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Abstract: Radiation injuries, particularly those resulting from therapeutic or accidental exposure,
present complex challenges for medical management. These injuries can manifest localized skin
damage or extend to deeper tissues, presenting as various clinical entities that require treatment
strategies, ranging from conservative management to complex surgical interventions. Radiation
treatment constitutes a fundamental component of neoplastic management, with nearly two out of
three oncological instances undergoing it as an element of their therapeutic strategy. The therapeutic
approach to radiation injury consists of expanding prophylactic measures while maintaining the
efficacy of treatment, such as conservative treatment or local debridement followed by reconstruc-
tion. The armamentarium of reconstructive methods available for plastic surgeons, from secondary
healing to free tissue transfer, can be successfully applied to radiation injuries. However, the unique
pathophysiological changes induced by radiation necessitate a careful and specialized approach for
their application, considering the altered tissue characteristics and healing dynamics. The therapeutic
strategy is guided by both the severity and progression of the injury, with the primary aim of restor-
ing functionality and aesthetic aspects while simultaneously minimizing the risk of complications.
This paper explores the various conditions encompassed by the term “radiation injury,” reviews
both non-surgical and surgical therapeutic strategies for managing these injuries, and highlights the
unique challenges associated with treating irradiated tissues within specific oncological contexts.

Keywords: radiation injuries; radiotherapy; therapeutic strategies; prevention; reconstructive surgery

1. Overview on Radiation Biology and Radiotherapy

Radiation therapy (RT) constitutes a fundamental element in the management of
diverse malignancies, with approximately two-thirds of oncological patients receiving
RT as an integral component of their comprehensive treatment regimens. The field of
radiation oncology is dedicated to examining, preventing, and addressing neoplasms,
thus underscoring the significance of ionizing radiation. The role of radiation oncologists
exists within a collaborative network that brings together specialized surgical and medical
oncologists, along with diagnostic radiologists and pathologists, all focused on delivering
the most effective evidence-based interventions for those with cancer [1–4].

Certain benign conditions can also be effectively treated with radiation therapy, such
as keloid scars, aggressive fibromatosis, including desmoid tumors, or as a preventive
strategy for heterotopic ossification. These conditions involve uncontrolled cell growth
that, while not malignant and unable to metastasize, can still cause harm due to excessive
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overgrowth. Radiation therapy can often stop the rapid growth of these cells and manage
the pathological process. For all these, it is important to weigh the potential risks of
radiation against the anticipated benefits, though in the majority of indicated cases, the
benefits outweigh the risks [5–7]. Radioiodine therapy is an established treatment of benign
thyroid disease, being indicated in treating hyperthyroidism in patients with Graves’
disease or toxic/nontoxic multinodular goiter and for reducing the overall volume of
the thyroid gland, as in cases of Graves’ disease, non-toxic goiter, or hyperfunctioning
nodules [8]. In the following sections of this paper, we will address the usefulness of
radiotherapy in malignant pathology.

Significant progress has been made in recent years in utilizing ionizing radiation to
treat cancer. The effects of radiotherapy depend on several factors, including the radiation
dose used, the type of cancer being targeted and its radiosensitivity, the size and anatomical
location of the tumor, as well as the tolerance threshold of healthy tissues to radiation
(Normal Tissue Tolerance—NTT) [2,9].

Radiotherapy is often used in combination with other treatment approaches such as
surgery, chemotherapy, or immunotherapy, and alongside surgery, it is one of the primary
local treatment methods for tumors. When applied before surgery (neoadjuvant therapy),
its purpose is to reduce the size of the tumor. When used after surgery (adjuvant therapy),
it targets and eliminates any remaining microscopic tumor cells. Radiation therapy can be
administered to cure cancer or as an effective palliative treatment to alleviate symptoms
caused by the disease [2,3].

The Gray (Gy) is the SI unit for measuring radiation, equivalent to 1 Joule/kg of
energy absorbed from ionizing radiation [9]. The radiation dose required for complete
and permanent tumor regression in a specific treatment area is referred to as the Tumor
Lethal Dose (TLD). The more radiosensitive a tumor is, the greater the effectiveness of
radiotherapy, which can be quantified by the Therapeutic Index (TI), calculated as the ratio
between NTT and TLD. It is well understood that different tumors vary in their sensitivity
to radiation therapy. When the radiation dose needed to achieve tumor regression is low
(low TLD) and surrounding tissues are more resistant (high NTT), the cancer is considered
radiosensitive (e.g., lymphomas, seminomas, and embryonal tumors). Conversely, when
TLD is high and NTT is low, the Therapeutic Index will be lower, classifying tumors as
radioresistant (e.g., sarcomas, melanomas, gliomas) [2].

The challenge in RT is to correctly adapt the doses to effectively target the tumoral
tissue, having also in mind to reduce the exposure to the surrounding normal tissues. Cells
with high proliferation rates, such as those found in the skin, hematopoietic tissue, and
gastrointestinal tract, exhibit increased susceptibility to ionizing radiation. This heightened
vulnerability is attributed to their active cell division, which makes them more sensitive to
the damaging effects of radiation on DNA and cellular structures [10]. However, based on
their regenerative potential, after the radiation effect is overcome, these specific tissues may
recover from the injury. Other tissues, such as nervous tissue, may suffer severe irreversible
damage [11].

Understanding radiation toxicity is crucial in radiation oncology, with extensive
literature guiding best practices [12]. RT induces cellular death by compromising genomic
DNA, either directly or indirectly, through the production of reactive oxygen species.
The degree of impairment and the cell’s capacity for repair are based on variables such
as the cell’s differentiation state and mitotic frequency, in addition to cumulative and
fractional radiation exposures. Although proteins and lipids are similarly compromised,
DNA impairment is pivotal for cellular lethality, with hydroxyl radicals accounting for
approximately 60–70% [13–16]. Ionizing radiation primarily targets cellular DNA, causing
both double-strand and single-strand breaks, ultimately leading to cell death via apoptosis
or necrosis. Apoptosis is an active process, also known as programmed cell death, where
radiation-damaged cells undergo self-destruction. In necrosis, irradiated cells that progress
through mitosis with unrepaired DNA lesions experience passive cell death [17,18].
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Damage to the double-stranded DNA structure leads to chromosomal aberrations.
Cells with such lesions form micronuclei during division, which are responsible for mitosis-
linked cell death, the most common form of radiation-induced cell death, usually resulting
in necrosis. Micronuclei are encapsulations of the nuclear membrane that contain fragments
of chromosomes and chromatin, which become trapped during the cell cycle and are unable
to reintegrate into the primary nucleus at the end of cell division. These structures are
proven to be markers of genotoxic stress, which is involved in carcinogenesis, metastasis,
and cellular senescence. The severity of genetic damage in cells with micronuclei often
leads to their death. Cellular necrosis triggers local inflammation in patients undergoing
radiotherapy, as tumor cells lose membrane integrity, swell, develop cytoplasmic vesicle
dilatations, and undergo further DNA degradation [17–21].

Apoptosis, or programmed cell death, is marked by specific morphological changes,
including nuclear chromatin condensation, membrane blebbing, and nuclear fragmentation,
leading to the formation of apoptotic bodies. Biochemically, apoptosis is triggered by the
activation of caspases, especially caspase-3, which cleaves various cellular proteins and
DNA fragmentation factors, resulting in cytoskeletal breakdown and DNA fragmentation.
The timing of apoptosis varies by cell type, occurring either immediately after radiation (fast
apoptosis) or after one or more cell divisions (delayed apoptosis). Radiosensitive cells, such
as thymocytes and lymphocytes, undergo rapid apoptosis, while other cells, like gastric
tumor cells, display delayed apoptosis after progressing through cell cycle checkpoints.
Radiation induces cell cycle arrests in the G1 and G2 phases, allowing time for DNA
repair. These checkpoints, regulated by CDK-cyclin complexes, influence the likelihood
of apoptosis. Shorter G2 delays after radiation are associated with higher apoptosis rates,
while prolonged G2 arrest may suppress apoptosis [17–21].

The tumor suppressor protein p53 plays a crucial role in radiation-induced apoptosis.
Cells lacking p53, such as those in p53-null mice, are resistant to apoptosis, suggesting
p53 is necessary for early apoptosis. However, some cells can undergo p53-independent
apoptosis, occurring later and linked to the G2/M phase. In tissues like the thymus and
nervous system, both p53 and the ATM protein are involved in apoptosis, though their
roles vary by tissue type [17].

The extent of radiation-induced apoptosis is also linked to radiosensitivity, with faster
apoptosis correlating with higher sensitivity. Radiosensitive hematopoietic cell lines, for
example, undergo quicker apoptosis than radioresistant ones, which exhibit delayed G2
arrest before apoptosis. However, this relationship may vary between cell types, as some
studies suggest that delaying apoptosis does not necessarily affect long-term survival after
radiation [17–21].

Another key structure affected by radiation is the cell membrane, which contributes
directly to cell death. Ionizing radiation disrupts membrane sphingomyelins, generating
ceramides. These lipid second messengers activate the c-Jun amino-terminal kinase path-
way, promoting apoptosis. Ceramides also play a role in the dephosphorylation of the
anti-apoptotic protein Bcl-2 through the activation of mitochondrial protein phosphatase
2A (PP2A) [17,22].

The repercussions of radiation exposure can be assessed from two main viewpoints:
the interaction of radiation with cancerous cells and the negative damage it causes to
healthy cells. Even though the therapeutic ratio describes the dose-response relationship
between achieving tumor control and avoiding complications in normal tissues, helping
to balance these two aspects, in reality, it is challenging to deliver a sufficiently high dose
to eliminate tumors without causing significant harm to healthy tissues [23–25]. Adverse
effects on healthy tissues are classified as acute or late. Acute effects occur within the first
90 days of treatment, affecting tissues with a high cell division rate, such as epithelial cells.
Late effects arise after 90 days, primarily due to damage to local microvascularization or
the depletion of stem cells in certain regions [2].

Radiotherapy is categorized based on its delivery method into teletherapy and
brachytherapy [2,3,9,26]. Teletherapy, or External-beam radiation therapy (EBRT), is the
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most commonly used method and involves an external radiation source directing beams
at a specific anatomical region of the patient [2,9,26]. This therapy is administered in
pre-determined fractions, allowing normal cells time to recover between doses due to their
superior DNA repair capacity compared to cancer cells [9,23].

Recent advances in external radiation therapy have focused on improving precision
and effectiveness and minimizing side effects. A series of technological improvements
are currently used, including stereotactic radiotherapy, intensity-modulated radiotherapy,
three-dimensional conformal radiotherapy, and image-guided radiotherapy [27–30].

Three-dimensional Conformal Radiotherapy (3-DCRT) uses a computer-generated
3D image of the anatomical region to be treated, allowing precise adjustments to the
radiation field based on the proximity of vital radiosensitive structures. This makes 3-DCRT
particularly useful for treating tumors located near critical structures. Intensity-Modulated
Radiotherapy (IMRT), a type of 3-DCRT, allows the modulation of both the intensity and
shape of radiation beams to deliver different radiation doses to the tumor and adjacent
tissues. IMRT is particularly useful for patients who have already received the maximum
radiation dose through conventional methods. Gamma-knife is a form of stereotactic
radiosurgery used for intracranial tumors, where multiple radiation beams focus on the
tumor, delivering a high radiation dose while sparing healthy tissue. Another type of
stereotactic surgery, X-knife, offers lower precision than Gamma-knife but can be used for
extracranial tumors, such as those in the lungs or spine [2,9,23,26].

Recent technologies were introduced, including protons and carbon ions (hadrons)
therapies, having beneficial properties for treating patients with cancer. They offer greater
precision compared to conventional X-rays and have radiobiological advantages that make
them effective for treating radio-resistant or inoperable tumors [31].

Hadron therapy, also known as particle therapy, involves irradiating tumors with
heavy particles such as protons, alpha particles, or carbon ions. The primary advantage of
this approach is its specific energy distribution in depth [32]. Unlike photons, which deliver
a dose beyond the target area as they pass through the patient’s body, hadrons lose their
kinetic energy and release the majority of the dose at the Bragg Peak, which is extended
to match the tumor’s thickness, while depositing minimal dose beyond the tumor. This
approach allows the delivery of the dose to the malignant target while better protecting the
surrounding healthy tissues and also makes it possible to use equal or higher irradiation
doses with a reduced toxicity profile [33]. Carbon ions have the advantage over proton
therapy of reducing lateral scattering, which could further improve therapeutic results and
spare the organs at risk. Furthermore, carbon ions exhibit a higher linear energy transfer,
causing DNA damage clustered in a way that exceeds the cell’s repair mechanisms. This
explains the greater relative biological effectiveness of carbon ions compared to protons
and photons. Carbon ion therapy holds great promise for delivering high doses to targeted
areas while minimizing damage to nearby organs at risk. However, access to this treatment
remains limited due to its high cost [33,34].

Boron Neutron Capture Therapy (BNCT) is another emerging technique developed
to optimize radiation delivery. It is based on selectively concentrating boron compounds
in tumoral cells and then exposing the cancer cells to epithermal neutron beam radiation.
This therapy is based on the nuclear reaction that appears through irradiation of the stable
isotope of Boron-10 with low-energy thermal neutrons to generate α particles (Helium-4)
and recoiling lithium-7 nuclei. The main property of BNCT is that it can deposit a high dose
gradient between the cancer cells and healthy tissues. BNCT combines the fundamental
targeting approach of chemotherapy with the broad anatomical localization strategy of
conventional radiotherapy [35].

Brachytherapy involves placing radioactive materials inside or adjacent to the tumor.
Various types of brachytherapy are used depending on the anatomical site, such as inter-
stitial brachytherapy (radiation source placed within a parenchymal organ, e.g., prostate),
intracavitary brachytherapy (source positioned within a cavity, e.g., vagina or rectum), and
intraluminal brachytherapy (for organs with a lumen, e.g., esophagus). Depending on



J. Pers. Med. 2024, 14, 1100 5 of 34

the duration the radioactive source remains in the body, brachytherapy can be classified
into temporary, where the radiation source is removed after a set period, or permanent,
where radioactive seeds are implanted within or near the tumor, gradually losing their
radioactivity over weeks or months [2,9,23,26].

This paper aims to analyze the clinical manifestations and the available therapeutic
strategies for managing radiation injuries, particularly those arising from therapeutic
exposure for various malignancies. Both conservative and surgical approaches, with a
focus on the pathophysiological challenges posed by radiation-damaged tissues, were
analyzed. From a plastic and reconstructive surgery team point of view, we also addressed
the importance of tailoring the treatment to restore function and improve the quality of life
while minimizing complications, highlighting the application of reconstructive methods in
the context of oncological treatment involving radiation therapy.

2. Clinical Manifestations and Complications Associated with Radiotherapy

Despite technological progress, radiation toxicity remains a significant issue. Acute
toxicity emerges from the necrosis of rapidly proliferating cells, resulting in manifestations
such as erythema and desquamation, attributable to capillary dilation and heightened
vascular permeability. Late toxicity may arise from elements such as parenchymal and
stromal cell depletion or ischemia-induced vascular impairment, resulting in conditions
such as cutaneous fibrosis, which is characterized by hypovascular, hypoxic, and hypocel-
lular tissue. The skin, bone, and soft tissue frequently endure considerable radiation
exposure. The use of RT may cause numerous complications that can affect both malignant
and healthy tissues, including both immediate and long-lasting skin conditions such as
radiation dermatitis, as well as more severe issues such as osteoradionecrosis and various
organ impairments. These complications can profoundly affect a patient’s quality of life,
necessitating meticulous management and multidisciplinary care [11,36,37].

2.1. Radiodermatitis

Radiodermatitis is classified as an acute response if it manifests during therapeutic
intervention and as chronic or late-onset if it arises 5–10 years after the conclusion of
treatment. A joint initiative was undertaken by the Radiation Therapy Oncology Group
alongside the European Organization for Research and Treatment of Cancer to establish a
framework for evaluating skin condition severity damage resulting from radiation expo-
sure. This framework sorts radiation dermatitis into four grades: grade 1 is characterized
by faint erythema and dry desquamation; grade 2 is characterized by moderate to brisk
erythema and patchy, moist desquamation, mostly in the skin folds; grade 3 is character-
ized by confluent, moist desquamation in areas other than the skin folds; and grade 4 is
characterized by skin ulceration with trauma-associated or spontaneous bleeding [38].

