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Clinical applications of Radiation

• Diagnostic radiology

• Radiotherapy: Malignant neoplasms

• Radiation therapy for other diseases: 
Radioactive Iodine, radiation for 
keloids/hypertrophic scars
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Scope

• The nature and effects of ‘ionizing radiation’ 
and ‘non ionizing radiation’ in cells, tissue and 
the individual
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Objectives

• To understand the physical nature of radiation

• To understand the cellular changes induced by 
radiation 

• To discuss tissue and organ changes due to 
ionizing radiation in humans

• To discuss the sequelae of total body 
irradiation 
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Radiation

• Energy bearing particles 
or waves travel through 
a vacuum

• Includes travel through 
matter containing 
media

• This media is not 
required for their 
propagation.

6



7



Radiation- Ionizing or Non Ionizing

• Ionizing

• Non ionizing
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Ionizing radiation
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Units of Dose

• Gray (Gy) – The Unit of ionizing energy 
absorbed (absorbed dose). I Gy = 1 J/Kg

• Sievert (Sv) – The Unit of absorbed dose 
taking account of Linear Energy Transfer (LET).

• For α particles- 1Sv = Gy x20, β particles: 1Sv 
= Gy x1, γ
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Effects of Ionizing Radiation

• Target Theory – injury results to ionization of 
specific cellular components. 

• Targets include nucleic acids, enzymes and 
proteins that bear the SH group

• Poison Theory – injury results from ionization 
and production of free radicals. This results in 
membrane injury
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Effects upon DNA
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Cell Cycle Checkpoints
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DNA Repair
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Effect on Cells: Chromosomal Changes

1. Deletions
2. Translocations
3. Fragmentation
4. Adhesion breaks 

between chromosomes
5. Polyploidy and 

aneuploidy

The number of these 
mutations is related to the 
dose of radiation

22



Consequences

• Inhibition of cell 
division

• Germ-line mutations

• Carcinogenesis
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Effect Upon Cell Membranes
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Effects Upon Proteins

25



*  Law of Bergonie and Tribondeau
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Effect of Radiation on Tissues

• Acute

– Occur hours to days following radiation 
exposure

– Due to depletion of stem cells in an organ or 
tissue

– Apparent when cell number reduction > cell 
regeneration

– Further radiation exposure leads to tissue 
death, irreversible tissue damage

– Bone marrow, skin, GIT
27



Effect of Radiation on small blood 
vessels

• Late

– Occur months to 
years following 
radiation 
exposure

– Related to 
endothelial 
damage → 
intimal 
thickening, 
occlusion → 
ischaemic 
fibrosis, necrosis

28



Effects, large blood bessels

• Due to injury involving 
vasa vasora

• Transmural necrosis

• Aneurisms
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Heart

• Pericardium – Fibrosis

• Myocardium -Radiation induced 
cardiomyopathy – minimal inflammatory 
infiltrate

• Worse when cardiotoxic drugs are used

• Endocardium – valvular thickening, fibrosis, 
calcification

• Coronary – intimal foam cell accumulation
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Nervous System

• Brain, spinal cord, peripheral nerve

• Neurons – resistant

• Injury to glial and oligodendrocytes

• Glial and vascular injury – vasogenic oedema 
due to Blood Brain Barrier Dysruption

• Endothelial vasculopathy

• Spinal cord – transient myelitis (2-4 months)

• Delayed myelitis (20-30 months)
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Peripheral Nerves

• Fairly resistant

• Peripheral neuropathy 

• Perineural inflammation and ganglionitis
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Bone Marrow

• Highly sensitive

• Stem cell injury leading to pancytopenia

• Myelodysplasia may predominate
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Other tissues

• Ovaries/Testes, highly susceptible – germ cell 
necrosis, supporting cells are retained

• Eye – optic neuropathy, lens opacity, retinal 
injury

• Lymphoid cells – disorders in homing and 
recirculation

• Endocrine – hyperplasia - hypoplasia
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conclusion

• Ionizing induced injury affects the 
DNA/Proteins/lipid membranes

• Microvascular injury is associated  with late 
injury

• Repair with fibrosis is an intermediate 
manifestation

• Long term - neoplasia
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Pathological effects of ionizing radiation 


Michael Sheaff and Suhail Baithun 


The effects of irradiation are commonly evident in a range of specimens dealt with by 


pathologists in routine clinical practice. Radiotherapy is frequently employed in the treatment 


of human malignancies and often patients will subsequently require surgery or, at least, tissue 


sampling to assess complications or recurrent tumour. Therefore, it is critical that all those 


involved in reporting of these specimens are aware of the range of effects that may occur in 


cells or tissues after irradiation. The most consistent changes seen after irradiation can be 


separated into early and late groups. The former result primarily from direct cellular toxicity 


with apoptosis and necrosis together with small vessel damage leading to endothelial cell 


injury, increased vascular permeability and stromal oedema. The chronic or delayed effects 


are dominated by degeneration and repair when morphological cellular abnormalities such as 


epithelial nuclear atypia and multinucleate stromal fibroblasts develop. At this later stage the 


vascular damage becomes more severe with intimal thickening, medial hyalinization, fibrinoid 


necrosis, luminal thrombosis and endarteritis obliterans. The vascular damage leads to 


ischaemic compromise with further stromal collagenous fibrosis and parenchymal atrophy. 


Rarely, malignant turnouts may develop in the irradiated tissue after a latent period of several 


years. More detailed descriptions of specific tissue damage and mechanisms of radiation- 


induced injury are discussed. 


INTRODUCTION 


Nobody on earth escapes radiation exposure. Further- 
more, not only do a large number of patients that seek 
the professional advice of a doctor undergo radiological 
investigation, but half of all cancer patients will receive 
radiotherapy at some time during their treatment. In 
1990 almost 500 000 patients in the USA were treated 
with this modality. 1 This review is concerned with the 
relationship between ionizing radiation and the patholo- 
gist. A brief background of radiation in medicine and the 
basics of radiobiology will be followed by detailed 
description of the mechanistic and morphological alter- 
ations that occur as a result of radiation exposure: the 
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pathology of radiation injury. Whole texts have been 
devoted to each of the aspects mentioned above and 
therefore by necessity this account will be somewhat 
limited. For rather more indulgent discussions the reader 
is referred elsewhere to excellent comprehensive 
accounts. 2-4 


Radiation can be defined as the transfer of energy 
from one body to another after passing through an inter- 
vening medium. There are many different types of radia- 
tion which are all potentially harmful to humans, but the 
following account is restricted to ionizing radiation, 
defined as that which produces ions and ejects electrons 
as it passes through matter. 


In 1895, Roentgen discovered a 'new ray' which, 
coupled with the Curies' discovery of radium soon 
afterwards, meant that it was only a matter of time 
before radiation became an integral part of diagnostic 
and therapeutic medical practice; indeed, now half of the 
25% of the population who develop cancer will receive 
radiotherapy. 5 
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It was soon appreciated, however, that radiation led to 
morphological changes in the tissue exposed. As a result, 
the morphological sequelae of irradiation have been 
studied extensively and it has become clear from these 
early observations and subsequent epidemiological 
studies that radiation can also cause non-morphological 
changes including fetal, genetic and ageing effects and 
risk of cancer. 6 


The effects on the fetus depend on the age of exposure 
with lethal consequences of very early exposure after 
conception. During the period of organogenesis expo- 
sure can result in a wide range of congenital malforma- 
tions and chromosomal aberrations. Early exposure is 
also associated with mental retardation, decreased IQ 
and seizures. It should be noted that the genetic effects, 
discussed later together with the mechanisms of injury, 
are restricted to the parent and do not pass on to the off- 
spring. It has been suggested that non-specific ageing 
processes are increased after irradiation, but Doll indi- 
cates that the data currently available shows no general 
life-shortening effect and suggests that this idea should 
be abandoned unless new evidence comes to light. 6 
Pioneer radiologists developed cutaneous carcinomas 
and by the 1950s the cancer risk was confirmed by epi- 
demiologists. It has become apparent that the increased 
risk depends on many factors (see below). However, the 
mechanisms by which radiation causes cancer are still 
not fully elucidated. 


