

A closed static population, composed entirely 
of mature differentiated cells, is therefore very re-
sistant to radiation. In the case of self-renewing 
tissues, the Achilles heel is the dividing cell: Loss 
of reproductive ability in an appreciable fraction 
of these cells occurs after a moderate dose of a 
few grays. Whether the tissue or organ as a whole 
 appears to be affected to a small or large extent—
and is consequently labeled as sensitive or resis-
tant—depends on the extent to which the tissue 
involved can continue to function adequately with 
a reduced number of cells.

Another factor that is evident from even this 
most elementary consideration of population ki-
netics is that the time interval between the de-
livery of the radiation insult and its expression in 
tissue damage is very variable for different popu-
lations. This time interval is determined by the 
normal life span of the mature functional cells and 
the time it takes for a cell “born” in the stem cell 
compartment to mature to a functional state. For 

of f unctional i mpairment with increasing dose—
rather than a binary, all-or-nothing response.

Skin and mucosa have no well-defi ned FSUs, 
but respond in a way similar to tissues where the 
FSUs are in parallel. They do not show a volume 
effect at lower levels of injury at which healing 
can occur from surviving clonogens scattered 
throughout the treatment volume. This seem-
ingly should be true for the skin or mucosa in 
which a volume effect would not be expected 
on radiobiologic grounds; however, this is never 
quite true in practice, because if a larger area of 
skin or mucosa is ulcerated, the prolonged heal-
ing time plus the increased potential for infec-
tion are more debilitating than similarly severe 
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FIGURE 20.1  Relationship between dose and 
probability of complications for different types of nor-
mal tissues. Curve A relates to a normal tissue in which 
the functional subunits are not arranged serially regard-
less of whether one or all subunits are exposed (i.e., re-
gardless of fi eld size). It also applies to a  normal tissue in 
which functional subunits are arranged  serially if only 
one subunit is exposed (i.e., if the fi eld is small). Note 
that the curve is relatively shallow (i.e., the probabil-
ity of a complication rises relatively slowly with dose). 
Curves B and C refer to a tissue with serially a rranged 
functional subunits; the complication curve gets 
steeper and moves to lower doses as the treatment fi eld 
size increases. For example, curves B and C, respectively, 
relate to 4 or 16 functional subunits exposed. (Note that 
the position of the curves in relation to the abscissae 
is arbitrary, resulting from two assumptions: that there 
is an e ffective D0 of 4 Gy for a survival curve for cells 
exposed to multiple doses of 2 Gy, and that 58 Gy in 
2-Gy fractions sterilizes 10% of the functional subunits.) 
(Adapted from Withers HR, Taylor JMG,  Maciejewski 
B. Treatment volume and tissue tolerance. Int J Radiat 
Oncol Biol Phys. 1988;14:751–759, with permission.)
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Peripheral Nerves

Radiation injury of peripheral nerves probably 
is more common than effects on spinal cord

It is thought to be more radioresistant than 
spinal cord or brain, but there are few data to 
support this

TD5/5 is 60 Gy/2 Gy fx, and probability of 
injury rises steeply with increasing dose



CNS and PNS

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)*

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Brain Whole organ 3D-CRT Symptomatic necrosis Dmax <60 <3 Data at 72 and 90 Gy, extrapolated
from BED modelsWhole organ 3D-CRT Symptomatic necrosis Dmax = 72 5

Whole organ 3D-CRT Symptomatic necrosis Dmax = 90 10

Whole organ SRS (single fraction) Symptomatic necrosis V12 <5–10 cc <20 Rapid rise when V12 > 5–10 cc

Brain stem Whole organ Whole organ Permanent cranial
neuropathy or necrosis

Dmax <54 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

D1–10 cck #59 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

Dmax <64 <5 Point dose <<1 cc

Whole organ SRS (single fraction) Permanent cranial
neuropathy or necrosis

Dmax <12.5 <5 For patients with acoustic tumors

Optic
nerve / chiasm

Whole organ 3D-CRT Optic neuropathy Dmax <55 <3 Given the small size, 3D CRT is often
whole organzzWhole organ 3D-CRT Optic neuropathy Dmax 55–60 3–7

Whole organ 3D-CRT Optic neuropathy Dmax >60 >7-20

Whole organ SRS (single fraction) Optic neuropathy Dmax <12 <10

Spinal cord Partial organ 3D-CRT Myelopathy Dmax = 50 0.2 Including full cord cross-section
Partial organ 3D-CRT Myelopathy Dmax = 60 6
Partial organ 3D-CRT Myelopathy Dmax = 69 50

Partial organ SRS (single fraction) Myelopathy Dmax = 13 1 Partial cord cross-section irradiated
Partial organ SRS (hypofraction) Myelopathy Dmax = 20 1 3 fractions, partial cord cross-section

irradiated

Cochlea Whole organ 3D-CRT Sensory neural hearing loss Mean dose #45 <30 Mean dose to cochlear, hearing at 4
kHz

Whole organ SRS (single fraction) Sensory neural hearing loss Prescription dose #14 <25 Serviceable hearing

Parotid Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <25 <20 For combined parotid glands{

Unilateral whole
parotid gland

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <20 <20 For single parotid gland.
At least one parotid gland spared to
<20 Gy{

(Continued )
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
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 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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 Injury TD5/5, Gy TD50/5, Gy Field Size

 Growing cartilage,  Growth arrest, dwarfi ng 10 30 Whole
  child bone
 Mature cartilage, Necrosis, fracture, sclerosis 60 100 Whole
  adult bone  60 100 10 cm2

 Eye
  Retina Blindness 45 65 Whole
  Cornea  50 6 Whole
  Lens Cataract 10 18 Whole
 Endocrine
  Thyroid Hypothyroidism 45 150 Whole
  Adrenal Hypoadrenalism 60 — Whole
  Pituitary Hypopituitarism 45 200 Whole
 Peripheral nerves Neuritis 60 100  —
 Ear
  Middle Serous otitis 30 40 No volume 
     effect
  Vestibular Meniere syndrome 60 70  —
Class III organs
 Muscle
  Child Atrophy 20 40 Whole
  Adult Fibrosis 60 80 Whole
 Lymph nodes Atrophy, sclerosis 50 70 Whole node
  and lymphatics
 Large arteries Sclerosis 80 100 10 cm2

  and veins
 Uterus Necrosis, perforation 100 200 Whole
 Vagina Ulcer, fi stula 90 100 Whole
 Breast
  Child No development 10 15 Whole
  Adult Atrophy, necrosis 50 100 Whole
Based on a combination of Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 
1968; and Emami B, Lyman J, Broun A, et al. Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–122, with permission. Table compiled by Dr. Richard Miller. The fi gures in this table are a guide only.  

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities (Continued)
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CNS & PNS – Case Study 

Metastatic breast cancer

3750 cGy/15 fractions

Jan 2017 

Oct 2018

Significant Cognitive 
Decline



Hippocampal Avoidance Whole Brain 
Radiotherapy

Hippocampus is a small part of the 
brain that plays a key role in 
learning, memory and spatial 
awareness 

HA-WBRT better preserves cognitive function 



CNS & PNS – Case Study 
Lung cancer with brain metastases
3000 cGy in 10 fractions
Completed 05/2020

~ 1.5 years later, he lost vision in R eye; 
subsequently he became blind also in 
the left eye

MRI showed 
enhancement of the 
optic nerves 

Treated with Avastin, Pentoxifylline and Vitamin E 
with no improvement

Optic Neuritis



Question 1

Radiation effects in the nervous system typically arise 
as a consequence of damage to:
A. Axons
B. Neurons
C. Oligodendrocytes and glial cells
D. The perikaryon
E. Dendrites 



Question 2

The TD5  as a function of length of spinal cord irradiated: 
A. decreases as a linear function of increasing cord length. 
B. initially decreases with increasing cord length, and then 

remains relatively constant for higher total doses. 
C. increases steeply for lengths greater than approximately 

10 cm. 
D. decreases with decreasing cord length. 
E. increases with cord length before reaching a plateau. 
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matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular 
injury shows less dependence on cord length. 
Beyond a few centimeters, the tolerance is vir-
tually independent of the length of cord irradi-
ated. This would be predicted from the linear 
arrangement of the functional subunits. A chain 
is broken whether one, two, three, or more links 
are removed.