Chronic radiodermatitis affects one-third of all individuals and may develop up to
ten years after radiotherapy. Typical manifestations include telangiectasia, pigmentation
alterations, cutaneous atrophy (characterized by dry, papery integument), dermal sclerosis,
and keratosis. Obesity, chronic solar exposure, and tobacco use are associated with an
increased risk of radiation dermatitis. Additionally, the bacterial flora of the skin, notably
the presence of Staphylococcus aureus, could be associated with the onset of significant
radiation dermatitis [39–41]. Additionally, individuals undergoing concurrent chemother-
apy or targeted oncological therapies have an increased likelihood of experiencing severe
radiation dermatitis [42–44].

2.2. Osteoradionecrosis

Osteoradionecrosis (ORN) is a serious complication of radiotherapy and is character-
ized by the gradual demise of osseous tissue, typically manifesting in skeletal structures
that have been subjected to radiation. This pathology is most frequently observed in the
mandible but has the potential to influence other bones exposed to radiation, such as the
pelvis, ribs, or vertebrae, contingent on the treatment region [45,46].
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ORN of the jaw is a late complication of RT that typically affects patients who have
undergone treatment for head and neck cancers. This condition arises when previously
irradiated tissues become hypovascular and hypoxic, leading to aseptic and avascular
necrosis of the mandible if they fall within the radiation field. ORN can lead to impor-
tant complications such as infection, tooth loss, and even pathological fractures of the
mandible [47–49].

ORN is uncommon in patients who have received less than 6000 centi-gray (cGy)
radiation but can occur years or even decades after treatment. Approximately nine percent
of patients who receive > 7000 cGy of radiation to the head or neck develop this condition.
Radiation exposure leaves bone and surrounding soft tissues with poor vascularity, result-
ing in avascular necrosis of the mandible. This can lead to areas of exposed bone in the
mouth, tooth loss, and damage to supporting structures. Chronic infections often follow,
potentially leading to osteomyelitis and the formation of orocutaneous fistulae [47,48].

Imaging techniques, such as radiography, panoramic imaging, computed tomography
(CT), and magnetic resonance imaging (MRI), are essential for assessing the extent of ORN.
However, no laboratory test can definitively diagnose ORN, except for biopsy [50,51].

Treatment of ORN requires a multidisciplinary approach involving surgery, infectious
disease management, radiology, and hyperbaric treatment. These treatments must be
coordinated, as isolated efforts are unlikely to succeed. Patients suffering from ORN should
be staged based on severity, and if indicated, surgical intervention should be initiated in
combination with perioperative hyperbaric oxygen therapy (HBOT). All necrotic bone must
be surgically removed to ensure effective treatment [47,52].

Local flaps can often be used to cover the exposed bone, depending on the location and
condition of the surrounding tissues. If this approach is not successful, it may be necessary
to use regional or free flaps to introduce healthy, non-irradiated tissue to cover and preserve
compromised bone. If these options are ineffective, segmental mandibulectomy followed
by reconstruction with a vascularized bone flap may be necessary [48,53].

2.3. Lymphedema

Radiation treatment also presents a considerable risk of lymphedema, especially when
administered to specific anatomical regions. The direct effect of radiation on lymphatic
vessels is negligible, as in vitro and in vivo investigations have demonstrated that their
structural and functional integrity are predominantly preserved. However, damage to
lymphatic vessels occurs later as the surrounding tissue gradually becomes dense and
fibrous, compressing the vessels and obstructing lymphatic flow. Additionally, RT in-
hibits lymphatic proliferation, prevents the growth of compensatory lymphatic vessels,
and contributes to the development of lymphedema. Although lymphatic vessels are
relatively resistant to radiation, lymph nodes are highly radiosensitive. Radiation causes
the lymph nodes to lose lymphocytes, undergo fatty degeneration, and ultimately become
fibrotic [54,55].

The risk of lymphedema is particularly pronounced in breast cancer patients undergo-
ing RT. Johansen et al. revealed that radiotherapy in patients who underwent mastectomy
increased the risk of lymphedema five-fold. This susceptibility is further exacerbated, ap-
proaching ten-fold, when radiotherapy is concomitantly administered with lymphadenec-
tomy, with the probability escalating in accordance with the magnitude of dissection.
Specific anatomical regions, such as the superior axillary nodal basins at levels I and II,
exhibit an elevated risk of lymphedema owing to the heightened density of lymph nodes.
However, advanced RT techniques that minimize overlapping radiation fields may reduce
this risk [54,56–58].

RT also significantly increases the risk of lower limb lymphedema in patients with
gynecological cancers such as ovarian, vulvar, and endometrial carcinomas. The method of
RT delivery influences the risk, with external beam RT being associated with a higher inci-
dence of lymphedema than vaginal brachytherapy, where radiation is delivered internally



J. Pers. Med. 2024, 14, 1100 7 of 34

through the vagina. The estimated risk of lower limb lymphedema is 11% with vaginal
brachytherapy compared to 71% following pelvic external beam RT [54,59–62].

2.4. Neurological Complications

Radiation therapy can lead to several neurological complications depending on the lo-
cation, dose, and duration of treatment. Radiation therapy carries the risk of neural damage,
which can manifest as focal cerebral necrosis, neurocognitive dysfunction, cerebrovascular
disease, myelopathy, and peripheral nerve disorders, including a specific radiation-induced
brachial plexus neuropathy [63,64].

Radiation-induced brain necrosis (RBN) is a significant complication that can arise
following radiotherapy for both intracranial and skull base tumors. It is caused by an
initial brain vascular injury followed by parenchymal damage through radiation exposure.
RBN manifests with a range of neurological symptoms, including headaches, cognitive
dysfunction, personality changes, and seizures, severely affecting a patient’s quality of
life. The development of RBN is influenced by factors such as total radiation dose, fraction
size, and the volume of brain tissue exposed to radiation. Advances in neuroimaging
and histopathology have improved understanding of the condition, and while previously
considered progressive and irreversible, emerging treatments, including the use of beva-
cizumab and nerve growth factors, offer hope for improving or reversing some cases of
RBN. Nonetheless, the condition remains a challenge, and therapeutic strategies continue
to evolve, balancing symptom management and functional recovery [63,65].

Other neurological complications may also occur, such as radiation myelopathy sec-
ondary to radiation exposure of the spinal cord, leading to weakness, numbness, pain, and,
in severe cases, paralysis, although rare [66].

Cognitive impairment may manifest after cerebral irradiation, especially in juvenile
patients or geriatric individuals, and can encompass amnesia, challenges with focus, and
various cognitive shortcomings, which may progressively deteriorate over time [67].

Fatigue is a common side effect experienced by many patients undergoing RT, char-
acterized by persistent tiredness not relieved by rest, which can last for weeks to months
after treatment and can significantly impact a patient’s quality of life [68].

Radiation-induced peripheral neuropathy is a chronic and debilitating condition that
is typically progressive and often irreversible, frequently emerging several years after
radiotherapy. While its occurrence remains rare, it is becoming more encountered as long-
term cancer survival rates improve. The underlying pathophysiological mechanisms are not
yet fully understood, but a key factor is nerve compression caused by extensive radiation-
induced fibrosis, along with direct nerve damage through axonal injury, demyelination,
and blood vessel damage due to ischemia from capillary network alteration. The clinical
presentation is highly variable, depending on the specific anatomical regions that are
irradiated [69].

Radiation-induced injury to the brachial plexus (RIBPN) is an unusual and belated
consequence for those who have received RT targeting the chest wall, neck, or axillary
region. This ailment is predominantly observed in patients with mammary carcinoma and
Hodgkin lymphoma. Advances in radiation techniques have significantly reduced the
incidence of RIBPN, with a current incidence rate of approximately 1.2% in women treated
for breast cancer [70–73].

RIBPN typically progresses gradually in approximately two-thirds of cases. Indi-
viduals may initially encounter paresthesia, which is followed by a dolor and ultimately
motor debilitation in the impacted extremity. The onset of manifestations can fluctuate
from 6 months to 20 years after RT, although it predominantly transpires between 1 and
4 years after treatment. In late-onset RIBPN, radiation-induced fibrosis compresses the
nerves, leading to further complications, such as direct nerve injury from axonal damage,
demyelination, and ischemic blood vessel injury. This nerve damage is chronic, progres-
sive, and irreversible and is more common when radiation targets the axillary and/or
supraclavicular nodes, as well as the breast or chest wall [70–72,74].



J. Pers. Med. 2024, 14, 1100 8 of 34

Based on the anatomy of the brachial plexus, radiation to the axillary lymph nodes
primarily affects the lower trunk of the plexus (C8-T1), whereas radiation to the supra-
clavicular nodes tends to affect the upper trunk (C5-C6). The entire plexus is involved in
approximately 25% of RIBPN cases [71,75].

As several disorders, such as carpal tunnel syndrome, thoracic outlet syndrome,
and amyotrophic lateral sclerosis, can mimic the symptoms of RIBPN, it is crucial to
refer patients to a neurologist for electrodiagnostic testing as soon as possible. MRI is
a key diagnostic tool for RIBPN, typically showing thickening of the affected plexus
nerve. Fluorodeoxyglucose PET/computed tomography (PET/CT) is recommended as
an adjunct imaging modality to MRI, especially for differentiating RIBPN from neoplastic
plexopathy [71,76–78]. According to a case report by Soydal et al., 18F-fluorodeoxyglucose
PET/CT was particularly useful in distinguishing metastatic plexopathy from RIBPN,
which is essential for guiding treatment decisions [79].

To address the underlying pathophysiological mechanisms of RIBPN, surgical inter-
ventions, such as plexus exploration, neurolysis with a free tissue transfer (using muscle or
omentum), or pedicled omentoplasty, have shown positive outcomes [69,71].

A similar situation exists in cases of radiotherapy applied for lumbar and pelvic
region radiotherapy addressing various cancer types, such as testicular cancer, and rectal
or bladder malignancies getting to the development of various clinical manifestations,
from acute transient lumbosacral plexopathy to severe entities such as delayed progressive
lumbosacral radiculoplexopathy (RILP) and nerve trunk damage [80].

Accurate diagnosis of peripheral nerve injuries is mandatory. These cases require a
dynamic, sequential evaluation that includes clinical assessment, functional testing, and
imagistic studies. Despite various therapeutic strategies, both conservative and surgical,
the prognosis for recovery in peripheral nerve pathology remains unpredictable. The
treatment should include a comprehensive rehabilitation program under the supervision
of a physiotherapist, ensuring a structured approach to recovery and optimizing functional
outcomes [69,81–83].

2.5. Endocrine Effects of Radiotherapy

Endocrine complications following radiotherapy typically manifest with a delay and
necessitate long-term monitoring by the radiation oncologist. Since endocrine glands are
distributed throughout the body, they may be included within the radiation field of various
tumors. Given that symptoms can often be subtle and non-specific, screening for these
complications relies not only on targeted clinical evaluations but also on routine hormonal
assessments [84].

Cranial irradiation can result in multiple late-onset endocrine effects, such as deficien-
cies in growth hormone (GH), thyroid-stimulating hormone (TSH), adrenocorticotropic
hormone (ACTH), and gonadotropins [85,86]. The risk of these hormonal deficiencies is
more closely associated with the radiation dose to the hypothalamus than the pituitary
gland. The likelihood of developing growth hormone deficiency (GHD) after irradiation
increases with doses of 18 Gy or higher and decreases with age [87–89]. Factors like pre-
existing obesity, younger age at the time of irradiation (under 10 years), female sex, and
prior cranial surgery elevate the risk of developing obesity following treatment [90,91]. The
onset of endocrine deficiencies can vary from 3 months to more than 10 years after radiation
therapy [92,93]. Cranial cancer survivors with tumors near the hypothalamic-pituitary
(HP) region—or those who have undergone surgery or radiotherapy involving this area are
at risk of HP dysfunction. This dysfunction can lead to deficiencies in several hormones,
including growth hormone (GH), luteinizing hormone (LH), follicle-stimulating hormone
(FSH), thyroid-stimulating hormone (TSH), and adrenocorticotropic hormone (ACTH).
Additionally, these individuals may develop conditions such as central precocious puberty
(CPP), hyperprolactinemia, and central diabetes insipidus (CDI) [94].

Growth hormone deficiency is the most common endocrine complication after cra-
nial radiation therapy. Radiation doses exceeding 18 Gy have been associated with



J. Pers. Med. 2024, 14, 1100 9 of 34

precocious puberty, while doses over 40 Gy may delay puberty due to gonadotropin
deficiency [59,95,96].

Central hypothyroidism resulting from cranial radiation therapy is primarily due
to deficiencies in thyrotropin-releasing hormone and thyroid-stimulating hormone in
children who have received radiation doses exceeding 40 Gy. Primary hypothyroidism,
hyperthyroidism, hyperparathyroidism, and secondary thyroid cancers are also associated
with neck or mantle irradiation of >20 Gy [97–102].

Radiation doses exceeding 40 Gy may affect the adrenocorticotropic hormone (ACTH)
axis to varying degrees, leading to central adrenal insufficiency [103].

High-dose cranial radiation therapy exceeding 40 Gy may predispose a child to devel-
oping hyperprolactinemia, which can interfere with the pulsatile secretion of gonadotropin-
releasing hormone [104].

Cranial radiation therapy can lead to weight management issues, often intensified by
concurrent deficiencies in growth hormone and thyroid function. Females, children under
4 years old at the time of treatment, and those who have received hypothalamic radiation
doses exceeding 18 Gy are particularly at risk [105,106].

Radiation doses exceeding 10 Gy to the thyroid region can lead to hypothyroidism
and, in rare cases, hyperthyroidism. Exposure of the thyroid gland to radiation doses
above 20 Gy can increase the risk of developing thyroid nodules, making annual thyroid
palpation during physical examinations important. Radiation to the neck may also lead to
thyroid cancer. Recent evidence suggests that the risk of thyroid cancer rises with radiation
doses up to 30 Gy but decreases with higher doses [102,107].

The impact on fertility is another highly important aspect for patients requiring ra-
diotherapy. Hypogonadism risk is influenced by age at tumor diagnosis, pubertal status,
treatment type, and dosage [108,109]. It can be central, resulting from gonadotropin defi-
ciency after cranial irradiation doses exceeding 30 Gy, or primary, due to direct gonadal
toxicity from gonadal irradiation or chemotherapy, which leads to elevated gonadotropin
levels [110,111]. Hypogonadism negatively affects pubertal timing, bone mineral density,
sexual function, fertility, quality of life, and both biological and psychological health [112].
In males, the testes are highly sensitive to radiation. Germ cells are damaged at lower radi-
ation doses than Leydig cells. The effects are dose-dependent: at 1–3 Gy we have azoosper-
mia (absence of sperm), which may be reversible; at 3–6 Gy the reversibility of azoospermia
is less likely, and at over 6 Gy permanent azoospermia is likely. In doses over 20 Gy Leydig
cell damage may occur, affecting testosterone production [113]. In females, total body
irradiation, as well as abdominal, pelvic, and lumbosacral spine radiation—especially in
postpubertal individuals treated with doses over 10 Gy—can compromise ovarian function.
Oocyte depletion or damage reduces sex hormone production and fertility [114,115]. The
incidence of nonsurgical premature menopause among cancer survivors is 8%, compared
to less than 1% in siblings. Treatment for gonadal failure involves hormone replacement
therapies [116]. Infertility due to gonadotropin deficiency can be treated with gonadotropin
replacement therapy [117]. However, infertility resulting from direct gonadal damage or
uterine injury is more difficult to address [110,118]. For fertility preservation in women,
established methods include oocyte and embryo cryopreservation. Techniques like ovar-
ian transposition and ovarian shielding can reduce radiation exposure [110]. In men,
sperm cryopreservation before cancer treatment is the only established method for fertility
preservation in pubertal and adult males [119–121].