R A D I O B I O L O G Y  


Although radiation energy is capable of damaging many 
components of the cell, the main target is the nuclear 
DNA. The radiant energy delivered to a tissue causes its 
effects by two main mechanisms, direct and indirect. 
The former is a consequence of direct interaction with 
the nuclear chromatin while the second reflects the pro- 
duction of free radicals from ionization of the cellular 
water which constitutes around 80% of the cell. Free 
radicals are toxic oxygen metabolites that cause damage 
by oxidizing and reducing structures in the local envi- 
ronment. These two mechanisms contribute to DNA 
damage which causes inter- and intra-strand cross-link- 
ages, strand breaks and mutations and results in impaired 
ability of DNA to act as template for new strand forma- 
tion. Chromosomal aberrations including translocations, 
deletions, fragments and rings are also seen. If the dam- 
age is limited, efficient mechanisms rapidly achieve 
complete repair. 4 However, with more significant injury 
such as double strand breaks, partial repair or irreparable 
damage will result in loss of the critical reproductive 
integrity of the cell and lead to reproductive cell death at 
the first or early subsequent mitotic cycles. Incomplete 
repair may also lead to apoptosis, inhibition of mitotic 
division with giant cell formation and derangement of 
the mitotic process leading to abnormal mitotic figures. 
RNA is thought to he less radioseusitive than DNA 
and, in fact, mRNA may become more stable after irra- 
diation. Proteins may also be damaged or their functions 
impaired. 


CELL C Y C L E A N D  OTHER CHANGES 


It has been known for a long time that irradiation causes 
divisional delay which may result from G1 block, G2 
arrest or S phase delay. This delay is probably a stop- 
gap for damage repair. This cell cycle regulation is 
controlled by several important regulatory proteins 
including p53 which is increased after irradiation. 7 
Cyclin B 1, which is required for the cell to proceed from 
G2 to M, is transiently decreased after irradiation; when 
levels are restored the delay is terminated. 8 


After irradiation there is rapid induction of signal 
transduction pathways mediated by protein kinase c and 
tyrosine kinase which lead to increased gene expression 
including the early response genes c-fos, c-jun and NF- 
kB. The activation of later responding genes including 
those for a range of cytokines and growth factors, is 
associated with subsequent protein production and 'it is 
theorised that this cascade of gene activation, gene tran- 
scription and protein synthesis is related to key cellular 
functions that permit cell survival'. 9 Several other pro- 
teins are increased after irradiation and their presence 
and relevance to the radiation response is only just 
beginning to be unravelled, mq2 


FACTORS AFFECTING RESPONSE 


The physical characteristics of radiation exposure, the 
amount delivered and its duration are important deter- 
minants of the response. The type of cell irradiated is 
also important, as is the size of the exposed field, the 
tissue constituents and the architectural arrangement. 
There are several chemical factors that can either sensi- 
tize tissue to or protect tissue from irradiation damage. 
Oxygen serves as a substrate for the production of free 
radicals and therefore increases damage. Halogenated 
pyrimidines (DNA base analogues) are also tissue 
sensitizers. Protective substances include free radical 
scavengers such as sulphydryl amines, cysteine and cyst- 
amine which limit damage. Growth factors are not only 
induced by irradiation, but they also play a role in radio- 
protection.13 14 Biological factors include the phase in the 
cell cycle, with cells being more susceptible in G2 and 
mitosis than G1 and S phase. Rapidly dividing cells are, 
therefore, more radiosensitive than slowly dividing ones 
(Bergondie/Tribondeau Law) and slowly proliferating 
tissues show their signs of damage months or years after 
exposure. 


RADIOCARCINOGENESIS  


Epidemiological studies have documented a significant 
increase in the incidence of a range of cancers after irra- 
diation exposure. Extremely high doses cause cell death 
and low doses have limited effects while at intermediate 
doses there is a peak incidence for turnout formation. 
Radiation has been described as a universal carcinogen 
as it may produce tumours in virtually all tissues of all 
species at all ages. The mechanisms, however, are poor- 
ly understood, but the DNA/chromosome damage and 
alteration following radiation is likely to be significant. 
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In addition, the induction of proto-oncogenes and 
tumour-promoting proteins or the down-regulation or 
loss of tumour suppressor genes/proteins may also be 
relevant, p53 mutations occur after irradiation although 
this factor does not seem to play a general role in radio- 
carcinogenesisJ 5 Other influences include defective DNA 
repair (patients with ataxia telangiectasia, Fanconi's 
anaemia and other similar inherited disorders develop 
increased numbers of tumours after exposure) and auto- 
crine or paracrine effects of growth factors. Prolonged 
genetic instability and long-term mutagenic events seen 
after irradiation link DNA damage with the well-known 
phenomenon of latency. 16 Whatever the mechanism, it 
seems likely that it follows at least some of the rules and 
pathways now established for non-radiation induced 
cancers. 16'17 Analysis of several theoretical models pre- 
dicts that there is probably no risk of tumour formation 
from low-dose exposure, but the present models do not 
always reflect the epidemiological evidence and do not 
rule out the possibility. 


RADIATION EFFECTS ON HUMANS 


Extreme exposure and accidental exposure 


Regretably, the effects of large-dose radiation exposure 
to the entire human body are known only too well from 
information available from studies on nuclear fallout 
cases. The immediate and most rapidly lethal effects of 
high-dose exposure are due to blast injury and heat. 
Those that initially survive may develop acute radiation 
sickness. This is a syndrome with variable effects 
depending on the dose and organs involved. The most 
sensitive tissue is the bone marrow which shows pan- 
hypocellularity with peripheral cytopenia; death may 
occur after some time from haemorrhage or infection. 
The gastrointestinal tract, which is relatively more resis- 
tant, will show evidence of damage at higher doses 
which will manifest earlier than the effects on the bone 
marrow and lead to earlier mortality from infection or 
fluid loss. The central nervous system is much more 
resistant hut if exposure is great enough, manifestations 
may be apparent within minutes. Symptoms reflect an 
increase in intracranial pressure and mortality is frequent 
and rapid. The effects of significant exposure on fetal 
development and teratogenesis, and the risk of cancer 
production have been discussed. 


Tissue effects after controlled exposure 


The effects of radiation injury on human tissue are often 
predictable and may follow a set pattern of early 
changes, leading to subacute changes which progress to 
delayed events after many months or years. 2 In general, 
the tissue effects depend on the dose and field of expo- 
sure but many factors influence the response such as the 
age of the patient, the relative radiosensitivity of the 
cells, the capacity for repair and the architectural make- 
up of the tissue. Effects in general may be stochastic or 
non-stochastic: the former vary with frequency but 
not dose and have no threshold while the latter vary in 


severity, but not frequency, with dose and may exhibit a 
threshold. 


Soon after exposure, morphological changes occur 
within the cell with nuclear swelling and clumped chro- 
matin. There may be bizarre morphology due to aneu- 
ploidy/polyploidy and mitotic figures may be abnormal. 
Pyknosis or karyorrhexis may also be evident. The cyto- 
plasm is swollen due to intracellular oedema. Ultrastruc- 
turally, organelle damage is manifest by mitochondrial 
distortion and degeneration of the rough endoplasmic 
reticulum. Membrane defects are also visible. The early 
changes are seen most commonly in rapidly dividing 
cells such as the small bowel epithelium; the cells show 
apoptosis and are unable to repopulate from the crypts 
leading to surface erosions. A variable inflammatory cell 
infiltrate is seen (Fig. 1), characterized by prominent 
numbers of eosinophils and mast cells. It is interesting 
that mast cells are very radiosensitive and that they 
contain inflammatory mediators and fibrogenic proteins, 
suggesting a role in more chronic changes. Platelets are 
also packed with inflammatory mediators and their role 
in radiation injury may be significant. General epithelial 
changes include nuclear pleomorphism, giant cell for- 
marion and hypo/hyperplasia that may be followed by 
atrophy, dysplasia, metaplasia or neoplasia. Early vascu- 
lar changes include dilatation, increased permeability 
leading to oedema and endothelial cell swelling. Chronic 
lesions show endothelial cell atypia, intimal thickening 
(with foam cell accumulation), medial hypertrophy, 
luminal thrombosis and endarteritis obliterans with subse- 
quent ischaemic consequences (Figs 2, 3). A characteris- 
tic delayed response to irradiation is progressive fibrosis 
with multinucleate fibroblasts, increased collagen depo- 
sition and parenchymal atrophy. This is probably a result 
of early repair followed by late ischaemia, but it seems 
that other cells such as fibroblasts and smooth muscle 
cells may play important roles in the production of the 
delayed effects. 18 Other stromal changes include collagen 
degeneration and fat necrosis. Necrosis and ulceration 
may occur as late complications following progressive 
vascular compromise and increasing ischaemia. 


Specific tissue effects 


It will become clear that many of the following changes 
due to ionizing radiation represent a combination of the 
general effects outlined above and specific tissue effects. 
Functional disturbances may also be produced. 


Nervous system 


Radiation damage occurs to the brain, spinal cord and 
peripheral nerves. 


