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Abstract. Radiation therapy is a major therapeutic modality 
in the management of cancer patients. Over 60% of these 
patients receive radiotherapy at some point during their course 
of treatment and over 90% will develop skin reactions after 
therapy. Problematic wound healing in radiation-damaged 
tissue constitutes a major surgical difficulty and despite all 
efforts, irradiated skin remains a therapeutic challenge. This 
review provides an overview of the fundamental principles of 
radiation therapy with regards to the wound healing in normal 
and irradiated skin. Furthermore, it presents techniques that 
describe how to prevent and manage skin side effects as well 
as prospects that may improve cutaneous wound repair in 
general and in irradiated skin.
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1. Introduction

For almost one hundred years, radiation therapy has been used 
as a cancer treatment (1). Many low-dose treatments cause 
minimal or no side effects. Elevation to higher doses causes 
varying side effects during the course of treatment (acute side 
effects) (2). In the months or years following treatment, long-
term side effects are observed (3). Cumulative side effects 

appear after re-radiation (4). Skin irritation is the most frequent 
acute side effect (5). Fibrosis represents a typical long-term 
side effect and causes severe surgical difficulties (6). Wound 
repair of the skin is one of the most complex processes 
recognized and is characterized by the interaction between 
many processes and factors that occur in a precise sequence 
in the different layers of the skin. The coordination of these 
processes occurs through communicating proteins known as 
growth factors and cytokines. Abnormal wound healing is a 
typical result of the irradiated skin. It is the comprehension of 
the fundamental molecular principles regarding both normal 
and disturbed wound healing that currently provides effective 
therapeutic options (7,8). This article discusses the fundamental 
principles of radiation therapy and wound healing in normal 
and irradiated skin, thereby elucidating emerging surgical 
difficulties as well as prospects in treatment.

2. Fundamental principles of radiation therapy

The radiotherapeutic approach for the eradication of malignant 
cells was first introduced during the late 19th century. Today 
radiotherapy is used as the primary therapy using combinations 
of surgery, chemotherapy hormone therapy, therapy with 
antibodies or a mixture of all strategies. Most cancer types can 
be treated with radiotherapy. Radiotherapy can be given either 
as a curative modality, adjuvant, or as a palliative treatment. 
Several biological and technical factors are taken into account 
when planning radiotherapy.

Techniques. Ionizing radiation is energy sufficiently strong 
enough to remove an orbital electron from an atom. This 
radiation can have an electromagnetic form, such as a high-
energy photon or a particulate form, such as an electron, 
proton, neutron or an α particle (9). The most common form 
of radiation used in practice today is the high-energy photon 
which is also known as external beam radiotherapy (10). 
Photons that are released from the nucleus of a radioactive atom 
are known as gamma-rays. When photons are created electron-
ically, as in a clinical linear accelerator, they are known as 
X-rays. After penetrating the tissue, the particles begin to 
ionize surrounding molecules. Stereotactic radiosurgery uses 
focused radiation beams targeting a well-defined tumor using 
extremely detailed imaging scans (11). The therapy pinpoints 
high doses of radiation directly on the cancer in a shorter 
amount of time than traditional treatments. Particle therapy is 
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a form of external beam therapy using beams of energetic 
protons, neutrons, or positive ions for cancer treatment. The 
most common type of particle therapy is proton therapy. Proton 
therapy achieves significant improvements in the probability 
of local control over conventional radiotherapy. Because of 
the increased precision, proton therapy is also used to reduce 
unwanted side effects by limiting the dose to the normal 
tissue. Brachytherapy can be used for temporary or permanent 
placement of radioactive sources and procedures can be 
performed with either temporary or permanent implants (13). 
Radioisotope therapy is primarily a method to eradicate 
disseminated tumor cells and small metastases, while bulky 
tumors and large metastases have to be treated surgically or 
by external radiation therapy. The radioisotopes are delivered 
through infusion or ingestion (14).