2.6. Digestive Complications of Radiotherapy

Radiation-related gastrointestinal (GI) side effects are categorized as acute or late.
Acute toxicity, such as diarrhea and nausea, occurs within three months of treatment
and affects tissues with rapid cell turnover. Late toxicity arises more than three months
post-treatment, affecting slower-renewing tissues, and can lead to complications like ulcer-
ations, strictures, and obstructions [122]. Gastrointestinal symptoms are more frequent in
overweight, smokers, and physically inactive men [123].
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Acute radiation esophagitis typically develops within 2–3 weeks after initiating ra-
diation therapy to the esophagus, resulting from damage to the basal epithelial layer.
Patients may experience dysphagia (difficulty swallowing), odynophagia (painful swal-
lowing), and substernal discomfort. These symptoms usually resolve within three weeks
after completing treatment [124]. Management involves topical anesthetics, analgesics,
antacids, promotility agents, dietary modifications, and treatment for candida infections.
Oesophageal strictures, which are late effects appearing around six months post-therapy
due to fibrosis and scarring of the esophageal muscles, are commonly treated with endo-
scopic dilation; tube feedings or gastrostomies are rarely necessary [125]. The incidence of
dysphagia caused by stenosis ranges from 0.8% to 30% but is generally less than 2% for
radiation doses under 50 Gy [126,127]. Treatment options for symptomatic or unresolved
cases include surgical resection, placement of self-expandable metal stents, and endoscopic
or fluoroscopic balloon dilation. However, there is a recurrence rate of about 40% [128,129].

Fistulas, which are abnormal connections that can be esophago-mediastinal, esophago-
tracheal, or aorto-esophageal, occur in 5–10% of patients and are associated with high
mortality due to infections, malnutrition, and acute complications like massive bleeding.
Surgical intervention is the primary management strategy, but the prognosis remains
poor [130,131].

Esophageal perforations have an incidence of approximately 5.6%, typically occurring
around 14 weeks after treatment at the site of the primary tumor. They carry a high mortality
rate of 21–24% for both spontaneous and iatrogenic cases [130,132]. Symptoms are often
nonspecific and may include vomiting (84%), chest pain (79%), epigastric pain (47%),
dysphagia (21%), and hematemesis (11%). Initial treatment includes fasting, proton pump
inhibitors, and broad-spectrum antibiotics, but these measures fail in about 20% of cases.
Additional surgical or endoscopic procedures may be necessary, such as endoprosthesis
placement, tissue gluing, or clipping. Delays in diagnosis exceeding 24 h are associated
with increased mortality [133].

Acute Radiation Enteritis typically develops within two weeks after radiation exposure
to the digestive tract. It causes epithelial denudation, microabscess formation, and mucosal
ulceration, leading to fluid and nutrient loss and potential bacterial translocation [134].
Diarrhea often begins during the third week of treatment, affecting 20% to 70% of patients,
and usually resolves within 2 to 6 weeks after completing radiation therapy [135].

Chronic Radiation Enteritis has been described to occur in up to 20% of patients
receiving pelvic radiotherapy [136]. Late radiation effects generally manifest 8 to 12 months
after treatment but can appear years later in some cases. Symptoms include malabsorption,
nausea, diarrhea, bleeding, abdominal pain, bloating, and fever due to abscess formation.
Severe cases may lead to intermittent partial or complete small bowel obstruction. While
the large intestine is less sensitive to radiation, patients can develop pancolitis, which can
mimic inflammatory bowel disease [137,138].

Chronic radiation proctitis results from progressive epithelial atrophy and fibrosis
associated with chronic mucosal ischemia. It typically has a delayed onset of 9 to 14 months
following radiation exposure and is not linked to acute proctitis [139]. The overall rate of
late complications from radiation therapy ranges between 5% and 20%, including bleeding,
anemia, strictures, fistulas, and anorectal dysfunction [140].

Chronic bleeding is a common late gastrointestinal side effect of pelvic radiation
therapy, occurring in 30–50% of patients [141]. However, bleeding severe enough to impair
quality of life affects less than 6% of patients [142]. In most cases, the bleeding resolves
spontaneously within weeks to months, and only 1–5% of patients develop severe anemia
requiring transfusions [143]. Metronidazole and sucralfate enemas administered over
four weeks are proven treatments that have demonstrated benefits in randomized clinical
trials for chronic rectal bleeding [144]. Hyperbaric oxygen therapy is another alternative
management option [145,146]. Due to the high risk of complications following radiation
therapy, surgery is generally avoided. Endoscopic treatments—such as argon plasma
coagulation, formalin solution application, radiofrequency ablation, cryotherapy, and
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rectal ligation—are commonly used. Stem cell therapy has also shown efficacy in treating
refractory rectal bleeding [147].

Other complications include chronic ulcerations, anal strictures, stenosis, or fistuae.
A total of 2.9% of patients had to undergo abdominoperineal resection or colostomy due
to late, debilitating complications, according to the final analysis of the UNICANCER
ACCORD 03 randomized trial [148].

Patients with mild symptoms generally do not require specific treatment. While stool
softeners, sucralfate, sulfasalazine, and corticosteroid enemas are safe to use in these cases,
they have not demonstrated significant benefits. For those who do not respond to initial
therapies, surgical or endoscopic interventions are available. Hyperbaric oxygen therapy
has shown effectiveness when other treatments fail, but it is expensive and not widely
accessible [146].

Radiation-induced liver disease (RILD) is the most significant complication of liver
irradiation, typically manifesting between two weeks and seven months after completing
radiation therapy. Recent reviews report that RILD occurs in 6% to 66% of patients who
receive liver radiation doses up to 30–35 Gy [149,150]. Classic RILD develops in previously
healthy livers and is characterized by abdominal pain, non-icteric hepatomegaly (enlarged
liver without jaundice), and ascites. The underlying pathophysiology involves veno-
occlusive disease due to radiation-induced fibrosis and venous obliteration [151]. Biliary
tract strictures after radiation therapy are rare and usually occur in the portion of the
biliary tract affected by the initial tumor [152]. Dose recommendations for whole-liver
radiation therapy are less than 30 Gy for primary liver tumors and less than 28 Gy for liver
metastases [151,153]. Factors such as preexisting liver dysfunction, hepatitis B virus (HBV)
infection, previous arterial chemoembolization, and portal vein thrombosis can influence
the appropriate treatment dosage [154–156].

Radiation injuries to the pancreas can lead to a wide range of side effects due to its
proximity to other organs. These side effects may include gastro-duodenal ulcers and
gastrointestinal bleeding. The acinar cells of the pancreas are more sensitive to radiation
than the endocrine islet cells [157]. Symptoms can include abdominal pain, malabsorption,
pale and greasy stools, and weight loss. Recovery of pancreatic function after radiation
injury has been reported [158]. Additionally, radiation-induced diabetes mellitus has been
observed in several retrospective studies [159].

Dosimetric studies have shown that advanced radiation therapy techniques can reduce
the dose to nearby organs at risk, such as the small bowel and rectum, resulting in fewer
side effects [160]. Specifically, Intensity-Modulated Radiation Therapy (IMRT) has been
found to deliver lower radiation doses to these organs compared to conventional three-
dimensional conformal plans. Adaptive radiotherapy for both photons and protons may
further decrease exposure to organs like the bladder, bowel, and rectum [161,162]. Image-
guided radiation therapy is another technique that helps reduce doses to surrounding
organs and minimizes gastrointestinal toxicity [163,164].

2.7. Renal and Genito-Urinary Tract Complications

Radiotherapy, with or without chemotherapy, used for treating abdominal and pelvic
malignancies such as gastrointestinal cancers, gynecologic cancers, lymphomas, and sar-
comas of the upper abdomen, as well as during total body irradiation (TBI), can lead to
radiation-induced kidney injury, particularly radiation nephropathy (RN). The incidence
of clinical radiation nephropathy has risen with the use of total body irradiation (TBI)
in preparation for bone marrow transplantation (BMT) and as a result of radionuclide
therapies [165].

The clinical progression of radiation nephropathy (RN) can be divided into acute
and chronic phases. Aside from extremely high radiation doses above 50 Gy, which are
not relevant to human experience, no symptoms or clinical signs typically appear during
the first six months post-irradiation, a period known as the latent phase of RN. Clinical
manifestations typically begin during the acute phase, occurring between 6 and 18 months
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post-irradiation, with initial signs often appearing between 6 and 13 months (average
8.5 months). Chronic kidney damage becomes clinically apparent more than 18 months
after radiation therapy [166].

BMT-associated nephropathy typically develops gradually over several years and presents
with symptoms such as proteinuria, hypertension, and impaired urine concentration [165].

Radiation therapy most frequently causes damage to the bladder and ureters. The
most common complications include hemorrhagic cystitis, urethral and ureteral strictures,
urinary fistulae, and the development of secondary primary malignancies [167]. Radiation
cystitis is an inflammatory response in the urinary bladder induced by RT in the pelvic area,
culminating in manifestations such as urinary frequency, urgency, dysuria, and hematuria.
Persistent radiation cystitis may precipitate enduring impairment of the bladder epithelium,
culminating in chronic symptoms and an augmented risk of bladder carcinoma [168,169].

Less common effects include erectile dysfunction, infertility, lower urinary tract dys-
function, bladder fibrosis, and necrosis [167]. Sexual dysfunction is another serious com-
plication that manifests in male patients with erectile dysfunction due to damage to the
nerves and blood vessels, whereas in women, it may result in vaginal dryness, stenosis, or
dyspareunia. Higher radiation doses may be associated with a risk of developing vaginal
stenosis [170].

2.8. Pulmonary Complications

Radiation-induced lung injury (RILI) represents an inflammatory reaction in the lungs
that typically occurs after radiation to the chest area, usually for a thoracic tumor. The
reasons for the wide range in RILI severity and the mechanisms driving its development
are not yet fully understood [171]. It has two different evolutive stages, each of them with
specific molecular characteristics and cellular changes: an early stage (radiation pneumonia,
RP) and a late stage (radiation lung fibrosis, RLF). Approximately 10% to 20% of patients
exhibit signs of RILI with varying degrees of severity [171]. Symptoms such as thoracalgia,
fatigue, coughing, and increased heart rate might occur in any of the two stages, while
fever is more common in RP than RLF. Imaging in RP typically reveals diffuse ground-glass
opacity or consolidation in the area of radiation treatment, often accompanied by bronchial
pulling and fibrotic changes. Cross-sectional imaging in RLF usually displays areas of
consolidation in the lungs, ventilated bronchial signs, strip shadows, or honeycomb-like
alterations in the area where the lung tissue had been irradiated. The most widely used
classification system for RILI is the Common Terminology Criteria for Adverse Events,
where it is graded based on symptoms, degree of fibrosis, and the need for intervention. It
is often associated with bacterial, viral, or fungal infections, such as Pneumocystis carinii,
and is treated concurrently with antibiotics [171–173].

2.9. Cardiovascular Complications

Cardiovascular complications, called Radiation-Induced Heart Disease (RIHD), may
develop following RT to the chest. Complications that may arise include pericarditis,
coronary artery pathology, valvular impairment, arrhythmias, and cardiomyopathy [174].
The risk of RIHD increases with higher radiation doses and proximity of the heart to the
radiation field. There is ongoing debate regarding the safest radiation dose, which cardiac
substructures are most sensitive to RT-induced injury, and the most appropriate strategies
to minimize RT-related CVD [174–176].

According to the European Society of Cardiology Guidelines on cardio-oncology, it
is recommended to categorize the risk of radiotherapy-induced cardiovascular toxicity
based on mean heart dose (MHD) rather than the prescribed dose, as the latter may not
accurately represent the actual radiation exposure to the heart. However, MHD is not a
flawless measure, as in some cases, a small area of the heart may receive a very high dose,
posing a significant risk even when the overall MHD is low. Primary prevention of RIHD
relies on technological advancements that improve the precision of the radiation targeting.
Current strategies aim to reduce the mean heart dose (MHD) by tailoring the distribution of
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the established dose or by using various strategies of respiratory management. However, it
is not always feasible to perfectly avoid the heart, as the tumor is often in its proximity, such
as central lung tumors, mediastinal lymphomas, or when irradiating the internal mammary
chain in breast cancer treatment. When it comes to secondary preventative measures
to minimize the risk of cardiovascular events, currently there are none, but, due to the
established role of conventional cardiovascular risk factors in RT-related events, adjusting
the modifiable risk factors is recommended for all patients before and after RT [177,178].

Coronary heart disease is nowadays increasingly treated interventionally, but this
approach has its challenges when it comes to radiation-induced coronary heart disease
(RICHD), as does the classic revascularization through open surgery [179]. Surgical revas-
cularization in patients with RICHD is often challenging due to factors like poor tissue
healing, radiation-related lung injury, limited bypass targets, and the need for complex
procedures. Furthermore, the internal mammary artery is prone to radiation damage,
making careful angiographic evaluation essential before grafting [180,181]. Coronary artery
bypass grafting in this population carries higher risks of graft failure, perioperative compli-
cations, and increased all-cause mortality. When revascularization is needed, percutaneous
coronary intervention (PCI) with drug-eluting stent (DES) placement is generally the pre-
ferred and safest option. Extended dual antiplatelet therapy should also be considered
for patients undergoing bare metal stenting or balloon angioplasty, when appropriate. In
cases where both critical native vessel disease and valvular abnormalities are present, a
combined approach using PCI with DES placement and transcatheter valve repair may be
worth considering as an alternative to surgery [181].

2.10. Effects on Bone Marrow

Another significant adverse effect of radiation therapy is the impairment of bone
marrow function. When radiation targets bone tissue, it can alter the skeletal structure
and lead to a depletion of cells in the bone marrow. This increases the risk of fractures in
weakened bones and reduces the number of peripheral blood cells [182].

Ionizing radiation reduces the number of osteoblasts (the cells responsible for bone
formation) while increasing the number of osteoclasts (the cells that break down bone),
resulting in changes to the trabecular bone structure. Certain radioactive isotopes, such as
strontium-89 and radium-226, have a similar structure to calcium ions, which allows them
to be incorporated into the bone. This increases toxicity at this level [183,184]. Additionally,
fat cells can invade the bone marrow cavity, replacing hematopoietic (blood-forming) cells
with adipocytes (fat cells) [185].

The degree of direct damage to the bone marrow depends on various factors, including
the percentage of marrow that is irradiated, the dose and fractionation of radiation therapy,
and whether radiation is used in combination with chemotherapy. Hematopoietic cells are
generally more vulnerable than mesenchymal cells [182,186].

At the level of hematopoietic stem cells, ionizing radiation can induce cell death
(apoptosis), aging (senescence), or stimulate their differentiation into various types of blood
cells. When stem cells are pushed to differentiate too aggressively, their ability to renew
themselves diminishes, leading to bone marrow insufficiency. The lymphohematopoietic
lineage is typically the first to be affected, with circulating lymphocyte levels potentially
dropping significantly at doses as low as 0.3 Gy. This reduction in lymphocytes can impair
immune function, posing a life-threatening risk associated with radiation therapy [186].

Hematologic toxicity is more common in patients receiving chemotherapy who also
undergo radiation therapy in the pelvic area. These patients may experience symptoms
like fatigue, bleeding, and an increased risk of infections, which can lead to longer hospital
stays and delays in their treatment schedules. Hematoietic syndrome is characterized by
low levels of lymphocytes, platelets, and granulocytes. This syndrome can occur with
radiation exposure greater than 1 Gy, and at doses between 4.5 and 6 Gy, severe bleeding
or infections may result in death if timely medical intervention is not provided [186].
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In summary, ionizing radiation negatively impacts both the quality of bone by altering
its trabecular structure and the hematopoietic function of the bone marrow. This increases
the risk of fractures in weakened bones and can lead to life-threatening conditions like
pancytopenia [182–186].

2.11. Radiation-Induced Malignancies

One of the most consequential effects of radiotherapy on normal tissues is the provo-
cation of mutations, which may result in radiation-induced neoplasms [187,188]. Radiation
can lead to secondary malignancies, with the absolute risk for cancer survivors following
radiotherapy ranging from 0.2% to 1% per year. The occurrence of radiation-induced
secondary malignancies follows a bimodal pattern. The first peak typically appears within
three years of radiation exposure, predominately after hematological cancers such as acute
leukemias. The second peak occurs more than ten years after treatment, mainly involving
solid tumors [11,189]. Table 1 depicts different associations between primary neoplasms
and secondary radiation-induced malignancies.

Table 1. Association between primary cancers and secondary radiation-induced malignancies [11,189,190].

