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    The Textbook of Iatrogenic Pathology represents a transdisciplinary collection of the main effects of drugs and medical interventions encountered in daily practice. It is edited by two pathologists with significant experience in autopsy who are also teaching the under- and postgraduate students in field of iatrogenic pathology.




    The book is split in two parts. The first part that comprises 13 chapters was mainly synthesized by pathologists based on the literature data and practical aspects observed during daily autopsies. In the 6 chapters of the second part, the doctors involved in the clinical practice have presented the specific aspects of their surgical or medical specialties.




    This book is a necessity for all persons involved in the patient’s care, from student to professor and represents at the moment the largest collection of aspects related to iatrogenic pathology. It is an original and complex book that include the newest aspect of iatrogenesis. It is always important to learn all our life not only from direct/positive evidences, but also from missing facts or/and medical errors.




    I strongly recommend publication of the Textbook of Iatrogenic Pathology as a necessity for awareness of medical staff in the field of consequences of the medical facts.




    

      Prof. Marius Raica


      Rector of the University of Medicine and Pharmacy,


      Timisoara,


      Romania
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    The Textbook of Iatrogenic Pathology concerns doctors and medications. Iatrogenic is a word that derives from the Greek “iatros”, which means “doctor” or “medicine”, and “genic”, which means “induced by”. Thus, the book comprises a basic synthesis of the consequences of medical diagnostic or therapeutic procedures, as well as the main side effects of medications in daily use.




    In the present book, the authors aimed to present the interdisciplinary features of iatrogenic lesions. The book is based on the opinions of doctors from several disciplines, including pathology, surgery, intensive care, neurology, metabolic diseases, etc. In reviewing the existing literature, we did not find complex studies or large syntheses in this field, and therefore consider this book to be very useful to clinicians of all medical specialties. Moreover, the co-editor of the book founded the Department of Iatrogenic Pathology in our university and we offer, every year, lectures in this field for medical students (MD students, dental medicine students and nurses). Our practical experience (editor and co-editor) based on the lectures and everyday autopsies (we perform more than 200 autopsies per year), along with collaboration with clinicians, guarantees the complexity and originality of the present book.




    The book is organized into two main parts. The first (13 chapters) is written by pathologists and describes iatrogenic lesions (adverse drug reactions, lesions occurring during diagnosis and as consequences of therapeutic interventions) of the organs and systems. These chapters include practical examples from our daily practice in the Department of Pathology. The second part (six chapters) is written by clinicians and describes specific lesions induced by surgery, neurology, etc.




    The following main chapters will be included: adverse drug reactions; radiation-induced lesions (through radiotherapy); iatrogenic immunopathology (including pathology regarding organ and tissue transplantation); iatrogenic lesions of the cardiovascular system; iatrogenic lesions of the lung and airways; iatrogenic lesions of the digestive tract (mouth, pharynx, esophagus, stomach, small and large bowel); iatrogenic lesions of the peritoneum and abdominal cavity; iatrogenic lesions of the liver, bile ducts and pancreas; iatrogenic lesions of the kidney and urinary tract; iatrogenic lesions of the female genital organs and breast; iatrogenic lesions of the male genital organs; iatrogenic lesions of the bone marrow and lymphoid tissue; iatrogenic lesions of cutaneous tissue; iatrogenic lesions in endocrinology; iatrogenic lesions in neurology; iatrogenic lesions in anesthesiology and intensive care; iatrogenic lesions in general and thoracic surgery; iatrogenic lesions in gynecology and obstetrics; and iatrogenic lesions in neurosurgery.




    This book is for those who already have a basic understanding of the mysteries of the human body and have decided that they are ready to treat it. It is for young residents who believe that they already know all about medicine and its pitfalls. If you decide to read it, try to perform a self-assessment of your medical aptitudes. If you feel that the medical mistakes outlined here can easily occur, try to discover how they can be prevented. If you feel that they cannot happen to you, try to read more on the subject.




    Finally, do not forget that honesty is a doctor’s best policy and that the real physician is one who chooses to learn, to study, to be informed and to collaborate with his/her colleagues.




    To treat and help others, to be a doctor, can be a pleasure and can be a challenge, but it is also a daily choice. From time to time, a doctor cannot treat or help a given patient, and may make mistakes. This is a reality. To judge, to know, to think, to ask – these are the grounding secrets of a physician, and are mandatory to prevent mistakes becoming habits.




