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Abstract
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Skin changes from ionizing radiation have been scientifically documented since 1902 (Hymes et
al., 2006). Ionizing radiation is a widely accepted form of treatment for various types of cancer.
Despite the technological advances, radiation skin injury remains a significant problem. This
injury, often referred to as radiation dermatitis, occurs in about 95% of patients receiving radiation
therapy for cancer and ranges in severity from mild erythema to moist desquamation and
ulceration (McQuestion, 2011; Salvo et al., 2010). Ionizing radiation is not only a concern for
cancer patients, but also a public health concern due to the potential for and reality of a nuclear
and/or radiological event. Recently, the United States has increased efforts to develop medical
countermeasures to protect against radiation toxicities from acts of bioterrorism, as well as cancer
treatment. Management of radiation dermatitis would improve the therapeutic benefit of radiation
therapy for cancer and potentially the mortality expected in any “dirty bomb” attack (Benderitter
et al., 2010; Muller and Meineke, 2010). Currently, there is no effective treatment to prevent or
mitigate radiation skin injury. This review summarizes “the good, the bad and the ugly” of current
and evolving knowledge regarding mechanisms of and treatments for radiation skin injury.

Current Understanding: Perception of Radiation Skin Injury
Radiation Exposure
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Radiation injury involves morphological and functional changes that occur in noncancerous
or “normal” tissue as a direct result of ionizing radiation (Mendelsohn et al., 2002). Beta
radiation can penetrate several centimeters into the skin, whereas gamma radiation can
penetrate through skin and into the human body (Wolbarst et al., 2010). The degree of
radiation injury is related to the total radiation dose, proportion of body irradiated, volume
of tissues irradiated, and the time interval of received radiation dose (Cox and Ang, 2010;
Hall and Giaccia, 2006). The most radiosensitive cells in the body are those which are
highly proliferative and sufficiently oxygenated. The most radiosensitive organ systems are
bone marrow, reproductive and gastrointestinal systems, skin, muscle, and brain (Cox and
Ang, 2010; Hall and Giaccia, 2006). Organ systems are more tolerant of low dose radiation
exposure over a long period of time, as used in fractionated radiotherapy, compared to high
local radiation exposure or total body irradiation (Cox and Ang, 2010; Hall and Giaccia,
2006). For example, radiotherapy for breast cancer involves fractionated radiation doses of
〜2 Gy for six weeks for a total radiation dose of ≥50 Gy. A total body irradiation dose of
100 Gy would result 100% chance of death within hours of radiation exposure (Cox and
Ang, 2010; Hall and Giaccia, 2006). The total body irradiation dose in which death will
occur in 50% of individuals (LD50) is 3-4 Gy (Cox and Ang, 2010; Hall and Giaccia, 2006).
Although the kinetics of the clinical signs of radiation exposure may differ between cancer
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radiotherapy and a “dirty bomb” attack, the symptoms and syndromes in exposed organ
systems are similar (Williams and McBride, 2011).
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Radiation Skin Injury
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The main function of skin is to establish an effective physical and immunological barrier
against the surrounding environment. The epidermis, the outermost layer of the skin
primarily composed of stratifying layers of keratinocytes, functions as the primary barrier
and biosensor to the external environment. The dermis is immediately underneath the
epidermis providing the skin's structural strength. It is primarily composed of connective
tissue produced by dermal fibroblasts. Skin is susceptible to radiation damage because it is a
continuously renewing organ containing rapidly proliferating and maturing cells. The basal
keratinocytes, hair follicle stem cells, and melanocytes are highly radiosensitive
(McQuestion, 2011; Mendelsohn et al., 2002). Radiation skin injury involves immediate
damage to basal keratinocytes and hair follicle stem cells, followed by a burst of free
radicals, irreversible double-stranded breaks in nuclear and mitochondrial DNA and
inflammation (Eide and Weinstock, 2005; Hymes et al., 2006; Lopez et al., 2005;
McQuestion, 2011; Mendelsohn et al., 2002). During radiation therapy, the first fractionated
dose of radiation destroys a percentage of basal keratinocytes, resulting in a disruption in the
self-renewing property of the epidermis (McQuestion, 2011). These repeated exposures do
not allow time for cells to repair tissue or DNA damage. Although the remaining
keratinocytes are stimulated to proliferate, these cells are continually destroyed with each
fractionated radiation treatment. Therefore, it is not surprising that cancer patients
undergoing radiation therapy experience skin reactions, as well as other symptoms (Hickok
et al., 2005). Radiation skin injury occurs in about 95% of patients receiving radiation
treatment for cancer (McQuestion, 2011; Salvo et al., 2010). Radiation skin injury has also
been reported in over 70 cases of fluoroscopically guided procedures due to the lack of
awareness of radiation exposure to skin during the procedure (Brown and Rzucidlo, 2011).
Reported entrance doses from fluoroscopically guided procedures have ranged from 2 - 58
Gy (Brown and Rzucidlo, 2011). Radiation skin toxicities can negatively affect the quality
of a patient's life due to pain and premature interruption of radiation treatment which, in
turn, may impair control of disease (Duncan et al., 1996; McQuestion, 2011; Robertson et
al., 1998; Salvo et al., 2010). Despite substantial improvements in radiation technology,
such as intensity-modulated radiation therapy (IMRT), radiation skin injury is still a
concerning problem (McQuestion, 2011; Pignol et al., 2008; Salvo et al., 2010).
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Radiation skin injury can be categorized as acute or late (i.e., chronic) injuries (Table 1).
Acute injury occurs within hours to weeks after radiation exposure, whereas late injury
presents months to years after radiation exposure (McQuestion, 2011; Mendelsohn et al.,
2002; Salvo et al., 2010; Wolbarst et al., 2010). Individuals who experience severe acute
injury are not more susceptible to severe late injury (Meyer et al., 2011). Acute radiation
skin injury primarily involves cellular alterations and inflammation in the epidermis and the
dermis. Acute effects begin with erythema, edema, pigment changes, and depilation. Even
though, histological analyses of irradiated skin show hyperproliferation of the epidermis and
thickening of the stratum corneum; transepiderml water loss (TEWL), a measure for skin
barrier integrity, is significantly increased (Jensen et al., 2011; Schmuth et al., 2001). Severe
radiation injury results in complete loss of the epidermis and persistent fibrinous exudates
and edema. Reepithelialization begins within 10-14 days after radiation exposure in the
absence of infection (McQuestion, 2011). About a year after radiation exposure, the skin is
thin, hypovascularized, tight, and susceptible to trauma or infection (Mendelsohn et al.,
2002). Chronic radiation skin injury includes delayed ulcers, fibrosis, and telangiectasias
that present weeks to years after radiation exposure (Bridges and al., 2007; Brown and
Rzucidlo, 2011; Mendelsohn et al., 2002).
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For many years, radiation burns (i.e., radiation skin injury) have been treated using the same
therapeutic measures applied to thermal burns. However, the pathophysiology of radiation
burns differs from thermal burns in three major ways (Bey et al., 2010; Lataillade et al.,
2007). First, radiation burns have a dose-dependent clinical pattern, which includes dry
desquamation at 12-20 Gy, moist desquamation at ≥20 Gy, and necrosis at >35 Gy (Bey et
al., 2010; Brown and Rzucidlo, 2011; Hymes et al., 2006; Mendelsohn et al., 2002; Wolbarst
et al., 2010). Secondly, radiation burns are associated with opiate-resistant chronic pain (Bey
et al., 2010; Lataillade et al., 2007). The most complicating factor of radiation burns is the
unpredictable successive inflammatory waves occurring weeks to years after radiation
exposure (Bey et al., 2010; Lataillade et al., 2007). These uncontrolled inflammatory waves
make it difficult to delineate the radiation-injured tissue from non-injured tissue.
Conventional treatment for severe radiation burns combines surgical excision of damaged
tissue and reconstructive surgery, such as full-thickness skin grafts (Bey et al., 2010;
Lataillade et al., 2007). However, successive inflammatory waves often lead to impairment
and necrosis of the newly grafted skin. Therefore, the majority of severe radiation burns
require successive surgical excisions and reconstructions, as well as amputation (Bey et al.,
2010; Lataillade et al., 2007). Overall, the healing of radiation burns is extensive and
unpredictable.
Risk Factors
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Both treatment- and patient-related factors can contribute to risk of developing severe
radiation skin injury. Technical factors with radiotherapy that influence the degree of
radiation skin injury include: radiation dose to skin, irradiation site, fractionation timing,
total exposure time, and angle of radiation beam (Brown and Rzucidlo, 2011; McQuestion,
2011). The dose of radiation at the skin is directly related to the severity of injury. Different
skin areas of the body have different sensitivities to radiation. The most sensitive skin