Primary Cancer Possible Associated Secondary Malignancies

Lymphomas
Hodkin Lymphoma

Non-Hodkin Lymphoma

Breast, thyroid, pulmonary, gastric cancer, colorectal, sarcoma
Solid malignancies and leukemia

Breast Lung, esophagus, leukemia, opposite breast cancer, sarcoma

Testis Leukemia, lymphomas, pelvic malignancies, sarcoma of bone or
soft tissue

Prostate Bladder, rectal, lung, sarcoma

Gynecological malignancies
Cervical cancer

Endometrial cancer

Bladder, colo-rectal cancers, ovaries, uterus, leukemia, sarcomas
Gastrointestinal malignancy-most encountered

Pediatric cancers Thyroid, breast, leukemia, sarcoma

Subsequent malignant neoplasms (SMNs) are complications that emerge after ex-
posure to genotoxic interventions such as radiotherapy and specific chemotherapeutic
substances. Survivors of pediatric cancers are particularly at risk of developing second and
even third cancers, including multiple and distinct SMNs. The underlying reasons for this
increase in susceptibility remain poorly understood. Among these survivors, brain tumors
are notable SMNs, with meningiomas being the most common central nervous system
tumor, followed by high-grade gliomas [187,188,190,191].

Hodgkin disease (HD), a malignancy involving the lymph nodes, is typically treated
with a combination of chemotherapy and radiotherapy. HD often affects the cervical and
mediastinal lymph nodes, and traditional radiotherapy for HD targets these regions, inad-
vertently exposing the mammary tissues and lungs to radiation. The classic mantle field
technique developed decades ago to treat the nodal regions involved in HD involves frac-
tionated radiation directed at the cervical, supraclavicular, infraclavicular, and mediastinal
lymph nodes. Consequently, survivors have heightened susceptibility to radiation-induced
neoplasms, including mammary, pulmonary, and thyroid malignancies [190,192,193].

Radiation-induced breast cancer can also occur following radiotherapy for primary
breast cancer, particularly when tangential irradiation causes radiation scattering in the
contralateral breast. Women diagnosed with mammary cancer have an additional ap-
proximately 50% augmented probability of manifesting a secondary neoplasm, primarily
attributable to malignancy in the contralateral breast. Furthermore, breast irradiation
has been correlated with an increased risk of pulmonary cancer, although contemporary
radiotherapeutic methods may help mitigate this risk [187,194].
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The development of hematologic malignancies after low-dose radiation exposure
has been attributed to the unique sensitivity of bone marrow cells from which leukemia
originates. Higher radiation doses are thought to eliminate these cells, thereby preventing
mutagenesis from manifesting as a future disease [187].

3. Therapeutic Management

The management of complications resulting from RT requires a multifaceted approach
that combines appropriate planning, prophylactic strategies, early identification, and tar-
geted interventions [195]. Alternative therapeutic radiation treatment modalities, such as
intensity-modulated radiation therapy (IMRT) or proton therapy, can be used to accurately
target tumors while minimizing radiation exposure to adjacent healthy tissues. [30,196,197]
Supportive care, such as using pharmacological agents to alleviate symptoms like pain,
inflammation, or nausea, helps to increase patient comfort during and post-treatment. Reha-
bilitation services, including physical rehabilitation, speech rehabilitation, or work therapy,
play a crucial role in mitigating functional difficulties stemming from radiation-related
injuries, striving to enhance the patient’s quality of life and overall capabilities [198,199].

In cases where RT causes significant tissue damage or deformities, the role of the
reconstructive surgeon is essential. Reconstructive surgeons aim to repair or reconstruct
damaged tissues, such as the skin, bones, or soft tissues, that have been compromised by
radiation exposure. This may involve complex surgical procedures such as flap reconstruc-
tion, including bone or composite tissue transfer, which helps restore form and function to
affected areas, enabling patients to perform daily activities with greater ease and indepen-
dence while also contributing significantly to their psychological well-being [200–202].

This collaborative approach, integrating surgical expertise with radiation oncology
and supportive care, helps ensure the comprehensive management of radiation-induced
complications and optimizes patient outcomes [203].

3.1. Preventive Strategies

A comprehensive preventive protocol for minimizing radiotherapy toxicity includes a
series of strategies designed to protect healthy tissues and optimize patient outcomes.

Figure 1 presents the components of the preventive strategy in radiotherapy, whose
combination leads to risk reduction and optimization of patient recovery.
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A thorough pretreatment evaluation should be conducted to identify patient-specific
risk factors for chemotherapy and radiotherapy toxicity, such as pre-existing comorbidi-
ties, nutritional status, and genetic predispositions. Interventions may include optimizing
nutrition, correcting anemia, managing pre-existing conditions, such as diabetes or cardio-
vascular disease, and encouraging smoking cessation, as these factors can influence the
severity of radiation-induced side effects [208,209].

Educating patients about the potential side effects of RT, self-care practices, and
early signs of complications ensure prompt reporting and management of toxicity. This
engagement can help mitigate long-term side effects and improve adherence to supportive
care [210].

Advancements in radiotherapy techniques have a significant role in minimizing harm
to surrounding normal tissues. Over the past century, radiotherapy has developed sig-
nificantly, benefiting from key innovations like 3D-Conformal Radiotherapy, Intensity-
Modulated Radiotherapy (IMRT) and particle therapies that enhanced the precision of
tumor targeting, reducing side effects, and improving patient outcomes [206].

Volumetric Modulated Arc Therapy (VMAT) is an advanced form of intensity-modulated
radiation therapy that, unlike traditional IMRT that delivers radiation from multiple fixed
angles, is continuously rotating and administers radiation from a full 360◦ beam angle.
During this rotation, both the radiation dose rate and the shape of the radiation beam can be
adjusted, allowing for more efficient and accurate targeting of complex tumor shapes. This
technique not only improves dose delivery but also reduces treatment duration, increases
patient comfort, and reduces the radiation dose to the rest of the body. VMAT is used for
various cancers, including head and neck, brain, thoracic, pelvic, and prostate cancers, due
to its ability to optimize dose delivery while minimizing side effects [211,212].

In Japan, a drug named borofalan (10B), along with a therapeutic system and a dose
calculation program for boron neutron capture therapy (BNCT), were approved in March
2020 to treat unresectable head and neck carcinoma. BNCT involves administering boro-
falan (10B) intravenously, followed by neutron irradiation, triggering a nuclear reaction that
selectively destroys tumoral cells. Clinical trials showed an overall response rate of 71.4%
in patients with advanced or recurrent cancers that could not be managed by standard
therapies. The treatment demonstrated high tumor selectivity and minimal invasiveness,
maintaining patients’ quality of life. However, it carries risks like dysphagia, brain abscess,
hemorrhage, cataract, and skin disorders, necessitating careful monitoring and further
studies [213].

Radiation treatment planning should incorporate imaging techniques, such as CT,
MRI, or PET scans, to accurately define tumor volume and critical organs at risk. The use of
techniques such as image-guided radiation therapy (IGRT) and respiratory gating helps in
real-time adjustment of radiation delivery to account for patient movement, breathing, and
other physiological changes. This reduces radiation exposure to organs at risk, such as the
heart, lungs, and kidneys, especially during thoracic or abdominal irradiation [214,215].

Fractionation schedules reflect the way in which radiation doses are divided and
delivered over time. Currently, these schedules aim to optimize tumor control while
minimizing damage to surrounding normal tissues. Different fractionation schedules have
been proposed to address various clinical situations and cancer types [206,216].

Accelerated fractionation is obtained by reducing the overall course of a radiotherapy
regimen without significantly diminishing the size of dose per fraction or total dose. In this
approach, two or more fractions are given on some or all of the treatment days. Accelerated
hyper-fractionated regimens are designed to shorten the total treatment duration while
also lowering the dose per fraction. This approach aims to achieve therapeutic benefits by
limiting the regrowth of tumor clonogens, an important aspect in rapidly growing tumors,
while minimizing damage to late-responding normal tissues [217].

CHART (Continuous Hyperfractionated Accelerated Radiotherapy) represents an
aggressive fractionation schedule that involves giving small doses of radiation three times a
day, daily, over a continuous period (usually approximative 12 days). The CHART protocol



J. Pers. Med. 2024, 14, 1100 17 of 34

significantly reduces the overall treatment duration (from about 6–7 weeks in conventional
therapy to just 12 days) without increasing the overall dose per fraction. This approach
helps to reduce the chances of tumor cell repopulation and is particularly used in non-small
cell lung cancer [217,218].

Adaptive radiation therapy (ART) adjusts the therapeutic plan based on real-time
changes in the patient’s anatomy, tumor size, shape, or response over the course of therapy.
Imaging and assessment are conducted regularly during the treatment, therefore allowing
the refinement of the treatment to better target the tumor while minimizing exposure to
healthy tissues. For example, if a tumor reduces in size, the remaining doses are adapted to
focus on the smaller area, enhancing precision and reducing side effects [219,220].

Participation in clinical trials allows for the exploration of new radiotherapy tech-
niques, dose optimization, and development of novel protective agents. Continuous
research is essential to refine the existing protocols and discover new strategies to reduce
radiation-induced toxicity [203]. As an example, flash radiotherapy (FLASH-RT), an in-
novative approach to radiotherapy that delivers radiation doses in a short timeframe of
milliseconds, has shown potential in preclinical studies to spare normal tissues while
maintaining tumor control, offering a promising alternative to conventional radiotherapy
with reduced side effects [221]. Dose reduction for certain types of sarcomas, such as
liposarcoma, has been documented during preoperative radiotherapy, maintaining onco-
logical outcomes while reducing morbidity, particularly wound complications [222]. By
employing these strategies, a preventive protocol can effectively minimize the adverse
effects of radiotherapy, improve patient quality of life, and optimize therapeutic outcomes.

Radioprotectors are administered before exposure to radiation to protect normal cells
from radiation side effects. These agents are delivered either before or at the time of
irradiation with the aim of preventing acute and chronic damage to normal tissues [223].

Radioprotectors have various mechanisms of action, the most common of them being
free radical scavenging, increasing antioxidant levels, enhancing DNA damage repair,
blocking apoptosis and growth factors, cytokines, and redox gene modulation [205].

Early uses of radioprotectors focused on synthetic thiol-containing molecules, such
as WR-2721 (amifostine), which was particularly used with the purpose of protecting the
salivary glands during head and neck radiotherapy and of reducing xerostomia through
its free radical scavenging properties. Although it is one of the only two radioprotectors
approved by the Food and Drug Administration (FDA) of the United States of America, it
has significant limitations due to its potential toxicity and delivery requirements. Thus, it
is falling out of use, especially when several studies seem to have different results when
assessing its efficacy levels [205,224,225].

Besides thiol-containing molecules, other protective agents are represented in Table 2,
although most of them are not commonly used and some of them are still studied in
pre-clinical or clinical trials. The only two agents officially approved by the FDA as
radioprotectors are amifostine and palifermin. The latter is a recombinant keratinocyte
growth factor, although it can also be classified as a radiomitigator due to its efficiency in
both preventing and treating oral mucositis [205,226,227].

Radiomitigators are administered after exposure to radiation to reduce the adverse
effects. These agents are administered at the time of or after irradiation has been completed,
but before the onset of normal tissue toxicity. Their purpose is to reduce the impact of
radiation on normal tissues before symptoms emerge, a phenomenon often referred to as
radiation emergence syndrome [205,223].

There are four agents approved by the FDA as radiomitigators: filgrastim (human
recombinant G-CSF), pegfilgrastim (long-acting PEGylated form of the recombinant human
G-CSF), sargramostim (recombinant GM-CSF), and, most recently, romiplostim (fusion
protein analog of thrombopoietin) [205]. The mechanism of action of the G-CSF derived
growth factors (filgrastim and pegfilgrastim) is the promotion of both proliferation and
differentiation of myeloid progenitor cells, counteracting the neutropenia occurring after
radiotherapy. Similarly, sargramostim has the same effects on macrophage and granulocyte
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progenitor cells, decreasing the rate of infection. Notably, sargramostim was observed to
have antifibrotic properties in RILI [205,223].

Table 2. Classification of radioprotector agents and their relevant representatives [205].

Radioprotectors Classification Examples of Radioprotector Agents

Thiol-containing molecules

WR-2721 (amifostine)
Dimethyl sulfoxide (DMSO)
Glutathione (GSH)
N-acetylcysteine (NAC)
Erdosteine

Cyclic nitroxides JP4-039 (gramicidin S-derived nitroxide)

Antimicrobials
Tetracycline, minocycline
Ciprofloxacin
Furazolidone

Phytochemicals
Plant extracts
Polyphenolic phytochemicals
Non-polyphenolic phytochemicals

Vitamins Lutein
Vitamin C, D2, D3, E

Oligoelements Se, Zn, Mn

Superoxide dismutase mimetics and nanoparticles
EUK-207
Avasopasem manganese (GC4419)
BMX-001

Hormonal and horomonal mimetics
Catecholamine agonists
Somatostatin analogs
Melatonin

Growth factors Palifermin

Metformin

Radiosensitizers are employed during radiotherapy to increase tumor cells suscep-
tibility to radiation. These chemical or pharmaceutical agents are administered during
treatment to improve the killing effect on tumor cells by speeding DNA damage and
indirectly producing free radicals. Radiosensitizers can also be applied in cases of acciden-
tal radiation exposure and are useful for treating acute or chronic late effects following
radiation therapy [205].

Incorporating proactive supportive care measures, such as antiemetics, antidiarrheal
agents, and skin care regimens, helps manage acute side effects and reduce the risk of
chronic complications. Regular follow-up and early intervention strategies for side ef-
fects, such as mucositis, dermatitis, or lymphedema, are crucial for preventing severe
toxicity [228,229].

3.2. Therapeutic Strategy—Conservative Approach

Early intervention with conservative methods can be beneficial, especially in the
initial stages of radiation injury, such as dermatitis, which is characterized by atrophy
and fibrosis without tissue breakdown. The conservative approach follows two directions:
symptomatic relief and pain management, with local care and systemic treatment, and
prevention of complications and promotion of wound healing through nonpharmacological
and pharmacological measures [230,231]. Prevention of infection is essential, particularly
in instances where the integrity of the skin barrier is undermined. This necessitates the
application of localized antiseptics and antibiotics to avert and manage infections within
tissues that have undergone radiation-induced damage. In addition, topical agents such as
ascorbic acid, pantothenic acid, and triethanolamine cream, in addition to regular cleaning
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and dressing of wounds, are necessary to promote healing, prevent further tissue damage,
support tissue regeneration, and minimize fibrosis [36,230].

Non-pharmacological interventions such as HBOT may augment wound healing in
tissues compromised by radiation through the elevation of oxygen supply, thereby facilitat-
ing angiogenesis and stimulating fibroblast activity. This therapy is particularly beneficial
for managing chronic radiation injuries and for improving the outcomes of subsequent
surgical interventions [231,232]. Photobiomodulation can be used in cancer patients for
amelioration of radiodermatitis and fibrosis, mucosal necrosis, xerostomia, dysphagia,
lymphedema, osteonecrosis, delayed fibrotic changes, and peripheral neuropathy [233].

3.3. Therapeutic Strategy—Surgical Approach

Surgical treatment addresses the improvement in irradiated tissue quality through
methods such as regenerative therapy and lipofilling, as well as the need for surgical
reconstruction in more severe cases [234].

Innovative therapies, such as cell injections, including autologous fibroblasts and
multipotent stem cells, are being explored to enhance wound healing by promoting cellular
interactions and the synthesis of growth factors. Research has continually explored the use
of adult stem cells in regenerative medicine, including in wound healing after RT. Multi-
potent stem cell injections accelerate healing by synthesizing key growth factors, such as
VEGF, PDGF, and TGF-β, and also promote angiogenesis and tissue regeneration [235,236].
Stem cell therapy and tissue engineering have the potential to enhance healing in irradiated
tissues. Mesenchymal stem cells (MSCs) have shown promise in preclinical studies for their
ability to promote angiogenesis, reduce inflammation, and enhance tissue repair. Research
in this field is ongoing, with the aim of developing viable clinical applications, including
the use of bioengineered tissue constructs and growth factors [237,238].

Autologous fat grafting and adipose-derived stem cell therapy are other techniques
that are employed to restore volume and improve the quality of irradiated tissues. Fat graft-
ing can enhance skin texture and elasticity, whereas stem cells may promote regeneration
and repair of damaged tissues [239].

Adipose-derived stem cell therapy combined with angiogenic therapy has also been de-
scribed. This innovative approach involves the use of adipose-derived stem cells combined
with angiogenic deferoxamine to treat radiation-induced bone nonunion. Combination
therapy has demonstrated significant improvements in biomechanical strength and healing,
suggesting its potential for managing radiation-induced bony pathologies [240].