Mode of action. Radiation damage is a complex multi-faceted 
biological effect. It is assumed that radiation damage occurs 
within the DNA, and two types of damage-formation processes, 
both of which lead to cell lethality, may be postulated. Type A 
damage occurs when adjacent DNA strands are broken as a 
result of a single ionizing event. Type B damage results from 
an interaction between two proximal single-strand breaks 
created in separate ionizing events. The individual single-brand 
breaks (e.g., the precursors to Type B damage) are assumed to 
be potentially repairable and, hence, sublethal. It thus follows 
that if the damage from the first sublethal event is repaired 
before the second event occurs, there will be no lethality (15). 
Several various normal tissue damage end-points are known: 
cell-cell interactions, cell differentiation, extracellular matrix 
remodelling, cytokine and growth factor secretion, clonogenic 
cell survival, vascular damage, chromosomal aberrations and 
DNA repair (16). The damage of DNA is caused directly by 
ionizing the atoms which make up the DNA chain. It can also 
be a result of indirect ionization by ionization of water, 
forming free radicals, which then damages the DNA. In the 
most common forms of radiation therapy, most of the radiation 
effect is through free radicals (17). Local tumor recurrence in 
the radiated field is often implicated as a primary cause of 
treatment failure following potentially curative radiation therapy 
for locally advanced solid tumors (18). Several treatment-
specific factors (e.g., total radiation dose, dose per fraction, 
overall treatment time) and patient-specific characteristics 
(e.g., disease stage, histology, performance status) are known 
to influence the probability of local tumor control by radiation 
therapy (19,20). It is well known that the biological response 
to radiotherapy influences the outcome of radiation therapy; 
e.g., clonogenic cell growth can occur following fractionation, 
and if the cancer is growing exceedingly fast then it may expand 
between each daily fraction of treatment. The microenvironment 
of solid tumors is hypoxic compared with normal tissue, and 
this hypoxia is associated with decreased radiosensitivity (21). 
Thus, the specific and dominant factor(s) leading to disease 
recurrence in a particular patient may not easily be inferred.

Side effects. Normal body tissue varies in its response to 
radiation. The most sensitive cells to radiation therapy are 
those that divide rapidly. Early side effects are usually gone 
within a few weeks after treatment. Late side effects are those 
that take months or years to develop. They are often permanent. 

The most common side effects of radiation are skin reaction 
and fatigue (22). Other, less common side effects are: hair 
loss, nausea and vomiting, diarrhea, loss of appetite and myelo-
suppression. Fibrosis is a common late side effect and can lead 
to functional loss and unwanted cosmetic results, a loss of 
self-esteem and a diminished quality of life (23). Very rare 
side effects are lung fibrosis and secondary cancers (24,25). 
The first type of cancer documented as being associated with 
exposure to ionizing radiation was skin cancer, which was 
reported only 7 years after the discovery of X-rays (26). Patients 
undergoing radiotherapy display a large patient-to-patient 
variability in their risk of developing tissue reactions. The 
ultimate reason for these different reactions is a matter of 
intensive research.

3. Principles of wound healing

The three phases of tissue repair: inflammation, tissue 
formation, and tissue remodelling. Wound healing of the 
tissue follows a specific time sequence. The very complex 
repair processes are sub-divided into three phases that overlap 
in time and space.

Phase I: inflammation. The first of these phases is called 
the exudative phase or phase of physiological inflammation 
and it takes place within the first three days post injury. 
Immediately after the damage has taken place hemostasis is 
achieved by the formation of a platelet plug (27). Platelet cells 
are present in the highest numbers shortly after a wound 
occurs. They release and activate transforming growth factor β 
(TGF‑β) and platelet-derived growth factor (PDGF), which 
act as chemotactic agents in the recruitment of inflammatory 
cells, epithelial cells and fibroblasts (28). Growth factors in 
general are crucial in all three phases of wound healing. 
Emphasizing their importance, a subsequent chapter is dedicated 
to these peptides. Platelets also release proinflammatory factors 
like serotonin, bradykinin, prostaglandins, prostacyclins, 
thromboxane, and histamine which serve a number of purposes, 
including to increase cell proliferation and migration to the 
area and to cause blood vessels to become dilated and porous 
(29). This causes rubor, which is one of the classic signs of 
inflammation. Tumor and calor develop as egress of plasma 
protein and fluid into the interstitial space occurs. Dolor is 
sensed as prostacyclin, prostaglandin A and prostaglandin E 
act on peripheral nociceptors. The formation of the platelet 
plug is followed by the formation of a fibrin matrix, which 
then becomes the scaffold for infiltrating cells. A few hours 
after injury, granulocytes, macrophages and lymphocytes move 
into the affected area in order to remove dying tissue and to 
prevent ongoing infection. The second step within the phase 
of inflammation begins. Polymorphonuclear leukocytes (PMNs) 
now become the predominant cells in the wound, with 
especially high numbers on the second day. Their nucleus is 
so deeply lobated or divided that the cell looks like it has 
multiple nuclei (30). In addition to the above mentioned growth 
factors and kinins, cells are also attracted by fibronectin. 
Fibronectin is an extracellular matrix glycoprotein (31). It is 
secreted primarily by fibroblasts which secrete proteases, 
including matrix metalloproteinases that digest the plasma 
fibronectin, and then secrete cellular fibronectin. The PMNs 
are activated by the proinflammatory cytokines IL-1β, tumor 
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necrosis factor‑α (TNF‑α) and interferon‑γ (IFN‑γ) (32). TNF 
is a cytokine, which is produced mainly by macrophages, 
lymphoid cells, mast cells and fibroblasts. IFN‑γ was originally 
called macrophage-activating factor. Its main function is to 
increase immunity against viral and intracellular bacterial 
infections and to control tumor growth. PMNs themselves 
phagocytize debris and bacteria and kill bacteria by releasing 
antimicrobial substances like reactive oxygen species, cationic 
peptides, eicosanoids as well as free radicals. In addition, they 
clean the wound by secreting proteases like elastase, cathepsin G, 
proteinase 3, and urokinase-type plasminogen activator (33). 
Usually they undergo apoptosis or are degraded by macrophages. 
Furthermore, helper T-cells secrete interleukin‑2 (IL‑2). 
Elevation of IL‑2 causes further T‑cell proliferation to augment 
the immunogenic response, to increase inflammation and to 
boost vasodilatation and the activity of macrophages. The role 
of particular T‑cell subsets during repair requires further 
investigation. About two days after injury, macrophages are 
the predominant cells in the wound. Monocytes will have 
entered the wound and matured into macrophages. Macro-
phages are thought to be crucial for coordinating later events 
in the response to injury, as they phagocytize bacteria and 
damaged tissue. In addition, they release IL‑1 and basic 
fibroblast growth factor (bFGF) (34). They are stimulated by 
the hypoxia in the wound and they induce angiogenesis by 
releasing IL‑1. bFGF is a chemotactic and mitogenic factor for 
fibroblasts and endothelial cells. Macrophages effectively 
push the whole process one step forward. Nevertheless, the 
importance of neutrophils and macrophages is not completely 
understood. When the inf lammation phase ends, fewer 
inflammatory factors are secreted and the numbers of neutro-
phils and macrophages decrease. This indicates that the 
second phase of normal wound healing is underway. An 
excessive or prolonged inflammatory response results in 
increased tissue injury and poor healing. Successful wound 
repair requires the coordinated expression of inflammation as 
well as the resolution of inflammation (32).