    

      Prof. Simona Gurzu


      Head of Department of Pathology,


      University of Medicine and Pharmacy,


      Tirgu-Mures,


      Romania


      


      &


      


      Prof. Ioan Jung


      Department of Pathology,


      University of Medicine and Pharmacy,


      Tirgu-Mures,


      Romania
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          	5-FU



          	= 5-fluorouracil

        




        

          	ACE



          	= angiotensin-converting enzyme

        




        

          	ADR



          	= adverse drug reaction

        




        

          	AGEP



          	= acute generalized exanthematous pustulosis

        




        

          	AIH



          	= amiodarone-induced hypothyroidism

        




        

          	AIT



          	= amiodarone-induced thyrotoxicosis

        




        

          	ALI



          	= acute lung injury

        




        

          	AMP



          	= cyclic adenosine monophosphate

        




        

          	AMPK



          	= adenosine monophosphate-activated protein kinase

        




        

          	ARDS



          	= acute respiratory distress syndrome

        




        

          	ASCUS



          	= atypical squamous cells of undetermined significance

        




        

          	ATLS



          	= advanced trauma life support

        




        

          	ATP



          	= adenosine triphosphate

        




        

          	BBB



          	= blood-brain barrier

        




        

          	BCG



          	= Bacillus Calmette–Guerin

        




        

          	BMI



          	= body mass index

        




        

          	BMS



          	= bare metal stent

        




        

          	BPH



          	= benign prostatic hyperplasia

        




        

          	BVS



          	= bioresorbable vascular scaffold

        




        

          	CBD



          	= common bile duct

        




        

          	CBG



          	= corticosteroid-binding globulin

        




        

          	CIN



          	= cervical intraepithelial neoplasia

        




        

          	CK



          	= creatine kinase

        




        

          	CMV



          	= cytomegalovirus

        




        

          	CN



          	= Consciousness

        




        

          	CNS



          	= central nervous system

        




        

          	COPD



          	= chronic obstructive pulmonary disease

        




        

          	CSF



          	= cerebrospinal fluid

        




        

          	CT



          	= computed tomography

        




        

          	CTP



          	= corticotroph tumor progression

        




        

          	CU-ADR



          	= cutaneous adverse drug reaction

        




        

          	CYP3A4



          	= cytochrome-oxidase 3A4

        




        

          	D2 receptor



          	= dopaminergic receptor 2

        




        

          	DCO



          	= damage control orthopedics

        




        

          	DES



          	= drug eluting stent

        




        

          	DETA



          	= Diethylenetriamine

        




        

          	DHEA



          	= dehydroepiandrosterone

        




        

          	DIC



          	= disseminated intravascular coagulation

        




        

          	DIND



          	= drug-induced neurological disorders

        




        

          	DM



          	= diabetes mellitus

        




        

          	DRBA



          	= dopamine receptor-blocking agent

        




        

          	DRESS



          	= drug reaction with eosinophilia and systemic symptoms

        




        

          	EBV



          	= Epstein-Barr virus

        




        

          	ECG



          	= electrocardiogram

        




        

          	EEG



          	= electroencephalography

        




        

          	EGF



          	= epidermal growth factor

        




        

          	EGFR



          	= epidermal growth factor receptor

        




        

          	EMA



          	= European Medicines Agency

        




        

          	EORTC



          	= European Organization for Research and Treatment of Cancer

        




        

          	EP



          	= encephalopathy

        




        

          	ePTFE



          	= polytetrafluoroethylene

        




        

          	EPPER



          	= eosinophilic, polymorphic and pruritic eruption associated with radiotherapy

        




        

          	EQ-5D



          	= EuroQol five dimensions questionnaire

        




        

          	ERC



          	= European Resuscitation Council

        




        

          	ERCP



          	= endoscopic retrograde cholangiopancreatography

        




        

          	ESR



          	= erythrocytes sedimentation rate

        




        

          	EUS



          	= endoscopic ultrasonography

        




        

          	FAP



          	= Familial Adenomatous Polyposis

        




        

          	FDA



          	= Food and Drug Administration

        




        

          	FEF



          	= forced expiratory flow

        




        

          	FEV



          	= forced expiratory volume

        




        

          	FGF



          	= fibroblast growth factor

        




        

          	FGS



          	= female genital system

        




        

          	FNA



          	= fine needle aspiration

        




        

          	FRC



          	= functional residual capacity

        




        

          	FSH



          	= follicle stimulating hormone

        




        

          	GAPPS



          	= gastric proximal polyposis of the stomach

        




        

          	GAVE



          	= gastric antral vascular ectasia

        




        

          	GERD



          	= gastro esophageal reflux disease

        




        

          	GH



          	= growth hormone

        




        

          	GI



          	= gastrointestinal

        




        

          	GnRH



          	= gonadotropin-releasing hormone

        




        

          	HBV



          	= hepatitis B virus

        




        

          	HCC



          	= hepatocellular carcinoma

        




        

          	HCV



          	= hepatitis C virus

        




        

          	HE



          	= Hematoxylin-Eosine

        




        

          	HHV



          	= human herpes virus

        




        

          	HIV



          	= human immunodeficiency virus

        




        

          	HLA



          	= human leukocyte antigen

        




        

          	HPV



          	= human papilloma virus

        




        

          	H-SIL



          	= high-grade squamous intraepithelial lesion

        




        

          	HTLV



          	= human T-cell lymphotropic virus

        




        

          	HV



          	= herpes virus

        




        

          	IBD



          	= inflammatory bowel disease

        