Surgical treatment is required in cases of severe and irreversible damage in which
radiation injuries occur where tissue necrosis or loss of function occurs. This includes
procedures such as debridement, skin grafting, use of negative pressure wound therapy,
and the use of various flaps to restore function and cover defects resulting from the excision
of necrotic areas. Key principles include thorough debridement, ensuring adequate blood
supply to the affected area, and considering alternative solutions if the initial surgical
interventions fail. These guidelines help in managing complex cases, from non-healing
ulcers to radionecrosis and ORN [241].

Another crucial aspect for plastic surgeons is the influence of radiotherapy on com-
plex reconstructive procedures following tumor excision, such as in areas like the head
and neck or breast reconstructive surgery. The timing of reconstruction relative to RT is
controversial, and there are many debates regarding the optimal time for reconstructive
interventions. Immediate reconstruction can be complicated by acute radiation effects,
whereas delayed reconstruction allows for the resolution of acute injuries but must contend
with chronic changes. Optimal timing requires a balance between these factors, which are
often individualized based on patient-specific considerations. Immediate reconstruction
may be preferred because of its psychological benefits and reduced overall treatment time;
however, delayed reconstruction allows for better assessment of radiation damage and
patient recovery [242–246].
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3.4. General Guidelines of Surgical Treatment for Radiation Ulcers

With adequate local wound management, most skin ulcers improve and, in some
cases, may even heal by secondary intention. However, radiation ulcers progress and
worsen because of underlying ischemia, infection, and lower viability of the granulation
tissue [201,247].

Radiation ulcers can be treated with stable wound resurfacing after radical removal of
nonviable tissue, such as skin, fat, muscle, and occasionally bone [201].

For more superficial lesions, special dressings such as hydrogel membranes, silver
membranes, and skin allografts offer various benefits in wound healing. Hydrogel mem-
branes help to maintain a moist environment, enhance re-epithelialization, and accumulate
cytokines and growth factors that support healing. Silver dressings accelerate healing
through their antimicrobial properties and improve the collagen organization. Skin allo-
grafts provide temporary dermal coverage, promote re-epithelialization, and protect the
wound bed until definitive coverage can be achieved [236,248].

At the very least, flaps are required to treat radiation ulcers since the skin graft failure
rate is nearly 100% because a previously irradiated wound bed does not have sufficient
oxygen and nutrient supply [201,249].

This lack of oxygen and nutrient supply can be overcome or at least diminished by
negative-pressure wound therapy (NPWT), which utilizes a vacuum dressing to manage
complex wounds and enhance postoperative tissue repair. NPWT can be used only when
malignancy is excluded. NPWT effectively removes wound exudate, reduces edema, and
decreases bacterial load by applying adjustable negative pressure through an adhesive
film and foam padding, leading to improved tissue perfusion and faster granulation. This
therapy not only accelerates healing in chronic wounds but also helps prevent complications
such as infections and wound dehiscence. Additionally, NPWT significantly benefits skin
grafts by improving adherence and vascular integration, thereby promoting improved
overall healing [250–253].

The use of tissue expanders in adjacent non-irradiated skin has been described by
some researchers as a feasible novel method for treating radiation ulcers on the chest. This
method has the advantage of not requiring extensive surgery and leaving the flap harvesting
functionally intact. Additionally, because of the delay phenomenon, it is anticipated that
the expanded skin will supply irradiated wounds with well-vascularized tissue [201].

Elevating the local flaps is also not recommended because radiotherapy often com-
promises the tissue surrounding the ulcer crater, resulting in flap loss. Reconstructive
surgeons often prefer well-vascularized flaps to overcome the compromised blood supply
in irradiated tissues. Because they provide large, well-vascularized tissues that support
effective wound healing, axial musculocutaneous flaps, regional flaps (including perforator
and propeller flaps), and microvascular free flap transfers are suggested for the resurfac-
ing of radiation ulcers. The selection of the flap depends on several factors, including
the size and location of the defect, availability of donor sites, and the patient’s overall
health [201,249,254].

Alternatively, distal pedicled flaps harvested from nonirradiated areas produce satis-
factory results. However, these patients may require staged surgery and extended hospital-
ization. The development of axial pattern flaps has historically marked significant advances
in the reconstruction of post-radiation defects. The use of axial-pattern myocutaneous and
muscle flaps allows for the treatment of these intricate ulcers. Large musculocutaneous
flaps enable surgeons to perform a radical debridement. Furthermore, they are supplied by
large blood vessels, which can promote healing in irradiated tissues [255,256].

For example, the latissimus dorsi flap is ideal for large defects, providing reliable
blood supply and substantial tissue volume. It can be used either as a pedicled flap or for
free tissue transfer. The latissimus dorsi flap is a robust option for reconstructing defects
in irradiated areas, especially in the chest wall and breast. It provides a well-vascularized
tissue that can withstand the compromised vascular environment of the irradiated tissues.
It is also used in combination with implants for breast reconstruction, offering a balance
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between aesthetic outcome and functional recovery [244,249,257]. Figure 2 illustrates the
surgical treatment of a chronic radiation-induced lesion in a patient previously treated for
breast cancer using a latissimus dorsi musculocutaneous flap.
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Figure 2. Female patient who underwent mastectomy for breast cancer, followed by radio-
therapy, leading to a chronic ulceration of the postoperative scar and the surrounding tissues.
(a–c): Preoperative aspect of the ulcerated area and planned resection markings, 6 months after
completing radiotherapy. (d): Intraoperative aspect of the defect after resection of the ulcerated area.
(e): Reconstruction of the defect with a pedicled latissimus dorsi myocutaneous flap. (f): Immediate
postoperative aspect of the mammary region. (g): Immediate postoperative aspect of the donor site.

The pedicled pectoralis major myocutaneous flap has been used as a reference for
decades in head and neck reconstruction. The pectoralis major flap is no longer the first
choice, particularly in developed countries where it is often replaced by a wide variety of
free flaps that can address almost any defect in the head and neck region. Consequently,
reconstruction is no longer a major concern in head and neck ablative surgeries. However,
the pectoralis major flap is still frequently used, and although its indications have narrowed,
it remains a valuable option in certain clinical settings [258].

The use of omentum flaps in the management of radiation-induced injuries has proven
effective in various clinical scenarios. The rich vascular supply and immunological proper-
ties of the omentum make it suitable for reconstructing complex wounds and addressing
complications from RT. Applications include chest wall reconstruction, spinal and sacral
tumor surgery, and repair of pulmonary cutaneous fistulas. The benefits of omental
flaps include enhanced vascularization, versatility in shaping, and reduced complication
rates [259,260].

Advances in the understanding of perforator and angiosome anatomy have expanded
the use of regional cutaneous and fascial flaps as effective alternatives to free flaps for
skin defect reconstruction. Perforator flaps, which are supplied by isolated perforating
vessels originating from the main arterial source, offer a robust option for the coverage of
complex wounds. These flaps facilitate the use of regional tissues to achieve defect coverage,
providing a well-vascularized skin paddle with the appropriate thickness and dimensions
tailored to the wound. This method supports a single-stage reconstructive approach and
enhances the potential for optimal aesthetic outcomes [261–263]. Consequently, when
the radiation ulcer is relatively small and the perforator vessel and flap are outside the
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radiation field, perforator flaps have been used for radiation ulcer reconstruction [201].
Propeller flaps are increasingly used for small to moderate-sized defects, particularly in
extremities and superficial sarcoma defects. They offer advantages such as less morbidity,
faster recovery, and better aesthetic results than traditional free flaps [249,264].

The use of free microvascular transfers is an established treatment for radiation
injuries, allowing surgeons to select the tissue that best fits the size and shape of the
defect [232,265–267].

Imaging modalities, such as MRI and angio-CT, can provide detailed assessments of
tissue viability and guide surgical planning, helping to optimize reconstructive strategies.
Functional imaging techniques, such as dynamic contrast-enhanced magnetic resonance
imaging (MRI), can assess tissue perfusion and identify areas of ischemia, guiding flap
selection, and surgical planning [268–270].

However, it is not always simple to locate a suitable recipient vessel in the radiated
region. Radiation-induced chronic endothelioangiitis in recipient vessels could be one of
the causes of thrombosis [201]. A long vein graft was necessary for the free flap to reach
and cover the wound [249]. As already mentioned, the latissimus dorsi flap can be used for
free tissue transfer as well as for providing good blood supply and a large volume of tissue.
The anterolateral thigh flap is versatile because of the possibility of considerable tissue
harvesting with minimal donor-site morbidity. It is particularly useful in cases where there
is significant tissue loss, such as radiation-induced ulcers with exposed vital structures.
The radial forearm flap, as opposed to the latissimus dorsi and anterolateral thigh flaps, is
suitable for smaller defects that require thin, pliable tissue [271].

The deep inferior epigastric artery flap is favored because of its muscle-sparing prop-
erties, making it an excellent choice for breast reconstruction after radiation. It provides a
large volume of tissue with minimal donor-site morbidity [257,271].

Careful postoperative monitoring and management are essential for early detec-
tion and treatment of complications. The use of advanced wound care modalities and
close collaboration with multidisciplinary teams including oncologists, radiologists, ra-
diation physics specialists, and wound care specialists can improve outcomes. Regu-
lar follow-up is crucial to monitor the signs of wound dehiscence, infection, and other
complications [201,236].

4. Conclusions

Radiotherapy, a crucial tool in the treatment of various malignancies, often leads to
significant tissue damage and poses complex challenges for reconstructive surgery. The
adverse effects that may occur after radiotherapy can significantly impact the patients’
quality of life and their recovery potential. This article highlights the multifaceted nature
of radiation injuries and the diverse therapeutic approaches required to manage them,
ranging from conservative measures to advanced surgical interventions, such as free tissue
transfers. The intricate pathophysiological changes induced by radiation necessitate a
tailored approach for each patient, with the primary goals being the restoration of function
and aesthetics and the prevention of further complications.

The advancement of both prophylactic and therapeutic strategies, along with con-
tinuous innovation in reconstructive techniques, will be key to improving outcomes in
patients affected by radiation-induced injuries. Interdisciplinary collaboration between
oncologists, radiologists, and reconstructive surgeons is essential to optimize treatment
plans and ensure comprehensive patient care.
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167. Chorbińska, J.; Krajewski, W.; Zdrojowy, R. Urological complications after radiation therapy-nothing ventured, nothing gained: A
Narrative Review. Transl. Cancer Res. 2021, 10, 1096–1118. [CrossRef] [PubMed] [PubMed Central]

168. Helissey, C.; Cavallero, S.; Brossard, C.; Dusaud, M.; Chargari, C.; François, S. Chronic Inflammation and Radiation-Induced
Cystitis: Molecular Background and Therapeutic Perspectives. Cells 2020, 10, 21. [CrossRef] [PubMed] [PubMed Central]

169. Brossard, C.; Lefranc, A.-C.; Simon, J.-M.; Benderitter, M.; Milliat, F.; Chapel, A. Understanding Molecular Mechanisms and
Identifying Key Processes in Chronic Radiation Cystitis. Int. J. Mol. Sci. 2022, 23, 1836. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1089/ars.2013.5652
https://www.ncbi.nlm.nih.gov/pubmed/24147585
https://pmc.ncbi.nlm.nih.gov/articles/PMC4060814
https://doi.org/10.1200/JCO.2011.35.4837
https://www.ncbi.nlm.nih.gov/pubmed/22529257
https://doi.org/10.1038/emm.2017.85
https://www.ncbi.nlm.nih.gov/pubmed/28729640
https://pmc.ncbi.nlm.nih.gov/articles/PMC5565955
https://doi.org/10.1200/JCO.2008.18.2931
https://www.ncbi.nlm.nih.gov/pubmed/18779598
https://doi.org/10.1016/j.ijrobp.2009.06.092
https://www.ncbi.nlm.nih.gov/pubmed/20171524
https://pmc.ncbi.nlm.nih.gov/articles/PMC4388033
https://doi.org/10.1016/j.ijrobp.2013.06.852
https://doi.org/10.21037/apm-22-965
https://doi.org/10.1016/j.ijrobp.2005.11.034
https://www.ncbi.nlm.nih.gov/pubmed/16542787
https://doi.org/10.1016/j.ijrobp.2005.12.031
https://doi.org/10.1016/j.ijrobp.2004.05.048
https://www.ncbi.nlm.nih.gov/pubmed/15590181
https://doi.org/10.1093/jnci/djz152
https://www.ncbi.nlm.nih.gov/pubmed/31329225
https://pmc.ncbi.nlm.nih.gov/articles/PMC7225668
https://pmc.ncbi.nlm.nih.gov/articles/PMC7225668
https://doi.org/10.1016/j.radonc.2015.11.033
https://www.ncbi.nlm.nih.gov/pubmed/26709067
https://doi.org/10.1016/S1470-2045(12)70323-6
https://www.ncbi.nlm.nih.gov/pubmed/22921663
https://doi.org/10.1186/1748-717X-5-17
https://www.ncbi.nlm.nih.gov/pubmed/20187944
https://pmc.ncbi.nlm.nih.gov/articles/PMC2845593
https://doi.org/10.3109/0284186X.2016.1139179
https://www.ncbi.nlm.nih.gov/pubmed/26934821
https://doi.org/10.1016/j.radonc.2016.04.018
https://www.ncbi.nlm.nih.gov/pubmed/27130729
https://doi.org/10.1016/j.ijrobp.2014.12.017
https://www.ncbi.nlm.nih.gov/pubmed/25752386
https://doi.org/10.1016/j.ijrobp.2016.01.031
https://www.ncbi.nlm.nih.gov/pubmed/27055398
https://doi.org/10.12861/jrip.2012.17
https://www.ncbi.nlm.nih.gov/pubmed/25340106
https://pmc.ncbi.nlm.nih.gov/articles/PMC4205989
https://pmc.ncbi.nlm.nih.gov/articles/PMC4205989
https://doi.org/10.1186/s13014-021-01764-y
https://doi.org/10.21037/tcr-20-2589
https://www.ncbi.nlm.nih.gov/pubmed/35116437
https://pmc.ncbi.nlm.nih.gov/articles/PMC8798528
https://doi.org/10.3390/cells10010021
https://www.ncbi.nlm.nih.gov/pubmed/33374374
https://pmc.ncbi.nlm.nih.gov/articles/PMC7823735
https://doi.org/10.3390/ijms23031836
https://www.ncbi.nlm.nih.gov/pubmed/35163758
https://pmc.ncbi.nlm.nih.gov/articles/PMC8836784


J. Pers. Med. 2024, 14, 1100 30 of 34

170. Wallington, D.G.; Holliday, E.B. Preparing Patients for Sexual Dysfunction After Radiation for Anorectal Cancers: A Systematic
Review. Pr. Radiat. Oncol. 2021, 11, 193–201. [CrossRef] [PubMed]

171. Yan, Y.; Fu, J.; Kowalchuk, R.O.; Wright, C.M.; Zhang, R.; Li, X.; Xu, Y. Exploration of radiation-induced lung injury, from
mechanism to treatment: A narrative review. Transl. Lung Cancer Res. 2022, 11, 307–322. [CrossRef] [PubMed] [PubMed Central]

172. Kuipers, M.E.; van Doorn-Wink, K.C.; Hiemstra, P.S.; Slats, A.M. Predicting Radiation-Induced Lung Injury in Patients with Lung
Cancer: Challenges and Opportunities. Int. J. Radiat. Oncol. Biol. Phys. 2024, 118, 639–649. [CrossRef] [PubMed]

173. Arroyo-Hernández, M.; Maldonado, F.; Lozano-Ruiz, F.; Muñoz-Montaño, W.; Nuñez-Baez, M.; Arrieta, O. Radiation-induced
lung injury: Current evidence. BMC Pulm. Med. 2021, 21, 9. [CrossRef] [PubMed] [PubMed Central]

174. Ellahham, S.; Khalouf, A.; Elkhazendar, M.; Dababo, N.; Manla, Y. An overview of radiation-induced heart disease. Radiat. Oncol.
J. 2022, 40, 89–102. [CrossRef] [PubMed] [PubMed Central]