Phase II: tissue formation. The phase of proliferation 
(formation of granulation tissue), occurs in the fourth to 
seventh day after the injury. It is characterized by angiogenesis, 
the proliferation of fibroblasts and the formation of collagen, 
and by the proliferation and migration of keratinocytes, which 
results in complete wound closure. Angiogenic growth factors 
activate receptors present in endothelial cells of pre-existing 
blood vessels. The activated endothelial cells then begin to 
release proteases that degrade the basement membrane, allowing 
endothelial cells to escape from the original vessel walls. 
Important angiogenic growth factors are FGF, VEGF, PDGF 
and TGF‑β. Fibroblasts soon become the dominant cell type. 
The apex occurs 1-2 weeks post injury. They accumulate 
simultaneously with angiogenesis. In the first two or three 
days post injury, fibroblasts mainly migrate and proliferate, 
and they later become the main cells that lay down the 
collagen matrix in the wound site (35). Thereby, fibroblasts 
utilize fibrin to migrate across the wound, subsequently 
adhering to fibronectin. Fibroblasts then produce the ground 
substance. This is the term for the non-cellular components of 
the extracellular matrix (ECM) and it is primarily composed 
of the glycosaminoglycans, hyaluronan, proteoglycans and 
glycoproteins. It does not include collagen. Granulation tissue 

is constantly growing in the wound bed. This tissue contains 
new blood vessels, fibroblasts, inflammatory cells, endothelial 
cells, myofibroblasts and the components of ECM. The ECM 
is essential for wound healing and fibrosis and contains 
proteoglycans, such as heparin sulfate and chondroitin sulfate 
in addition to hyaluronic acid and fibers like collagen and 
elastin (36). ECM has many functions, such as providing 
support and anchorage for cells, segregating tissues from one 
another, regulating intercellular communication and releasing 
and bailing growth factors. When conditions in the wound are 
changing, ECM is able to deplete these depots according to 
requirements (37). Subsequently, fibronectin allows cells and 
agents to move through the ECM (38). Macrophages simulate 
fibroblasts to differentiate into myofibroblasts. They are 
contractile cells and bring the edges of a wound together. Basal 
keratinocytes proliferate from the wound edges ceasing 
movement when they meet in the middle. Fibroblasts secret 
collagen and deposit it at the bottom of the wound. If the 
contraction continues for too long, it can lead to disfigurement 
and loss of function. Decreasing hyaluronic acid levels while 
increasing chondroitin sulfate levels in the ground substance, 
hinders fibroblast migration and proliferation (39). At this 
time fibroblasts begin to undergo apoptosis, converting 
granulation tissue from an environment rich in cells to one 
that consists mainly of collagen. The maturation phase of 
wound healing begins.