        

          	ICU



          	= Intensive Care Unit

        




        

          	Ig



          	= immunoglobulin

        




        

          	IL



          	= interleukins

        




        

          	IR



          	= insulin-resistance

        




        

          	ITP



          	= idiopathic thrombocytopenic purpura

        




        

          	IUD



          	= intrauterine device

        




        

          	JCV



          	= John Cunningham polyomavirus

        




        

          	JGCA



          	= Japanese Gastric Cancer Association

        




        

          	LG



          	= lethargy

        




        

          	LKB1



          	= liver kinase B1

        




        

          	LSD



          	= Lysergic acid diethylamide

        




        

          	L-SIL



          	= Low-grade squamous intraepithelial lesion

        




        

          	MDMA



          	= 3,4-Methylenedioxymethamphetamine

        




        

          	MET



          	= mesenchymal-epithelial transition

        




        

          	MRCP



          	= magnetic resonance cholangiopancreatography

        




        

          	MRI



          	= magnetic resonance imaging

        




        

          	MS



          	= muscular system

        




        

          	MSOF



          	= multisystem organ failure

        




        

          	mTOR



          	= mammalian target of rapamycin

        




        

          	mTORC1



          	= mammalian TOR-complex 1

        




        

          	NAION



          	= non-arteritic ischemic optic neuropathy

        




        

          	Nd:YAG



          	= neodymium-doped YAG

        




        

          	NGAL



          	= neutrophil gelatinase-associated lipocalin

        




        

          	NHLBI



          	= National Heart, Lung and Blood Institute

        




        

          	NMJ



          	= neuromuscular junction

        




        

          	NO



          	= nitrogen monoxide

        




        

          	NS



          	= non-specific

        




        

          	NSAIDs



          	= non-steroidal anti-inflammatory drugs

        




        

          	PCI



          	= Percutaneous Coronary Intervention

        




        

          	PDE



          	= phosphodiesterase

        




        

          	PDGF



          	= platelet-derived growth factor

        




        

          	PEEP



          	= positive-end expiratory pressure

        




        

          	PML



          	= Progressive multifocal leukoencephalopathy

        




        

          	PNS



          	= peripheral nervous system

        




        

          	PONV



          	= postoperative nausea and vomiting

        




        

          	PPAR



          	= peroxisome proliferator-activated receptor

        




        

          	PPI



          	= proton pump inhibitor

        




        

          	PRL



          	= prolactin

        




        

          	PTCA



          	= Percutaneous Coronary Angioplasty

        




        

          	RET



          	= rearranged during transfection

        




        

          	rhGH



          	= recombinant human-type growth hormone

        




        

          	RTOG



          	= Radiation Therapy Oncology Group

        




        

          	SIADH



          	= syndrome of inappropriate antidiuretic hormone secretion

        




        

          	SIL



          	= squamous intraepithelial lesion

        




        

          	SIRS



          	= systemic inflammatory response syndrome

        




        

          	SIRT



          	= selective internal radiation therapy

        




        

          	SJS



          	= Stevens-Johnson syndrome

        




        

          	SM



          	= somnolence

        




        

          	SN



          	= syncope

        




        

          	ST



          	= stupor

        




        

          	STK11



          	= Serine/Threonine Kinase 11

        




        

          	T3



          	= triiodothyronine

        




        

          	T4



          	= thyroxine

        




        

          	TAPP



          	= transabdominal pre-peritoneal

        




        

          	TEN



          	= toxic epidermal necrolysis

        




        

          	TGF



          	= transforming growth factor

        




        

          	TNF



          	= tumor necrosis factor

        




        

          	TRAIL



          	= tumor necrosis factor-related apoptosis-inducing ligand

        




        

          	TRALI



          	= transfusion-related acute lung injury

        




        

          	TRH



          	= thyrotropin-releasing hormone

        




        

          	TSH



          	= thyroid stimulating hormone

        




        

          	TTP



          	= Thrombotic thrombocytopenic purpura

        




        

          	TUR



          	= transurethral resection

        




        

          	TUR-P



          	= transurethral resection of the prostate

        




        

          	UK



          	= United Kingdom

        




        

          	UPA



          	= ulipristal acetate

        




        

          	VAS



          	= Visual Analog Scale

        




        

          	VEGF



          	= vascular endothelial growth factor

        




        

          	WHO



          	= World Health Organization

        




        

          	Wnt



          	= Wnt-β-catenin signaling
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          	= yttrium
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          	= yttrium aluminum garnet
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      Abstract




      This chapter includes general aspects regarding the definitions and mechanisms of occurrences of adverse drug reactions (ADRs). They can be realized through non-immunological (type A reaction) or immunological (type B reaction) pathways and can be dose-dependent or independent. A new type of ADR is encountered in oncology departments in patients taking monoclonal antibodies. It is known as drug-induced apoptosis and is presented in this chapter. The mechanisms and classification of the severity of these reactions, as well as the particularities of acute, chronic and chronic-delayed ADRs, are also explored. The severity can be patient- or drug-related. In the chapters that follow, specific system- and organ-related ADRs are presented.
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      INTRODUCTION




      Adverse drug reactions (ADRs) are defined as unwanted reactions associated with drug intake [1]. According to the World Health Organization (WHO), an ADR is defined as “a response to a drug which is noxious and unintended, and which occurs at doses normally used in man for the prophylaxis, diagnosis, or treatment of disease, or for the modification of physiological function” [1]. It has been estimated that ADRs are associated with 10-20% of all drugs, yet the real incidence is unknown and the importance of these side effects is often underestimated [2, 3].