Retreatment after Long Time Intervals

The spinal cord does recover to some extent 
after long time periods following irradiation. 
The extent of the recovery depends, of course, 
on the fi rst treatment—that is, what fraction of 
tolerance was involved. Experiments with rats 
indicate that after an initial treatment to 50% 
tolerance, the retreatment tolerance approaches 
90% of the tolerance of the untreated control 
group by about a year after the initial irradia-
tion. If the initial treatment represented a larger 
fraction of tolerance, the retreatment that can be 
tolerated is reduced.

■  INFERRING THE RATIO !/" FROM 
MULTIFRACTION EXPERIMENTS IN 
NONCLONOGENIC SYSTEMS

The parameters of the dose-response curve for 
any normal tissue system for which a functional 
end point can be observed may be inferred by 
performing a multifraction experiment. Take, for 
example, an experiment in which mouse foot skin 
reaction is scored. Doses that result in the same 
skin reaction (e.g., moist desquamation of more 
than 50% of the area irradiated) if delivered as a 
single exposure in a multifraction regimen (e.g., 
5, 10, or 20 fractions) must be determined ex-
perimentally. Several assumptions must be made 
as follows:

 1. The dose–response relationship is repre-
sented adequately by the LQ formulation:

S ! e"!D""D2

  in which S is the fraction of cells surviving a 
dose, D, and ! and " are constants.

 2. Each dose in a fractionated regimen pro-
duces the same biologic effect.

 3. Full repair of sublethal damage takes place 
between dose fractions, but no cell prolifera-
tion occurs.

an isoeffect curve calculated for the very low 
!/" value of 1.5 Gy. The experimental data 
suggest that the linear quadratic (LQ) model 
o verestimates the tolerance for small doses per 
fraction of less than 2 Gy. However, this may be 
a result of incomplete repair, because in these 
experiments, the interfraction interval was only 
4 hours. There is good reason to believe that 
repair of sublethal damage takes place slowly in 
this normal tissue, and indeed, repair may be 
 biphasic, with “fast” and “slow” components. 
For this reason, if multiple doses per day are 
used to the spinal cord, the interfraction inter-
val should be at least 6 to 8 hours.

Volume Effects

The total volume of irradiated tissue usually is 
assumed to have an infl uence on the develop-
ment of tissue injury. The spinal cord is perhaps 
the clearest case in which the functional sub-
units (FSUs) are arranged in linear fashion, like 
links in a chain. Figure 19.27 shows the relation-
ship between tolerance dose and the length of 
cord irradiated in the rat. For short lengths of 
cord, below 1 cm, tolerance in terms of white 
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FIGURE 19.27  The dependence of spinal cord tol-
erance on the length of cord irradiated in the rat. For 
short lengths of cord, shorter than about 1 cm, tolerance 
for white matter necrosis shows a marked dependence 
on the length of cord irradiated. Late vascular injury 
shows less dependence on cord length. Beyond a few 
centimeters, the tolerance dose is virtually independent 
of the length of cord irradiated. (Adapted from van der 
Kogel AJ. Central nervous system radiation injury in 
small animal models. In: Gutin PH, Leibel SA, Sheline GE, 
eds.  Radiation Injury to the Nervous System. New York, NY: 
Raven Press; 1991;91–112, with permission.)
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Question 3

The tolerance dose 5% in 5 yrs (TD5/5) and 50% in 5 
yrs (TD50/5) necrosis of brain tissue is best represented 
by which of the following doses?
A. 24Gy and 36Gy respectively
B. 36Gy and 45Gy respectively
C. 45Gy and 60Gy respectively
D. 57Gy and 68Gy respectively

Doses not specifically mentioned in the slides are not going to be on the exam



Question 4
Which of the following statements concerning irradiation of the CNS is FALSE? 
A. Selective damage to gray matter would preclude radiation as the cause of 

injury 
B. Demyelination and white matter necrosis are common manifestations of 

radiation-induced injury to the CNS 
C. Oligodendrocytes and vascular endothelial  cells are considered to be the 

principal target cells for radiation-induced damage to the CNS 
D. Most forms of radiation injury to the CNS are characterized by distinct 

pathognomonic characteristics specific to radiation-induced damage 
E. Cognitive deficits are a late effect seen in both children and adults 

Medical residents only



Question 5
Which of the following statements concerning the late radiation effects of the brain 
is FALSE? 
A. The classical late radiation effect in the brain is localized necrosis generally 

limited to the involved white matter, with focal coagulative necrosis and 
demyelination as dominant features

B. Symptoms of late radiation effects include motor, sensory and/or 
speech/receptive deficits, seizures and symptoms of increased intracranial 
pressure 

C. The “somnolence syndrome” is observed 1-6 months post-radiation
D. During the 3-6 month period following completion of RT, a general neurologic 

deterioration may occur that results from transient, diffuse demyelination
E. Arterial cerebrovasculopathy is commonly observed

Medical residents only



Question 6 

The cells thought to be responsible for radiation-
induced cognitive dysfunction reside in:
A. Medulla oblongata
B. Cerebral cortex
C. Substantia nigra
D. Hippocampus
E. Hypothalamus 



Cute Honey



Testes

74 days



Testes
Self-renewal system: spermatogonia ® spermatocytes ® 
spermatids ® spermatozoa
Latent period b/w irradiation and sterility
Oligospermia and reduced fertility: 0.1- 0.15 Gy
Azoospermia and temporary sterility: 0.5 Gy
Recovery is dose dependent 
Permanent sterility
      6 Gy – single dose
      2.5-3 Gy, fractionated, 2-4 wks
Induction of sterility does not affect hormone balance, libido, or 
physical capability (because Leydig cells are radioresistant)

Chapter 11

Note that fractionated dose or continuous LDR irradiation is more effective than a single 
acute exposure 

Clamshell



Testes

Chemotherapy and Sterility

A number of cytotoxic drugs have substantial effects on spermatogenesis

The alkylating agents included in the MOPP regimen used for Hodgkin’s 
disease in the past led to sterility in almost all patients

The drugs were given over the course of several months, therefore, 
simulated LDR radiation, killing stem cells as they came into cycle 



Ovaries

After the fetal stage, oocytes no 
longer divide
D0 of oocyte ~ 0.12 Gy

Hormonal secretion is associated with 
follicular maturation



Ovaries
By 3 days after birth, all cells progressed to primary oocyte stage; no further 
cell division

Neither latent period nor temporary sterility in females 

Radiation can induce permanent ovarian failure; marked age dependence

Permanent sterility
      12 Gy – prepuberty
      2 Gy, premenopausal

Radiation sterility produces hormonal changes like those seen in natural 
menopause



Female Genitalia
Vulva

The skin of vulva reacts like skin elsewhere, but clinical 
tolerance is lower because of friction and moisture 

Vagina
Acute – erythema, moist desquamation, confluent 
mucositis
Late – atrophic mucosa, necrosis, ulceration (90 Gy), 
fistula (100 Gy)

Cervix & Uterus
Dose may reach 200 Gy with intracavitary treatments
Late effects include atrophy of the endometrial glands 
and stoma, ulceration



Testes, Ovaries Female Genitalia
Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Rectum Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V50 <50% <15
<10

Prostate cancer treatment

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V60 <35% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V65 <25% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V70 <20% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V75 <15% <15
<10

Bladder Whole organ 3D-CRT Grade $ 3 late RTOG Dmax <65 <6 Bladder cancer treatment.
Variations in bladder size/shape/
location during RT hamper ability to
generate accurate data

Whole organ 3D-CRT Grade $3 late RTOG V65 #50 % Prostate cancer treatment
Based on current RTOG 0415

recommendation
V70 #35 %
V75 #25 %
V80 #15 %

Penile bulb Whole organ 3D-CRT Severe erectile dysfunction Mean dose to
95% of gland <50

<35

Whole organ 3D-CRT Severe erectile dysfunction D90k <50 <35
Whole organ 3D-CRT Severe erectile dysfunction D60-70 <70 <55

Abbreviations: 3D-CRT = 3-dimensional conformal radiotherapy, SRS = stereotactic radiosurgery, BED = Biologically effective dose, SBRT = stereotactic body radiotherapy, RILD = radi-
ation-induced liver disease, RTOG = Radiation Therapy Oncology Group.