Phase III: maturation and remodelling. This phase begins 
about two weeks after injury and lasts for a year or more. 
Most endothelial cells, macrophages and fibroblasts undergo 
apoptosis or exit the wound. The temporary scar mostly 
consists of collagen and extracellular matrix. The acellular 
matrix is actively remodelled from a mainly type III collagen 
backbone to one predominantly composed of type I collagen 
(40). Type I collagen is stronger. Furthermore, the originally 
disorganized collagen fibers become rearranged, cross-linked, 
and aligned along tension lines. This process is carried out by 
matrix metalloproteinases (MMPs) which are secreted by 
fibroblasts, macrophages and endothelial cells (41). MMPs are 
endopeptidases and play an important role not only in wound 
healing, but also in other physiological and pathological 
processes such as morphogenesis, angiogenesis, tissue repair, 
cirrhosis, arthritis and metastasis (42). When the phase of 
maturation is completed, a scar will have appeared as the 
typical end-point of normal mammalian tissue repair.

Growth factors. The complex interactions between the different 
components present during wound healing are mediated by 
interacting molecules, both mediators and receptors, known as 
growth factors and cytokines. These molecules are synthesized 
and secreted by many types of cells involved in tissue repair, 
including platelets, inflammatory cells, fibroblasts, epithelial 
cells and vascular endothelial cells (43). They are crucial for 
the initialization, the feeding and the regulation of wound 
healing and attach to specific membrane-attached receptors 
and activate them. This in turn activates an intracellular 
pathway, which proceeds to regulate gene expression and the 
cycle of cell progression. The terms, growth factor and cytokine 
do not have biological significance, but rather represent how 
these molecules have historically been defined. Growth 
factors typically act as signaling molecules between cells. 
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Autocrine, paracrine and endocrine effects are distinguished. 
There is a need for high levels of growth factors and cytokines 
as key regulators during the healing process, but abnormal 
growth factor expression may lead to abnormal wound 
healing. It is possible that the timing and pattern of cytokine 
response may be more important than the magnitude of their 
expression (44). In the last two decades, an increased and 
accelerated level of knowledge on growth factors and cyto-
kines involved in wound healing has been reached. However, 
it is beyond the scope of this article to explore this background 
knowledge. Subsequently, the listed growth factors are the key 
factors in wound healing (45,46).

Vascular endothelial growth factor (VEGF). VEGF is 
secreted by keratinocytes, macrophages and fibroblasts (47) 
and is induced by the local tissue environment, such as 
hypoxia or nitric oxide production. The level of VEGF steadily 
increases post injury. VEGF is a potent angiogenic factor and 
is important for the production, differentiation and perme-
ability of blood vessels and lymphatic endothelial cells (48).

Transforming growth factor β (TGF‑β). TGF‑β is released 
by platelets, macrophages and fibroblasts. It is a member of a 
large family of structurally-related factors with varying 
activities and is found in three isomers, 1-3. The most important 
activities include fibroblast migration, maturation and the 
synthesis of extracellular matrix (49,50). TGF‑β1 appears to 
play an important role in the metabolism of collagen (51,52). 
TGF‑β is present in most cell types, especially in thrombocytes. 
Isoforms 1-3 have varying effects depending on the cell type 
in which they are found. Antidromic effects are possible in 
cell proliferation and differentiation (53). TGF‑β1 and -β2 are 
pro-fibrotic and TGF‑β3 is believed to be anti-fibrotic (54). In 
experiments with rats, the neutralization of TGF‑β1 and -β2 
with antibodies combined with the activation of TGF‑β3 has 
prevented the formation of scar tissue (55). TGF‑β1 stimulates 
VEGF (56), decreases MMP activity and increases the activity 
of endogenous inhibitors of MMP expression, which may 
favour collagen accumulation and scarring.

Epidermal growth factor (EGF). EGF is primarily secreted 
by activated macrophages and keratinocytes. It was first found 
in the mouse submandibular gland. EGF has highly similar 
structural and functional characteristics to TGF‑α and to the 
hepatocyte growth factor/scatter factor (HGF/SF). Members 
of this protein family act by binding to the epidermal growth 
factor receptor (EGFR) on the cell surface and stimulate the 
intrinsic protein-tyrosine kinase activity of the receptor. The 
tyrosine kinase activity leads to many biochemical changes 
within the cell, including an increased glycolysis and protein 
synthesis. It also increases the expression of certain genes, 
including that for EGFR that ultimately lead to cell prolif-
eration. It is mitogenic for keratinocytes and fibroblasts and 
increases granulation and tissue formation in the wound bed. 
EGF-therapy with monoclonal antibodies plays an important 
role in cancer therapy (57).

Platelet-derived growth factor (PDGF). PDGF is produced 
by platelets, macrophages, vascular endothelium, fibroblasts 
and keratinocytes (58,59). PDGF is released by platelets soon 
after injury, and recruits fibroblasts and macrophages. It 
stimulates collagen and proteoglycan synthesis. PDGF is 
involved in all stages of wound healing and influences the 
growth and the function of various mesenchymal cells (60). 