Brain. Neurons are very radioresistant but the supporting 
cells are less so. Acutely, there is increased vascular 
permeability, vasogenic oedema and a rise in intracranial 
pressure. If severe, areas of focal or diffuse necrosis are 
produced, predominantly in the white matter (Fig. 4), but 
occasionally extending into the deeper layers of the grey 
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Fig. 1--Post-irradiation inflammation. Note the conspicuous 
eosinophils and plump stellate fibroblasts. H&E. 


Fig. 4 ~ A  pale area of radionecrosis after irradiation of the 
brain which is situated just below the cortex (top left). Note 
also the vessel changes. H&E. 


Fig. 2--Occlusive thrombus after irradiation to the pelvis. 
H&E. 


angiopathy may be seen] 9 These vascular changes often 
result in secondary coagulative necrosis which, due to 
its latency, may present as a space occupying lesion 
mimicking tumour relapse. 2(~ A combination of leuko- 
encephalopathy and cerebral atrophy leads to intellectual 
and functional problems. Radiation is associated with the 
formation of gliomas (particularly astrocytomas) and 
meningiomas. 


Spinal cord. The changes in the spinal cord are similar 
but manifest earlier due to a shorter latent period. 2~ 
Areas of necrosis with surrounding demyelination (acute 
transient myelitis) occur 2-4 months after exposure. 
Delayed myelitis tends to be more permanent, occurs at 
around 20-30 months and predominantly affects the 
lumbar and thoracic areas. The lower motor neurons 
may be affected by vascular damage, but the subsequent 
atrophy of these cells may be a reflection of their very 
slow dividing times. 


Peripheral nerves. These are one of the most resistant 
structures to irradiation and although peripheral neuro- 
pathy may occur after irradiation, it is often difficult to 
exclude other causes, such as surgery or drugs. Peri- 
neural inflammation and thickening is seen after irradia- 
tion of the pelvis (Fig. 5), often with ganglionitis. 22 


Fig. 3--Subintimat foam cell accumulation is frequently 
seen after irradiation with consequent ischaemic injury. 
H&E. 


matter (a specific feature3). These areas are surrounded 
by demyelination (possibly due to oligodendrocyte 
damage and transient disruption of myelin synthesis), 
macrophage infiltration (fewer than in ordinary cerebral 
ischaemia) and astrocyte changes. The necrotic areas 
lead to cystic degeneration and subsequent calcification. 
Later changes also include reactive astrocytosis, gliosis, 
astrocyte nuclear atypia and radiation vasculopathy. The 
latter includes endothelial cell proliferation, luminal 
narrowing, fibrinoid necrosis, medial hyaline thickening 
and luminal thrombosis. In children, mineralizing micro- 


Fig. 5--Perineural inflammation (including eosinophils) 
seen after radiotherapy for a urothelial carcinoma. H&E. 
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Cardiovascular system 


The heart. The heart is frequently included in the irradi- 
ation field of thoracic and breast tumours and radiation 
injury occurs in 2-9% of patients who receive mediasti- 
nal irradiation and in 3-4% of breast cancer patients. 23 In 
addition to the heart itself, changes in peripheral vessels 
have been appreciated for a long time and it is now clear 
that the changes are not only a morphological marker of 
irradiation, but are a vital component in the mechanism 
of delayed injury, z4 The most consistent acute event after 
cardiac irradiation is the production of pericardial effu- 
sion (rarely producing tamponade). This is associated 
with a fibrinous pericarditis which, if protracted, may 
organize and form fibrous adhesions. Radiation is now 
one of the most common causes of chronic constrictive 
pericarditis in the USA. 23 A minimal inflammatory 
cell infiltrate is seen in the heart after irradiation and 
radiation-induced cardiomyopathy is a better term than 
myocarditis. 3 Myocardial fibrosis develops from a com- 
bination of myocyte necrosis, diffuse capillary damage 
and ischaemia from coronary artery narrowing. 
Moderate/severe fibrosis may be found in 50% of hearts 
examined. 23 The administration of myocardiotoxic drugs 
may exaggerate these changes. The endocardium may 
show thickening which commonly involves the valves. 
The left-sided valves show fibrosis and calcification 
more often that the right and functional regurgitation 
may occur. Conducting abnormalties occur possibly 
secondary to conducting system fibrosis. 


Radiation-induced changes in the coronary arteries are 
well described and include intimal foam cell accumula- 
tions resembling atheromatous plaques. Cholesterol 
clefts are less frequent in the former, z 


Peripheral vessels. Small peripheral arteries seldom 
show significant acute changes but endothelial swelling 
and hyperchromasia may be seen. In the longer term, 
there may be intimal fibroplasia and hyaline change to 
the media similar to systemic hypertension with possible 
fibrinoid necrosis, thrombosis, accumulation of foam 
cells, adventitial fibrosis and even rupture. Similar 
changes occur in medium-sized arteries including coro- 
nary arteries, but occasionally inflammation may be 
prominent simulating systemic vasculitis. Large arteries 
are least affected probably because the vessel wall pro- 
vides strong support for the damaged endothelium and 
the lumen is larger preventing occlusion. Rupture, which 
is very uncommon but usually fatal, results from trans- 
mural necrosis of the wall and may reflect vasa vasorum 
injury. The capillaries are the most sensitive vessels to 
acute injury and may show post-irradiation endothelial 
cell swelling with luminal narrowing or occlusion. 
Platelet and fibrin thrombi may be seen and rupture of 
capillary walls leads to micro-haemorrhage. A consistent 
late feature is telangiectasia. 


Veins are generally more resistant to radiation damage 
than arteries but fibro-obliterative changes may occur 
and are an important feature of hepatic radiation 
damage. 24 


Respiratory system 


Upper respiratory tract. Irradiation of the upper respira- 
tory tract leads to laryngeal complications in as many 
as 23% of patients. 3 One of the most common features 
is transient oedema followed by fibrin deposition in 
the stroma. Later telangiectasia, subepithelial fibrosis 
and epithelial cell atypia develop with the vessel changes 
described above. Other changes include vocal cord fibro- 
sis, ulceration and granulation tissue containing bizarre 
fibroblasts. Glandular atrophy occurs late and occasion- 
ally has the appearance of necrotizing sialometaplasia, ~5 
resulting from ischaemic compromise. Aseptic cartilage 
necrosis is said to be specific. 


Lung and pleura. Radiation damage to lungs and pleura 
follows irradiation of lung, mediastinal or breast 
tumours. The effects depend on coexisting lung disease 
such as emphysema. The lungs are very vascular and 
'therefore' very susceptible to irradiation injury. If the 
whole lung is irradiated, 10-15% of patients develop 
radiation pneumonitis, 3 Histologically, the early changes 
comprise interstitial and intra-alveolar oedema, endo- 
thelial cell swelling and scanty inflammation with foamy 
macrophages. 


Progressive epithelial cell damage occurs with necro- 
sis of type I pneumocytes followed by hypertrophy and 
hyperplasia of type II pneumocytes. In more severe 
cases, hyaline membranes may form and the histological 
picture is that of diffuse alveolar damage. Delayed inter- 
stitial fibrosis is seen occasionally causing bronchiolitis 
obliterans. Vascular changes and parenchymal fibrosis 
lead to increased pulmonary artery pressure. Pleural 
effusions and similar changes to those seen in the peri- 
cardium may be seen in the pleura. Many studies have 
established the association between radiation and lung 
cancer, often with a latency of over 9 years. 


Gastrointestinal tract 


Changes throughout the gastrointestinal tract are similar, 
but the severity and timing vary depending on site, 
recent surgery or coexisting disease such as diabetes or 
vasculitis. The small bowel and stomach are more sensi- 
tive than the oesophagus and rectum, partly reflecting 
the rate of cell turnover. Post-radiation carcinomas have 
been described at all sites. 


Early changes in the oropharynx include epithelial 
depletion, erosive mucositis and vascular dilatation. This 
may progress to chronic ulceration and submucosal 
fibrosis. Delayed vessel changes may be conspicuous 
and lingual necrosis has been observed. 26 Salivary gland 
changes include early oedema, epithelial necrosis and 
desquamation accompanied by mild inflammation 
including many eosinophils. Serum amylase is usually 
raised. Delayed manifestations include vascular sclero- 
sis, interstitial fibrosis, telangiectasia, squamous meta- 
plasia, atrophy and residual inflammation. 


Oesophagus. The oesophagus shows similar mucosal 
injury with erosive mucositis followed by fibrosis, and 
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either atrophic or thickened epithelium with cellular 
atypia. Ulceration, stricture formation, fistulae and per- 
foration are occasionally seen. Motility disturbances 
may occur. Superimposed candidal infection is occasion- 
ally present. Radiation therapy was formerly employed 
to treat gastric ulcers. However, it is now recognized that 
it is associated with chronic inflammation and epithelial 
degeneration leading to ulcer formation. In the long 
term, gland atrophy, chronic atrophic gastritis and other 
complications may occur. 