* All data are estimated from the literature summarized in the QUANTEC reviews unless otherwise noted. Clinically, these data should be applied with caution. Clinicians are strongly advised
to use the individual QUANTEC articles to check the applicability of these limits to the clinical situation at hand. They largely do not reflect modern IMRT.
y All at standard fractionation (i.e., 1.8–2.0 Gy per daily fraction) unless otherwise noted. Vx is the volume of the organ receiving $ x Gy. Dmax = Maximum radiation dose.
z Non-TBI.
x With combined chemotherapy.
k Dx = minimum dose received by the ‘‘hottest’’ x% (or x cc’s) of the organ.
{ Severe xerostomia is related to additional factors including the doses to the submandibular glands.
** Estimated by Dr. Eisbruch.
yy Classic Radiation induced liver disease (RILD) involves anicteric hepatomegaly and ascites, typically occurring between 2 weeks and 3 months after therapy. Classic RILD also involves

elevated alkaline phosphatase (more than twice the upper limit of normal or baseline value).
zz For optic nerve, the cases of neuropathy in the 55 to 60 Gy range received z59 Gy (see optic nerve paper for details). Excludes patients with pituitary tumors where the tolerance may be

reduced.
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Female Genitalia – Case Study 
Locally advanced vulva cancer with vaginal 
involvement

4500 cGy/ 25 fx 2250 cGy/5 fx BID

Completed treatment 9/2012

§ Pain from the radiation damage to 
her vulva. 

§ Still smoking 1 pack per day
§ Diffusely indurated and mildly 

erythematous with lymphedema 
changes, woody throughout

§ Vagina narrowed to ~1 cm with 
woody induration and irregularly 
contoured

§ Extensive radiation changes 
throughout vulva and groin area

§ Superior aspect of gluteal fold with 
some skin breakdown

9/2018 Follow Up



Question
Which of the following statements is CORRECT concerning the effects 
of radiation on the gonads? 
A. Older women are more sensitive to radiation-induced sterility than 

younger women. 
B. An acute dose of 3 Gy can both destroy the gametogenic epithelium 

and eliminate the production of sex hormones in adult men. 
C. Spermatids and spermatozoa are quite radiosensitive whereas 

spermatogonia are relatively radioresistant. 
D. A minimum waiting period of 5 years is recommended for both men 

and women before attempting procreation following radiotherapy, in 
order to reduce the risk of radiation-induced genetic effects. 

E. If sterility in the male is not produced within the first month after the 
start of radiotherapy, it is unlikely to ever occur. 



Blood Vessels and the Vascular Systems
Endothelium

Low proliferation under normal 
circumstance

Regions of constriction appear because 
of the abnormal proliferation of surviving 
cells 

Denudation of the endothelium leads to 
the formation of thrombosis and 
capillary necrosis 

Smooth Muscle Cells

Low proliferation ® takes several 
years for the number of cells to 
diminish significantly following 
radiation

Muscle cells are replaced by collagen 
fibers ® vessel walls lose their 
elasticity and blood flow is diminished



Blood Vessels and the Vascular System

Effects of radiation on blood vessels are important because late 
effects of many organs have a vascular component

Artery – damage may occur after 50-70 Gy
Veins – in general are less sensitive to radiation than arteries 
Capillaries – damaged by 40 Gy
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 Injury TD5/5, Gy TD50/5, Gy Field Size

 Growing cartilage,  Growth arrest, dwarfi ng 10 30 Whole
  child bone
 Mature cartilage, Necrosis, fracture, sclerosis 60 100 Whole
  adult bone  60 100 10 cm2

 Eye
  Retina Blindness 45 65 Whole
  Cornea  50 6 Whole
  Lens Cataract 10 18 Whole
 Endocrine
  Thyroid Hypothyroidism 45 150 Whole
  Adrenal Hypoadrenalism 60 — Whole
  Pituitary Hypopituitarism 45 200 Whole
 Peripheral nerves Neuritis 60 100  —
 Ear
  Middle Serous otitis 30 40 No volume 
     effect
  Vestibular Meniere syndrome 60 70  —
Class III organs
 Muscle
  Child Atrophy 20 40 Whole
  Adult Fibrosis 60 80 Whole
 Lymph nodes Atrophy, sclerosis 50 70 Whole node
  and lymphatics
 Large arteries Sclerosis 80 100 10 cm2

  and veins
 Uterus Necrosis, perforation 100 200 Whole
 Vagina Ulcer, fi stula 90 100 Whole
 Breast
  Child No development 10 15 Whole
  Adult Atrophy, necrosis 50 100 Whole
Based on a combination of Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 
1968; and Emami B, Lyman J, Broun A, et al. Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–122, with permission. Table compiled by Dr. Richard Miller. The fi gures in this table are a guide only.  

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities (Continued)
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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Question 
Which of the following statements concerning radiation-induced damage to the 
microvasculature is INCORRECT? 
A. Classic pathologic features of radiation damage to blood vessels include 

telangiectasia, “sausaging” and blebbing. 
B. Historically, vascular endothelial cells are considered the target cells for vascular 

injury, however, damage to adventitial fibroblasts and medial smooth muscle cells 
may also play significant roles. 

C. The order of sensitivity of blood vessel is: capillaries; arterioles; small-medium 
arteries; large arteries. 

D. Due to the slow turnover kinetics of vascular endothelial cells, subcellular changes in 
these cells are generally not seen until approximately 6-12 months after irradiation. 

E. Bone marrow transplantation can result in pulmonary and hepatic veno-occlusive 
disease. 

Medical residents only



Answer

n Despite having cell turnover times that can be as 
long as months, changes in vascular endothelial 
cells, including alterations in the basement 
membrane and rough endoplasmic reticulum, have 
been seen within hours of irradiation. 



Heart
Radiation tolerance – heart is intermediate b/w 
the kidney and lung and the CNS

Heart is a late-responding organ with a/b ratio of 1 Gy 
® fractionation leads to substantial sparing 

Late Effects

Pericarditis  
Symptoms – chest pain, shortness of breath, low-
grade fever
Tolerance dose & volume effect – 20 Gy if more 
than 50% of the heart irradiated; higher for partial 
exposure

Cardiomyopathy 
Results from dense and diffuse fibrosis
Tolerance dose & volume effect – 30 Gy to most of 
the heart may reduce cardiac function; protection of 
part of the heart greatly reduces the incidence

The most radiosensitive cells of the heart are 
the endothelial cells lining the 
cardiovascular capillaries, while the most 
resistant cells are the cardiac myocytes

The adult cardiomyocytes has ~ 0.5% yearly 
turnover after 40 years of age, but the 
majority of lost or damaged cardiomyocytes 
will not be replenished after injury.