regions of the body are the anterior of the neck, extremities, chest, abdomen, and face
(Brown and Rzucidlo, 2011). Additionally, hair follicles on the scalp and breast tissue are
both radiosensitive compared to other regions of the body (Brown and Rzucidlo, 2011).
Patient-related factors include preexisting conditions, obesity, age, gender, chronic sun
exposure, smoking (Brown and Rzucidlo, 2011; Hymes et al., 2006; McQuestion, 2011;
Salvo et al., 2010). Individuals with ataxia telangiectasia (AT) and hereditary nevoid basal
cell carcinoma syndrome (Gorlin Syndrome) require dose alterations or avoidance of
radiation exposure (Hymes et al., 2006). Individuals with AT, a rare autosomal-recessive
disorder resulting in mutations in the ATM gene, are highly susceptible to severe radiation
dermatitis. Irradiation of individuals with Gorlin Syndrome could produce widespread
cutaneous tumors. Other disorders that increase risk of radiation skin injury include
connective tissue disorders (lupus; scleroderma), chromosomal breakage syndromes
(Fanconi's anemia; Bloom syndrome), xeroderma pigmentosa, Gardner's syndrome,
hereditary malignant melanoma, and dyplastic nevus syndrome (Hymes et al., 2006).
Patients that are older and female have increased risk of radiation skin injury (Brown and
Rzucidlo, 2011; Hymes et al., 2006; McQuestion, 2011; Salvo et al., 2010). A recent study
in head and neck cancer patients reported that females were at higher risk for acute and late
radiation-induced toxicities (OR= 1.72 and OR = 3.96, respectively) compared to males
(Meyer et al., 2011).
Other risk factors for severe radiation skin injury are increased TEWL and infiltration of
pathogens or bacteria into the skin (Elliott et al., 1990; Hill et al., 2004; Ledney et al., 1991;
Martin et al., 2010). Severe radiation dermatitis for localized radiation has previously been
linked to Staphylococcus aureus infection (Hill et al., 2004). Host antimicrobial defenses are
severely compromised by radiation and/or skin trauma combined with radiation (Ledney et
al., 1991). Even mice exposed to sublethal total body radiation have increased susceptibility
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to bacterial infections in wounds (Elliott et al., 1990; Konchalovsky et al., 2005; Ledney et
al., 1991; Williams and McBride, 2011). It appears that ionizing radiation damage in the
skin is somewhat similar to atopic dermatitis. Atopic dermatitis (AD), a common form of
eczema, affects up to 20% of children in the US, and is widely accepted to have a profound
defect in the stratum corneum function and increased transepidermal water loss (Choi and
Maibach, 2005; Imokawa, 2001; Jungersted et al., 2008; Laughter et al., 2000; Murata et al.,
1996; Pilgram et al., 2001). AD patients are far more susceptible to skin infections by
organisms such as Staphlococcus aureus and Herpes simplex (Kedzierska et al., 2008; Lebre
et al., 2008; Niebuhr et al., 2008; Scott et al., 2007). It has been speculated that AD
individuals would be more susceptible to severe radiation skin injury, however the definitive
answer has yet to be elucidated.
Skin Immune Response Following Radiation
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In addition to the physical barrier, the skin is provides a system of immune surveillance that
maintains homeostasis and is poised to respond to environmental insults. Key cells within
the epidermal layer involved in this surveillance are the Langerhans cells (LC) (Valladeau
and Saeland, 2005). Keratinocytes also play an important role because they are capable of
producing large amounts of cytokines, in particular interleukin 1-α (IL-1α) and tumor
necrosis factor (TNFα) (Takashima and Bergstresser, 1996). The LC, along with dermal
dendritic cells (DC) are essential antigen presenting cells and are responsible for the uptake
of antigens that may breach the skin barrier (Kupper and Fuhlbrigge, 2004). The dermis also
contains mast cells and T cells, which are also important players in radiation-induced
immune response (Kalesnikoff and Galli, 2008; Muller and Meineke, 2011; Stelekati et al.,
2009). Furthermore, the dermis is richly supplied with blood vessels and lymphatic vessels,
which serve as the conduits by which migrating DC can traffic to the draining lymph nodes
and present antigen to T cells (Kupper and Fuhlbrigge, 2004).
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Ionizing radiation incites signaling between the epidermis and dermis (Figure 1).
Keratinocytes, fibroblasts, and endothelial cells in the skin stimulate resident (i.e., LC, DC,
mast cells, T cells) and circulating immune cells (Muller and Meineke, 2007, 2011).
Numerous cytokines and chemokines are produced in response to these activation signals,
which act on the endothelial cells of local vessels causing the upregulation of adhesion
molecules (Muller and Meineke, 2007). Adhesion molecules that have been implicated
include intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 1
(VCAM1), and E-selectin (Holler et al., 2009; Yuan et al., 2005). Transendothelial
migration of immune cells, such as neutrophils, macrophages, and leukocytes, from
circulation to irradiated skin is considered a “hallmark” of radiation-induced skin injury
(Holler et al., 2009; Muller and Meineke, 2007). Acute radiation skin toxicity has been
correlated with increased formation of various cytokines and chemokines, most notably
IL-1α, IL-1β, TNFα, IL-6, IL-8, CCL4, CXCL10, and CCL2 (Holler et al., 2009; Okunieff
et al., 2006; Xiao et al., 2006). Research demonstrated that both the epidermal LCs and the
dermal DCs are depleted from the skin following local irradiation (Cummings et al., 2009).
This is time and radiation dose dependent for both subsets of cells (Cummings et al., 2009).
An important question, which has not yet been addressed, is whether this depletion is due to
death of the cells or migration to the draining lymph node. The effects of ionizing radiation
on DC are largely unknown and in humans are limited to studies on populations of DC
generated in vitro from peripheral blood mononuclear cells (PBMC). A recent study on DC
populations has revealed that they do not undergo apoptosis after as much as 30 Gy and
maintain their ability to ingest particles and to migrate. However, their antigen presenting
capabilities as measured by their ability to induce T cell responses were found to be slightly
impaired (Merrick et al., 2005). Merad et al demonstrated that DC were replaced by donor
cells within 2 months in lethally irradiated C57BL/6-CD45.2+ mice that received a bone
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marrow transplant from C57BL/6-CD45.1+ donor mice (Merad et al., 2002). In contrast, the
host LC persisted in the recipient mice for up to 18 months following irradiation (Merad et
al., 2002). Interestingly, in this same study it was demonstrated that an additional injury (UV
radiation) resulted in rapid disappearance of LC and replacement by circulating LC
precursors. These studies suggest that LC are quite radio-resistant.
Recently, Muller and Meineke demonstrated that ionizing radiation results in degranulation
of mast cells in the dermis (Muller and Meineke, 2011). Mast cell-derived histamine,
serotonin, TNFα, and tryptase significantly alter the release of CCL8, CCL13, CXCL4, and
CXCL6 by dermal fibroblasts (Muller and Meineke, 2011). Research to date suggests that
fibroblasts are responsible for fibrosis and other the late radiation (Brown and Rzucidlo,
2011; Muller and Meineke, 2007, 2011). Transforming growth factor-β (TGFβ), Smad3,
vascular endothelial growth factor (VEGF, and CCL11 (eotaxin) have been identified as key
mediators of radiation-induced late injury (Anscher, 2010; Muller and Meineke, 2007;
Okunieff et al., 2006; Xiao et al., 2006). TGFβ is a potent chemoattractant for various
inflammatory cells and a stimulant for extracellular matrix production by fibroblasts
(Anscher, 2010; Lee et al., 2010). TGFβ initiates a fibrotic response through its receptor
Smad3 on fibroblasts (Anscher, 2010; Lee et al., 2010). Reduction in radiation-induced
fibrosis in Smad3 knockout mice has demonstrated its link to late radiation skin injury
(Ashcroft et al., 1999; Flanders et al., 2003; Flanders et al., 2002; Lee et al., 2010).
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Oxidative stress is generated at the time of radiation exposure, as well as days after
irradiation due to propagation of free radicals (Benderitter et al., 2007). Radiation skin
injury also involves imbalances in antioxidant status and redox control of wound healing
(Benderitter et al., 2007; Holler et al., 2009; Muller and Meineke, 2007, 2011; Williams and
McBride, 2011). The immediate damage of ionizing radiation is a result of robust, but
transient, production of reactive oxygen species (ROS) (Williams and McBride, 2011).
However, inflammatory cell recruitment and cytokine generation also lead to chronic
generation of ROS. Specific genes that have been implicated in oxidative stress following
radiation exposures include superoxide dismutases (SOD), glutathione peroxidases (GPX),
thioredoxins (TDX), heme-oxygenases (HOX), and heat shock protein-27 (HSP27)
(Benderitter et al., 2007; Williams and McBride, 2011). SOD1, GPX1, TDX1, TDX2, and
HSP27 were up-regulated in healing skin after irradiation. However, these genes were
down-regulated, while HOX1 and HOX2 were up-regulated in non-healing skin after
irradiation (Benderitter et al., 2007). Benderitter et al. further implicated a Th2-mediated
immune response for non-resolution of inflammatory response and delayed wound healing
following irradiation (Benderitter et al., 2007). Catalase has also been identified as a
potential mitigator for radiation skin injury due to its ability to reduce TNFα-induced
production of cytokines and reactive oxygen species (Doctrow et al., 1997; Rosenthal et al.,
2011; Young et al., 2008).