Small intestine. The small intestine is the most sensitive 
section of the alimentary tract. The crypt cells proliferate 
and move to the tips of the villi to replace effete epithe- 
lial cells at the surface. Radiation impairs this process 
and leads to surface erosion allowing bacterial coloniza- 
tion and fluid loss. Villous atrophy and malabsorption 
may occur. In the lamina propria, there is a variable 
increase in fibrous tissue with inflammation and 
telangiectasia. Chronic irradiation enteropathy occurs 
in 18-30% of patients receiving between 50 Gy to 60 Gy 
and is increasing] 8 Progressive damage leads to chronic 
ulceration, stenosis, fistulae, haemorrhage and adhesions. 
Other complications include epithelial atypia, mucosal 
atrophy, enteritis cystica profunda and vascular intimal 
thickening. There may be subepithelial collagen deposi- 
tion mimicking collagenous sprue. 18 In the submucosa, 
vascular injury including foam cell plaques predominate. 
Vascular changes alone do not account for some of the 
long-term effects seen in the gut and the histology is dis- 
tinct from ischaemic colitis. Therefore, it is proposed 
that chronic injury results from a combination of vascu- 
lar compromise together with other tissue components 
such as fibroblasts, smooth muscle cells or epithelial 
cells] s 


Large bowel. In the large bowel, an early feature is 
inflammation with prominent eosinophils and eosino- 
philic abscesses e7 (Fig. 6). The epithelial cells may show 
atypia. There may be serosal fibrin deposition with sub- 
sequent organization and fibrous adhesions. Mucosal 
ulceration may occur late with the formation of strictures 
or fistulae. Chronically, there is shortening and fibrosis 
of the colon with mucosal atrophy. Colitis cystica pro- 
funda may be seen. Vessel changes resemble those at 
other sites. 


Liver. The liver has an intermediate sensitivity to radia- 
tion. The effects are more pronounced in children and 
the regenerating liver. There may be direct hepatocyte 
necrosis, but as the liver has a large regenerative capa- 
city it is usually the vascular effects that predominate. 
Early after irradiation one can see a mild hepatitis with 
sinusoidal congestion, hyperaemia, central haemorrhage, 
fibrin deposition and intravascular coagulation leading 
to secondary necrosis and atrophy of central hepatocytes. 
There is central vein dilatation with progressive liver cell 
plate atrophy and decreased reticulo-endothelial cell 
function, in the subacute period, fibrosis begins around 
the small central veins, lobular or sublobular veins and 


sinusoids forming a coalescent net leading to hepatic 
veno-occlusive disease. Later, the liver is less congested 
but atrophy is worse with progressive collagen deposi- 
tion. Thorotrast (thorium dioxide, an alpha emitter) 
was introduced into diagnostic radiology in the 1950s. In 
the liver, storage in Kupffer cells led to peliosis, cirrho- 
sis, hepatocellular carcinoma, cholangiocarcinoma and 
angiosarcoma. The latent period was long (15-40 years). 
There is very little information about radiation changes 
in the biliary tract, but it is likely that the changes can be 
predicted from other mucosal sites. 


Pancreas. In the pancreas there may be evidence of 
necrosis and lymphocytic infiltration followed by atro- 
phy and fibrosis of the exocrine pancreas with vessel 
changes. The degree of fibrosis appears to be less in the 
islets of Langerhans although the endocrine cells are 
more sensitive to irradiation. 


Genito-urinary system 


Kidney. The kidney is moderately radiosensitive and 
injury is variable. The amount of perinephric tissue and 
pre-existing renal disease affect outcome. There may be 
no macroscopic changes in the kidney but occasionally 
the appearance may resemble end-stage kidney. 


Microscopically, the acute phase is characterized by a 
combination of interstitial oedema and microvascular 
endothelial damage. After 6-12 months the glomerular 
changes consist of segmental necrosis with occasional 
small crescents and 'soft swellings' followed by seg- 
mental sclerosis or global scarring. The capillary walls 
are thickened and increased mesangium may extend into 
the peripheral loops producing a double contour appear- 
ance. The tubules are atrophic and many are lost. 
Tubular basement membrane thickening may be seen 
due to a direct radiation effect as well as a result of 


2s vascular ischaemia. Interstitial fibrosis may be accom- 
panied by a lymphocytic infiltrate. The smaller arterioles 
and interlobular arteries show dilatation, intimal thicken- 
ing, fibrinoid necrosis, foam cell accumulation and 
thrombosis. Occasionally, the appearances resemble the 
haemolytic-uraemic syndrome. Radiation produces no 
distinctive immunohistochemical or fluorescence pattern. 
Electron microscopy reveals effacement of the epithelial 
cell foot processes and subendothelial zone thickening 
with deposition of new basement membrane material. 
Clinically, early proteinuria and increased blood pres- 
sure may lead to progressive decrease in function, 
anaemia and malignant hypertension. 


Bladder. The bladder is susceptible to acute radiation 
injury and patients frequently develop acute cystitis. The 
histological changes comprise epithelial cell loss, 
mucosal oedema, vascular dilatation and variable in- 
flammation. Ureteritis and urethritis may also develop. 
The inflammatory cell infiltrate, which contains numer- 
ous eosinophils and mast cells, commonly lies perineu- 
rally. 29 Surface erosion may follow with submucosal 
fibrosis, continued inflammation and vascular damage. 
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Uterus. The uterus is extremely radi0-resistant, but with 
high-dose exposure endometrial gland necrosis may be 
seen in the early post-irradiation period, with areas of 
haemorrhage and fibrin deposition. Longer term changes 
include endometrial atrophy and epithelial cell atypia. 
There may be ulceration and scarring with scattered lipid 
laden macrophages and telangiectasia. Surprisingly, the 
myometrium does not appear to develop significant 
fibrosis or atrophy. Similar blood vessel changes to 
those described elsewhere may be seen. In the cervix and 
vagina early changes again include oedema and an 
inflammatory exudate. Ulceration with scarring (includ- 
ing atypical fibroblasts) occurs later with atrophic 
changes, and epithelial cell atypia may present many 
years after radiation exposure. 3~ 


Fig. 6---Inflammation and crypt damage are seen in the 
colon after local irradiation. H&E. 


The latter is thought to contribute to the later complica- 
tions of ulceration, bleeding, fistulae, stricture forma- 
tion, smooth muscle fibrosis and contraction. Coexisting 
infection may also be present. An important long-term 
effect is radiation-induced urothelial carcinoma, occa- 
sionally squamous in type. 


Prostate. The prostate is commonly irradiated either 
specifically to treat prostatic adenocarcinoma or indi- 
rectly in the treatment of transitional cell carcinoma of 
the bladder. The usual changes seen in such glands 
include exaggeration of the well-known features of 
benign prostatic hyperplasia. 22 In addition, giant cell 
reaction to ruptured glands, mild chronic inflammation, 
squamous metaplasia, atrophic glands with cytological 
atypia (Fig. 7) and stromal fibrosis with plump fibro- 
blasts are commonly present. Vascular alterations are 
frequently identified. Occasional prostatic turnouts may 
be radiation-induced. 


Sk/n 


Acute post-irradiation changes include epidermal intra- 
cellular oedema with underlying appendage degenera- 
tion, dermal inflammation, capillary dilatation and 
oedema with red blood cell extravasation. There may be 
bulla formation with healing or wet desquamation and 
hyperpigmentation. Follicular necrosis and epilation 
occurs with sebaceous unit necrosis and dry desquama- 
tion. Epidermal necrosis may be seen with superficial 
ulceration. 


Chronic radio-dermatitis shows epidermal atrophy 
with variable hyperkeratosis and hyper- or hypopigmen- 
tation. The former results from increased melanocyte 
enzyme activity. Keratinocytes may show atypical 
nuclear features and individual cell keratinization. The 
dermis becomes less cellular and develops homo- 
geneous, hyaline fibrosis with scattered plump fibroblasts. 
The superficial vessels are ectatic, but the deeper vessels 
show wall thickening, luminal narrowing and occasional 
occlusion by thrombus. Secondary ulceration may develop. 
This damaged skin is susceptible to traumatic injury with 
poor healing. The finger nails may show ridging. 


In 1902, an X-ray tube worker developed a squamous 
cell carcinoma on his hand 3~ and the link between irradi- 
ation and cutaneous neoplasia has now become well 
established. Basal cell carcinomas may also develop 
and these have been seen after radiotherapy for tinea 
capitis. 32 The latent period may be over 20 years. 