Heart

pneumonitis and esophagitis), acute toxicity of thoracic
radiation therapy. Although acute pericarditis can occur within
days to weeks of beginning radiation therapy, late pericardial
disease manifests at a median of 5-7 months after radiotherapy
and can include chronic pericardial effusions, late constrictive
pericarditis frompericardialfibrosis, and cardiac tamponade.53

Until recently, however, other late cardiac toxicities were not
thought to be clinically relevant for thoracic cancers such as
lung cancer and esophageal cancer. In contrast, there are
considerable data on late cardiac toxicities occurring several
years to decades after thoracic irradiation for pediatric tumors,
Hodgkin lymphoma, and breast cancers.54-56 These patients
have been reported to have radiation-induced cardiac toxicities
of the muscle, electrical conduction system, valves, and
vasculature.57 The Table details a more extensive list of
radiation-induced cardiac toxicities that can be observed.
Given the generally very poor survival associated with

thoracic tumors such as LA-NSCLC, LS-SCLC, malignant
pleural mesothelioma, esophageal cancer, and thymic carci-
noma, few patients are alive years to decades later to manifest
these potential toxicities. Because of this and the fact that
radiation-induced pneumonitis has been dose limiting and
associated with fatalities from treatment and that radiation-
induced esophagitis has most notably affected quality of life
during treatment, little priority to date has been placed on
minimizing cardiac doses during the treatment of these
aggressive thoracic malignancies.58

Despite this, nonpericarditis cardiac events have long been
known to occur in patients with LA-NSCLC. For instance,
2.4%of patients treated onRTOG94-10were scored as having
grade Z3 cardiac toxicities.12 This risk was reinforced in a
population-based analysis showing independently increased
risks of cardiac pathologies in patients with lung cancer who
received radiation therapy.59 Furthermore, among patients
with LA-NSCLC undergoing surgery, adjuvant radiation
therapy has been reported in multiple studies to be associated
with an increased risk of death from intercurrent causes that
are most likely attributable to cardiac and pulmonary toxicities
from treatment.60-63

There has been recent recognition that the rate of major
coronary events increases linearly with mean heart dose, with
no apparent threshold, based on findings by Darby et al from a
population-based case-control study of major coronary events
(myocardial infarction, coronary revascularization, or death
from ischemic heart disease) in 2168 women who received
radiotherapy for breast cancer in Sweden and Denmark.
Interestingly, that increase in cardiac events started within

thefirst 5 years after radiotherapy and occurred inwomenwith
and without pretreatment cardiac risk factors.55

Most pivotal to the current thinking of cardiac toxicities in
thoracic malignancies today is the recently reported RTOG
0617 trial showing that cardiac dose was an independent
predictor of overall survival on multivariate analysis. Although
cases of cardiac-induced mortality were not thoroughly
recorded for that study, the authors reported that “heart dose
might best explain why patients given 74 Gy did worse than
patients given the 60 Gy,” as heart doses were significantly
higher in patients receiving 74 Gy compared with 60 Gy.20

Given that the survival curves clearly began to separate to
reveal a survival decrement among patients receiving 74 Gy by
as early as 6months, it is possible that additional cardiac events
beyond just pericarditis are occurring at a very early time point
and are leading to an excess of radiation-induced cardiac
mortalities.
This persistent and accelerated appearance of potential

cardiac toxicities in RTOG 0617, a study in which approx-
imately half of all patients received IMRT, is, in contrast with
findings by Lally et al62 that there was an increase in cardiac
mortality among patients treated with radiation therapy using
older radiation techniques, but that this cardiac mortality was
no longer seen in more modern series after the widespread
adoption of computed tomography–based planning. The
findings of RTOG 0617 are, however, similar to those of other
recent retrospective analyses. In a large single-institution report
fromWashington University, cardiac dose was found to be an
independent predictor of overall survival in LA-NSCLC.64 In a
pooled retrospective analysis of patients with LA-NSCLC
treated on any of 6 prospective radiation dose-escalation
clinical trials at the University of North Carolina, 23% of
patients had one or more cardiac events at a median of 26
months from radiotherapy, with heart radiation dose associ-
ated with cardiac events on multivariate analysis.65

The mechanism of radiation-induced cardiac toxicity is not
clearly defined and is likely multifactorial. Radiation effects on
the cardiac vasculature or small vessels or the other cardiac
functionalities may be accentuated in elderly patients and in
those with preexisting cardiac risk factors. Patients with lung
and esophageal cancer may be susceptible to earlier radiation-
induced cardiac damage due to the higher doses received by
the heart for those malignancies compared with breast cancer
or lymphoma, and also patients with lung and esophageal
cancer tend to present at a more advanced age and with more
preexisting cardiac risk factors.58 It is also unclear if the receipt
of concurrent vs sequential chemoradiation affects the rate of

Table Radiation-Induced Cardiac Toxicities

Disease Spectrum Manifestation and Symptoms

Autonomic dysfunction Circadian rhythm loss, heart rate variability, and loss of angina pain perception
Cardiomyopathy Fibrosis, reduced ejection fraction, diastolic or systolic dysfunction or both, and pulmonary hypertension
Conduction system Bundle-branch block, complete heart block, ventricular ectopic activity, and arrhythmias
Coronary artery Accelerated atherosclerosis and risk of ischemia
Pericarditis Effusions, constrictive pericarditis, and cardiac tamponade
Valvular Regurgitation and stenosis
Vascular Pulmonary artery stenosis and hypoplasia, aortic fibrosis

C.B. Simone II374

Downloaded for Anonymous User (n/a) at University of Minnesota from ClinicalKey.com by Elsevier on September 07, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.

Pericarditis can occur within days to weeks of beginning radiation therapy
Late pericardial disease manifests at a median of 5-7 months after radiation

Major coronary events increases linearly with mean heart dose, with no 
apparent threshold

Simone 2017; Semin Radiat Oncol 27: 370-377



Heart

proliferating, highly differentiated tissues are resistant to ionizing radiation
[26]. The adult heart was long considered to be unable to regenerate once fully
developed, and as such has been viewed as a radioresistant organ. Despite this,
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Fig. 1. Mechanisms driving radiation-induced cardiotoxicity.
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Mechanisms

§ Inflammatory pathways
§ DNA damage response
§ Chronic oxidative stress
§ Chronic hypoxia
§ Epigenetic regulation
§ Telomere extension

Mechanism of Radiation-Induced Fibrosis

Spetz 2018; Curr Treat Options Cardio Med 20: 31



Heart 
Effect of Chemotherapy

Adriamycin increases the severity of radiation-induced cardiac complications

In addition, adriamycin may reveal latent radiation damage many years after radiation therapy 
(this is known as “radiation recall”)

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <39 <50 For combined parotid glands (per
Fig. 3 in paper) {

Pharynx Pharyngeal
constrictors

Whole organ Symptomatic dysphagia and
aspiration

Mean dose <50 <20 Based on Section B4 in paper

Larynx Whole organ 3D-CRT Vocal dysfunction Dmax <66 <20 With chemotherapy, based on single
study (see Section A4.2 in paper)

Whole organ 3D-CRT Aspiration Mean dose <50 <30 With chemotherapy, based on single
study (see Fig. 1 in paper)

Whole organ 3D-CRT Edema Mean dose <44 <20 Without chemotherapy, based
on single study in patients without
larynx cancer**Whole organ 3D-CRT Edema V50 <27% <20

Lung Whole organ 3D-CRT Symptomatic pneumonitis V20 # 30% <20 For combined lung. Gradual dose
response

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 7 5 Excludes purposeful whole lung
irradiationWhole organ 3D-CRT Symptomatic pneumonitis Mean dose = 13 10

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 20 20
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 24 30
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 27 40

Esophagus Whole organ 3D-CRT Grade $3 acute esophagitis Mean dose <34 5–20 Based on RTOG and several studies

Whole organ 3D-CRT Grade $2 acute esophagitis V35 <50% <30 A variety of alternate threshold doses
have been implicated.