Areas Needing Investigation: Weaknesses in Measurement and Treatment
Measuring Severity of Radiation Skin Injury
A gold standard for clinically rating the severity of radiation skin injury does not exist
(Table 2). The most commonly used scoring systems are the National Institutes of Health
Common Toxicity Criteria-Adverse Event (CTCAE) and the Radiation Therapy Oncology
Group (RTOG) toxicity scoring system (Salvo et al., 2010). However, other scoring scales,
such as the Oncology Nursing Society (ONS), Douglas & Fowler (D&F), and Radiation
Dermatitis Severity (RDS) scales, have been developed to more accurately represent the
varying levels of the actual skin reaction. In contrast to the CTCAE and RTOG scoring
systems, the newer scales have smaller defined increments to represent subtle, yet critical,
changes in the skin. The CTCAE and RTOG scales range from 0 to 4 with increments of 1,
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whereas the ONS, D&F, and RDS scales are 0 to 4 or 1 to 5 with increments of 0.5. Table 2
shows the various scoring systems employed to measure acute radiation-induced skin
reactions. Radiation-induced late effects in the skin (Table 3) are primarily rated by the
RTOG/European Organization for Research and Treatment of Cancer (EORTC) or Late
Effects Normal Tissue Task Force/Subjective, Objective, Management, and Analytic
(LENT/SOMA) classifications, which range from Grade 1 to 4 (Hoeller et al., 2003). Both
scales measure late skin and subcutaneous tissue changes, but the LENT/SOMA scale also
incorporates pain intensity.