Furthermore, PDGF stimulates the production of collagenase 
and the components of the extracellular matrix, fibronectin 
and hyaluronic acid. In contrast to VEGF, PDGF has a 
prolonged expression during scar formation, but disappears 
quickly in fetal wounds (61).

Fibroblast growth factor. The fibroblast growth factors 
(FGFs) are a protein family of ~20 heparin-binding growth 
factors. FGFs are produced by fibroblasts, endothelial cells, 
smooth muscle cells, chondrocytes and mast cells, and are 
secreted by macrophages and endothelial cells. FGF induces 
angiogenesis and epithelialization through the induction of 
fibroblast and keratinocyte proliferation and migration, endo-
thelial cell growth and migration, and collagen remodelling. 
FGF additionally prevents wound contraction (62). FGF7, also 
called keratinocyte growth factor (KGF), is the best known 
member of the group, responsible for keratinocyte regulation 
and maturation. FGF family members enhance the duplication 
and differentiation of many mesenchymal cells, including 
fibroblasts, muscle cells and chondrocytes.

Hepatocyte growth factor/scatter factor (HGF/SF). HGF/SF 
is secreted by vascular smooth muscle cells and fibroblasts. 
HGF was originally identified in 1984 as a mitogen of primary 
cultured hepatocytes. SF was identified in 1985 as a fibroblast-
derived epithelial motility factor. Subsequent characterization 
revealed SF to be identical to HGF, with c-Met as the receptor 
(63). HGF/SF induces the expression and synthesis of MMPs. 
It enhances endothelial cell survival and renders vascular 
endothelial cells resistant to apoptosis (64). By increasing the 
expression of VEGF, angiogenesis is also increased. Zhu et al 
(65) induced the overexpression of HGF in vascular smooth 
muscle cells. This led to the increased migration and prolif-
eration of endothelial cells, thus demonstrating the crucial 
role of HGF in the re-epithelialization of injured blood vessels 
(65). We have demonstrated the presence of modified HGF/SF 
expression in normal and radiated skin and in keloids. The 
strongest expression was found in keloids, whereas the lowest 
expression was found in irradiated skin (unpublished data).

Wound-healing disorders. The ideal end-point of wound 
healing of the skin would be total regeneration, with the new 
tissue having the same structural, aesthetic, and functional 
attributes as the original uninjured skin, but only fetal wounds 
heal in this way. If the normal continuum of wound healing is 
disturbed, healing may lead to either a chronic wound (ulcer) 
or to pathological scarring and extensive fibrosis. In general, 
chronic wounds can be segmented into the categories of 
venous, diabetic and pressure ulcers. Major pathophysiological 
factors that lead to chronic wounds are ischemia and bacterial 
colonization. Ischemia causes tissue to become inflamed and 
cells to release factors that attract neutrophils, such as inter-
leukins, chemokines, leukotrienes, and complement factors 
(66). Bacterial colonization prolongs inflammation and 
damages tissue. This leads to a greater number of neutrophils 
entering the wound site. Neutrophils release inflammatory 
cytokines and enzymes that damage cells so that chronic 
wounds have higher levels of inflammatory and proinflam-
matory cytokines (IL‑1, TNF and IL‑6) compared to acute 
wounds (33). Exudates from non-healing wounds contain 
elevated levels of proteolytic enzymes, like elastase from 
polymorphonuclear granulocytes (PMN elastase), reactive 
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oxygen species (ROS) and reactive nitrogen species (RNS). 
The overproduction of proteolytic enzymes leads to reduced 
concentrations of growth factors and proteinase inhibitors, 
resulting in an imbalance between the processes of degradation 
and remodelling. Boundless proteolytic activity caused by 
ongoing inflammation seems to be one of the main patho-
mechanisms of non-healing wounds (67). In comparison with 
the total prevalence of the above mentioned categories of 
chronic wounds, the prevalence of chronic wounds caused by 
ionizing radiation is quite rare. However the myriad of problems 
for patients and for surgeons can also be tremendous.