Appears to be a dose/volume responseWhole organ 3D-CRT Grade $2 acute esophagitis V50 <40% <30
Whole organ 3D-CRT Grade $2 acute esophagitis V70 <20% <30

Heart Pericardium 3D-CRT Pericarditis Mean dose <26 <15 Based on single study
Pericardium 3D-CRT Pericarditis V30 <46% <15

Whole organ 3D-CRT Long-term cardiac mortality V25 <10% <1 Overly safe risk estimate based on
model predictions

(Continued )
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
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Class II organs
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  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
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     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
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Question 1

Which one of the following statements regarding radiation-induced heart 
disease (RIHD) is FALSE? 
A. The α/β ratio for pericarditis is approximately 8 Gy. 
B. The most radiosensitive cells of the heart are the endothelial cells 

lining the cardiovascular capillaries, while the most resistant cells are 
the cardiac myocytes. 

C. Fraction size, total dose and volume are all factors that can affect the 
tolerance dose for RIHD. 

D. A number of studies have shown that patients <20 years and >60 
years of age have an increased risk of developing RIHD. 

E. Anthracyclines combined with radiation enhance cardiotoxicity 
compared to radiation alone.

1 Gy



Question 2

Which of the following conditions is NOT an expected 
manifestation of radiation-induced heart disease? 
A. Accelerated coronary atherosclerosis 
B. Hypertrophic cardiomyopathy 
C. Cardiac fibrosis 
D. Pericarditis 
E. Cardiac myocyte degeneration 



Question 3
Which of the following statements concerning the effects of radiation on the heart is 
TRUE? 
A. Radiation associated valvular disease is rare in patients receiving ≥ 35 Gy to the 

heart. 
B. In the absence of concurrent chemotherapy, cardiomyopathy is observed during or 

shortly after the completion of radiotherapy 
C. An increased incidence of cardiovascular disease among Hodgkin’s disease survivors 

who received mediastinal radiotherapy has not been observed 
D. The critical structure associated with the pathogenesis of radiation-induced heart 

disease appears to be the endothelial lining of blood vessels 
E. An excess relative risk for myocardial infarction has been detected in the Japanese 

atomic bomb survivors, but only among those who received doses greater than 10 Gy 



Question 4
With respect to radiation-induced heart disease (RIHD), which one of the 
following statements is FALSE? 
A. Individuals 20-65 years of age have a lower risk for the development of 

radiation-induced coronary artery disease compared with other age groups 
B. The parietal pericardium may be damaged by radiation therapy, with the 

injury typically presenting as an increased thickness of the fibrous layer 
C. The risk of pericarditis increases with increasing dose per fraction 
D. The majority of cardiac complications observed are consistent with the 

hypothesis that the most radiosensitive cells are the cardiomyocytes 
E. Cardiac effects are described as “delayed”, and typically appear months to 

years after radiotherapy 



Bone and Cartilage
Children

Doses as low as 10 Gy can slow growth

Doses above 20 Gy can close growth plate

Sequelae are particularly serious in children younger than 2 years 
of age, and radiation can affect stature adversely up to the time of 
the puberty

Include entire vertebral 
body in treatment field

230 T. Rackwitz and J. Debus / Seminars in Oncology 46 (2019) 226–232 
a complete re-resection is difficult to achieve. Since definitive or 
postoperative radiotherapy is already part of most primary therapy 
regimes, patients with tumor relapses often require reirradiation. 50 
Acceptable doses in the organs-at-risk have often already been 
administered with the primary irradiation, making it very difficult 
to administer adequate salvage therapy with classical photon- 
based approaches. Proton and carbon ion therapy, because of 
their steeper dose gradients, are viable options helping to deliver 
sufficient doses for a successful reirradiation. A study published 
by Romesser et al investigated the effects of proton beam radio- 
therapy on recurring head and neck cancers. 51 They analyzed a 
cohort of 92 patients treated between 2011 and 2014 in the United 
States of America. The median time between initial radiotherapy 
and proton beam reirradiation was 33.4 months and the median 
dose was 60.6 Gy (RBE). They reported an overall survival rate 
after 1 year of 65.2%, with locoregional failure of only 25.1%. The 
principal higher-grade acute toxicities during treatment were dys- 
phagia, mucositis, and esophagitis. Among the higher-grade late 
toxicities, skin reactions and dysphagia were most common and 2 
patients died of major bleeding during follow-up. 51 A regimen was 
published by McDonald et al in 61 patients receiving proton-beam 
reirradiation. 52 In this group, the estimated overall survival after 2 
years was 32.7%, with distant metastasis (38.3%) and local failure 
(19.7%) the main prognosis-limiting factors. Higher-grade acute 
toxicities occurred in 14.7% of the patients, with mucositis and 
skin reactions the main causes and late toxicities were observed 
in 24.6% of the patients including 2 grade V reactions (meningitis 
and clival necrosis). Gao et al published an analysis of 141 patients 
previously irradiated with photons who were treated with carbon 
ions after suffering a relapse of their head and neck tumor. 53 Pa- 
tients received a median total dose of 60 Gy (RBE) with time after 
the initial irradiation over 11 months. One-year local control rates 
were 84.9% and overall survival was 95.5%. Only 1 patient suffered 
a grade III acute toxicity (hemorrhage), however late toxicities 
occurred in 10% of the patients including 4 patients with fatal 
hemorrhage after mucosal necrosis. 53 These studies show that 
carbon ion radiotherapy enables new options in treating recurrent 
head and neck cancers, however side-effects are still a major 
concern and more studies are needed to help find viable doses. 
Pediatric tumors 

Especially in the treatment of children with brain tumors 
such as medulloblastoma, radiotherapy remains an integral part 
of most regimens. However due to the increased radiosensitivity 
of the normal tissue and the long life-expectancy of these chil- 
dren, secondary malignancies are a major concern when using ra- 
diotherapy. Thus, in pediatric patients one of the most important 
aspects in therapy planning is sufficient protection of the sur- 
rounding tissue. Because of this, particle irradiation has found its 
way into many current therapy regimens in pediatric oncology. 
Harrabi et al evaluated the dosimetric advantages of proton-beam 
irradiation in 74 patients with low-grade glioma of which 36 were 
children or young adults under the age of 30 years. 54 The authors 
could show that the utilization of proton beam radiotherapy led 
to a significant reduction of the dosage to vital OARs especially 
on the contralateral side while achieving a similar PTV coverage. 
A clinical investigation of proton treatment of low-grade glioma 
in 174 pediatric patients recently published by Indelicato et al re- 
ported 5-year local control rates of 85% and an overall survival 
of 92%, results which are similar to comparable photon cohorts. 55 
Only 4% of the patients developed higher grade toxicities. To fur- 
ther evaluate the clinical impact of proton irradiation, Yock et al 
performed a quality of life survey of 75 pediatric patients suffer- 
ing from brain tumors treated with either photon or proton ir- 
radiation. 56 By evaluating the health related Quality of Life, they 