NIH-PA Author Manuscript

Over the past few years, patient-reported outcomes have become common instruments to aid
in accurate assessment of various symptoms (Neben-Wittich et al., 2010). Recently, NebenWittich et al reported that the Skindex-16 and Skin Toxicity Assessment Tool, two patientreport outcomes (PRO) instruments, did not correlate with CTCAE scoring system. Both
PRO instruments provided a more complete measure of toxicity compared to the CTCAE
scores. The importance of PRO instruments in radiation skin toxicity is further supported by
a comparative study performed in 2007 (Ryan et al., 2007). Ryan et al demonstrated a
disconnect between clinically-reported and patient-reported radiation-induced skin reaction
(Ryan et al., 2007). The study showed that African-Americans reported more severe posttreatment skin reactions compared to Caucasians after receiving radiation therapy. Both of
these studies (Neben-Wittich et al., 2010; Ryan et al., 2007) demonstrate that patientreported information is critical for effective symptom management. Overall, further research
is required for development of a standard and accurate scoring system for radiation skin
injury.
Evidenced-based Management of Radiation Skin Injury
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Over the years, “washing with mild soap” has been the only intervention recommended for
radiation-induced skin reactions (Bolderston et al., 2006; McQuestion, 2006). In 2010, a
systematic review revealed a lack of evidence to support “washing with mild soap” as an
intervention for radiation-induced skin reactions (Salvo et al., 2010). This study (Salvo et
al., 2010). Although, topical corticosteroid and non-steroidal creams appeared to reduce the
severity of skin reactions; there was no clear indication of a preferred topical agent.
Amifostine and oral enzymes emerged as somewhat effective preventative agents; whereas
pentoxifylline reduced late, but not acute, effects of radiation on the skin (Benderitter et al.,
2010; Salvo et al., 2010). Long treatment (≥3 years) of pentoxifylline and tocopherol (i.e.,
Vitamin E) significantly reduced radiation-induced fibrosis. Unfortunately, cessation of
pentoxifylline-tocopherol treatment prior to three years resulted in a “rebound effect” and
more severe radiation-induced fibrosis (Delanian et al., 2005). Additionally, IMRT was
acknowledged as a technological intervention that has significantly reduced skin reactions
from radiation (Pignol et al., 2008; Salvo et al., 2010). In 2011, McQuestion published
evidence-based guidelines for skin care management in radiation therapy (McQuestion,
2011) which recommended: 1) washing with lukewarm water and mild soap, 2) using unscented, lanolin-free, water-based moisturizing cream, and 3) IMRT. Overall, an effective
intervention for radiation-induced skin reactions remains to be elucidated (McQuestion,
2011; Salvo et al., 2010).
National Cancer Institute (NCI) and the National Institute of Allergy and Infectious Disease
(NIAID) both have interest in development of effective radiation mitigators and protectors
(Ryan et al., 2011a). Due to the unpredictability and barriers to medical treatment following
a radiological or nuclear event, an effective remediation strategy must be a radiation
mitigator (Ryan et al., 2011a; Williams and McBride, 2011). However, for cancer
radiotherapy, elucidation of the differences in the mechanisms involved in the response of
skin and other normal tissues to radiation in comparison to tumors is a critical component in
this development (Ryan et al., 2011a). Most importantly, interventions that ameliorate
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scenarios of exposure (i.e., “dirty bomb” versus radiotherapy).
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Targeted gene therapy has emerged as a promising radiation mitigators and protectors.
Preclinical studies have identified the following potential targets: TGFβ1 pathway inhibitor
(Anscher, 2010; Lee et al., 2010), synthetic SOD/catalase mimetics (Greenberger, 2008;
Rosenthal et al., 2011), recombinant Interleukin-12 (Cummings et al., 2009), toll-like
receptor-5 agonist (Burdelya et al., 2008; Gudkov and Komarova, 2010), and inhibitors of
cyclin-dependent kinases (Gudkov and Komarova, 2010) have. Furthermore, pravastatin
reduced radiation skin injury by maintaining endothelial cell function after radiation
exposure by increasing endothelial nitric oxide synthase (Holler et al., 2009). Curcumin, a
component of turmeric, has also demonstrated ability to reduce radiation skin toxicity
through its potent antioxidant and anti-inflammatory activities (Okunieff et al., 2006; Ryan
et al., 2011b). Recently, Atiba et al observed acceleration of radiation delayed wound
healing in mice upon stimulation of TGFβ-1 and basic fibroblast growth factor (bFGF),
suggesting the growth factor treatment may mitigate radiation skin injury (Atiba et al.,
2011). Although these agents still require formal and extensive clinical testing, the targeted
approach appears specific and propitious.
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Recently, stem cell therapy combined with surgical excision has demonstrated success in
improving wound repair of severe radiation burns. As previously discussed, surgical
excision and grafting of radiation burns is complicated due to the ill-defined margins of
radiation damage. Lataillade et al used dosimetry-guided excision and mesenchymal stem
cell injections to promote healing of a severe radiation burn on a man's buttocks from
Iridium-192 (Lataillade et al., 2007). After failure of the initial surgical excision and skin
graft, a secondary excision was performed followed by mesenchymal stem cell injections
around the lesion at the cutaneous and muscular levels, as well as in the bed of the lesion
under the skin graft. No recurrence of radiation burn was observed 5.5 months post-radiation
(Lataillade et al., 2007). Similarly, Bey et al used five local mesenchymal stem cell
administrations combined with surgical excision and autograft on the arm of a man exposed
to Iridium-192 (Bey et al., 2010). Although the arm had functional and cosmetic limitations,
there was no recurrence of the radiation burn. Ebrahimian et al demonstrated that adipose
tissue-derived stem cells (ADSCs) also promote wound healing in irradiated skin of mice
(Ebrahimian et al., 2009). Control of inflammatory waves, improved wound healing, and
stabilization of skin barrier are imperative to minimizing radiation-induced skin injury from
localized or total body radiation exposure.

Future Challenges: Cutaneous Radiation Syndrome and Combined Injury
NIH-PA Author Manuscript