4. Wound healing in irradiated skin

Early skin reactions after radiotherapy are usually moderate, 
but over 90% of patients treated with radiotherapy develop 
skin reactions (68). These reactions appear in the early stages 
as erythema and as dry desquamation. If no infection occurs, 
re-epithelialization will begin within 10 days. Within two 
months, edema and inflammatory exudates will subside, and 
an area of brown pigmentation will be seen (69). Moist 
desquamation is characterized by a painful peeling skin with 
exposure of the dermis, exudate production and ulceration. 
Moist desquamation is observed in <10% of patients and is 
dose-dependent (70). Ideally, surviving germinal cells regenerate 
to repopulate the epidermis and allow for healing. However, 
when this repopulation fails, an acute ulcer in radiated skin 
will occur. Since the introduction of megavoltage linear accel-
erators, skin reactions rarely deteriorate to the ulceration 
stage, because the maximum deposited dose to the skin is at 
0.5-4 cm below. One year after radiation, the epidermis will 
appear dry, thin, and semi translucent. Hair follicles and 
sebaceous glands are usually absent. Fibrosis of the skin is 
present. The lymphatics are absent or blocked by fibrous tissue. 
Myocytes develop vacuoles and the muscles become scarred 
containing very few vessels. Years after radiation therapy, 
delayed ulcers and malignancies may occur. Delayed ulcers 
are more common than acute ulcers and may exist for several 
years. Commonly, the late skin reaction is characterized as 
fibrosis, atrophy, contraction, induration and a dose-dependent 
decrease in wound tensile strength. Poor wound healing can 
even lead to death, which may be from carotid artery rupture 
or to prolonged morbidity from fistula formation, wound 
dehiscence, skin flap reconstructive failure, and skin necrosis. 
Any localized trauma, surgery or infection to the irradiated 
skin can lead to a major non-healing wound. There is a great 
variability in the risk of developing radiation side effects. In 
part, this can be ascribed to differences in treatment and in 
patient characteristics (68). However, the pathophysiology of 
wound healing in the radiated skin is for the most part only 
theoretical. It is beyond controversy that histopathological 
changes like impaired neovascularization and excessive fibrosis 
are essential causes, particularly with regard to the late side 
effects of radiotherapy. By the same token, it is clear that many 
of the observed changes, in the side effects are elicited by the 
activation or deactivation of growth factors and cytokines. 
Ionizing radiation changes their interactions and cascades. 
IL‑1, which is primarily secreted by macrophages and keratino-
cytes, is also directly activated by ionizing radiation. IL‑1 
stimulates keratinocytes and fibroblasts as well as MMPs. It 

has been demonstrated that ionizing radiation is able to induce 
the release of TNF‑α by different cell types. TNF‑α is a 
potent activator of neutrophils, stimulates the proliferation of 
fibroblasts and induces the synthesis of MMPs. Decreased 
proliferation, impaired angiogenesis, and persistently high 
concentrations of MMPs were recently seen in an in vitro 
analysis of radiation-induced dermal wounds (71‑73). The 
impact that growth factors and cytokines have in radiation-
induced wound healing disorders is obvious. Further studies 
are necessary, but in the last few years it has become clear that 
there is an important and direct genetic component (74-76). 

These correlations shall be outlined using fibrosis as the 
example. Changes in collagen metabolism apparently have an 
important role in fibrosis formation. Elevated TGF‑β1 levels 
are correlated with an increased risk of fibrosis. As collagen is 
the major structural protein and composes 70‑80% of the dry 
weight of the skin, modulation of skin collagen metabolism by 
therapeutic irradiation has clinical importance. Skin collagen, 
synthesized by fibroblasts, is comprised from 80‑85% type I 
and of 10‑15% type III collagen (77‑79). Single nucleotide 
polymorphisms (SNPs) account for most of the known genetic 
variations between individuals and are usually defined as 
polymorphisms in which the minor variant (allele) is present 
in at least 1% of a given population. SNPs can affect protein 
function by altering the amino acid composition or by affecting 
various aspects of transcriptional and translational control 
(80).

5. Prevention and therapy of skin reactions

The prevention and treatment procedures of early and late 
skin reactions to radiotherapy are particularly and categorically 
polypragmatic. The course of action can be divided into five 
sections.

Radiation delivery methods. Fractionation allows the delivery 
of a larger total dose of radiation to the cancer than would be 
possible as a single dose. Most radiation treatments are delivered 
daily, 5 days a week (81). Hyperfractionation means to reduce 
the 24‑h interval to 6‑8 h. Conformal radiation is another 
possible solution for reducing the dose to normal tissue. A 
computer performs a three-dimensional (3D) transformation 
of the CT slices and creates a digitally reconstructed radiograph 
(DRR). The beams are very precisely directed and the nearby 
normal tissue receives less doses (82). Intensity modulated 
radiation therapy (IMRT) is an advanced type of conformal 
radiation. It allows radiation to be more exactly shaped to fit 
the tumor. With IMRT the radiation beam can be broken up 
into many beamlets, and the intensity of each beamlet can be 
adjusted individually (83).

General and supportive recommendations. Literature suggests 
that most advice given to patients being treated with radiation 
therapy is based on expert opinion rather than on reporting 
study results (84). The main recommendation is that gentle 
skin and hair washing should be unrestricted. The quality and 
quantity of studies evaluating the use of topical and oral agents 
did not allow for specific recommendations in those areas. 
There has been some evidence suggesting that the use of 
certain topical steroid creams and topical acid creams has a 
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radioprotective effect, but more studies are needed to support 
recommendations. There has been limited evidence to support 
the use of sucralfate, Biafine cream, aloe vera, chamomile 
cream or dressings for the prevention of acute radiation skin 
reactions (85).