Fig. 2. (A) Treatment plan for proton irradiation of a craniospinal axis. (B) MRI-scan 
from the follow-up examination showing corresponding changes in the vertebral 
bodies, illustrating the steep dose gradient achievable with proton beam irradiation. 
could show that children treated with protons scored significantly 
better in the physical and psychosocial subdomains compared to 
those treated with photon therapy. Another common application of 
proton therapy is the craniospinal irradiation of patients suffering 
from medulloblastoma. Due to the large volume being irradiated, 
strategies that limit the surrounding dose are essential to keep the 
risk of secondary malignancies to a minimum. Sakthivel et al used 
risk modeling to compare the risk of developing secondary ma- 
lignancies with different irradiation techniques including conven- 
tional 3D-planning, IMRT, volumetric modulated arc therapy, to- 
motherapy, and proton therapy with pencil beam scanning. 57 They 
reported that both the integral dose as well as the lifetime at- 
tributable risk was substantially lower using proton therapy than 
in all of the photon-based irradiation techniques. Fig. 2 shows an 
example of a patient’s plan for craniospinal irradiation using pro- 
ton beam therapy and a follow-up MRI after 6 months. Comparing 
the calculated plan to the post-therapeutic fatty degeneration in 
the vertebral body gives a good example of the steep dose-gradient 
achievable with protons. 
Prostate adenocarcinoma 

For prostate cancer, definitive radiotherapy is established as an 
alternative to surgery in localized disease. 58 In clinical practice, 
IMRT is used to limit the dose distributed to nearby OARs, espe- 
cially the bladder, rectum, and intestines. However due to its su- 
perior conformity, proton beam therapy has been used recently 
with the hope of lowering the number of side effects even fur- 
ther. A study published by Zietman et al compared the effect of a 
conventional photon therapy (70.2 Gy) versus an escalated therapy 
scheme combining photon radiotherapy (50.4 Gy) with a proton 
boost (28.8 Gy) in 393 patients. 59 They found that patients receiv- 
ing the higher dose showed significantly lower biochemical failure 
after 10 years (16.7 % v 32.3%). Higher grade toxicities were low in 
both therapy arms. Another approach using proton therapy alone 
in 1,255 patients at the Loma Linda University led to biochemical 
disease-free survival rates of 75% and 73% after 5 and 8 years. 60 
Again, higher grade toxicities in those patients were under 1%. At 
the Hyogo Ion Beam Medical Center in Japan, a cohort of 287 pa- 
tients treated with 74 Gy (RBE) protons 61 experienced similar lev- 
els of high-grade toxicity as photon-beam radiotherapy with only 

Craniospinal 
Irradiation w/ 
proton therapy



Bone and Cartilage
Adults

Osteoradionecrosis (discussed earlier)

Fracture – femoral and humeral heads
Irradiating bone leads to loss of osteoblasts and 
osteoclasts responsible for bone maintenance and 
remodeling, causing the bone to become brittle and 
prone to injury 
TD5/5 – 52 Gy
TD50/5 – 65 Gy

fracture of the fibs and clavicles are sometimes 
seen in patients receiving RT for breast cancer
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 Injury TD5/5, Gy TD50/5, Gy Field Size

 Growing cartilage,  Growth arrest, dwarfi ng 10 30 Whole
  child bone
 Mature cartilage, Necrosis, fracture, sclerosis 60 100 Whole
  adult bone  60 100 10 cm2

 Eye
  Retina Blindness 45 65 Whole
  Cornea  50 6 Whole
  Lens Cataract 10 18 Whole
 Endocrine
  Thyroid Hypothyroidism 45 150 Whole
  Adrenal Hypoadrenalism 60 — Whole
  Pituitary Hypopituitarism 45 200 Whole
 Peripheral nerves Neuritis 60 100  —
 Ear
  Middle Serous otitis 30 40 No volume 
     effect
  Vestibular Meniere syndrome 60 70  —
Class III organs
 Muscle
  Child Atrophy 20 40 Whole
  Adult Fibrosis 60 80 Whole
 Lymph nodes Atrophy, sclerosis 50 70 Whole node
  and lymphatics
 Large arteries Sclerosis 80 100 10 cm2

  and veins
 Uterus Necrosis, perforation 100 200 Whole
 Vagina Ulcer, fi stula 90 100 Whole
 Breast
  Child No development 10 15 Whole
  Adult Atrophy, necrosis 50 100 Whole
Based on a combination of Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 
1968; and Emami B, Lyman J, Broun A, et al. Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–122, with permission. Table compiled by Dr. Richard Miller. The fi gures in this table are a guide only.  

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities (Continued)
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Question
All of the following normal tissue complications are of 
concern after high-dose irradiation of a short segment 
of bone, EXCEPT: 
A. osteoradionecrosis 
B. stress fractures 
C. growth retardation after irradiation of epiphyseal  

in children 
D. radiation-induced bone sarcomas 
E. bone marrow failure 
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 Injury TD5/5, Gy TD50/5, Gy Field Size

 Growing cartilage,  Growth arrest, dwarfi ng 10 30 Whole
  child bone
 Mature cartilage, Necrosis, fracture, sclerosis 60 100 Whole
  adult bone  60 100 10 cm2

 Eye
  Retina Blindness 45 65 Whole
  Cornea  50 6 Whole
  Lens Cataract 10 18 Whole
 Endocrine
  Thyroid Hypothyroidism 45 150 Whole
  Adrenal Hypoadrenalism 60 — Whole
  Pituitary Hypopituitarism 45 200 Whole
 Peripheral nerves Neuritis 60 100  —
 Ear
  Middle Serous otitis 30 40 No volume 
     effect
  Vestibular Meniere syndrome 60 70  —
Class III organs
 Muscle
  Child Atrophy 20 40 Whole
  Adult Fibrosis 60 80 Whole
 Lymph nodes Atrophy, sclerosis 50 70 Whole node
  and lymphatics
 Large arteries Sclerosis 80 100 10 cm2

  and veins
 Uterus Necrosis, perforation 100 200 Whole
 Vagina Ulcer, fi stula 90 100 Whole
 Breast
  Child No development 10 15 Whole
  Adult Atrophy, necrosis 50 100 Whole
Based on a combination of Rubin P, Casarett GW. Clinical Radiation Pathology. Vol 1. Philadelphia, PA: WB Saunders; 
1968; and Emami B, Lyman J, Broun A, et al. Tolerance of normal tissue to therapeutic irradiation. Int J Radiat Oncol Biol 
Phys. 1991;21:109–122, with permission. Table compiled by Dr. Richard Miller. The fi gures in this table are a guide only.  

TABLE 20.2 A Compilation of Tissue and Organ Sensitivities (Continued)
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TABLE 20.2 A Compilation of Tissue and Organ Sensitivities

 Injury TD5/5, Gy TD50/5, Gy Field Size

Class I organs
 Bone marrow Aplasia, pancytopenia 2.5  4.5 Whole 
     segment
 Liver Acute and chronic hepatitis 30 40 Whole
  50 55 1/3
 Intestine Obstruction, perforation, fi stula 40 55 Whole
  50 65 1/3 or 1/2
 Stomach Perforation, ulcer, hemorrhage 50 65 Whole
  60 70 1/3
 Brain Infarction, necrosis 45 60 Whole
  60 75 1/3
 Spinal cord Infarction, necrosis 47 — 20 cm
  50 70 5 or 10 cm
 Heart Pericarditis and pancarditis 40 50 Whole
  60 70 1/3
 Lung Acute and chronic 17.5 24.5 Whole
  pneumonitis 45 65 1/3
 Kidney Acute and chronic  23 28 Whole
  nephrosclerosis 50 45 1/3 or 1/2
Class II organs
 Oral cavity Ulceration, mucositis 60 75 50 cm2

  and pharynx
 Skin Acute and chronic dermatitis,  55 65 100 cm2

  telangiectasia
 Esophagus Esophagitis, ulceration 55 50 Whole
  60 70 1/3
 Rectum Ulcer, stenosis, fi stula 60 80 No volume 
     effect
 Salivary glands Xerostomia 32 46 1/3 or 1/2
 Bladder Contracture 65 80 2/3
  80 85 1/3
 Ureters Stricture 70 100 5–10 cm 
     length
 Testes Sterilization 1 2 Whole
 Ovaries Sterilization 2–3 6–12 Whole (age
     dependent)

(Continued)
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Tolerance Dose – Simplified Table 
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The Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) review summarizes the currently
available three-dimensional dose/volume/outcome data to update and refine the normal tissue dose/volume toler-
ance guidelines provided by the classic Emami et al. paper published in 1991. A ‘‘clinician’s view’’ on using the
QUANTEC information in a responsible manner is presented along with a description of the most commonly
used normal tissue complication probability (NTCP) models. A summary of organ-specific dose/volume/outcome
data, based on the QUANTEC reviews, is included. ! 2010 Elsevier Inc.