Recent events in Japan, the United Kingdom involving radioactive Polonium-210, as well as
the nuclear weapons testing in North Korea, suggest increased potential for and reality of a
nuclear and/or radiological event. It is recognized that any skin injury in the setting of
radiation poisoning greatly increases the risk of death. Skin injury due to radiation exposure
is a major component of the multi-organ toxicity, which could occur due to an industrial or
terrorist-related incident (Jungersted et al., 2008). A second injury, such as a burn, or wound
after non-lethal or sublethal radiation exposure significantly increases mortality from 〜12%
to 75% (Jiao, 2009; Security, 2009). The combined injury effect of trauma or burns with
total body radiation injury at Hiroshima lowered the LD95 and LD50 by approximately 2 Gy
(Flynn and Goans, 2006). These data confirms that a lower dose of radiation is required
when combined with skin trauma or burns to cause death in 95% (LD95) or 50% (LD50) of
individuals. Prolonged contact with fallout on the skin can result in serious skin damage plus
increased total body dose (Bridges and al., 2007; Flynn and Goans, 2006). A 10 kiloton
nuclear device has the potential to inflict second degree burns on exposed skin up to 1.4
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miles from ground zero, whereas a 1 megaton device could inflict second degree burns
within 15 miles from ground zero (Hatchett, 2009). In the Chernobyl Nuclear Power Plant
accident, skin involvement ranged from 4% to 50% of the total body surface from gammaray (Cs-137) and beta particle (Sr-90) emissions (Gottlober et al., 2001), permitting detailed
observation of cutaneous radiation syndrome. Early radiation changes in skin, such as
erythema and blistering, were observed within a year after the accident. Late radiation
changes in the skin were observed 14 years after the accident and included epidermal
atrophy, telangiectasias, keratoses, pigment changes, fibrosis, and ulcers (Gottlober et al.,
2001). More generally, acute radiation effects in skin occur between 12 hours to 5 weeks
and include erythema, pigmentation changes, dry desquamation, and moist desquamation.
Chronic radiation effects in the skin can take weeks to years to appear and include fibrosis,
necrosis, ulceration, and vascular damage (Williams, 1988) Vascular damage influences
levels of nutrients, oxygen available to skin tissue, as well as epithelial cell viability. The
resultant fibrosis is a chronic, slowly cumulative effect and represents a hyponutritional state
of the dermis (Hall and Giaccia, 2006). Although the skin reactions appear similar between
cutaneous radiation syndrome and localized irradiation, cutaneous radiation syndrome also
involves multi-organ exposure from total body radiation (Williams and McBride, 2011).
Therefore, the complications from combined or secondary injury to the skin following
sublethal total body radiation exposure are a direct result of radiation-induced multi-organ
dysfunction.
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Research of cutaneous radiation syndrome from total body irradiation is limited because
prospective human studies are unethical and radiological/nuclear events are unpredictable.
Much of our understanding of cutaneous radiation syndrome comes from our comprehension
of localized skin irradiation. However, the National Institutes of Allergy and Infectious
Disease has established a network of Centers for Medical Countermeasures against
Radiation (CMCR), a collaborative network of academic institutions, whose primary goal is
to identify, develop and deploy medical countermeasures for radiation toxicity after an
unfortunate event (Williams and McBride, 2011). To plan effective remediation strategies,
knowledge about mechanisms responsible for acute and chronic radiation effects in skin,
from localized and total body irradiation, is needed.

Summary
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Over last ten years, the field of radiation skin injury has made substantial progress. This
review summarized the strengths and weaknesses in published research. An expansion in the
knowledge on the mechanistic effects of radiation in skin, as well as other normal tissues,
has enabled innovative growth. Unfortunately, no gold standard exists for the measurement
or management of radiation skin injury. Development of agents to prevent or mitigate
radiation skin injury will benefit the general population, as well as patients receiving cancer
treatment.

References
Anscher MS. Targeting the TGF-beta1 pathway to prevent normal tissue injury after cancer therapy.
Oncologist. 2010; 15:350–9. [PubMed: 20413640]
Ashcroft GS, Yang X, Glick AB, Weinstein M, Letterio JL, Mizel DE, et al. Mice lacking Smad3
show accelerated wound healing and an impaired local inflammatory response. Nat Cell Biol. 1999;
1:260–6. [PubMed: 10559937]
Atiba A, Nishimura M, Kakinuma S, Hiraoka T, Goryo M, Shimada Y, et al. Aloe vera oral
administration accelerates acute radiation-delayed wound healing by stimulating transforming
growth factor-beta and fibroblast growth factor production. American journal of surgery. 2011;
201:809–18. [PubMed: 21396624]

J Invest Dermatol. Author manuscript; available in PMC 2013 September 20.

Ryan

Page 9

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Benderitter M, Gourmelon P, Bey E, Chapel A, Clairand I, Prat M, et al. New emerging concepts in
the medical management of local radiation injury. Health physics. 2010; 98:851–7. [PubMed:
20445393]
Benderitter M, Isoir M, Buard V, Durand V, Linard C, Vozenin-Brotons MC, et al. Collapse of skin
antioxidant status during the subacute period of cutaneous radiation syndrome: a case report. Radiat
Res. 2007; 167:43–50. [PubMed: 17214513]
Bey E, Prat M, Duhamel P, Benderitter M, Brachet M, Trompier F, et al. Emerging therapy for
improving wound repair of severe radiation burns using local bone marrow-derived stem cell
administrations. Wound Repair Regen. 2010; 18:50–8. [PubMed: 20082681]
Bolderston A, Lloyd NS, Wong RK, Holden L, Robb-Blenderman L. The prevention and management
of acute skin reactions related to radiation therapy: a systematic review and practice guideline.
Support Care Cancer. 2006; 14:802–17. [PubMed: 16758176]
Bridges BA, al e. High dose radiation effect and tissue injury. 2007
Brown KR, Rzucidlo E. Acute and chronic radiation injury. J Vasc Surg. 2011; 53:15S–21S. [PubMed:
20843630]
Burdelya LG, Krivokrysenko VI, Tallant TC, Strom E, Gleiberman AS, Gupta D, et al. An agonist of
toll-like receptor 5 has radioprotective activity in mouse and primate models. Science. 2008;
320:226–30. [PubMed: 18403709]
Choi MJ, Maibach HI. Role of ceramides in barrier function of healthy and diseased skin. Am J Clin
Dermatol. 2005; 6:215–23. [PubMed: 16060709]
Cox, JD.; Ang, K. Radiation Oncology: Rationale, Technique, Results. 9th. Mosby Elsevier;
Philadelphia, PA: 2010.
Cummings RJ, Mitra S, Foster TH, Lord EM. Migration of skin dendritic cells in response to ionizing
radiation exposure. Radiat Res. 2009; 171:687–97. [PubMed: 19580475]
Delanian S, Porcher R, Rudant J, Lefaix JL. Kinetics of response to long-term treatment combining
pentoxifylline and tocopherol in patients with superficial radiation-induced fibrosis. J Clin Oncol.
2005; 23:8570–9. [PubMed: 16260695]
Doctrow SR, Huffman K, Marcus CB, Musleh W, Bruce A, Baudry M, et al. Salen-manganese
complexes: combined superoxide dismutase/catalase mimics with broad pharmacological efficacy.
Adv Pharmacol. 1997; 38:247–69. [PubMed: 8895812]
Duncan W, MacDougall RH, Kerr GR, Downing D. Adverse effect of treatment gaps in the outcome
of radiotherapy for laryngeal cancer. Radiother Oncol. 1996; 41:203–7. [PubMed: 9027934]
Ebrahimian TG, Pouzoulet F, Squiban C, Buard V, Andre M, Cousin B, et al. Cell therapy based on
adipose tissue-derived stromal cells promotes physiological and pathological wound healing.
Arteriosclerosis, thrombosis, and vascular biology. 2009; 29:503–10.
Eide MJ, Weinstock MA. Association of UV index, latitude, and melanoma incidence in nonwhite
populations--US Surveillance, Epidemiology, and End Results (SEER) Program, 1992 to 2001.
Arch Dermatol. 2005; 141:477–81. [PubMed: 15837865]
Elliott TB, Brook I, Stiefel SM. Quantitative study of wound infection in irradiated mice. Int J Radiat
Biol. 1990; 58:341–50. [PubMed: 1974580]
Flanders KC, Major CD, Arabshahi A, Aburime EE, Okada MH, Fujii M, et al. Interference with
transforming growth factor-beta/Smad3 signaling results in accelerated healing of wounds in
previously irradiated skin. Am J Pathol. 2003; 163:2247–57. [PubMed: 14633599]
Flanders KC, Sullivan CD, Fujii M, Sowers A, Anzano MA, Arabshahi A, et al. Mice lacking Smad3
are protected against cutaneous injury induced by ionizing radiation. Am J Pathol. 2002;
160:1057–68. [PubMed: 11891202]
Flynn DF, Goans RE. Nuclear terrorism: triage and medical management of radiation and combinedinjury casualties. Surg Clin North Am. 2006; 86:601–36. [PubMed: 16781272]
Gottlober P, Steinert M, Weiss M, Bebeshko V, Belyi D, Nadejina N, et al. The outcome of local
radiation injuries: 14 years of follow-up after the Chernobyl accident. Radiat Res. 2001; 155:409–
16. [PubMed: 11182791]
Greenberger JS. Gene therapy approaches for stem cell protection. Gene therapy. 2008; 15:100–8.
[PubMed: 17700708]