175. Díaz-Gavela, A.A.; Figueiras-Graillet, L.; Luis, M.; Segura, J.S.; Ciérvide, R.; Peñalver, E.d.C.; Couñago, F.; Arenas, M.;
López-Fernández, T. Breast Radiotherapy-Related Cardiotoxicity. When, How, Why. Risk Prevention and Control Strategies.
Cancers 2021, 13, 1712. [CrossRef] [PubMed] [PubMed Central]

176. Wang, H.; Wei, J.; Zheng, Q.; Meng, L.; Xin, Y.; Yin, X.; Jiang, X. Radiation-induced heart disease: A review of classification,
mechanism and prevention. Int. J. Biol. Sci. 2019, 15, 2128–2138. [CrossRef] [PubMed] [PubMed Central]

177. Atkins, K.M.; Bitterman, D.S.; Chaunzwa, T.L.; Kozono, D.E.; Baldini, E.H.; Aerts, H.J.; Tamarappoo, B.K.; Hoffmann, U.;
Nohria, A.; Mak, R.H. Mean Heart Dose Is an Inadequate Surrogate for Left Anterior Descending Coronary Artery Dose and the
Risk of Major Adverse Cardiac Events in Lung Cancer Radiation Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 1473–1479.
[CrossRef] [PubMed]

178. Lyon, A.R.; Lyon, A.R.; López-Fernández, T.; López-Fernández, T.; Couch, L.S.; Couch, L.S.; Asteggiano, R.; Asteggiano, R.;
Aznar, M.C.; Aznar, M.C.; et al. 2022 ESC Guidelines on cardio-oncology developed in collaboration with the European
Hematology Association (EHA), the European Society for Therapeutic Radiology and Oncology (ESTRO) and the International
Cardio-Oncology Society (IC-OS). Eur. Heart J. 2022, 43, 4229–4361. [CrossRef] [PubMed]

179. Kirresh, A.; White, L.; Mitchell, A.; Ahmad, S.; Obika, B.; Davis, S.; Ahmad, M.; Candilio, L. Radiation-induced coronary artery
disease: A difficult clinical conundrum. Clin. Med. 2022, 22, 251–256. [CrossRef] [PubMed] [PubMed Central]

180. Desai, M.Y.; Jellis, C.L.; Kotecha, R.; Johnston, D.R.; Griffin, B.P. Radiation-Associated Cardiac Disease: A Practical Approach to
Diagnosis and Management. JACC Cardiovasc. Imaging 2018, 11, 1132–1149. [CrossRef] [PubMed]

181. Cuomo, J.R.; Javaheri, S.P.; Sharma, G.K.; Kapoor, D.; Berman, A.E.; Weintraub, N.L. How to prevent and manage radiation-
induced coronary artery disease. Heart 2018, 104, 1647–1653. [CrossRef] [PubMed] [PubMed Central]

182. Green, D.E.; Rubin, C.T. Consequences of irradiation on bone and marrow phenotypes, and its relation to disruption of
hematopoietic precursors. Bone 2014, 63, 87–94. [CrossRef] [PubMed] [PubMed Central]

183. International Commission on Radiological Protection. Age-dependent doses to members of the public from intake of radionuclides:
Part 2. Ingestion dose coefficients. A report of a Task Group of Committee 2 of the International Commission on Radiological
Protection. In Annals of the ICRP; Pergamon: Oxford, UK, 1993; Volume 23, pp. 1–167. [PubMed]

184. Curi, M.M.; Cardoso, C.L.; de Lima, H.G.; Kowalski, L.P.; Martins, M.D. Histopathologic and Histomorphometric Analysis of
Irradiation Injury in Bone and the Surrounding Soft Tissues of the Jaws. J. Oral Maxillofac. Surg. 2016, 74, 190–199. [CrossRef]
[PubMed]

185. Costa, S.; Reagan, M.R. Therapeutic Irradiation: Consequences for Bone and Bone Marrow Adipose Tissue. Front. Endocrinol.
2019, 10, 587. [CrossRef] [PubMed] [PubMed Central]

186. Apreza, R.T.; Gondhowiardjo, S.A. The effect of bone radiation on hematopoiesis: A literature review. Radioter. Onkol. Indones.
2021, 12, 62–69.

187. Braunstein, S.; Nakamura, J.L. Radiotherapy-Induced Malignancies: Review of Clinical Features, Pathobiology, and Evolving
Approaches for Mitigating Risk. Front. Oncol. 2013, 3, 73. [CrossRef] [PubMed] [PubMed Central]

188. Singh, G.K.; Yadav, V.; Singh, P.; Bhowmik, K.T. Radiation-Induced Malignancies Making Radiotherapy a “Two-Edged Sword”: A
Review of Literature. World J. Oncol. 2017, 8, 1–6. [CrossRef] [PubMed] [PubMed Central]

189. Hoskin, P. The price of anticancer intervention. Secondary malignancies after radiotherapy. Lancet Oncol. 2002, 3, 577–578.
[PubMed]

190. Dracham, C.B.; Shankar, A.; Madan, R. Radiation induced secondary malignancies: A review article. Radiat. Oncol. J. 2018, 36,
85–94. [CrossRef] [PubMed] [PubMed Central]

191. Ju, H.Y.; Moon, E.-K.; Lim, J.; Park, B.K.; Shin, H.Y.; Won, Y.-J.; Park, H.J. Second malignant neoplasms after childhood cancer: A
nationwide population-based study in Korea. PLoS ONE 2018, 13, e0207243. [CrossRef] [PubMed] [PubMed Central]

192. PDQ Adult Treatment Editorial Board. Hodgkin Lymphoma Treatment (PDQ®): Health Professional Version. In PDQ Cancer
Information Summaries; National Cancer Institute (US): Bethesda, MD, USA, 2002. Available online: https://www.ncbi.nlm.nih.
gov/books/NBK66038/ (accessed on 4 August 2024).

193. Weber, D.C.; Johanson, S.; Peguret, N.; Cozzi, L.; Olsen, D.R. Predicted Risk of Radiation-Induced Cancers After Involved Field
and Involved Node Radiotherapy with or Without Intensity Modulation for Early-Stage Hodgkin Lymphoma in Female Patients.
Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, 490–497. [CrossRef] [PubMed]

194. Zhang, W.; Becciolini, A.; Biggeri, A.; Pacini, P.; Muirhead, C.R. Second malignancies in breast cancer patients following
radiotherapy: A study in Florence, Italy. Breast Cancer Res. 2011, 13, R38. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1016/j.prro.2020.07.007
https://www.ncbi.nlm.nih.gov/pubmed/32777386
https://doi.org/10.21037/tlcr-22-108
https://www.ncbi.nlm.nih.gov/pubmed/35280316
https://pmc.ncbi.nlm.nih.gov/articles/PMC8902083
https://doi.org/10.1016/j.ijrobp.2023.10.044
https://www.ncbi.nlm.nih.gov/pubmed/37924986
https://doi.org/10.1186/s12890-020-01376-4
https://www.ncbi.nlm.nih.gov/pubmed/33407290
https://pmc.ncbi.nlm.nih.gov/articles/PMC7788688
https://doi.org/10.3857/roj.2021.00766
https://www.ncbi.nlm.nih.gov/pubmed/35796112
https://pmc.ncbi.nlm.nih.gov/articles/PMC9262704
https://doi.org/10.3390/cancers13071712
https://www.ncbi.nlm.nih.gov/pubmed/33916644
https://pmc.ncbi.nlm.nih.gov/articles/PMC8038596
https://doi.org/10.7150/ijbs.35460
https://www.ncbi.nlm.nih.gov/pubmed/31592122
https://pmc.ncbi.nlm.nih.gov/articles/PMC6775290
https://doi.org/10.1016/j.ijrobp.2021.03.005
https://www.ncbi.nlm.nih.gov/pubmed/33713743
https://doi.org/10.1093/eurheartj/ehac244
https://www.ncbi.nlm.nih.gov/pubmed/36017568
https://doi.org/10.7861/clinmed.2021-0600
https://www.ncbi.nlm.nih.gov/pubmed/35584837
https://pmc.ncbi.nlm.nih.gov/articles/PMC9135079
https://doi.org/10.1016/j.jcmg.2018.04.028
https://www.ncbi.nlm.nih.gov/pubmed/30092970
https://doi.org/10.1136/heartjnl-2017-312123
https://www.ncbi.nlm.nih.gov/pubmed/29764968
https://pmc.ncbi.nlm.nih.gov/articles/PMC6381836
https://doi.org/10.1016/j.bone.2014.02.018
https://www.ncbi.nlm.nih.gov/pubmed/24607941
https://pmc.ncbi.nlm.nih.gov/articles/PMC4005928
https://www.ncbi.nlm.nih.gov/pubmed/7978694
https://doi.org/10.1016/j.joms.2015.07.009
https://www.ncbi.nlm.nih.gov/pubmed/26253013
https://doi.org/10.3389/fendo.2019.00587
https://www.ncbi.nlm.nih.gov/pubmed/31555210
https://pmc.ncbi.nlm.nih.gov/articles/PMC6727661
https://doi.org/10.3389/fonc.2013.00073
https://www.ncbi.nlm.nih.gov/pubmed/23565507
https://pmc.ncbi.nlm.nih.gov/articles/PMC3615242
https://doi.org/10.14740/wjon996w
https://www.ncbi.nlm.nih.gov/pubmed/28983377
https://pmc.ncbi.nlm.nih.gov/articles/PMC5624654
https://www.ncbi.nlm.nih.gov/pubmed/12233734
https://doi.org/10.3857/roj.2018.00290
https://www.ncbi.nlm.nih.gov/pubmed/29983028
https://pmc.ncbi.nlm.nih.gov/articles/PMC6074073
https://doi.org/10.1371/journal.pone.0207243
https://www.ncbi.nlm.nih.gov/pubmed/30440007
https://pmc.ncbi.nlm.nih.gov/articles/PMC6237355
https://www.ncbi.nlm.nih.gov/books/NBK66038/
https://www.ncbi.nlm.nih.gov/books/NBK66038/
https://doi.org/10.1016/j.ijrobp.2010.05.035
https://www.ncbi.nlm.nih.gov/pubmed/20800383
https://doi.org/10.1186/bcr2860
https://www.ncbi.nlm.nih.gov/pubmed/21463502
https://pmc.ncbi.nlm.nih.gov/articles/PMC3219201


J. Pers. Med. 2024, 14, 1100 31 of 34

195. Barazzuol, L.; Coppes, R.P.; van Luijk, P. Prevention and treatment of radiotherapy-induced side effects. Mol. Oncol. 2020, 14,
1538–1554. [CrossRef] [PubMed] [PubMed Central]

196. Liu, H.; Chang, J.Y. Proton therapy in clinical practice. Chin. J. Cancer 2011, 30, 315–326. [CrossRef] [PubMed] [PubMed Central]
197. Moreno, A.C.; Frank, S.J.; Garden, A.S.; Rosenthal, D.I.; Fuller, C.D.; Gunn, G.B.; Reddy, J.P.; Morrison, W.H.; Williamson, T.D.;

Holliday, E.B.; et al. Intensity modulated proton therapy (IMPT)–The future of IMRT for head and neck cancer. Oral Oncol. 2019,
88, 66–74. [CrossRef] [PubMed] [PubMed Central]

198. Berger, A.M.; Mooney, K.; Alvarez-Perez, A.; Breitbart, W.S.; Carpenter, K.M.; Cella, D.; Cleeland, C.; Dotan, E.; Eisenberger, M.A.;
Escalante, C.P.; et al. Cancer-Related Fatigue, Version 2.2015. J. Natl. Compr. Cancer Netw. 2015, 13, 1012–1039. [CrossRef]
[PubMed] [PubMed Central]

199. Silver, J.K. Cancer rehabilitation and prehabilitation may reduce disability and early retirement. Cancer 2014, 120, 2072–2076.
[CrossRef] [PubMed]

200. Xu, H.; Liang, Y.; Tang, W.; Du, X. Combination of radiotherapy and flap reconstruction for cancer treatments (Review). Mol. Clin.
Oncol. 2024, 20, 34. [CrossRef] [PubMed] [PubMed Central]

201. Fujioka, M. Surgical Reconstruction of Radiation Injuries. Adv. Wound Care 2014, 3, 25–37. [CrossRef] [PubMed] [PubMed Central]
202. Wei, F.C.; Mardini, S. Flaps and Reconstructive Surgery. In Plastic Surgery, 2nd ed.; Neligan, P.C., Ed.; Saunders: Philadelphia, PA,

USA, 2017.
203. Bentzen, S.M.; Constine, L.S.; Deasy, J.O.; Eisbruch, A.; Jackson, A.; Marks, L.B.; Haken, R.K.T.; Yorke, E.D. Quantitative Analyses

of Normal Tissue Effects in the Clinic (QUANTEC): An Introduction to the Scientific Issues. Int. J. Radiat. Oncol. Biol. Phys. 2010,
76, S3–S9. [CrossRef] [PubMed] [PubMed Central]

204. MacDonald, S.M.; Ahmad, S.; Kachris, S.; Vogds, B.J.; DeRouen, M.; Gitttleman, A.E.; DeWyngaert, K.; Vlachaki, M.T. Intensity
modulated radiation therapy versus three-dimensional conformal radiation therapy for the treatment of high grade glioma: A
dosimetric comparison. J. Appl. Clin. Med. Phys. 2007, 8, 47–60. [CrossRef] [PubMed] [PubMed Central]

205. Montoro, A.; Obrador, E.; Mistry, D.; Forte, G.I.; Bravatà, V.; Minafra, L.; Calvaruso, M.; Cammarata, F.P.; Falk, M.;
Schettino, G.; et al. Radioprotectors, Radiomitigators, and Radiosensitizers. In Radiobiology Textbook; Baatout, S., Ed.; Springer:
Cham, Switzerland, 2023. [CrossRef]

206. Choi, W.H.; Cho, J. Evolving Clinical Cancer Radiotherapy: Concerns Regarding Normal Tissue Protection and Quality Assurance.
J. Korean Med. Sci. 2016, 31 (Suppl. 1), S75–S87. [CrossRef] [PubMed] [PubMed Central]

207. Burnet, N.G.; Thomas, S.J.; Burton, K.E.; Jefferies, S.J. Defining the tumour and target volumes for radiotherapy. Cancer Imaging
2004, 4, 153–161. [CrossRef] [PubMed] [PubMed Central]

208. Lustberg, M.B.; Kuderer, N.M.; Desai, A.; Bergerot, C.; Lyman, G.H. Mitigating long-term and delayed adverse events associated
with cancer treatment: Implications for survivorship. Nat. Rev. Clin. Oncol. 2023, 20, 527–542. [CrossRef] [PubMed] [PubMed
Central]

209. Cohen, L.; de Moor, C.A.; Eisenberg, P.; Ming, E.E.; Hu, H. Chemotherapy-induced nausea and vomiting: Incidence and impact
on patient quality of life at community oncology settings. Support. Care Cancer 2007, 15, 497–503. [CrossRef] [PubMed]

210. Salz, T.; Oeffinger, K.C.; McCabe, M.S.; Layne, T.M.; Bach, P.B. Survivorship care plans in research and practice. CA Cancer J. Clin.
2012, 62, 101–117. [CrossRef] [PubMed] [PubMed Central]

211. Teoh, M.; Clark, C.H.; Wood, K.; Whitaker, S.; Nisbet, A. Volumetric modulated arc therapy: A review of current literature and
clinical use in practice. Br. J. Radiol. 2011, 84, 967–996. [CrossRef] [PubMed] [PubMed Central]

212. Hunte, S.O.; Clark, C.H.; Zyuzikov, N.; Nisbet, A. Volumetric modulated arc therapy (VMAT): A review of clinical
outcomes—What is the clinical evidence for the most effective implementation? Br. J. Radiol. 2022, 95, 20201289. [CrossRef]
[PubMed] [PubMed Central]

213. Kanno, H.; Nagata, H.; Ishiguro, A.; Tsuzuranuki, S.; Nakano, S.; Nonaka, T.; Kiyohara, K.; Kimura, T.; Sugawara, A.;
Okazaki, Y.; et al. Designation Products: Boron Neutron Capture Therapy for Head and Neck Carcinoma. Oncologist 2021,
26, e1250–e1255. [CrossRef] [PubMed] [PubMed Central]