Fig. 7--Atypia of the prostatic epithelium after radiotherapy 
may be marked and if severe, may lead to confusion with 
adenocarcinoma. H&E. 


Bone marrow and lymphoid tissue 


Bone marrow. Irradiation of the bone marrow is fol- 
lowed by a decrease in the nucleated cells with necrosis 
and panhypoplasia resulting in cytopenia. Repopulation 
occurs early and in fact there may be compensatory 
hyperplasia in the early stages. If repopulation is not 
complete (after high doses, whole body exposure or co- 
existing marrow disease) there may be fatty replacement 
with an increase in loose fibrous tissue. The leukae- 
mogenic effects of irradiation had been noted by 191133 
and it is now recognized that haematological malignan- 
Cies are the most common radiation-induced malignan- 
cies with a latency of at least 3 years. All types of 
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leukaemia have been described (except CLL), several 
following spinal irradiation for ankylosing spondylitis. 


Lymohoid tissue. Lymphocytes are extremely radio- 
sensitive although subpopulations of lymphocytes 
appear to have differing sensitivities. In addition to cell 
death, functional disturbances in homing and recircula- 
tion have been described. Any lymphoid tissue, includ- 
ing the thymus, suffers the same fate of lymphocyte 
death and subsequent atrophy. In the lymph node there is 
cortical depletion with capsular and trabecular fibrosis, 
calcification, atrophy and fatty replacement. Obliterative 
endarteritis may be seen. With metastatic disease, there 
may be tumour necrosis or hyalinization. Radiation is 
associated with lymphoid neoplasia (including myelo- 
ma), possibly due to immune surveillance damage. 


Spleen. In the spleen, early features include atypical 
cells, prominent plasma cells, increased eosinophils and 
focal haemorrhage. This is followed by parenchymal 
collapse, atrophy, red pulp fibrosis and capsular thicken- 
ing. Vascular changes may be seen here also. 


Locomotor system 


Changes in the bone and cartilage are extremely depen- 
dent upon age. Asymmetrical growth is produced by 
irradiating the growing skeleton. In the adult skeleton 
severe radiation damage results in radionecrosis of bone 
or cartilage with osteoblast and osteocyte necrosis. 34 The 
maxilla, femur and pelvic bones are the most commonly 
involved. This is accompanied by marrow changes 
described above and vascular ischaemia. Radiation 
induced lYactures have been described. With large doses 
chondrocalcinosis, skeletal muscle oedema, necrosis, 
atrophy and fibrosis have also been reported. Radiation 
is associated with several skeletal and soft tissue 
tumours including oesteochondromas, osteosarcomas, 
malignant fibrous histiocytoma and angiosarcomas. 35 


Eye and ear 


The eye of a child is more susceptible to radiation 
damage than that of an adult and exposure in utero 
(especially first trimester) is associated with significant 
ophthalmic complications. Damage may occur to the 
retina, lens or neurovascular supply. 36 Fetal exposure 
may lead to micro-ophthalmia, retinal pigmentation and 
cataract formation. Lens opacities also follow irradiation 
of the eye after birth with degeneration of lens fibres 
beginning posteriorly and leading to cataract. Radiation 
also causes optic neuropathy and retinal and ciliary 
artery damage. The epithelial changes resemble those 
seen elsewhere with keratitis and iritis and scarring. 
Retinal vascular damage manifests as haemorrhages, 
exudates and microaneurysms with subsequent atrophy. 
Acute hearing loss and tinnitus may occur after irradia- 
tion. Capillary hyperaemia, cholesteatoma, otitis media 
and externa, and vascular damage leading to ossicle 
necrosis are occasionally seen. 37 


Endocrine 


The endocrine organs are remarkably radio-resistant 
when one considers how vascular they are. This reflects 
the variable sensitivity of endothelial cells at different 
sites. 24 In general, the changes in endocrine glands 
include early degeneration with secondary vascular 
changes and necrosis or atrophy. Although these glands 
are relatively radio-resistant, functional disturbances are 
commonly documented after irradiation. 38 


Parathyroids. Parathyroid hyperfunction is seen after 
irradiation 39 and atrophy may occur if embedded in the 
thyroid gland. 


Adrenals. The adrenals show a limited biological 
response to stress after irradiation and most effects are 
secondary to vascular damage. 


Pituitary gland. Damage to the pituitary gland results in 
necrosis, fibrosis and cystic atrophy. Functional hypo- 
pituitarism may take years to manifest and may result 
from hypothalamic damage. In children growth retardation 
may result. A late complication of pituitary irradiation is 
surrounding turnout formation. Most cases are astro- 
cytomas, but meningiomas, oligodendrogliomas, osteo- 
sarcomas and fibrosarcomas have all been described. 


Thyroid. Within 2 weeks of irradiation of the thyroid, 
follicular destruction can be seen with epithelial cells 
shed into the lumen. Multinucleated cells may be present 
and vessel changes are often seen with interstitial 
oedema and a lymphocytic infiltrate (Fig. 8). Later 
changes include vascular sclerosis with ischaemic fibro- 
sis and atrophy, especially at the centre of the gland. In 
young children, a range of thyroid disease is associated 
with irradiation, including diffuse or nodular goitre, 
hyper- or hypothyroidism, chronic lymphocytic thyroid- 
itis, adenomas and carcinomas. 4~ 


Gonads" 


The germinal epithelium is extremely sensitive to irradi- 
ation. Testicular germ cells show nuclear vacuolation 
and subsequent apoptosis. Delayed effects on the testis 
include seminiferous tubular sclerosis, basement mem- 
brane thickening and stromal hyalinization. Radiation 
vascular changes may be prominent. The Sertoli and 
Leydig cells are relatively more resistant, but cellular 
loss or dysfunction may be seen. Ovarian radiation leads 
to an increase in atretic follicles within a few days fol- 
lowing follicular and corpus luteal degeneration. Some 
follicles are spared, however, and may mature normally. 
Chronic damage manifests as atrophy, and the ubiqui- 
tous vessel changes may be more exaggerated in the 
ovary. 2 


Breast 


In the acute phase after irradiation, skin changes pre- 
dominate. In the deeper tissue there may be evidence of 
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Fig. 8~Distortion of thyroid follicles with interfollicular 
oedema and a chronic inflammatory cell infiltrate are often 
seen after irradiation. The epithelial cells may show a 
variable degree of nuclear pleomorphism which causes 
problems when interpreting fine-needle aspiration material. 
H&E. 


Fig. 9--Characteristic changes in the breast include Iobular 
atrophy with both intra- and interlobular fibrosis. Epithelial 
cell morphology is occasionally difficult to interpret in 
specimens from the breast, H&E. 


fat necrosis, vascular dilatation and stromal oedema. 
Later changes include acinar atrophy, epithelial cell 
atypia, intralobular and interlobular fibrosis (Fig. 9) and 
general vascular changes. Atypical epithelial cell 
changes and atypical mitoses may make the differen- 
tiation between radiation effect and recurrent tumour 
difficult. It should be noted, however, that these radia- 
tion-induced changes are restricted to the terminal duct 
lobular unit; atypical epithelium in the larger ducts 
should be viewed with considerable suspicion. 41 A range 
of benign and malignant breast disease may follow irra- 
diation of the breast with carcinoma developing after at 
least 10 years and peaking around 15-20 years. 4z The 
age at exposure is influential. 


IMPLICATIONS FOR PATHOLOGICAL 
PRACTICE 


The effects of radiation on the architecture and nuclear 
appearance of many epithelia such as breast and prostate 
may mimic neoplasia extremely closely and the patholo- 
gist should obtain all the relevant information before 


confidently diagnosing malignancy in these situations. A 
search for further evidence of radiation injury is essential 
with particular note of radiation fibroblasts and the 
characteristic but non-specific vessel changes. 22 Mimicry 
of neoplasia is equally relevant to cytology. Fine needle 
aspiration of the thyroid and breast, 43 fluids such as urine 
and serous effusions, 44 and exfoliative cytology 45 are 
particular hazards and occasionally it may not be pos- 
sible to differentiate with any degree of confidence. 
Publications highlighting the difficulties in interpretation 
of cytological material after irradiation document nuclear 
enlargement, hyperchromasia and atypia as features. 
Helpful points in the differentiation from recurrent 
tumour include degenerative features such as nuclear 
and cytological vacuoles and homogeneous staining of 
the nuclear chromatin without malignant characteristics. 