J Invest Dermatol. Author manuscript; available in PMC 2013 September 20.

Ryan

Page 10

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Gudkov AV, Komarova EA. Radioprotection: smart games with death. J Clin Invest. 2010; 120:2270–
3. [PubMed: 20577043]
Hall, E.; Giaccia, A. Radiobiology for the Radiologist. 6th. Lippincott Williams & Wilkins;
Philadelphia, PA: 2006.
Hatchett R. Animal models for acute radiation syndrome: pertinence to nuclear detonation scenarios.
2009
Hickok JT, Morrow GR, Roscoe JA, Mustian K, Okunieff P. Occurrence, severity, and longitudinal
course of twelve common symptoms in 1129 consecutive patients during radiotherapy for cancer. J
Pain Symptom Manage. 2005; 30:433–42. [PubMed: 16310617]
Hill A, Hanson M, Bogle MA, Duvic M. Severe radiation dermatitis is related to Staphylococcus
aureus. Am J Clin Oncol. 2004; 27:361–3. [PubMed: 15289728]
Hoeller U, Tribius S, Kuhlmey A, Grader K, Fehlauer F, Alberti W. Increasing the rate of late toxicity
by changing the score? A comparison of RTOG/EORTC and LENT/SOMA scores. Int J Radiat
Oncol Biol Phys. 2003; 55:1013–8. [PubMed: 12605981]
Holler V, Buard V, Gaugler MH, Guipaud O, Baudelin C, Sache A, et al. Pravastatin limits radiationinduced vascular dysfunction in the skin. J Invest Dermatol. 2009; 129:1280–91. [PubMed:
19212344]
Hymes SR, Strom EA, Fife C. Radiation dermatitis: clinical presentation, pathophysiology, and
treatment 2006. J Am Acad Dermatol. 2006; 54:28–46. [PubMed: 16384753]
Imokawa G. Lipid abnormalities in atopic dermatitis. J Am Acad Dermatol. 2001; 45:S29–32.
[PubMed: 11423869]
Jensen JM, Gau T, Schultze J, Lemmnitz G, Folster-Holst R, May T, et al. Treatment of Acute
Radiodermatitis with an Oil-in-Water Emulsion Following Radiation Therapy for Breast Cancer:
A Controlled, Randomized Trial. Strahlenther Onkol. 2011; 187:378–84. [PubMed: 21603988]
Jiao W. COX-2 inhibitors are contraindicated for treatment of combined injury. Radiat Res. 2009 In
press.
Jungersted JM, Hellgren LI, Jemec GB, Agner T. Lipids and skin barrier function--a clinical
perspective. Contact Dermatitis. 2008; 58:255–62. [PubMed: 18416754]
Kalesnikoff J, Galli SJ. New developments in mast cell biology. Nature immunology. 2008; 9:1215–
23. [PubMed: 18936782]
Kedzierska A, Kapinska-Mrowiecka M, Czubak-Macugowska M, Wojcik K, Kedzierska J.
Susceptibility testing and resistance phenotype detection in Staphylococcus aureus strains isolated
from patients with atopic dermatitis, with apparent and recurrent skin colonization. Br J Dermatol.
2008; 159:1290–9. [PubMed: 18795934]
Konchalovsky MV, Baranov AE, Kolganov AV. Multiple organ involvement and failure: selected
Russian radiation accident cases re-visited. BJR Suppl. 2005; 27:26–9. [PubMed: 15975868]
Kupper TS, Fuhlbrigge RC. Immune surveillance in the skin: mechanisms and clinical consequences.
Nat Rev Immunol. 2004; 4:211–22. [PubMed: 15039758]
Lataillade JJ, Doucet C, Bey E, Carsin H, Huet C, Clairand I, et al. New approach to radiation burn
treatment by dosimetry-guided surgery combined with autologous mesenchymal stem cell therapy.
Regenerative medicine. 2007; 2:785–94. [PubMed: 17907931]
Laughter D, Istvan JA, Tofte SJ, Hanifin JM. The prevalence of atopic dermatitis in Oregon
schoolchildren. J Am Acad Dermatol. 2000; 43:649–55. [PubMed: 11004621]
Lebre MC, van Capel TM, Bos JD, Knol EF, Kapsenberg ML, de Jong EC. Aberrant function of
peripheral blood myeloid and plasmacytoid dendritic cells in atopic dermatitis patients. J Allergy
Clin Immunol. 2008; 122:969–76. e5. [PubMed: 18845325]
Ledney GD, Madonna GS, Elliott TB, Moore MM, Jackson WE 3rd. Therapy of infections in mice
irradiated in mixed neutron/photon fields and inflicted with wound trauma: a review of current
work. Radiat Res. 1991; 128:S18–28. [PubMed: 1924743]
Lee JW, Tutela JP, Zoumalan RA, Thanik VD, Nguyen PD, Varjabedian L, et al. Inhibition of Smad3
expression in radiation-induced fibrosis using a novel method for topical transcutaneous gene
therapy. Arch Otolaryngol Head Neck Surg. 2010; 136:714–9. [PubMed: 20644068]

J Invest Dermatol. Author manuscript; available in PMC 2013 September 20.