      Based on their severity, ADRs are classified as low, moderate or severe, and can have a lethal evolution. The Food and Drug Administration (FDA) considers a serious adverse event to be one that impacts the patient’s outcome in one the following ways: leads to a threat to the patient’s life or induces the patient’s death; leads to prolonged hospitalization; gives rise to a congenital anomaly (in pregnant females); or induces disability or requires supplementary interventions




      to avoid permanent disability [4]. The main ADRs that can induce the patient’s death are the following: fulminant bleeding from an iatrogenic peptic ulcer or occurring as a side effect of anticoagulant or chemotherapeutic drugs, severe aplastic anemia, hepatorenal failure, septic shock, anaphylactic shock, etc. [5].




      In the United States, it has been estimated that approximately 3-7% of all hospital admissions are due to an ADR [6], 10-20% of which are severe [7]. The incidence of ADR-induced mortality is about 0.5-0.9%, but this is known to be an underestimate [8].




      An ADR is a multifactorial process that can affect the skin, liver, kidneys, bone marrow, blood vessels, gastrointestinal (GI) tract, lungs and other organs and tissues. In this chapter, basic features regarding ADRs are presented, while system- or organ-related reactions are included in the following chapters of this book.




      

        Types and Mechanisms of ADRs




        Based on the time of appearance, ADRs are classified as acute, chronic or chronic-delayed reactions. They occur during a single dose or a single cycle of therapy (acute ADRs), or can be dose- and time-related. A drug-induced reaction that occurs after 10-12 months of treatment is considered a chronic ADR, whereas chronic-delayed effects are realized years after treatment. Recurrent ADRs can also be identified in clinical practice [9].




        Regarding the mechanism of occurrence, in 1977 it was observed that ADRs could be pharmacologically-induced (type A) or the result of idiosyncratic lesions (type B) [10]. The most common ADRs (80%) are type A reactions that are dose-dependent and can be reversible after drug cessation [7, 11]. About 75-80% of type A reactions are predictable [11]. Type B reactions are immune-mediated, cannot be predicted, are dose-independent and occur only in susceptible individuals [1, 7].




        Based on their mechanisms, ADRs are also classified as specific (immune mechanisms and nonallergic hypersensitivity) and non-specific. Non-specific or non-immunological reactions (type A) can be induced by overdose, direct side effects or drug interactions [1, 12]. The toxic effect can be dose-dependent or a result of metabolic disorders (slow hepatic detoxification) or renal failure (delayed elimination). Non-medical drug overdose, whether accidental or intentional, is not considered an ADR. Pharmacological side effects refer to drug-induced disorders at therapeutic doses [12].




        In hospitalized patients, sedatives and hypnotics, respectively opiates and narcotics, are considered the leading sources of ADRs, followed by steroids, antibiotics and anticoagulants. As a result of drug interaction, a specific effect of a medical agent can be diminished or amplified. For example, barbiturates such as phenobarbital can diminish other drug effects as a result of hepatic enzymes activation. The antibiotic drug rifampin accelerates the renal elimination of drugs used in cardiology, such as verapamil. The histamine receptor antagonist cimetidine affects the metabolism and inhibits the excretion of several drugs, such as the antimalarial hydroxychloroquine, psychoactive medications and nifedipine, and doubles the half-life of zolmitriptan (used for migraine attacks) [5].




        A distinct mechanism of non-immunological ADRs is drug-induced apoptosis. This is specific to the latest monoclonal antibodies used in medical oncology for individualized treatment (e.g., bevacizumab, rituximab, adalimumab, cetuximab, trastuzumab, etc.) and other drugs such as the anti-acne isotretinoin (13-cis-retinoic acid). Apoptosis is a consequence of drug-induced formation of apoptotic protein tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and neutrophil gelatinase-associated lipocalin (NGAL). Due to the risk of teratogenicity, oligohydramnios and poor neonatal outcomes, these drugs are not recommended for use during pregnancy. In animals, drug-induced apoptosis has been proven to decrease hypothalamic cell numbers and to induce depression [13, 14].




        Specific or immunological reactions (type B) are dose-independent, difficult to predict and occur at doses tolerated by normal subjects. They include immune-mediated lesions and nonallergic hypersensitivity [1, 11].