214. Bisello, S.; Cilla, S.; Benini, A.; Cardano, R.; Nguyen, N.P.; Deodato, F.; Macchia, G.; Buwenge, M.; Cammelli, S.;
Wondemagegnehu, T.; et al. Dose-Volume Constraints for organs at risk In Radiotherapy (CORSAIR): An “All-in-One”
Multicenter-Multidisciplinary Practical Summary. Curr. Oncol. 2022, 29, 7021–7050. [CrossRef] [PubMed] [PubMed Central]

215. Verellen, D.; De Ridder, M.; Linthout, N.; Tournel, K.; Soete, G.; Storme, G. Innovations in image-guided radiotherapy. Nat. Rev.
Cancer 2007, 7, 949–9600, Erratum in Nat. Rev. Cancer 2008, 8, 71. [CrossRef] [PubMed]

216. Brown, J.M.; Carlson, D.J.; Brenner, D.J. The Tumor Radiobiology of SRS and SBRT: Are More Than the 5 Rs Involved? Int. J.
Radiat. Oncol. Biol. Phys. 2014, 88, 254–262. [CrossRef] [PubMed] [PubMed Central]

217. Kepka, L.; Socha, J. Dose and fractionation schedules in radiotherapy for non-small cell lung cancer. Transl. Lung Cancer Res. 2021,
10, 1969–1982. [CrossRef] [PubMed] [PubMed Central]

218. Zhang, W.; Liu, Q.; Dong, X.; Lei, P. A meta-analysis comparing hyperfractionated vs. conventional fractionated radiotherapy in
non-small cell lung cancer. J. Thorac. Dis. 2015, 7, 478–485. [CrossRef] [PubMed] [PubMed Central]

219. Lavrova, E.; Garrett, M.D.; Wang, Y.-F.; Chin, C.; Elliston, C.; Savacool, M.; Price, M.; Kachnic, L.A.; Horowitz, D.P. Adaptive
Radiation Therapy: A Review of CT-based Techniques. Radiol. Imaging Cancer 2023, 5, e230011. [CrossRef] [PubMed]
[PubMed Central]

https://doi.org/10.1002/1878-0261.12750
https://www.ncbi.nlm.nih.gov/pubmed/32521079
https://pmc.ncbi.nlm.nih.gov/articles/PMC7332214
https://doi.org/10.5732/cjc.010.10529
https://www.ncbi.nlm.nih.gov/pubmed/21527064
https://pmc.ncbi.nlm.nih.gov/articles/PMC4013396
https://doi.org/10.1016/j.oraloncology.2018.11.015
https://www.ncbi.nlm.nih.gov/pubmed/30616799
https://pmc.ncbi.nlm.nih.gov/articles/PMC6615027
https://doi.org/10.6004/jnccn.2015.0122
https://www.ncbi.nlm.nih.gov/pubmed/26285247
https://pmc.ncbi.nlm.nih.gov/articles/PMC5499710
https://doi.org/10.1002/cncr.28713
https://www.ncbi.nlm.nih.gov/pubmed/24752917
https://doi.org/10.3892/mco.2024.2732
https://www.ncbi.nlm.nih.gov/pubmed/38550510
https://pmc.ncbi.nlm.nih.gov/articles/PMC10966671
https://doi.org/10.1089/wound.2012.0405
https://www.ncbi.nlm.nih.gov/pubmed/24761342
https://pmc.ncbi.nlm.nih.gov/articles/PMC3900101
https://doi.org/10.1016/j.ijrobp.2009.09.040
https://www.ncbi.nlm.nih.gov/pubmed/20171515
https://pmc.ncbi.nlm.nih.gov/articles/PMC3431964
https://doi.org/10.1120/jacmp.v8i2.2423
https://www.ncbi.nlm.nih.gov/pubmed/17592465
https://pmc.ncbi.nlm.nih.gov/articles/PMC5722415
https://doi.org/10.1007/978-3-031-18810-7_11
https://doi.org/10.3346/jkms.2016.31.S1.S75
https://www.ncbi.nlm.nih.gov/pubmed/26908993
https://pmc.ncbi.nlm.nih.gov/articles/PMC4756347
https://doi.org/10.1102/1470-7330.2004.0054
https://www.ncbi.nlm.nih.gov/pubmed/18250025
https://pmc.ncbi.nlm.nih.gov/articles/PMC1434601
https://doi.org/10.1038/s41571-023-00776-9
https://www.ncbi.nlm.nih.gov/pubmed/37231127
https://pmc.ncbi.nlm.nih.gov/articles/PMC10211308
https://pmc.ncbi.nlm.nih.gov/articles/PMC10211308
https://doi.org/10.1007/s00520-006-0173-z
https://www.ncbi.nlm.nih.gov/pubmed/17103197
https://doi.org/10.3322/caac.20142
https://www.ncbi.nlm.nih.gov/pubmed/22241452
https://pmc.ncbi.nlm.nih.gov/articles/PMC3330140
https://doi.org/10.1259/bjr/22373346
https://www.ncbi.nlm.nih.gov/pubmed/22011829
https://pmc.ncbi.nlm.nih.gov/articles/PMC3473700
https://doi.org/10.1259/bjr.20201289
https://www.ncbi.nlm.nih.gov/pubmed/35616646
https://pmc.ncbi.nlm.nih.gov/articles/PMC10162061
https://doi.org/10.1002/onco.13805
https://www.ncbi.nlm.nih.gov/pubmed/33928712
https://pmc.ncbi.nlm.nih.gov/articles/PMC8265361
https://doi.org/10.3390/curroncol29100552
https://www.ncbi.nlm.nih.gov/pubmed/36290829
https://pmc.ncbi.nlm.nih.gov/articles/PMC9600677
https://doi.org/10.1038/nrc2288
https://www.ncbi.nlm.nih.gov/pubmed/18034185
https://doi.org/10.1016/j.ijrobp.2013.07.022
https://www.ncbi.nlm.nih.gov/pubmed/24411596
https://pmc.ncbi.nlm.nih.gov/articles/PMC3893711
https://doi.org/10.21037/tlcr-20-253
https://www.ncbi.nlm.nih.gov/pubmed/34012807
https://pmc.ncbi.nlm.nih.gov/articles/PMC8107746
https://doi.org/10.3978/j.issn.2072-1439.2015.02.20
https://www.ncbi.nlm.nih.gov/pubmed/25922728
https://pmc.ncbi.nlm.nih.gov/articles/PMC4387426
https://doi.org/10.1148/rycan.230011
https://www.ncbi.nlm.nih.gov/pubmed/37449917
https://pmc.ncbi.nlm.nih.gov/articles/PMC10413297


J. Pers. Med. 2024, 14, 1100 32 of 34

220. Lemus, O.M.D.; Cao, M.; Cai, B.; Cummings, M.; Zheng, D. Adaptive Radiotherapy: Next-Generation Radiotherapy. Cancers 2024,
16, 1206. [CrossRef]

221. Kinj, R.; Gaide, O.; Jeanneret-Sozzi, W.; Dafni, U.; Viguet-Carrin, S.; Sagittario, E.; Kypriotou, M.; Chenal, J.; Duclos, F.;
Hebeisen, M.; et al. Randomized phase II selection trial of FLASH and conventional radiotherapy for patients with localized
cutaneous squamous cell carcinoma or basal cell carcinoma: A study protocol. Clin. Transl. Radiat. Oncol. 2024, 45, 100743.
[CrossRef] [PubMed] [PubMed Central]

222. Lansu, J.; Bovée, J.V.M.G.; Braam, P.; van Boven, H.; Flucke, U.; Bonenkamp, J.J.; Miah, A.B.; Zaidi, S.H.; Thway, K.;
Bruland, S.; et al. Dose Reduction of Preoperative Radiotherapy in Myxoid Liposarcoma: A Nonrandomized Controlled Trial.
JAMA Oncol. 2021, 7, e205865. [CrossRef] [PubMed] [PubMed Central]

223. Citrin, D.; Cotrim, A.P.; Hyodo, F.; Baum, B.J.; Krishna, M.C.; Mitchell, J.B. Radioprotectors and Mitigators of Radiation-Induced
Normal Tissue Injury. Oncologist 2010, 15, 360–371. [CrossRef] [PubMed] [PubMed Central]

224. Büntzel, J.; Glatzel, M.; Kuttner, K.; Weinaug, R.; Fröhlich, D. Amifostine in simultaneous radiochemotherapy of advanced head
and neck cancer. Semin. Radiat. Oncol. 2002, 12 (Suppl. 1), 4–13. [CrossRef] [PubMed]

225. King, M.; Joseph, S.; Albert, A.; Thomas, T.V.; Nittala, M.R.; Woods, W.C.; Vijayakumar, S.; Packianathan, S. Use of Amifostine for
Cytoprotection during Radiation Therapy: A Review. Oncology 2020, 98, 61–80. [CrossRef] [PubMed]

226. Aliper, A.M.; Bozdaganyan, M.E.; Sarkisova, V.A.; Veviorsky, A.P.; Ozerov, I.V.; Orekhov, P.S.; Korzinkin, M.B.; Moskalev, A.;
Zhavoronkov, A.; Osipov, A.N. Radioprotectors.org: An open database of known and predicted radioprotectors. Aging 2020, 12,
15741–15755. [CrossRef] [PubMed] [PubMed Central]

227. Hall, S.; Rudrawar, S.; Zunk, M.; Bernaitis, N.; Arora, D.; McDermott, C.M.; Anoopkumar-Dukie, S. Protection against
Radiotherapy-Induced Toxicity. Antioxidants 2016, 5, 22. [CrossRef] [PubMed] [PubMed Central]

228. Epstein, J.B.; Thariat, J.; Bensadoun, R.; Barasch, A.; Murphy, B.A.; Kolnick, L.; Popplewell, L.; Maghami, E. Oral complications of
cancer and cancer therapy: From cancer treatment to survivorship. CA Cancer J. Clin. 2012, 62, 400–422. [CrossRef] [PubMed]

229. Dreno, B.; Khosrotehrani, K.; Silva, G.D.B.; Wolf, J.R.; Kerob, D.; Trombetta, M.; Atenguena, E.; Dielenseger, P.; Pan, M.;
Scotte, F.; et al. The role of dermocosmetics in the management of cancer-related skin toxicities: International expert consensus.
Support. Care Cancer 2023, 31, 672. [CrossRef] [PubMed] [PubMed Central]

230. Müller, K.; Meineke, V. Advances in the management of localized radiation injuries. Health Phys. 2010, 98, 843–850. [CrossRef]
[PubMed]

231. Wei, J.; Meng, L.; Hou, X.; Qu, C.; Wang, B.; Xin, Y.; Jiang, X. Radiation-induced skin reactions: Mechanism and treatment. Cancer
Manag. Res. 2018, 11, 167–177. [CrossRef] [PubMed] [PubMed Central]

232. Simman, R.M.; Bach, K.B.; Abbas, F.B.; Klomparens, K.B.; Brickman, B.J.B. Management of Radiation-induced Tissue Injuries: A
Review of Current Treatment Strategies. Plast. Reconstr. Surg. Glob. Open 2023, 11, e5043. [CrossRef] [PubMed] [PubMed Central]

233. Robijns, J.; Nair, R.G.; Lodewijckx, J.; Arany, P.; Barasch, A.; Bjordal, J.M.; Bossi, P.; Chilles, A.; Corby, P.M.; Epstein, J.B.; et al.
Photobiomodulation therapy in management of cancer therapy-induced side effects: WALT position paper 2022. Front. Oncol.
2022, 12, 927685. [CrossRef] [PubMed] [PubMed Central]

234. Sarfati, I.; Ihrai, T.; Kaufman, G.; Nos, C.; Clough, K. Adipose-tissue grafting to the post-mastectomy irradiated chest wall:
Preparing the ground for implant reconstruction. J. Plast. Reconstr. Aesthetic Surg. 2011, 64, 1161–1166. [CrossRef] [PubMed]

235. Rusu, M.; Vrapciu, A.; Hostiuc, S.; Hariga, C. Brown adipocytes, cardiac protection and a common adipo- and myogenic stem
precursor in aged human hearts. Med. Hypotheses 2015, 85, 212–214. [CrossRef] [PubMed]

236. Haubner, F.; Ohmann, E.; Pohl, F.; Strutz, J.; Gassner, H.G. Wound healing after radiation therapy: Review of the literature. Radiat.
Oncol. 2012, 7, 162. [CrossRef] [PubMed] [PubMed Central]

237. Portas, M.; Mansilla, E.; Drago, H.; Dubner, D.; Radl, A.; Coppola, A.; Di Giorgio, M. Use of Human Cadaveric Mesenchymal
Stem Cells for Cell Therapy of a Chronic Radiation-Induced Skin Lesion: A Case Report. Radiat. Prot. Dosim. 2016, 171, 99–106.
[CrossRef] [PubMed]

238. Wu, S.; Sun, S.; Fu, W.; Yang, Z.; Yao, H.; Zhang, Z. The Role and Prospects of Mesenchymal Stem Cells in Skin Repair and
Regeneration. Biomedicines 2024, 12, 743. [CrossRef] [PubMed] [PubMed Central]

239. Nepon, H.; Safran, T.; Reece, E.M.; Murphy, A.M.; Vorstenbosch, J.; Davison, P.G. Radiation-Induced Tissue Damage: Clinical
Consequences and Current Treatment Options. Semin. Plast. Surg. 2021, 35, 181–188. [CrossRef] [PubMed] [PubMed Central]

240. Donneys, A.; Bs, J.T.B.; Nelson, N.S.; Perosky, J.E.; Deshpande, S.S.; Kang, S.Y.; Felice, P.A.; Figueredo, C.; Peterson, J.R.;
Kozloff, K.M.; et al. Translational treatment paradigm for managing non-unions secondary to radiation injury utilizing adipose
derived stem cells and angiogenic therapy. Head Neck 2016, 38 (Suppl. 1), E837–E843. [CrossRef] [PubMed] [PubMed Central]

241. Akita, S. Treatment of Radiation Injury. Adv. Wound Care 2014, 3, 1–11. [CrossRef] [PubMed] [PubMed Central]
242. Young, M.Y.W.; Garza, R.M.; Chang, D.W. Immediate versus delayed autologous breast reconstruction in patients undergoing

post-mastectomy radiation therapy: A paradigm shift. J. Surg. Oncol. 2022, 126, 949–955. [CrossRef] [PubMed] [PubMed Central]
243. Koesters, E.C.; Chang, D.W. Radiation and free flaps: What is the optimal timing? Gland. Surg. 2023, 12, 1122–1130. [CrossRef]

[PubMed] [PubMed Central]
244. Porosnicu, A.L.; Ghiurco, I.; Atanasescu, V.P.; Riza, S.-M.; Hariga, C.S.; Lascar, I.; Sinescu, R.D. The Impact of Post-Mastectomy