Ryan

Page 11

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Lopez E, Guerrero R, Nunez MI, del Moral R, Villalobos M, Martinez-Galan J, et al. Early and late
skin reactions to radiotherapy for breast cancer and their correlation with radiation-induced DNA
damage in lymphocytes. Breast Cancer Res. 2005; 7:R690–8. [PubMed: 16168114]
Martin JM, Zenilman JM, Lazarus GS. Molecular microbiology: new dimensions for cutaneous
biology and wound healing. J Invest Dermatol. 2010; 130:38–48. [PubMed: 19626034]
McQuestion M. Evidence-based skin care management in radiation therapy. Semin Oncol Nurs. 2006;
22:163–73. [PubMed: 16893745]
McQuestion M. Evidence-based skin care management in radiation therapy: clinical update. Semin
Oncol Nurs. 2011; 27:e1–17. [PubMed: 21514477]
Mendelsohn FA, Divino CM, Reis ED, Kerstein MD. Wound care after radiation therapy. Adv Skin
Wound Care. 2002; 15:216–24. [PubMed: 12368711]
Merad M, Manz MG, Karsunky H, Wagers A, Peters W, Charo I, et al. Langerhans cells renew in the
skin throughout life under steady-state conditions. Nature immunology. 2002; 3:1135–41.
[PubMed: 12415265]
Merrick A, Errington F, Milward K, O'Donnell D, Harrington K, Bateman A, et al.
Immunosuppressive effects of radiation on human dendritic cells: reduced IL-12 production on
activation and impairment of naive T-cell priming. Br J Cancer. 2005; 92:1450–8. [PubMed:
15812550]
Meyer F, Fortin A, Wang CS, Liu G, Bairati I. Predictors of Severe Acute and Late Toxicities in
Patients with Localized Head and Neck Cancer Treated with Radiation Therapy. Int J Radiat
Oncol Biol Phys. 2011
Muller K, Meineke V. Radiation-induced alterations in cytokine production by skin cells. Exp
Hematol. 2007; 35:96–104. [PubMed: 17379094]
Muller K, Meineke V. Advances in the management of localized radiation injuries. Health physics.
2010; 98:843–50. [PubMed: 20445392]
Muller K, Meineke V. Radiation-induced mast cell mediators differentially modulate chemokine
release from dermal fibroblasts. J Dermatol Sci. 2011; 61:199–205. [PubMed: 21292447]
Murata Y, Ogata J, Higaki Y, Kawashima M, Yada Y, Higuchi K, et al. Abnormal expression of
sphingomyelin acylase in atopic dermatitis: an etiologic factor for ceramide deficiency? J Invest
Dermatol. 1996; 106:1242–9. [PubMed: 8752664]
Neben-Wittich MA, Atherton PJ, Schwartz DJ, Sloan JA, Griffin PC, Deming RL, et al. Comparison
of Provider-Assessed and Patient-Reported Outcome Measures of Acute Skin Toxicity During a
Phase III Trial of Mometasone Cream Versus Placebo During Breast Radiotherapy: The North
Central Cancer Treatment Group (N06C4). Int J Radiat Oncol Biol Phys. 2010
Niebuhr M, Mai U, Kapp A, Werfel T. Antibiotic treatment of cutaneous infections with
Staphylococcus aureus in patients with atopic dermatitis: current antimicrobial resistances and
susceptibilities. Exp Dermatol. 2008; 17:953–7. [PubMed: 18557929]
Okunieff P, Xu J, Hu D, Liu W, Zhang L, Morrow G, et al. Curcumin protects against radiationinduced acute and chronic cutaneous toxicity in mice and decreases mRNA expression of
inflammatory and fibrogenic cytokines. Int J Radiat Oncol Biol Phys. 2006; 65:890–8. [PubMed:
16751071]
Pignol JP, Olivotto I, Rakovitch E, Gardner S, Sixel K, Beckham W, et al. A multicenter randomized
trial of breast intensity-modulated radiation therapy to reduce acute radiation dermatitis. J Clin
Oncol. 2008; 26:2085–92. [PubMed: 18285602]
Pilgram GS, Vissers DC, van der Meulen H, Pavel S, Lavrijsen SP, Bouwstra JA, et al. Aberrant lipid
organization in stratum corneum of patients with atopic dermatitis and lamellar ichthyosis. J Invest
Dermatol. 2001; 117:710–7. [PubMed: 11564181]
Robertson C, Robertson AG, Hendry JH, Roberts SA, Slevin NJ, Duncan WB, et al. Similar decreases
in local tumor control are calculated for treatment protraction and for interruptions in the
radiotherapy of carcinoma of the larynx in four centers. Int J Radiat Oncol Biol Phys. 1998;
40:319–29. [PubMed: 9457816]
Rosenthal RA, Fish B, Hill RP, Huffman KD, Lazarova Z, Mahmood J, et al. Salen mn complexes
mitigate radiation injury in normal tissues. Anticancer Agents Med Chem. 2011; 11:359–72.
[PubMed: 21453241]

J Invest Dermatol. Author manuscript; available in PMC 2013 September 20.

Ryan

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Ryan JL, Bole C, Hickok JT, Figueroa-Moseley C, Colman L, Khanna RC, et al. Post-treatment skin
reactions reported by cancer patients differ by race, not by treatment or expectations. Br J Cancer.
2007; 97:14–21. [PubMed: 17565347]
Ryan JL, Krishnan S, Movsas B, Coleman CN, Vikram B, Yoo SS. Decreasing the Adverse Effects of
Cancer Therapy: An NCI Workshop on the Preclinical Development of Radiation Injury
Mitigators/Protectors. Radiat Res. 2011a
Ryan JL, Ling M, Williams JP, Morrow GR, Pentland AP. Curcumin intervention and plasma
biomarkers for radiation dermatitis in breast cancer patients. Society of Investigative Dermatology
Annual Meeting. 2011b
Salvo N, Barnes E, van Draanen J, Stacey E, Mitera G, Breen D, et al. Prophylaxis and management of
acute radiation-induced skin reactions: a systematic review of the literature. Curr Oncol. 2010;
17:94–112. [PubMed: 20697521]
Schmuth M, Sztankay A, Weinlich G, Linder DM, Wimmer MA, Fritsch PO, et al. Permeability
barrier function of skin exposed to ionizing radiation. Arch Dermatol. 2001; 137:1019–23.
[PubMed: 11493094]
Scott JE, ElKhal A, Freyschmidt EJ, MacArthur DH, McDonald D, Howell MD, et al. Impaired
immune response to vaccinia virus inoculated at the site of cutaneous allergic inflammation. J
Allergy Clin Immunol. 2007; 120:1382–8. [PubMed: 17889291]
Security, H. Planning guidance for response to anuclear detonation. 2009.
Stelekati E, Bahri R, D'Orlando O, Orinska Z, Mittrucker HW, Langenhaun R, et al. Mast cellmediated antigen presentation regulates CD8+ T cell effector functions. Immunity. 2009; 31:665–
76. [PubMed: 19818652]
Takashima A, Bergstresser PR. Cytokine-mediated communication by keratinocytes and Langerhans
cells with dendritic epidermal T cells. Seminars in immunology. 1996; 8:333–9. [PubMed:
8961384]
Valladeau J, Saeland S. Cutaneous dendritic cells. Seminars in immunology. 2005; 17:273–83.
[PubMed: 15953735]
Williams, JP. PhD thesis. University of London; London: 1988. Skin carcinogenesis in the mouse
following uniform and non-uniform beta irradiation.
Williams JP, McBride WH. After the bomb drops: A new look at radiation-induced multiple organ
dysfunction syndrome (MODS). Int J Radiat Biol. 2011
Wolbarst AB, Wiley AL Jr, Nemhauser JB, Christensen DM, Hendee WR. Medical response to a
major radiologic emergency: a primer for medical and public health practitioners. Radiology.
2010; 254:660–77. [PubMed: 20177084]
Xiao Z, Su Y, Yang S, Yin L, Wang W, Yi Y, et al. Protective effect of esculentoside A on radiationinduced dermatitis and fibrosis. Int J Radiat Oncol Biol Phys. 2006; 65:882–9. [PubMed:
16751070]
Young CN, Koepke JI, Terlecky LJ, Borkin MS, Boyd Savoy L, Terlecky SR. Reactive oxygen
species in tumor necrosis factor-alpha-activated primary human keratinocytes: implications for
psoriasis and inflammatory skin disease. J Invest Dermatol. 2008; 128:2606–14. [PubMed:
18463678]
Yuan H, Goetz DJ, Gaber MW, Issekutz AC, Merchant TE, Kiani MF. Radiation-induced upregulation of adhesion molecules in brain microvasculature and their modulation by
dexamethasone. Radiat Res. 2005; 163:544–51. [PubMed: 15850416]