QUANTEC, NTCP.

INTRODUCTION

Historically, radiation therapy (RT) fields/doses were selected
empirically, based largely on experience. Physicians relied on
clinical intuition to select field sizes/doses. They understood
that these empiric guidelines were imprecise and did not fully
reflect the underlying anatomy, physiology, and dosimetry.

A great promise of three-dimensional (3D) treatment plan-
ning was quantitative correlates of doses/volumes with clin-
ical outcomes. This promise was partly delivered. When 3D
dosimetric information became widely available, guidelines
were needed to help physicians predict the relative safety
of proposed treatment plans, although only limited data
were available. In 1991, investigators pooled their clinical
experience, judgment, and information regarding partial or-
gan tolerance doses, and produced the ‘‘Emami paper’’ (1).
While ‘‘Emami’’ is often criticized, the paper clearly stated
the uncertainties and limitations in its recommendations,
and it is widely admired for addressing a clinical need.

During the last 18 years, numerous studies reported asso-
ciations between dosimetric parameters and normal tissue
outcomes. The QUANTEC (quantitative analysis of normal
tissue effects in the clinic) articles summarize the available

data to update/refine the estimates provided by Emami
et al. A central goal of QUANTEC is to summarize this infor-
mation in a clinically useful manner.

We hope the information will improve patient care by pro-
viding clinicians and treatment planners with tools to esti-
mate ‘‘optimal/acceptable’’ 3D dose distributions. We hope
that at least some of the summary tables, graphs, and models
presented will be reproduced and posted in resident work-
rooms, dosimetry planning areas, and physician offices, as
is currently done with the Emami et al. tables.

The information provided by QUANTEC is not ideal, and
care must be taken to apply it correctly in the clinic. We
herein present a ‘‘clinician’s view’’ on using the QUANTEC
information in a responsible manner, highlighting the diverse
type of limitations of the presented data.

LIMITATIONS INHERENT IN EXTRACTING DATA
FROM THE LITERATURE

The information presented is largely extracted from publi-
cations. Because different investigators often present infor-
mation differently (e.g., actuarial vs. crude complication
rates), pooling data from multiple studies may be inaccurate.
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QUANTEC Summary Table
Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)*

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Brain Whole organ 3D-CRT Symptomatic necrosis Dmax <60 <3 Data at 72 and 90 Gy, extrapolated
from BED modelsWhole organ 3D-CRT Symptomatic necrosis Dmax = 72 5

Whole organ 3D-CRT Symptomatic necrosis Dmax = 90 10

Whole organ SRS (single fraction) Symptomatic necrosis V12 <5–10 cc <20 Rapid rise when V12 > 5–10 cc

Brain stem Whole organ Whole organ Permanent cranial
neuropathy or necrosis

Dmax <54 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

D1–10 cck #59 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

Dmax <64 <5 Point dose <<1 cc

Whole organ SRS (single fraction) Permanent cranial
neuropathy or necrosis

Dmax <12.5 <5 For patients with acoustic tumors

Optic
nerve / chiasm

Whole organ 3D-CRT Optic neuropathy Dmax <55 <3 Given the small size, 3D CRT is often
whole organzzWhole organ 3D-CRT Optic neuropathy Dmax 55–60 3–7

Whole organ 3D-CRT Optic neuropathy Dmax >60 >7-20

Whole organ SRS (single fraction) Optic neuropathy Dmax <12 <10

Spinal cord Partial organ 3D-CRT Myelopathy Dmax = 50 0.2 Including full cord cross-section
Partial organ 3D-CRT Myelopathy Dmax = 60 6
Partial organ 3D-CRT Myelopathy Dmax = 69 50

Partial organ SRS (single fraction) Myelopathy Dmax = 13 1 Partial cord cross-section irradiated
Partial organ SRS (hypofraction) Myelopathy Dmax = 20 1 3 fractions, partial cord cross-section

irradiated

Cochlea Whole organ 3D-CRT Sensory neural hearing loss Mean dose #45 <30 Mean dose to cochlear, hearing at 4
kHz

Whole organ SRS (single fraction) Sensory neural hearing loss Prescription dose #14 <25 Serviceable hearing

Parotid Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <25 <20 For combined parotid glands{

Unilateral whole
parotid gland

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <20 <20 For single parotid gland.
At least one parotid gland spared to
<20 Gy{
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QUANTEC Summary TableTable 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <39 <50 For combined parotid glands (per
Fig. 3 in paper) {

Pharynx Pharyngeal
constrictors

Whole organ Symptomatic dysphagia and
aspiration

Mean dose <50 <20 Based on Section B4 in paper

Larynx Whole organ 3D-CRT Vocal dysfunction Dmax <66 <20 With chemotherapy, based on single
study (see Section A4.2 in paper)

Whole organ 3D-CRT Aspiration Mean dose <50 <30 With chemotherapy, based on single
study (see Fig. 1 in paper)

Whole organ 3D-CRT Edema Mean dose <44 <20 Without chemotherapy, based
on single study in patients without
larynx cancer**Whole organ 3D-CRT Edema V50 <27% <20

Lung Whole organ 3D-CRT Symptomatic pneumonitis V20 # 30% <20 For combined lung. Gradual dose
response

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 7 5 Excludes purposeful whole lung
irradiationWhole organ 3D-CRT Symptomatic pneumonitis Mean dose = 13 10

Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 20 20
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 24 30
Whole organ 3D-CRT Symptomatic pneumonitis Mean dose = 27 40

Esophagus Whole organ 3D-CRT Grade $3 acute esophagitis Mean dose <34 5–20 Based on RTOG and several studies

Whole organ 3D-CRT Grade $2 acute esophagitis V35 <50% <30 A variety of alternate threshold doses
have been implicated.

Appears to be a dose/volume responseWhole organ 3D-CRT Grade $2 acute esophagitis V50 <40% <30
Whole organ 3D-CRT Grade $2 acute esophagitis V70 <20% <30

Heart Pericardium 3D-CRT Pericarditis Mean dose <26 <15 Based on single study
Pericardium 3D-CRT Pericarditis V30 <46% <15

Whole organ 3D-CRT Long-term cardiac mortality V25 <10% <1 Overly safe risk estimate based on
model predictions

(Continued )
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QUANTEC Summary Table

Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)*

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Brain Whole organ 3D-CRT Symptomatic necrosis Dmax <60 <3 Data at 72 and 90 Gy, extrapolated
from BED modelsWhole organ 3D-CRT Symptomatic necrosis Dmax = 72 5

Whole organ 3D-CRT Symptomatic necrosis Dmax = 90 10

Whole organ SRS (single fraction) Symptomatic necrosis V12 <5–10 cc <20 Rapid rise when V12 > 5–10 cc