        Nonallergic or pseudoallergic hypersensitivity which is also known as idiosyncrasy or intolerance, is defined as the unusual or unpredictable effect that might be induced in a particular patient at usual doses as a result of enzymatic deficiency or through a genetic mechanism [1]. It can be a life-threatening disorder.




        Immune mechanisms or allergic (IgE-mediated and non-IgE-mediated) hypersensitivity reactions are the result of activation of one of the four hypersensitivity reactions: type I (IgE-mediated), type II (cytotoxic), type III (immune complex) or type IV (cell-mediated) [1, 5, 11]. Anaphylactic reactions (type I hypersensitivity) can be mild, moderate or severe (anaphylactic shock) and are not dose-dependent. They are realized as cutaneous eruptions, fever, eosinophilic pneumonia and, infrequently, thrombocytopenia and anemia. Other rare manifestations of allergies are vasculitis (e.g., penicillin, sulfonamides, iodine, etc.), interstitial nephritis (methicillin) and hepatic injury [5]. Cytotoxic reactions (type II hypersensitivity) are involved in the pathomechanism of drug-induced hematological disorders (quinidine-induced thrombocytopenia, penicillin or methyldopa-induced hemolytic anemia). Immune complex-mediated reactions (type III hypersensitivity) occur as a result of the antigenic role of medications [5]. Serum sickness is a specific self-limiting disease characterized by vasculitis, hematological disorders and cutaneous lesions that occur approximately 10 days after passive immunization as a result of a type III hypersensitivity reaction to proteins from a non-human animal antiserum (e.g., antitetanic, anti-lymphocyte, anti-diphtheritic anti-botulinic serum) or drugs. Chronic-delayed ADRs are mediated by T lymphocytes through cell-mediated (type IV) hypersensitivity. The specific lesions induced through the four hypersensitivity reactions are presented in Chapter 3.




        Adverse reactions induced by non-steroidal anti-inflammatory drugs (NSAIDs) are considered a new specific group of ADRs that involve both non-immunological (type A) and immunological (type B) mechanisms. They are also known as NSAID-induced hypersensitivity reactions, are dose-related and occur as a result of the direct pharmacological action of the drug (anti-prostanoid, anti-cyclooxygenase) [1]. The criteria of classification were proposed in 2001 by Stevenson et al. and were later modified by the European Academy of Allergy and Clinical Immunology’s Task Force on NSAIDs Hypersensitivity [1, 15]. The type A effects of NSAIDs are dose-related and mainly relate to the GI disorders that are presented in Chapter 6. The type B effects of NSAIDs are grouped according to allergic and nonallergic effects. The allergic (selective) effects of NSAIDs are rare and include urticaria, angioedema, anaphylaxis and NSAIDs-induced delayed hypersensitivity. The nonallergic/non-immunological effects (the old idiosyncrasy) are cross-reactive and can be responsible for the occurrence of urticaria, angioedema or exacerbation of a cutaneous or respiratory disorder [1].


      




      

        Severity of ADRs




        The patient-related factors of severity of non-immune ADRs are the following: female gender, older age, associated severe comorbidities (renal failure, hepatic disorders, systemic lupus erythematosus), polypragmasia, associated viral infections (e.g., human immunodeficiency virus [HIV], herpes virus, cytomegalovirus), alcohol consumption, etc. Females, asthmatic patients, users of beta blockers and patients with HIV and other autoimmune disorders, such as systemic lupus erythematosus, have a higher risk of developing hypersensitivity-related ADRs [11, 16].




        The Drug-Related Factors of Severity refer to the chemical properties and molecular weight of the drug. For example, it is known that heterologous sera (non-human proteins) are highly immunogenic, but other drugs may also have immunogenic properties by coupling with proteins to form haptens (antigen-antibody immunogenic complexes) [11]. The risk of developing hypersensitivity-related ADRs also depends on the route of drug administration. The most common allergic phenomena occur after intramuscular or intravenous drug administration [11].




        In Chapters 4 to 13, the specific system- and organ-related ADRs (drug-induced lesions) will be presented in detail. Drug-induced neurological disorders are presented in Chapter 14 and endocrine disorders are included in Chapter 15. The specific disorders occurring in intensive care units are presented in Chapter 16, those related to gynecology and obstetrics are covered in Chapter 18 and drug-induced ototoxicity is extensively examined in Chapter 21.
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      Abstract




      This chapter includes general aspects regarding the mechanisms of radiation-induced lesions and specific organ-related effects of radiotherapy, from the cardiovascular system to bone marrow. For oncologists, understanding the mechanisms of radiation-induced carcinogenesis and knowing the estimated time taken for post-radiotherapy occurrence of metachronous tumors is mandatory for proper patient follow-up. We here analyze all lesions of the skin and internal organs, leaving aside tumors for this chapter. The acute and chronic effects of radiotherapy are presented in detail, and the grading system of oral mucositis is also outlined.
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      INTRODUCTION