J Invest Dermatol. Author manuscript; available in PMC 2013 September 20.

Ryan

Page 13

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 1. Schematic identifying the key cells and mediators involved in radiation skin injury

Ionizing radiation incites signaling between the epidermis and dermis through resident skin
cells. In the epidermis, immediate damage to the basal keratinocytes and burst of free
radicals, result in the increased formation of various cytokines and chemokines, most
notably IL-1α, IL-1β, TNFα, IL-6, IL-8, CCL4, CXCL10, and CCL2. Keratinocytes, along
with fibroblasts and endothelial cells in the dermis, stimulate resident skin cells and recruit
circulating immune cells, such as neutrophils and macrophages. Additionally, langerhans
cells in the epidermis and dendritic cells in the dermis migrate to lymph nodes for antigen
presentation and immune cell stimulation. Degranulation of mast cells release derived
histamine, serotonin, TNFα, and tryptase. Fibroblast stimulation is involved in acute, late,
and healing of radiation skin injury Oxidative stress is generated at the time of radiation
exposure, as well as days after irradiation due to propagation of free radicals and
inflammatory cell recruitment, creates and antioxidant imbalance. RNS = reactive nitrogen
species; ROS = reactive oxygen species; bFGF = basic fibroblast growth factor; EGF =
epidermal growth factor; KGF = keratinocyte growth factor.
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Table 1

Acute Skin Changes with Localized Radiation Dose

NIH-PA Author Manuscript

Acute Skin Effect

Dose (Gy)

Onset

Early transient erythema

2

hours

Faint erythema; epilation

6-10

7-10 days

Definite Erythema; hyperpigmenation

12-20

2-3 weeks

Dry desquamation

20-25

3-4 weeks

Moist desquamation

30-40

≥4 weeks

Ulceration

>40

≥6 weeks

Late Skin Effect
Delayed Ulceration

>45

Weeks after radiation

Dermal Necrosis/Atrophy

>45

Months after radiation

Fibrosis

>45

6 months to ≥ 1 year after radiation

Telangiectasia

>45

6 months to ≥ 1 year after radiation

*

Information compiled from (Bey et al., 2010; Brown and Rzucidlo, 2011; Hymes et al., 2006; Mendelsohn et al., 2002; Wolbarst et al., 2010)
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Table 2

Comparison of Acute Radiation Skin Injury Scoring Systems

NIH-PA Author Manuscript

RTOG
Score

NIH CTCAE

Observation

Score

Observation

0

No change over baseline

0

None

1

Erythema; dry desquamation; epilation

1

Faint erythema or dry desquamation

2

Bright erythema; moist desquamation; edema

2

Moderate to brisk erythema

3

Confluent moist desquamation; pitting edema

3

Confluent moist desquamation

4

Ulceration, hemorrhage, necrosis

4

Skin necrosis or ulceration

Oncology Nursing Society (ONS)
Score
0

Observation
No change

NIH-PA Author Manuscript

1.0

Faint or dull erythema

1.5

Bright erythema

2.0

Dry desquamation with or without erythema

2.5

Small to moderate amount of moist desquamation

3.0

Confluent moist desquamation

3.5

Ulceration, hemorrhage, or necrosis
Douglas & Fowler

0

Normal

0.25

50/50 doubtful if any difference from normal

0.5

Very slight reddening

0.75

Definite but slight reddening

1

Severe reddening

1.25

Severe reddening with white scale; “papery” appearance of skin

1.5

Moist breakdown in one very small area with scaly or crusty appearance

1.75

Moist desquamation in more than one small area

2

Moist desquamation in 25% of irradiated area

NIH-PA Author Manuscript

2.25

Moist desquamtion in 335 of irradiated area

2.5

Moist desquamation in 50% of irradiated area

2.75

Noist desquamation in 66% of irradiated area

3

Moist desquamation in most of irradiated area

3.25

Moist desquamation in most of irradiated area with slight moist exudate

3.5

Moist desquamation in most of irradiated area with moist exudates; necrosis

0.0

Normal or None

0.5

Patchy faint/slight follicular eyrthema; faint hyperpigmentation

1.0

Faint and diffuse erythema; diffuse hyperpigmentation; mild epilation

1.5

Definite erythema; extreme darkening/hyperpigmentation

2.0

Definite erythema/hyperpigmentation with fine dry desquamation; mild edema

Radiation Dermatitis Severity Scale
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RTOG
Score

Observation

NIH CTCAE
Score

Observation

NIH-PA Author Manuscript

2.5

Definite erythema/hyperpigmentation with branny/scaly desquamation

3.0

Deep red erythema with diffuse dry desquamation; peeling in sheets

3.5

Violaceous erythema with early moist desquamation; peeling in sheets; patchy crusting

4.0

Violaceous erythema with diffuse moist desquamation; patchy crusting; ulceration; necrosis

*

Data compiled from (Elliott et al., 2006; Holler et al., 2009; Jensen et al., 2011; Okunieff et al., 2006; Pommier et al., 2004; Ryan et al., 2011;
Xiao et al., 2006)
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