Brain stem Whole organ Whole organ Permanent cranial
neuropathy or necrosis

Dmax <54 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

D1–10 cck #59 <5

Whole organ 3D-CRT Permanent cranial
neuropathy or necrosis

Dmax <64 <5 Point dose <<1 cc

Whole organ SRS (single fraction) Permanent cranial
neuropathy or necrosis

Dmax <12.5 <5 For patients with acoustic tumors

Optic
nerve / chiasm

Whole organ 3D-CRT Optic neuropathy Dmax <55 <3 Given the small size, 3D CRT is often
whole organzzWhole organ 3D-CRT Optic neuropathy Dmax 55–60 3–7

Whole organ 3D-CRT Optic neuropathy Dmax >60 >7-20

Whole organ SRS (single fraction) Optic neuropathy Dmax <12 <10

Spinal cord Partial organ 3D-CRT Myelopathy Dmax = 50 0.2 Including full cord cross-section
Partial organ 3D-CRT Myelopathy Dmax = 60 6
Partial organ 3D-CRT Myelopathy Dmax = 69 50

Partial organ SRS (single fraction) Myelopathy Dmax = 13 1 Partial cord cross-section irradiated
Partial organ SRS (hypofraction) Myelopathy Dmax = 20 1 3 fractions, partial cord cross-section

irradiated

Cochlea Whole organ 3D-CRT Sensory neural hearing loss Mean dose #45 <30 Mean dose to cochlear, hearing at 4
kHz

Whole organ SRS (single fraction) Sensory neural hearing loss Prescription dose #14 <25 Serviceable hearing

Parotid Bilateral whole
parotid glands

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <25 <20 For combined parotid glands{

Unilateral whole
parotid gland

3D-CRT Long term parotid salivary
function reduced to <25% of
pre-RT level

Mean dose <20 <20 For single parotid gland.
At least one parotid gland spared to
<20 Gy{
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Table 1. QUANTEC Summary: Approximate Dose/Volume/Outcome Data for Several Organs Following Conventional Fractionation (Unless Otherwise Noted)* (Continued )

Organ
Volume

segmented

Irradiation type
(partial organ unless

otherwise stated)y Endpoint

Dose (Gy), or
dose/volume
parametersy Rate (%)

Notes on
dose/volume parameters

Rectum Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V50 <50% <15
<10

Prostate cancer treatment

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V60 <35% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V65 <25% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V70 <20% <15
<10

Whole organ 3D-CRT Grade $ 2 late rectal toxicity,
Grade $ 3 late rectal toxicity

V75 <15% <15
<10

Bladder Whole organ 3D-CRT Grade $ 3 late RTOG Dmax <65 <6 Bladder cancer treatment.
Variations in bladder size/shape/
location during RT hamper ability to
generate accurate data

Whole organ 3D-CRT Grade $3 late RTOG V65 #50 % Prostate cancer treatment
Based on current RTOG 0415

recommendation
V70 #35 %
V75 #25 %
V80 #15 %

Penile bulb Whole organ 3D-CRT Severe erectile dysfunction Mean dose to
95% of gland <50

<35

Whole organ 3D-CRT Severe erectile dysfunction D90k <50 <35
Whole organ 3D-CRT Severe erectile dysfunction D60-70 <70 <55

Abbreviations: 3D-CRT = 3-dimensional conformal radiotherapy, SRS = stereotactic radiosurgery, BED = Biologically effective dose, SBRT = stereotactic body radiotherapy, RILD = radi-
ation-induced liver disease, RTOG = Radiation Therapy Oncology Group.

* All data are estimated from the literature summarized in the QUANTEC reviews unless otherwise noted. Clinically, these data should be applied with caution. Clinicians are strongly advised
to use the individual QUANTEC articles to check the applicability of these limits to the clinical situation at hand. They largely do not reflect modern IMRT.
y All at standard fractionation (i.e., 1.8–2.0 Gy per daily fraction) unless otherwise noted. Vx is the volume of the organ receiving $ x Gy. Dmax = Maximum radiation dose.
z Non-TBI.
x With combined chemotherapy.
k Dx = minimum dose received by the ‘‘hottest’’ x% (or x cc’s) of the organ.
{ Severe xerostomia is related to additional factors including the doses to the submandibular glands.
** Estimated by Dr. Eisbruch.
yy Classic Radiation induced liver disease (RILD) involves anicteric hepatomegaly and ascites, typically occurring between 2 weeks and 3 months after therapy. Classic RILD also involves

elevated alkaline phosphatase (more than twice the upper limit of normal or baseline value).
zz For optic nerve, the cases of neuropathy in the 55 to 60 Gy range received z59 Gy (see optic nerve paper for details). Excludes patients with pituitary tumors where the tolerance may be

reduced.
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Outlines
n Cells and Tissues
n Early (Acute) and Late Effects 
n Functional Subunits in Normal Tissues 
n The Volume Effect in Radiotherapy: Tissue Architecture
n Radiation Pathology of Tissues

¨ Casarett’s Classification
¨ Michalowski’s H- and F-Type Populations

n Growth Factors
n Specific Tissues and Organs
n Grading of Late Effects

Mechanism

Organ by organ clinical observation 



LENT and SOMA
EORTC and RTOG held the Late Effects of Normal Tissue (LENT) Conference in 1992, 
and introduced SOMA classification for late toxicity

SOMA = Subjective, Objective, Management criteria with Analytic laboratory and 
imaging procedures

These scales, specific for each organ, form a scaffold for understanding the expression of 
later injury   

Subjective Symptoms perceived by the patient

Objective Signs that can be assessed by clinician

Management Active steps taken to ameliorate symptoms

Analytic Findings that are quantifiable 



LENT and SOMA
Prostate Radiation

Subjective



LENT and SOMA

Objective 

Management 

Analytic 



LENT and SOMA – Anatomic Sites
Central Nervous System 
     Brain
     Spinal cord
     Male hypothalamic/pituitary/gonadal axis
     Female hypothalamic/pituitary/gonadal axis

Genitourinary system
     Kidney
     Ureter
     Bladder/urethera
     Testes
     Male sexual dysfunction

Head and Neck
     Eye
     Ear
     Mucosa
     Mandible
     Teeth
     Larynx
     Thyroid and hypothalamic/pituitary/thyroid axis

Bone, muscle, and skin
     Muscle/soft tissue
     Peripheral nerves
     Growing bones
     Mature bone (excluding mandible)
     Bone marrow
     Skin/subcutaenous tissue

Gastrointestinal system
     Esophagus
     Stomach
     Small intestine/colon
     Rectum

Gynecologic system 
     Vulvar
     Vagina
     Uterus/reproductive organs
     Female sexual dysfunction

Heart 
     Blood vessels

Major digestive glands
     Liver

Lung Breast



LENT and SOMA

Subjective Objective Management Analytic 

Headache Neurologic deficit Anticonvulsives MRI
Somnolence Cognitive function Steroids CT

Intellectual deficit Mood and personality 
changes

Sedation MRS

Functional 
competence

Seizures PET

Memory Magnetic mapping

Serum
Cerebrospinal 
Fluid

Central Nervous System SOMA



LENT and SOMA

Grade 1 Grade 2 Grade 3 Grade 4

Subjective
(e.g., pain)

Occasional and 
minimal

Intermittent and 
tolerable

Persistent and 
intense

Refractory and 
excruciating

Objective
(e.g., neurologic 
deficit)

Barely detectable Easily detectable Focal motor signs, 
vision 
disturbances, etc

Hemiplegia, 
hemisensory 
deficit, etc

Management
(e.g., pain)

Occasional 
nonnarcotic

Regular 
nonnarcotic

Regular narcotic Surgical 
intervention

Analytic
(e.g., CT and MRI, 
labs)

Example of LENT and SOMA Scoring System and Grading Categories



Common Terminology Criteria for 
Adverse Events (CTCAE)

Grade 1 Mild 

Grade 2 Moderate 
Grade 3 Severe 
Grade 4 Life-threatening or 

disabling 
Grade 5 Death 
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