Protective medical therapy. Sucrose octasulfate (SOS) is 
believed to stabilize FGFs and to stimulate regenerative 
processes of the skin. This agent, in combination with growth 
factors, has been the subject of several research studies. 
Rashid et al (1999) showed that co-administration of bFGF 
and sucralfate markedly facilitates the rat dorsal flap survivability 
by enhancing bFGF expression and angiogenesis (86). Yeh et al 
concluded that the SOS structure provides an attractive template 
for the development of easily synthesized SOS-related heparin 
agonists and antagonists that may hold therapeutic potential 
(87). Amifostine was originally indicated to reduce the cumu-
lative renal toxicity from cisplatin in non-small cell lung 
cancer. Protection against radiation-induced dermatitis was 
analyzed retrospectively in patients with pelvic tumors who 
were treated with radiotherapy. The studies showed hopeful 
results (88).

Medical therapy in radiogenic skin damage. Bolderston et al 
described a lack of strong evidence regarding the management 
of radiation therapy-related wounds such as moist desquamation 
(84). Steroid creams, sucralfate cream and various dressings 
were examined, but their comparisons were limited by use of 
unequal treatment parameters. The best available wound care 
is implicitly required on the management of radiation therapy-
related wounds, such as moist desquamation. Further research 
is warranted to support changing the practice. At the moment, 
no established recommendation can be made and only expert 
opinions can be given.

Surgical treatments. The best available wound care includes 
surgical treatments. Each surgical procedure presents great 
challenges because of unique difficulties in judgement and 
technique. Procedures to remove the damaged structures and 
to affect a sound wound closure must be varied as the involved 
site and the extent of the pathology dictate. A multistaged and 
deliberated approach is absolutely necessary because all the 
best intentions of the surgeon will not excuse culpability in 
the case of a deleterious result. Of course, these multistage, 
deliberate approaches are aimed to each kind of surgery, but 
in irradiated tissue the problems occur much more frequently 
and faster than in non-irradiated tissue. Inadequate resection 
may very quickly result in progressive pathological changes. 
Unnecessary exposure of important structures and further 
necrosis of the bone and cartilage are typical complications as 
well as secondary hemorrhage, progressive infection and 
progressive necrosis. Additionally, the surgeon should always 
keep in mind that the reason for a non-healing ulcer may also 
be a result of malignancy. The basic prerequisite is to remove 
altered tissue to the level of good, minute blood supply. After 
this, thin split-skin grafts can be useful to close and clean up a 
wound, even though more definite flaps are planned. In the 
acute stage, additional surgical procedures should not be 
performed in the inflamed tissue. In later stages operations 
can be performed and the skin can be expected to heal and 

provide good stable coverage. It is important to maintain the 
patient in a good general condition, with e.g., normal hemo-
globin and to improve his general nutrition for better wound 
healing (69). A percutaneous endoscopic gastrostomy should 
be considered in the early stages of the disease, especially in 
patients with dysphagia. Depending on the severity, the 
reconstructive ladder is from simple closures of the wound, 
skin grafts, to local and distant flaps and to microvascular-free 
flaps. The suturing technique should ensure as little trauma to 
the skin as possible, with everted wound edges and infection 
prophylaxis. Marginal skin tension in the wound can induce 
dehiscence with infection and necrosis.

Skin grafts and flaps. Both types of skin grafts, split-skin 
grafts and full-thickness skin grafts are transfers of tissue 
without its own blood supply (89). Therefore, survival of the 
graft depends entirely on the blood supply from the recipient 
site. The grafts contain the epidermis and only a portion of 
the dermis. The dermis left behind at the donor site contains 
hair follicles and sebaceous glands, both of which contain 
epidermal cells which gradually proliferate out to form a new 
layer of epidermis. The donor site may be painful and 
vulnerable to infection. For more extensive tissue loss, a full-
thickness skin graft, which includes the entire thickness of the 
skin, may be necessary. Full-thickness grafts contract less and 
the donor site heals much better than the donor site of a split-
skin graft. However, full-thickness grafts are more at risk to 
undergo necrosis. Flaps should be used when a simple skin 
graft will not be adequate e.g., for coverage of exposed or 
potentially exposed vital structures or for filling out contours. 
By definition there are distinctions between axial pattern flaps 
(flaps with named blood supplies), random flaps (unnamed 
blood supply) and muscle, musculocutaneous (muscle and 
skin), fasciocutaneous (fascia and skin), osseous (bone) and 
osseocutaneous (bone and skin) flaps (90). Besides this 
definition there yet exist various different classifications which 
typically include the type of blood supply, type of tissue to be 
transferred and location of donor site (91,92). Local flaps 
closely match the defect in color and quality and are charac-
terized as skin from the periphery of the defect site, which is 
mobilized and repositioned to fill the deficit. Various forms of 
local flaps can be designed (93). The flap designs include 
rotation, transposition and interpolation. Advancement flaps 
include single pedicle, bipedicle and V‑Y flaps. Distant flaps 
may be either pedicled or free (94). Pedicled skin flaps provide 
a method of transferring skin with an intact blood supply to a 
remote site (90). Once the flap develops a source of blood 
supply form its new bed, the vascular pedicle can be detached. 
Free flaps are physically detached from their native blood 
supply and then reattached to vessels at the recipient site. This 
anastomosis typically is performed using a microscope, and 
thus is known as a microsurgical technique (95,96).