Radiotherapy on Delayed Alloplastic Breast Reconstruction—Experience of One Center. Chirurgia 2021, 116, 224–231. [CrossRef]
[PubMed]

https://doi.org/10.3390/cancers16061206
https://doi.org/10.1016/j.ctro.2024.100743
https://www.ncbi.nlm.nih.gov/pubmed/38362466
https://pmc.ncbi.nlm.nih.gov/articles/PMC10867306
https://doi.org/10.1001/jamaoncol.2020.5865
https://www.ncbi.nlm.nih.gov/pubmed/33180100
https://pmc.ncbi.nlm.nih.gov/articles/PMC7662477
https://doi.org/10.1634/theoncologist.2009-S104
https://www.ncbi.nlm.nih.gov/pubmed/20413641
https://pmc.ncbi.nlm.nih.gov/articles/PMC3076305
https://doi.org/10.1053/srao.2002.31356
https://www.ncbi.nlm.nih.gov/pubmed/11917277
https://doi.org/10.1159/000502979
https://www.ncbi.nlm.nih.gov/pubmed/31846959
https://doi.org/10.18632/aging.103815
https://www.ncbi.nlm.nih.gov/pubmed/32805729
https://pmc.ncbi.nlm.nih.gov/articles/PMC7467366
https://doi.org/10.3390/antiox5030022
https://www.ncbi.nlm.nih.gov/pubmed/27399787
https://pmc.ncbi.nlm.nih.gov/articles/PMC5039571
https://doi.org/10.3322/caac.21157
https://www.ncbi.nlm.nih.gov/pubmed/22972543
https://doi.org/10.1007/s00520-023-08116-4
https://www.ncbi.nlm.nih.gov/pubmed/37925388
https://pmc.ncbi.nlm.nih.gov/articles/PMC10625513
https://doi.org/10.1097/HP.0b013e3181adcba7
https://www.ncbi.nlm.nih.gov/pubmed/20445392
https://doi.org/10.2147/CMAR.S188655
https://www.ncbi.nlm.nih.gov/pubmed/30613164
https://pmc.ncbi.nlm.nih.gov/articles/PMC6306060
https://doi.org/10.1097/GOX.0000000000005043
https://www.ncbi.nlm.nih.gov/pubmed/37456134
https://pmc.ncbi.nlm.nih.gov/articles/PMC10348732
https://doi.org/10.3389/fonc.2022.927685
https://www.ncbi.nlm.nih.gov/pubmed/36110957
https://pmc.ncbi.nlm.nih.gov/articles/PMC9468822
https://doi.org/10.1016/j.bjps.2011.03.031
https://www.ncbi.nlm.nih.gov/pubmed/21514910
https://doi.org/10.1016/j.mehy.2015.04.027
https://www.ncbi.nlm.nih.gov/pubmed/25956736
https://doi.org/10.1186/1748-717X-7-162
https://www.ncbi.nlm.nih.gov/pubmed/23006548
https://pmc.ncbi.nlm.nih.gov/articles/PMC3504517
https://doi.org/10.1093/rpd/ncw206
https://www.ncbi.nlm.nih.gov/pubmed/27574323
https://doi.org/10.3390/biomedicines12040743
https://www.ncbi.nlm.nih.gov/pubmed/38672102
https://pmc.ncbi.nlm.nih.gov/articles/PMC11048165
https://doi.org/10.1055/s-0041-1731464
https://www.ncbi.nlm.nih.gov/pubmed/34526866
https://pmc.ncbi.nlm.nih.gov/articles/PMC8432995
https://doi.org/10.1002/hed.24110
https://www.ncbi.nlm.nih.gov/pubmed/25917284
https://pmc.ncbi.nlm.nih.gov/articles/PMC4624054
https://doi.org/10.1089/wound.2012.0403
https://www.ncbi.nlm.nih.gov/pubmed/24761339
https://pmc.ncbi.nlm.nih.gov/articles/PMC3900019
https://doi.org/10.1002/jso.27005
https://www.ncbi.nlm.nih.gov/pubmed/35796741
https://pmc.ncbi.nlm.nih.gov/articles/PMC9796673
https://doi.org/10.21037/gs-23-154
https://www.ncbi.nlm.nih.gov/pubmed/37701302
https://pmc.ncbi.nlm.nih.gov/articles/PMC10493623
https://doi.org/10.21614/chirurgia.116.2.224
https://www.ncbi.nlm.nih.gov/pubmed/33950819


J. Pers. Med. 2024, 14, 1100 33 of 34

245. Heiman, A.J.; Gabbireddy, S.R.; Kotamarti, V.S.; Ricci, J.A. A Meta-Analysis of Autologous Microsurgical Breast Reconstruction
and Timing of Adjuvant Radiation Therapy. J. Reconstr. Microsurg. 2021, 37, 336–345. [CrossRef] [PubMed]

246. Zugasti, A.; Hontanilla, B. The Impact of Adjuvant Radiotherapy on Immediate Implant-based Breast Reconstruction Surgical
and Satisfaction Outcomes: A Systematic Review and Meta-analysis. Plast. Reconstr. Surg. Glob. Open 2021, 9, e3910. [CrossRef]
[PubMed] [PubMed Central]

247. Zhou, Y.; Zhang, Y. Single- versus 2-stage reconstruction for chronic post-radiation chest wall ulcer: A 10-year retrospective study
of chronic radiation-induced ulcers. Medicine 2019, 98, e14567. [CrossRef] [PubMed] [PubMed Central]

248. Su, Y.; Cui, H.; Yang, C.; Li, L.; Xu, F.; Gao, J.; Zhang, W. Hydrogels for the treatment of radiation-induced skin and mucosa
damages: An up-to-date overview. Front. Mater. 2022, 9, 1018815. [CrossRef]

249. Dong, W.; Zhang, X.; Luo, X.; Chen, Y.; Bi, H.; An, Y.; Yang, X.; Zhao, Z. Regional flap: A reliable coverage for post-radiation ulcer.
Int. Wound J. 2023, 20, 2224–2232. [CrossRef] [PubMed] [PubMed Central]

250. Faisal, M.; Berend, P.D.; Seemann, R.; Janik, S.; Grasl, S.; Ritzengruber, A.; Mendel, H.; Jamshed, A.; Hussain, R.; Erovic, B.M.
Impact of Previous Irradiation on Wound Healing after Negative Pressure Wound Therapy in Head and Neck Cancer Patients—A
Systematic Review. Cancers 2021, 13, 2482. [CrossRef] [PubMed] [PubMed Central]

251. Agarwal, P.; Kukrele, R.; Sharma, D. Vacuum assisted closure (VAC)/negative pressure wound therapy (NPWT) for difficult
wounds: A review. J. Clin. Orthop. Trauma 2019, 10, 845–848. [CrossRef] [PubMed] [PubMed Central]

252. Zaver, V.; Kankanalu, P. Negative Pressure Wound Therapy. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2024.
[PubMed]

253. Abu-Baker, A.; T, igăran, A.-E.; Peligrad, T.; Ion, D.-E.; Gheoca-Mutu, D.-E.; Avino, A.; Hariga, C.-S.; Moraru, O.E.; Răducu, L.;
Jecan, R.-C. Exploring an Innovative Approach: Integrating Negative-Pressure Wound Therapy with Silver Nanoparticle Dressings
in Skin Graft Procedures. J. Pers. Med. 2024, 14, 206. [CrossRef] [PubMed] [PubMed Central]

254. Zhou, B.; Long, Y.; Li, S.; Lv, C.; Song, D.; Tang, Y.; Yi, L.; Luo, Z.; Xiao, G.; Li, Z.; et al. Reconstruction of chronic radiation-induced
ulcers in the chest wall using free and pedicle flaps. Front. Surg. 2022, 9, 1010990. [CrossRef] [PubMed] [PubMed Central]

255. Strawberry, C.W.; Jacobs, J.S.; McCraw, J.B. Reconstruction for cervical irradiation ulcers with myocutaneous flaps. Head Neck
Surg. 1984, 6, 836–841. [CrossRef] [PubMed]

256. Thariat, J.; Carsuzaa, F.; Beddok, A.; Deneuve, S.; Marcy, P.-Y.; Merlotti, A.; Dejean, C.; Devauchelle, B. Reconstructive flap
surgery in head and neck cancer patients: An interdisciplinary view of the challenges encountered by radiation oncologists in
postoperative radiotherapy. Front. Oncol. 2024, 14, 1379861. [CrossRef] [PubMed] [PubMed Central]

257. Patel, A.A.; Arquette, C.P.; Rowley, M.A.; Borrelli, M.R.; Lee, G.K.; Nazerali, R.S. Comparing Outcomes of Flap-Based Salvage
Reconstructions in the Radiated Breast. Ann. Plast. Surg. 2021, 86 (Suppl. 3), S403–S408. [CrossRef] [PubMed]

258. Bussu, F.; Gallus, R.; Navach, V.; Bruschini, R.; Tagliabue, M.; Almadori, G.; Paludetti, G.; Calabrese, L. Contemporary role of
pectoralis major regional flaps in head and neck surgery. Acta Otorhinolaryngol. Ital. 2014, 34, 327–341. [PubMed] [PubMed
Central]

259. Massaad, E.; Patel, S.S.; Sten, M.; Shim, J.; Kiapour, A.; Mullen, J.T.; Tobert, D.G.; MacDonald, S.; Hornicek, F.J.; Shin, J.H. Pedicled
omental flaps for complex wound reconstruction following surgery for primary spine tumors of the mobile spine and sacrum.
J. Neurosurg. Spine 2024, 41, 283–291. [CrossRef] [PubMed]

260. Belaroussi, Y.; Hustache-Castaing, R.; Jougon, J.; Casoli, V.; Thumerel, M. Management of Osteoradionecrosis of the Anterior
Thoracic Wall Using Omental Flaps: A Prospective Case Series and Literature Review. Indian J. Surg. 2021, 84, 110–116. [CrossRef]

261. Sơn, T.T.; Thúy, T.T.H.; Dung, P.T.V.; Nghĩa, P.T.; Duy, T.T. Reconstruction of the thoracic radiation-induced ulcer with the
pedicled internal mammary artery fasciocutaneous flap: Review of the literature and a case report. JPRAS Open 2023, 37, 102–108.
[CrossRef] [PubMed] [PubMed Central]

262. Schaverien, M.; Saint-Cyr, M. Perforators of the Lower Leg: Analysis of Perforator Locations and Clinical Application for Pedicled
Perforator Flaps. Plast. Reconstr. Surg. 2008, 122, 161–170. [CrossRef] [PubMed]

263. Chana, J.S.; Odili, J. Perforator Flaps in Head and Neck Reconstruction. Semin. Plast. Surg. 2010, 24, 237–254. [CrossRef] [PubMed]
[PubMed Central]

264. Lonie, S.; Grinsell, D.; Mah, E. Propeller flap reconstruction of irradiated sarcoma defects: A comparison. J. Plast. Reconstr.
Aesthetic Surg. 2019, 72, 181–187. [CrossRef] [PubMed]

265. O’Connell, D.A.; Teng, M.S.; Mendez, E.; Futran, N.D. Microvascular Free Tissue Transfer in the Reconstruction of Scalp and
Lateral Temporal Bone Defects. Craniomaxillofac. Trauma Reconstr. 2011, 4, 179–187. [CrossRef] [PubMed] [PubMed Central]

266. Sokoya, M.; Misch, E.; Vincent, A.; Wang, W.; Kadakia, S.; Ducic, Y.; Smith, J. Free Tissue Reconstruction of the Scalp. Semin. Plast.
Surg. 2019, 33, 67–71. [CrossRef] [PubMed] [PubMed Central]

267. Papanikolaou, A.; Guarino, L.; Giger, R.; Schaller, B.; Constantinescu, M.; Olariu, R.; Lese, I. Free Tissue Transfer in Head and
Neck Reconstruction: A Multidisciplinary 15-Year Experience. Clin. Pract. 2023, 13, 820–829. [CrossRef]

268. O’connor, E.F.; Rozen, W.M.; Chowdhry, M.; Band, B.; Ramakrishnan, V.V.; Griffiths, M. Preoperative computed tomography
angiography for planning DIEP flap breast reconstruction reduces operative time and overall complications. Gland Surg. 2016, 5,
93–98. [CrossRef] [PubMed] [PubMed Central]

269. Mallya, S.M.; Tetradis, S. Imaging of Radiation- and Medication-Related Osteonecrosis. Radiol. Clin. North Am. 2018, 56, 77–89.
[CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1055/s-0040-1716846
https://www.ncbi.nlm.nih.gov/pubmed/32957153
https://doi.org/10.1097/GOX.0000000000003910
https://www.ncbi.nlm.nih.gov/pubmed/34765389
https://pmc.ncbi.nlm.nih.gov/articles/PMC8575424
https://doi.org/10.1097/MD.0000000000014567
https://www.ncbi.nlm.nih.gov/pubmed/30813173
https://pmc.ncbi.nlm.nih.gov/articles/PMC6408038
https://doi.org/10.3389/fmats.2022.1018815
https://doi.org/10.1111/iwj.14103
https://www.ncbi.nlm.nih.gov/pubmed/36751857
https://pmc.ncbi.nlm.nih.gov/articles/PMC10332994
https://doi.org/10.3390/cancers13102482
https://www.ncbi.nlm.nih.gov/pubmed/34069610
https://pmc.ncbi.nlm.nih.gov/articles/PMC8160636
https://doi.org/10.1016/j.jcot.2019.06.015
https://www.ncbi.nlm.nih.gov/pubmed/31528055
https://pmc.ncbi.nlm.nih.gov/articles/PMC6739293
https://www.ncbi.nlm.nih.gov/pubmed/35015413
https://doi.org/10.3390/jpm14020206
https://www.ncbi.nlm.nih.gov/pubmed/38392639
https://pmc.ncbi.nlm.nih.gov/articles/PMC10890209
https://doi.org/10.3389/fsurg.2022.1010990
https://www.ncbi.nlm.nih.gov/pubmed/36425887
https://pmc.ncbi.nlm.nih.gov/articles/PMC9679007
https://doi.org/10.1002/hed.2890060406
https://www.ncbi.nlm.nih.gov/pubmed/6231270
https://doi.org/10.3389/fonc.2024.1379861
https://www.ncbi.nlm.nih.gov/pubmed/38665951
https://pmc.ncbi.nlm.nih.gov/articles/PMC11043495
https://doi.org/10.1097/SAP.0000000000002761
https://www.ncbi.nlm.nih.gov/pubmed/33976069
https://www.ncbi.nlm.nih.gov/pubmed/25709148
https://pmc.ncbi.nlm.nih.gov/articles/PMC4299159
https://pmc.ncbi.nlm.nih.gov/articles/PMC4299159
https://doi.org/10.3171/2024.2.SPINE231134
https://www.ncbi.nlm.nih.gov/pubmed/38788228
https://doi.org/10.1007/s12262-021-02835-w
https://doi.org/10.1016/j.jpra.2023.06.007
https://www.ncbi.nlm.nih.gov/pubmed/37520026
https://pmc.ncbi.nlm.nih.gov/articles/PMC10372166
https://doi.org/10.1097/PRS.0b013e3181774386
https://www.ncbi.nlm.nih.gov/pubmed/18594401
https://doi.org/10.1055/s-0030-1263066
https://www.ncbi.nlm.nih.gov/pubmed/22550446
https://pmc.ncbi.nlm.nih.gov/articles/PMC3324229
https://doi.org/10.1016/j.bjps.2018.10.011
https://www.ncbi.nlm.nih.gov/pubmed/30528284
https://doi.org/10.1055/s-0031-1286119
https://www.ncbi.nlm.nih.gov/pubmed/23205168
https://pmc.ncbi.nlm.nih.gov/articles/PMC3314257
https://doi.org/10.1055/s-0039-1678470
https://www.ncbi.nlm.nih.gov/pubmed/30863215
https://pmc.ncbi.nlm.nih.gov/articles/PMC6408242
https://doi.org/10.3390/clinpract13040074
https://doi.org/10.3978/j.issn.2227-684X.2015.05.17
https://www.ncbi.nlm.nih.gov/pubmed/27047777
https://pmc.ncbi.nlm.nih.gov/articles/PMC4791353
https://doi.org/10.1016/j.rcl.2017.08.006
https://www.ncbi.nlm.nih.gov/pubmed/29157550
https://pmc.ncbi.nlm.nih.gov/articles/PMC5726810


J. Pers. Med. 2024, 14, 1100 34 of 34

270. Gaertner, F.C.; Fürst, S.; Schwaiger, M. PET/MR: A paradigm shift. Cancer Imaging 2013, 13, 36–52. [CrossRef] [PubMed]
[PubMed Central]

271. Tuan, H.; Vinh, V.; Anh, T.; Hai, T.; Phu, T.; Dung, T. Flap application in reconstructive surgery to manage severe radiation-induced
ulcers: A case series. Wounds 2023, 35, E7–E13. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1102/1470-7330.2013.0005
https://www.ncbi.nlm.nih.gov/pubmed/23446110
https://pmc.ncbi.nlm.nih.gov/articles/PMC3584300
https://doi.org/10.25270/wnds/21090
https://www.ncbi.nlm.nih.gov/pubmed/36749991

	Overview on Radiation Biology and Radiotherapy 
	Clinical Manifestations and Complications Associated with Radiotherapy 
	Radiodermatitis 
	Osteoradionecrosis 
	Lymphedema 
	Neurological Complications 
	Endocrine Effects of Radiotherapy 
	Digestive Complications of Radiotherapy 
	Renal and Genito-Urinary Tract Complications 
	Pulmonary Complications 
	Cardiovascular Complications 
	Effects on Bone Marrow 
	Radiation-Induced Malignancies 

	Therapeutic Management 
	Preventive Strategies 
	Therapeutic Strategy—Conservative Approach 
	Therapeutic Strategy—Surgical Approach 
	General Guidelines of Surgical Treatment for Radiation Ulcers 

	Conclusions 
	References