The complications of irradiation frequently develop 
many years after treatment and this latency occasionally 
makes differentiation from relapsed or recurrent tumour 
impossible without biopsy or more definitive surgery. 
Even if it is known that no tumour is present, surgery 
may well be the appropriate treatment for complications. 
In some instances, symptoms may not be associated with 
changes in the pathological specimen and functional dis- 
turbances may be relevant. The pathologist may also be 
involved in the diagnosis of radiation-induced tumours 
but there is no difference in the morphology of such 
tumours to help identify aetiology. 4 


In conclusion, this review highlights the important 
relationship between the pathologist and radiation both 
in general pathology and routine diagnostic reporting. 
The response to radiation represents a basic pathological 
process intimately concerned with study of the funda- 
mentals of carcinogenesis and as a variant of the inflam- 
matory response and repair. Knowledge of the basic 
biological and pathological mechanisms involved in 
radiation treatment and injury will aid in the future 
development of strategies to deliver more effective 
treatment for cancer. 


ACKNOWLEDGEMENTS 


Dr M. Sheaff receives an Ernst Schering Research Foundation 
Scholarship and the Gillson Scholarship of the Worshipful Society of 
Apothecaries of London. 


REFERENCES 


1. Owen J B, Coia L R, Hanks G E. Recent patterns of growth in 
radiation therapy facilities in the United States: a patterns of care 
study report. Int J Radiat Oncol Biol Phys 1992; 24: 983-986. 


2. Fajardo L F. Pathology of radiation injury. New York: Masson, 
1982. 


3. Mettler F A, Upton A C. The medical effects of ionizing 
radiation, 2nd edn. Philadelphia: WB Saunders 1995. 


4. Anderson R E, Berthrong M, Fajardo L F. Radiation injury. In: 
Damjanov I, Linder J (eds) Anderson's Pathology, 10th edn. 
Mosby 1996: 484-512. 


5. Withers H R. Biological basis of radiation therapy for cancer. 
Lancet 1992; 339: 156-159. 


6. Doll R. Hazards of ionising radiation: 100 years of observation 
on man. Br J Cancer 1995; 72: 1339-1349. 


7. Maity A, McKenna W G, Muschel R J. The molecular basis for 
cell cycle delays following ionizing radiation: a review. 
Radiother Oncol 1994; 31: 1-13. 







PATHOLOGICAL EFFECTS OF IONIZING RADIATION 115 


8. Villa R, Zaffaroni N, Bearzatto A, Costa A, Sichirollo A, 
Silvestrini R. Effect of ionizing radiation on cell-cycle 
progression and cyclin B 1 expression in human melanoma cells. 
Int J Cancer 1996; 66: 104-109. 


9. Lichter A S, Lawrence T S. Recent advances in radiation 
oncology. N Engl J Med 1995; 332: 371-379. 


10. Verheij M, Dewit L G, Boomgaard M N, Brinkman H J, van 
Mourik J m. Ionizing radiation enhances platelet adhesion to the 
extracellular matrix of human endothelial ceils by an increase in 
the release of von Willebrand factor. Radiat Res 1994; 
137: 202-207. 


11. Yan J, Khanna K K, Lavin M F. Induction of inositol 1,4,5 
trisphosphate receptor genes by ionizing radiation. Int J Radiat 
Biol 1996; 69: 539-546. 


12. Magic Z, Matic-Ivanovic S, Savic J, Poznanovic G. Ionizing 
radiation-induced expression of the genes associated with the 
acute response to injury in the rat. Radiat Res 1995; 
143: 187-193. 


13. Katoh O, Tauchi H, Kawaishi K, Kimura A, Satow Y. Expression 
of the vascular endothelial growth factor (VEGF) receptor gene, 
KDR, in hematopoietic cells and inhibitory effect of VEGF on 
apoptotic cell death caused by ionizing radiation. Cancer Res 
1995; 55: 5687-5692. 


14. Haimovitz-Fredman A, Vlodavsky I, Chaudhuri A, Witte L, Fuks 
Z. Autocrine effects of fibroblast growth factor in repair of 
radiation damage in enhothelial cells. Cancer Res 1991; 
51: 2552-2558. 


15. Jin Y, Bums J, Garte S J, Hossetet S. Infrequent alterations of the 
p53 gene in rat skin cancers induced by ionizing radiation. 
Carcinogenesis 1996; 17: 873-876. 


16. Murmane J P. Role of induced genetic instability in the mutagenic 
effects of chemicals and radiation. Mutat Res 1996; 367:11-23. 


17. Trosko J E. Role of low-level ionizing radiation in multi-step 
carcinogenic progress. Health Phys 1996; 70:812 822. 


18. Oya M, Yao T, Tsuneyoshi M. Chronic irradiation enteritis. Hum 
Pathol 1996; 27: 774-781. 


19. Valk P E, Dillon W P. Radiation injury of the brain. AJNR Am J 
Neuroradiol 1991; 12: 45-62. 


20. Burger P C, Scheithauer B W. Tumors of the central nervous 
system. Atlas of tumor pathology, fascicle 10. Washington, DC: 
Armed Forces Institute of Pathology 1994. 


21. Powers B E, Beck E R, Gillette E L, Gould D H, LeCouter R A. 
Pathology of radiation injury to the canine spinal cord. lnt J 
Radiat Oncol Biol Phys 1992; 23: 539-549. 


22. Sheaff M T, Baithun S I. Effects of radiation on the normal 
prostate gland. Histopathology 1997; 30:341 348. 


23. Veinot J P, Edwards W D. Pathology of radiation-induced heart 
disease. Hum Pathol 1996; 27: 766-773. 


24. Fajardo L F, Berthrong M. Vascular lesions following radiation. 
Pathol Ann 1988; 23: 297-330. 


25. Wenig B. Necrotizing sialometaplasia of the larynx. Am J Clin 
Pathol 1995; 103: 609-613. 


26. Hemar P, Kennel P, Piller P, Herman D, Methlin A, Conraux C. 
Lingual necrosis after neck irradiation (French). Ann Otolaryngol 


Chir Cervicofac 1993; 110: 351-354. 
27. Sedgwick D M, Howard G C, Ferguson A. Pathogenesis of acute 


radiation injury to the rectum. A prospective study in patients. Int 
J Colorectal Dis 1994; 9: 23-30. 


28. Heptinstall R H. Pathology of the kidney, 4th edn. Boston: Little, 
Brown and Company 1992. 


29. Sheaff M, Badenoch D, Baithun S. Radiation-induced changes in 
39 cystectomy specimens. J Pathol 1995; 175: 134A. 


30. Shield P W. Chronic radiation effects: a correlative study of 
smears and biopsies from the cervix and vagina. Diagn 
Cytopathol 1995; 13: 107-119. 


31. Frieben A. Demonstration eines Cancroids des reshten 
Handriickens, das dich nach langdauernder Einwirkung von 
Rontgenstrahlen entwickelt hatte. Fortshr Geb Roengenstr 1902; 
6: 106. 


32. Shore R E, Albert R E, Partemach B S. Follow-up study of 
patients treated by X-ray epilation for tinea capitis: re-survey of 
post-treatment illness and mortality experience. Arch Environ 
Health 1976; 31: 17-28. 


33. Jagic N von, Schwartz G, Siebenrock L. Blutbefunde bei 
Rontgenologen. Berl Klin Wochenshr 1911; 48: 1220-1222. 


34. Perrier M, Moeller P. Osteoradionecrosis. A review of the 
literature (French). Schweiz Monatsschr Zahnmed 1994; 
104: 271-277. 


35. Enzinger F M, Weiss S W. Soft tissue tumours, 3rd edn. Mosby 
1995. 


36. Servodidio C A, Abramsom D H. Acute and long-term effects of 
radiation therapy to the eye in children. Cancer Nurs 1993; 
16: 371-381. 


37. Adler M, Hawke M, Berger G, Harwood A. Radiation effects on 
the external auditory canal. J Otolaryngol 1985; 14: 226-232. 


38. Estrada J, Boronet M, Mielgo M e t  al. The long-term outcome of 
pituitary irradiation after unsuccessful trans-sphenoidal surgery in 
Cushing's disease. N Engl J Med 1997; 336: 172-177. 


39. Tezelman S, Rodriguez J M, Shen W, Siperstein A E, Duh Q Y, 
Clark O H. Primary hyperparathyroidism in patients who have 
received radiation therapy and in patients who have not received 
radiation therapy. J Am Coll Surg 1995; 180: 81-87. 


40. Rosai J. Thyroid gland. In: Ackerman's Surgical Pathology, 8th 
edn. Mosby 1995 


41. Schnitt S J, Connolly J L, Harris J R, Cohen R B. Radiation- 
induced changes in the breast. Hum Pathol 1984; 15: 545-550. 