6. Prospects

Radiation therapy techniques. Since the last century, when 
radiation therapy was in its infancy as an established treatment 
for cancer, there has been great progress in the minimization 
of the therapeutic dose. In order to further minimize the side 
effects, the dose of ionizing radiation affecting non-cancerous 
tissue has to be further downsized. Better possibilities of 
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planning with improved preoperative imaging and enhanced 
delivery techniques, like IMRT, show great promise. Further 
development and refinement of particle therapy is a great 
challenge, but at the same time auspicious. This also applies 
to targeted radionuclide therapy with the development of precise 
radiolabeled carriers.

Growth factors. Knowledge about the co-actions of these 
communicating molecules increases constantly (97‑99). 
However, growth factors and cytokines are pleiotropic and act 
on multiple cells and tissues producing a wide range of effects, 
so that a systemic administration of growth factors or antibodies 
implies unforeseeable dangers. The topical application of a 
single growth factor may have only a transient effect. Proteo-
lytic enzymes in the wound exudates tend to lyse topically 
applied growth factors. The final diffusion into the wound 
tissue of the active protein, which remains on the wound bed 
after these interactions, is hence predictably low. Furthermore, 
wound healing is not only dependent on the growth factor 
environment, but also on other parameters such as wound 
care, infection, tissue oxygen level and nutrition. Yet, growth 
factors are limited in clinical use and to this day no topically 
or systemic therapies for irradiated skin using growth factors 
have been established. Nonetheless, by increasing our under-
standing of radiation-induced dermal injury and by studying 
new cytokine interventions (e.g., antibodies, therapy with 
antagonistic growth factors) as well as by identification of 
more growth factors involved in this abnormal wound healing 
may provide possibilities to improve skin healing after radiation 
therapy.

Gene therapy. Gene therapy is generally defined as the treatment 
of hereditary genetic failures and the resulting defects in 
metabolic key functions. It requires the exact knowledge and 
localization of relevant genes involved in the metabolic process 
(100). The detection and use of SNP of growth factors might 
bring a new approach, but clinical use is a distant prospect. 
Another possibility for gene therapy of the skin is the somatic 
gene therapy. This implies the direct introduction of DNA into 
the tissue (101). The skin is an ideal candidate for such genetic 
manipulations because it is easily accessible, and it is therefore 
easy to transfect with genetic material and to monitor for adverse 
reactions. The epidermis has a high turnover rate, which is an 
ideal environment for most gene transfer methods. The 
predominant cells of the skin, fibroblasts and keratinocytes, 
are readily harvested and cultured. Gene delivery systems are 
called vectors (102). A distinction is drawn between virus-
dependent (transduction) and virus-independent (transfection) 
gene transfer (103,104). Both can be carried out in vivo, whereby 
genes are delivered directly to target cells, or in vitro, in which 
cells are removed from the tissue, genetically modified, and 
implanted back into the donor tissue. Transduction techniques 
are performed using recombinant adenoviruses, adeno-
associated viruses, retroviruses and the recombinant herpes 
simplex viruses. However, viral infection associated toxicity, 
immunological compromise and possible mutagenetic or 
carcinogenic effects make this approach potentially dangerous. 
The transfection techniques employed are direct injection, 
transfection with liposomes (lipofection), electroporation, 
particle bombardement (gene-gun) and antisense oligonuleotide 

delivery (105). The key benefits of these techniques are the 
ability to package relatively large amounts of genetic material 
and to introduce it with low immunogenicity. Their disadvan-
tages are non-specific targeting and low efficiency, which 
necessitates repeated treatments. However, this last disadvantage 
is a welcome attribute in wound treatment, because the 
termination of the gene effect is desirable after the completion 
of the healing process. Non-viral gene delivery is easy, simple, 
direct, and inexpensive and does not require in vitro manip-
ulation. Nevertheless, among these techniques, the optimal 
delivery system has not yet been identified (106).

7. Conclusions

Despite great progress in radiation therapy techniques, severely 
disturbed wound healing still remains a common side effect. 
In particular, fibrosis, induced by ionizing radiation, remains a 
tremendous challenge to each surgeon. There has also been 
great progress in understanding the fundamental principles of 
normal and disturbed wound healing. Somatic gene therapy 
may be the most promising approach for avoiding or healing 
irradiated tissue. However, intensive further investigation in 
all topics is indispensable.
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