      In medical practice, radiation is used for diagnosis (0.1-10 mSv per procedure) or therapeutic purposes (20-60 Gy per targeted tissue). Two types of ionizing radiation are used for radiotherapy: photon radiation (X- or gamma-rays) and particle radiation (electrons, protons, neutrons, carbon ions, alpha and beta particles). Photon radiation is used for deep tumors, while electron beams are produced by a linear accelerator and are useful for treatment of cutaneous tumors and cancers that are close to the surface of the body. Proton beam radiation therapy requires highly advanced equipment and is not performed in all oncology departments. Neutron beams are useful for head, neck and prostate carcinomas, as well as for inoperable tumors. Their use severely affects the surrounding normal tissue. For radio resistant tumors, carbon ion radiation (heavy ion radiation) can be helpful. Alpha and beta particles are contained in radioactive particles that can be injected, swallowed or inserted into the body [1].




      Radiotherapy using photon radiation can involve the whole human body (e.g., bone marrow transplant) but, in most cases, is used for localized therapy. Based on the radiation source, radiotherapy is classified into two main groups: external beam radiotherapy (wherein the X-ray tube is placed outside the patient’s body) and brachytherapy (wherein irradiation is performed using an isotope, such as cadmium-226, cesium-137, iridium-192, iodine-125 or carbon ion, that is inserted into a tumor or within a cavity). Several medical procedures that involve radiation, such as stereotactic surgery, intensity-modulated radiation therapy, accelerated/hypo- or hyper-fractioned whole- or partial-breast irradiation, brachytherapy, intraoperative radiation therapy and fluoroscopic-guided procedures are responsible for iatrogenic lesions that range from minimal damage to chronic injuries, carcinogenic effects and radiation-induced death [2-7].


    




    

      EFFECTS OF RADIATION – GENERAL DATA




      Ionizing radiation causes DNA damage via direct toxicity with DNA breakage and subsequent cellular death. The indirect mechanism is based on the radiation-induced formation of free radicals with further fragmentation of the DNA or ionization of water or other molecules within the cell. The damaged tissues and vessels are then replaced by fibrocytes that are unable to synthesize collagen [8, 9].




      Mucosal injuries consist of inflammatory reactions. In first steps, they are characterized by the death of mucosal cells, the breakdown of the mucosal homeostasis and the activation of pro-inflammatory cytokines, chemokines and growth factors [10]. Later, fibrosis occurs as a result of the activation of interleukins (IL-6, IL-8) and growth factors (transforming growth factor [TGF], tumor necrosis factor [TNF], etc.) [11, 12].




      The effects of radiation depend on several factors, including the following [2, 9, 13, 14]:





      

        	
Size of irradiation field, dose fractionation and total dose: in the whole body, irradiation of 100-300 rad can induce acute radiation sickness, while higher doses can lead to death within approximately one month (350-500 rad) or a couple of days (>1000 rad). The main causes of death are heart/renal failure, bone marrow suppression and septicemia.




        	
Exposure time and time interval between fractions: the first effects are decreasing serum levels of erythrocytes and leukocytes (bone marrow injury), followed by mucosal damage (gastrointestinal [GI] tract injuries) and central nervous system disorders. Radiation-induced malignancy usually occurs years after radiotherapy.




        	
Type and technique of irradiation: the most aggressive form of radiation is alpha particle radiation, followed by beta radiation. X-rays have a highly penetrative effect with minimal tissular damage, but can destroy the weak bonds between nucleic acids and induce chromosomal alterations.




        	
Radiation sensitivity of tissue: hair follicles, mucosa of the GI tract, bone marrow, lymphatic tissue, ovarian follicles and testes present high sensitivity, while medium sensitivity is noted for connective tissue, blood vessels and urothelium. Cartilaginous tissue, muscles, corpus luteum and ovarian stroma are relatively radio resistant, as are the liver, kidneys, pancreas and brain.




        	
Individual susceptibility: the consequences of radiotherapy are more severe in patients who have previously received radiotherapy, and also depend on the patient’s age at exposure, gender, associated comorbidities and genetic factors.


      


    




    

      POST-RADIATION MALIGNANCY




      Ionizing radiation can induce carcinogenesis. Approximately 0.5-2.2% of patients develop a histopathologically independent second tumor within 5-7 years of radiotherapy, in a dose-dependent manner. The first known instance of radiation-induced cancer was reported in 1902, on ulcerated skin, and leukemia in radiation workers was reported in 1911. Moreover, in recent history, the leukemia risk of radiologists has been found to be nine times higher than in other medical specialties, proving that whole-body radiation is a high-risk factor for bone marrow disorders [2, 13, 15, 16].




      Secondary tumors are primarily located in or near the first irradiated tumor site. The most common malignant tumors are cutaneous carcinomas, carcinomas of the GI tract (30%), head and neck tumors (10%), lymphomas (10%), breast cancer (9%), sarcomas (9%) and lung cancer (8%). Radiation-induced benign tumors can also develop [2, 15, 16].