42. Tokunaga M, Land C E, Aoki Y et al. Proliferative and non- 
proliferative breast disease in atomic bomb survivors. Results of 
a histopathologic review of autopsy breast tissue. Cancer 1993; 
72: 1657-1665. 


43. Peterse J L, Thunnissen F B, van Heerde P. Fine needle 
aspiration cytology of radiation-induced changes in non- 
neoplastic breast lesions. Possible pitfalls in diagnosis. Acta 
Cytot 1989; 33: 176-180. 


44. Wojno K J, Olson J L, Sherman M E. Cytopathology of pleural 
effusions after radiotherapy. Acta Cytol 1994; 38: 1-8. 


45. Shield P W, Daunter B, Wright R G. Post-irradiation cytology of 
cervical cancer patients. Cytopathology 1992; 3: 167-182. 












PATHOLOGY OF RADIATION INJURY 


Dr E Walong, Department of Pathology, School of Medicine, University of Nairobi 


Lecture presented to Level 2 MBChB students on 13/02/2013, 3pm. 


Introduction 


Radiation is a physical process, characterized by transfer of energy, in form of particles or 


electromagnetic waves, through a vacuum or matter. Matter in this case does not play a role in the 


transfer of this energy. 


Radiation may be classified as ionizing or non ionizing radiation. Ionizing radiation lead to generation 


of charged atomic particles and free radicals. Non ionizing radiation, frequently electromagnetic in 


nature, is associated with thermal effects, photochemical effects and electrostatic fields (diagram 


below). 


Diagram 1: ELECTROMAGNETIC RADIATION ILLUSTRATING IONIZING AND NON IONIZING SPECTRA, 


SOURCE OF RADIATION 


 


Source: Wikipedia 


The lecture aims to discuss pathologic processes associated with ionizing radiation. 


  







IONIZING RADIATION: PHYSICAL ASPECTS 


Ionizing radiation consists traditionally of alpha particles, beta particles, neutrons, and gamma 


radiation. However, charged atomic ions transferred across a medium may also be classified as 


ionizing radiation. Gamma rays are high frequency electromagnetic radiation. X rays and Gamma rays 


are both considered to have similar physical characteristics and ionizing potential. 


Diagram: IONIZING RADIATION AND ITS INTERACTION WITH MATTER 


 


Source: Wikipedia 


Alpha Particles: 


These are Helium nuclei, consist of two protons and two neutrons, net positive charge of 2. They are 


heavy, with low penetration capacity. They do not penetrate through paper, or intact skin. However, 


if radioactive source is ingested, they cause a lot more injury due to the fact that the energy is 


completely transferred into the host (they have a high linear energy transfer). Interaction of alpha 


particles with matter lead to displacement of electrons with release of electromagnetic energy, 


further adding to the injury. (Brehmstrahlung).  


Beta particles: 


These are electrons. They have a net negative charge of -1. They have moderate penetration 


capacity, with the linear energy transfer being approximately 5% that of alpha particles. Shielding 


them requires lead of several centimeters in thickness. They cause ionization by incorporation into 







atoms resulting in an increase in negative charge. Fusion leads to release of energy or displacement 


of a delta electron, and generation of free radicals.  


Ionizing Radiation 


These include ultraviolet radiation (UV B) and gamma radiation. They are high frequency 


electromagnetic waves with high penetrating capacity, but relatively low linear energy transfer. They 


ionize directly by displacing electrons, whose fission leads to release of secondary electromagnetic 


radiation and generation of free radicals. 


Neutrons  


These ionize indirectly. Neutrons are captured by atoms leading to generation of a recoil photon. The 


recoil photon ionizes the adjuscent nuclei resulting in generation of charged particles and free 


radicals. 


SOURCES OF RADIOACTIVITY 


Background radiation exists from the sun in the form of electromagnetic radiation. Cosmic rays which 


are high wavelength electromagnetic radiation, and may also consist of radioactive particles (alpha 


particles, beta particles, etc). These are frequently shielded by the ozone layer. High background 


radiation are also a feature of geographic areas where naturally occurring radioactive elements are 


found. 


Exposures may also occur as a result of detonation of radioactive weapons of mass destruction or 


accidents involving nuclear energy generation facilities, occupational exposures in persons working in 


industries where radiation is utilized, scientists, medical physicists, radiologists and radiotherapists. 


These may experience high dose total body irradiation. Localized radiation is utilized in the 


management of neoplasms. The aim is to induce radiation injury in neoplastic cells and the tumour 


bed (supporting vascular connective tissue). However, unintended injury may affect adjuscent tissue. 


MEASUREMENT OF RADIOACTIVITY 


Use of autoradiography (unexposed photography fields) exposure through a darkened chamber may 


be used to assess radioactive exposure. These are worn by radiologists and  staff working in 


environments with high potentials of exposure. 


Scintillography, using scintillogram tubes, attached to acoustic devises that produce the ‘ticking 


sound’ or attached to display devices, calibrated, are used to assess radioactivity. Assesment of 


radioactive elements using mass spectroscopy, or atomic absoptiometry may also be performed. 


Quantitative assessment and units are indicated in the table below: Biological effects are derived 


from absorbed radiation, measured in Grays (1J/Kg) or Sieverts (Sv) which takes into account Linear 


Energy Transfer (LET). α particles- 1Sv = Gy x20, β particles: 1Sv = Gy x1, γ 


  







UNITS UTILIZED IN THE MEASUREMENT OF RADIOACTIVITY 


 


 


CELLULAR EFFECTS OF RADIATION 


Targets of radiation injury include DNA, Lipid membranes and Proteins 


Injury to DNA 


Injury to DNA is due to direct ionization of building blocks of DNA. Pyrimidines  are more succeptible, 


with pyrimidine dimerization, DNA and protein crosslinkages occurring. Indirect injury due to free 


radical generation or sulfated protein cross linkages may also occur.These results in double strand 


chromosomal breaks, single strand chromosomal breaks, base loss, base changes and hydrogen bond 


breaks. 


  







Diagram Illustrating Injuries to DNA 


 


 


  







AS a response to this, cellular activation of DNA repair pathways ensue. Failure of repair lead to 


apoptosis. 


Diagram showing the role of P53 in DNA repair and DNA repair mechanisms 


 


Diagram showing processes of DNA repair 


 


 







Injury to DNA may be directly lethal, as apoptosis due to inadequate repair may ensue. P53 protein is 


essential in this process. P53 leads to cell cycle arrest resulting in repair (as above) or apoptosis. The 


diagram below shows the cell cycle, and cell cycle checkpoints where cell cycle arrest occurs. Persons 


with abnormal P53 (mutations in P53) or deficits in DNA repair enzymes (such as xeroderma 


pigmentosa) are particularly sensitive to radiation injury, with carcinogenesis being a long term 


sequel. Cells that are actively replicating are more susceptible, as their chromosomes are in 


euchromatin form, are more susceptible to radiation injury compared to cells in the resting (Go) 


phase whose DNA is in heterochromatin state. RNA is particularly resistant to radiation injury. 


Diagram Showing the Cell Cycle Checkpoints where P53 induced repair occurs 


 


The morphological features on histology are enlarged nuclei with variable pleomorphism, with mega 


nuclei and cytoplasms. 


The effects of radiation injury to chromosomes are therefore: 


1. Deletions 


2. Translocations 


3. Fragmentation 


4. Adhesion breaks between chromosomes 


5. Polyploidy and aneuploidy 


 


 







EFFECTS ON CELLULAR MEMBRANES 


Injury resulting in disruption of cellular membranes result in failure in maintenance of the 


intracellular milieu, resulting in necrosis or apoptosis. Peroxidation of hydrophobic tails of the lipid 


bilayer due to free radical injury. Free radicals generated by ionization include hydrogen peroxide, 


superoxide generation, which require antioxidants such as glutathione, tocopherol, glutamate, which 


may be administered as radioprotective agents prior to radiation exposure. 


Diagram showing steps of Lipid Peroxidation 


 


 


  







Diagrams showing Sequelae of Free Radical induced Radiation Injury 


 


 


EFFECTS OF RADIATION ON PROTEINS 


Proteins are relatively resistant to radiation injury. Enzymes and proteins bearing sulfhydryl groups 


are affected. This is due to sulfhydryl crosslinkage. In response to DNA and membrane injury, 


activation of immunity with increased production of proinflammatory cytokines may occur. 


  







Diagram showing Effects of Radiation injury on innate cellular immunity 


 


 


EFFECTS OF RADIATION ON TISSUES/ORGANS 


According to the law of Tribendeau and Bergonie, tissues bearing the highest proportion of 


undifferentiated cells and with high replicative potentials have propotional susceptibility to radiation 


injury, while well differentiated cells have inverse susceptibility to radiation injury. 