      Radiotherapy performed for head, neck and mediastinal tumors can be followed by occurrence of thyroid papillary carcinoma and/or laryngeal carcinoma at 8-20 years respectively 20-40 years after radiotherapy. In 22% of the cases, the second cancer is developed in extra-laryngeal places such as lung and prostate [16, 17].




      In patients with GI tract carcinomas, radiotherapy can be followed by a secondary tumor of the GI tract but extra-GI tumors such as prostate carcinoma were also reported [18]. In cases with radiation-induced damages of the pancreatic parenchyma and chronic pancreatitis, secondary neuroendocrine tumors seem to derive from the intralobular ducts lining epithelium that presents a radiation-induced endocrine differentiation [2, 19].




      In patients with breast cancer, radiotherapy alone is primarily associated with a risk of lung cancer, followed by contralateral breast cancer. Malignant tumors of the GI tract and genital system can also occur [20].




      Pelvic radiotherapy can give rise to the development of malignancies of the genital organs and intestines. Colorectal carcinomas (median dose = 50 Gy) and carcinosarcomas of the uterine body were reported between months and five years following treatment [16, 21, 22].




      Squamous cell carcinoma can occur at 8-50 years after skin radiotherapy. It can develop on relatively normal skin or in the context of chronic radio dermatitis. Other tumors, such as Merkel cell carcinoma, can also occur [23].




      Post-radiation sarcomas are rare and are mainly realized as fibrosarcoma (90%), osteosarcoma, synovial sarcoma and malignant fibrous histiocytoma [24]. Approximately 1.5-6.9% of primary bone tumors are radiation-induced sarcomas occurring 4-20 years after radiotherapy [25, 26]. Chondroid differentiation can be seen in about 89% of radiation-induced osteosarcomas [27]. Chondrosarcoma of the bladder has been reported at 19 years after radiotherapy [28]. Maxillofacial chondrosarcoma can develop at about six months following radiotherapy for basal cell carcinoma [29]. Brain irradiation can induce genesis of radiogenic primary sarcoma of the brain [30]. Breast irradiation is a risk factor for breast angiosarcoma, which is developed years after radiotherapy [30]. Osteosarcomas, undifferentiated spindle cell or pleomorphic sarcomas and fibrosarcomas can occur in patients with desmoid tumors at 5-21 years after radiotherapy, originating from CTNNB1 wild- or mutated-type desmoid fibromatosis cells [31].




      In children, radiation-induced benign tumors have been reported. Single or multiple osteochondromas develop in more than 10% of patient receiving radiotherapy [32, 33]. Dose-dependent radiation-induced peripheral nerve tumors, such as neurofibromas, have been reported at 5-31 years following radiotherapy [15].


    




    

      RADIATION-INDUCED NON-TUMOR LESIONS




      

        Cutaneous Lesions




        

          Acute Radiodermatitis




          Cutaneous lesions can occur within a few days or weeks of radiotherapy. The effects present as erythematous rash, plaques, ulcerations or necrosis and are less severe after the use of high- and medium-energy accelerators. The hair follicles and nails can also be affected. There are four grades of acute dermatitis, based on severity. Grades 1 and 2 are the most common (90%), while grades 3 and 4 are relatively rare [34-36]:





          

            	
Grade 1 is characterized by erythema, a burning sensation, edema, dry desquamation and reversible hair loss in the affected area.




            	
Grade 2 is similar to grade 1 but is associated with exudative plaques (moist desquamation of the skin folds and creases).




            	
Grade 3 is characterized by exudative dermatitis, with skin shedding (moist desquamation other than skin folds and creases), ulceration and bleeding induced by minor trauma or abrasion. This grade occurs in cases where the dose exceeds 40 Gy. After re-epithelization, dyschromia or alopecia is often permanent.




            	
Grade 4 involves dose-dependent radio necrosis that usually develops within a few days of treatment. It is a painful plaque comprising necrosis, ulceration and hemorrhage of the full thickness of dermis, which can extend to muscles, tendons and bones.


          




          Simultaneous use of radio chemotherapy and targeted drugs, such as epidermal growth factor receptor (EGFR) inhibitors (e.g., cetuximab), advanced age and severe immunodeficiency are risk factors for grade 3 and 4 radio dermatitis. The risk is lower in patients receiving cisplatin-based chemotherapy as compared to those receiving anti-EGFR agents. Moreover, radio dermatitis presents earlier in patients receiving radiotherapy alone as compared to those receiving radiotherapy and anti-EGFR drugs (1-2 weeks versus 3-5 weeks after radiotherapy). In the latter group, immune-mediated dermatitis is characterized by xerosis, crust formation, well-defined subepidermal inflammatory infiltrate and high risk of super infection [36].