  







Diagram, Law of Bergonie, Tribondeau: Tissue Susceptibility to Radiation 


 


  


Effects of radiation in tissue may be classified as acute, subacute and chronic. 


Acute effects occurs within hours to days of radiation injury. In cases of total body irradiation, stem 


cells of the intestine and bone marrows are depleated leading to bone marrow failure or intestinal 


atrophy. These may regenerate if the dose of radiation is sublethal. 


Sub acute effects: This are due to injury to medium sized vascular channels resulting in ischemia. 


Fibrosis may occur. 


Chronic Effects: healing of the tissue by fibrosis, carcinogenesis 


For specific systemic effects, kindly refer to accompanying article. Please read on the effects to the 


Gastrointestinal tract, central nervous system. 


  







The chart below summarises basic injury associated with radiation. 


 


 


Thank you, wish you the best in your studies 


 


Dr E Walong, Department of Human Pathology 






UNIVERSITY OF NAIROBI

SCHOOL OF MEDICINE

DEPARTMENT OF PATHOLOGY



Wednesday 10th February, 2010					Prof. Gathei

[bookmark: _GoBack]CELL INJURY

Radiation Injury

· In poorly vascularized tissues, cell injury is more diverse as compared to vascularized.

· In life, several stages are recognized

· Stage 1: 0 – 48hrs, includes anorexia, vomiting, general. Reversible cell changes may be seen and the blood may show reduced lymphocyte formation

· Stage 2 (Latent Stage): 48hrs – 3 weeks: Signs seen include comprehensive drop in blood cell especially the lymphocytes, epilation (loss of hair), progressive cellular damage mainly seen in the gut where some of the gut mucosal cells are absent, the skin shows decreased vascularity and the bone marrow activity will be hypocellular

· Stage 3: Fever, feeling of lethargy, the teeth show bleeding tendency, diarrhea, purpura bleeding sites on the skin, reduced blood pressure that one may have cardiovascular collapse. Pathology is related to extensive mucosal cell loss in the gut, dehydration, hemorrhagic tendencies are increase, and blood will show cytopenia (reduced blood hematocrit). Progressively this may lead to death

· Stage 4 (Recovery Stage) 6 – 15 weeks: There is gradual recovery of cell injury. All the signs mentioned above will increase in severity except that in men, reduction of spermatic cells may continue for up to a year. The pathology is the gradual repair of tissues and cells.

The effects of radiation depend on the exposure rate e.g. exposure to 500 units of radiation varies from 1,000 units of the same radiation. Pathological features vary and so will the duration.

Rare changes are seen when less than 100 units are applied. In very high exposure doses e.g. following exposure to nuclear weapons, the effects are very similar to those of blast and heat. In any given population, 70% of people may show blast, 65% will show burns and 35% will show features of radiation burns. Some may show all the three features. 

Others will exhibit fractures while others will show rapture of the stomach, intestine, urinary bladder and even destruction of the lungs. In the case of burns, these are as a result of initial heat burns during the exposure and the fact that objects nearby burst into flames (secondary fires in the vicinity)

If the burns are more than 1000, there is damage to the brain and the individual goes into a coma or deep unconsciousness and this is related to damage of neurons with rapture of small blood vessels in the brain



Nutritional Injury/Nutritional Deficiency 

1. In most cases is a combination of lack of water, trace elements including sodium, potassium, iron, calcium and vitamins and/or proteins

1. The common patterns seen in hospitals are mainly protein malnutrition and vitamin deficiency especially vitamin C.

1. Specifically vitamins are seen during formation of new tissue. This is seen in children and following surgical operations, wound healing, following starvation, victims of malignancy or cancer etc

1. In protein calorie malnutrition it is the lack of protein. This is a worldwide problem mainly in Asia, Africa, Latin America and the Carribean Island 

1. This is attributed to poor physical development and in adults, poor maintenance of health. Two major patterns are seen;

· Marasmus (withering, extreme starvation – the disappearing disease). This is seen because of lack of essential amino acids related to protein synthesis and carbohydrate synthesis. 

· Kwashiorkor (protein calorie malnutrition); this is related to protein deficiency. The major manifestations are;

· Growth retardation 

· Generalized edema; caused by water logging in the extracellular tissue

· Yellowish liver

· Yellow hair



Morphological Changes after Cell Damage

1. Cells become few in number

1. Environmental and health factors may have an important bearing on the cell injury

1. Variation of the cellular response are often related not to the specific toxicity or specific injurious agent but other factors such as local concentration of the injurious agent, the blood supply and the way that injurious agent is dealt with by specific tissue. This is the basis of much of the differential susceptibility of organs and cells to injury

Cell changes may be reversible if they are in the cytoplasm. Irrespective of the causative factor, all cells tend to swell. The swelling is due to the increased amount of water in the cytoplasm. This is due to hydraulic change.

In other changes, the cytoplasm shows changes which are in normal circumstances not seen. Once the injurious agent has been removed, the cells go back to normal. However if the cell has gone beyond the point of no return, then the cell is said to have undergone an irreversible change.

The morphological changes that follow death in living tissues are usually the result of enzymic degradation of the cell contents mainly in the cytoplasm and changes in the nucleus. 

The major changes as seen in the nuclei are pyknosis; microscopically this is the condensation of nuclear material seen in the cell. Then karyolysis which is the dissolution of nuclear material and the other feature one may see is karyorrhesis which is fragmentation of nuclear material seen scattered haphazardly. Once one has these features, cell of death has occurred. Since it occurs in many cells it is said to be necrosis; tissue death surrounded by viable tissue/normal tissue

Types of Necrosis

Coagulative Necrosis: This is when dead cells whose structural outline is said to be intact and microscopically one can recognize them. The commonest cause is hypoxia or ischemia. These cells are eventually removed by fragmentation of the tissues and by the process of phagocytosis. 

Caseous/Radiation Necrosis: In most cases, one sees the bulk of the tissue showing coagulative necrosis but in the center of the tissue, it shows fragmentation of the cells and in addition one may see inflammatory cells. This form of necrosis is to be seen in TB infection

Liquefactive Necrosis: It is characterized by a focus of necrosis due to bacteria infection or fungal infection attended by numerous acute inflammatory cells i.e. neutrophils which are responsible for the release of hydrolytic enzymes that liquefy the tissues. This is primary liquefactive necrosis that is seen only in the brain following brain death

Gangrenous Necrosis: This is death of tissue due to lack of blood supply mainly seen in the lower limbs or even upper limb where there is insufficient blood supply. However with time, there is bacterial infection. Most times it is dry and may be referred to as dry gangrene. With arrival of bacteria and neutrophils, this may change into what is referred to as a wet ganglion. 

Fat Necrosis: Seen in tissues with a lot of fat e.g. the breasts, proteolytic enzymes leading to fat necrosis in cases of pancreatic damage. May be due to trauma or massive digestion by enzymes



In most cases after cells undergo necrosis, one sees development of deposition of calcific material and therefore the tissues undergo calcification. Because the tissue has been injured it is called dystrophic calcification and should be differentiated from metastatic calcification that is associated with high levels of plasma calcium. 

The two forms of calcification are both pathologic calcification. 



Consequences of Cell Injury

This depends on both the cell and the injurious agent. The structure will be disorganized but more importantly, the function will be disturbed. In diarrhea, it means the mucosa or vascular supply has been affected. Passing too much urine means the kidney is failing etc.

Death of the organisms causes the cells to also start dying. The process of hydrolysis it starts immediately. In some organs it is fast and others slow. This self digestion is called autolysis; death of cells and tissues after death of the entire organism. If one is exposed to the sun, autolysis is faster as compared to someone who is stored in a refrigerator

Apoptosis: This is programmed cell death. It occurs in normal tissue as a means of regulating the number of cells in a tissue or organ principally seen during the embryological development. May also be seen in the menstrual cycle where there is endometrial cell loss. In breast feeding, it may be seen especially involution of breast tissue following successional lactation activities as a change in the lactating breast once breast feeding is finished. It is also seen as cell deletion in proliferating cells especially in malignant cells or tumors. The best example is basal cell carcinoma.



In immune cell development, it is seen as deletion of immune cells especially T-cells. All these are physiological apoptosis. Examples include; apoptosis in tumor cells, also seen in a pathologic phenomenon known as atrophy. This is seen in liver tissue that has been affected by viruses that cause hepatitis. In HIV/AIDS, there is loss of lymphocytes by individual cells by apoptosis. 



Reasons for studying cell injury

1. To be able to determine the cause of disease and cell death

1. Used at postmortem to determine whether a person died suddenly or whether there was a cause of death over time
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