        


      




      

        Chronic Radiodermatitis or Actinic Reticuloid Syndrome




        Radiation-induced chronic cutaneous lesions encompass a wide spectrum that is dominated by chronic dermatitis. Such lesions are characterized by ulceration, superficial prominent telangiectasia, dermal fibrosis (Fig. 2-1) and epidermal atrophy. Hyperkeratosis and the pseudolymphomatous (reticuloid) aspect are also characteristic. Chronic radio dermatitis occurs months to years after radiotherapy and can be an indicator of premalignancy. Excessive fibrosis is induced by abnormally high levels of cytokines (IL-4, IL-5, TGF-β) that stimulate the secretion of extracellular matrix and activation of fibroblasts. Fibrosis of the hair follicles leads to alopecia, while nail irradiation can be followed by nail loss. The sebaceous and sweat glands can also be damaged. The severity of chronic dermatitis depends on the radiation dose. A dose of over 50 Gy induces severe lesions [2, 4, 23, 37, 38].


      




      

        Other Skin Lesions




        Sweet’s Syndrome(Acute Febrile Neutrophilic Dermatosis) is characterized by post-radiotherapy inflamed or blistered skin and mucosal lesions associated with fever [39].




        Eosinophilic, Polymorphic and Pruritic Eruption Associated with Radiotherapy (EPPER) Syndrome is a rare radiation-induced lesion that primarily affects the lower limbs of females and is characterized by pruriginous papules and vesicles. Under the microscope, deep perivascular lymphohistiocytic infiltrate rich in eosinophils is characteristic. It can be an acute or late complication of radiotherapy [40].




        Other Late Radiation-Induced Cutaneous Lesions are hyperpigmentation, parakeratosis, cellulitis, recall dermatitis, pemphigoid, erythema multiforme, lichen sclerosis, lupus-like lesions, inflammatory acne, pruriginous rashes, late wound healing, morphea (a localized scleroderma characterized by pain and disfiguration of the affected area) and subcutaneous calcinosis [2, 4, 23, 37].




        
[image: ]


Fig. (2-1))


        Radio dermatitis with dermal fibrosis (A) and well-defined sub epidermal lymphoid infiltrate (B).

      


    




    

      Cardiovascular Lesions




      

        Vascular Injuries




        Large blood vessels present medium sensitivity when subject to radiotherapy. Common effects are endarteritis, thrombosis and necrosis. These can involve acute lesions followed by endarteritis obliterans (Fig. 2-2), atherosclerosis, perivascular fibrosis and compression of the surrounding tissues [41, 42]. Local radiation for the treatment of head and neck cancer can induce carotid atherosclerosis, especially in patients at elevated risk for atherosclerosis (diabetes mellitus [DM], hypertension, hypercholesterolemia, smoking) [43].




        In such cases, the capillaries, arterioles and venules are more sensitive to radiation, showing endothelial swelling and endarteritis, possibly due to the release of free oxygen radicals. In late stages, endothelial hyperplasia, usually without clinical impact, and vascular fibrosis can be seen in medium-sized vessels [41]. Vascular changes are induced by a dose of about 50 Gy [44].




        
[image: ]


Fig. (2-2))


        Radiation-induced endarteritis obliterans in a patient with rectal cancer. Luminal obstruction, thickening of the media and perivascular fibrosis are characteristic. HE, 10x.

      




      

        Lesions of the Heart




        Radiation-induced heart disease primarily means coronary vessel injury, but lesions of the pericardium, myocardium, heart valves and conduction system may also occur. This is a dose-dependent effect associated with an immune component. The consequences of this effect are more severe at younger ages and in patients with coexisting heart diseases. Relatively safe doses are 60 Gy for 25% of heart volume and 45 Gy for 65% of heart volume, both at 2 Gy/24 hours [41, 45, 46].




        Radiation-Induced Coronary Artery Injuries involve an accelerated atherosclerosis with fibrous thickening of the intima and luminal narrowing. By comparison with non-radiation-induced coronary sclerosis, the media are more affected, with loss of smooth muscle cells, and the adventitia is markedly fibrotic and thick. Coronary disease occurs at 10-15 years after radiotherapy [45, 47, 48].




        Pericardial Lesions occur at months to years after radiotherapy and include pericarditis (acute, delayed or constrictive), pericardial effusion and pericardial-myocardial fibrosis [45, 49, 50].




        Myocardial Injuries (Radiation-Induced Cardiomyopathy) are rare and occur most commonly in patients receiving radiotherapy for mediastinal tumors. The pathomechanism is based on radiation-induced microvascular damage with further decrease of myocardial perfusion. The main consequences are myocardial fibrosis, diastolic dysfunctions, occurrence of congestive cardiomyopathy and heart failure [45, 51]. The main risk factors for myocardial lesions are coexisting heart diseases (heart malformations, valvulopathies, preexisting myocarditis, hypertension, etc.). High serum levels of troponin can be an indicator of radiation-induced cardiotoxicity, but this finding is controversial [2, 52].




        Valvular Damage primarily involves the aortic and mitral valves, and is seen at 3-5 years following radiotherapy [53, 54].




        Conduction Disorders are revealed by changes in electrocardiogram (ECG) readings that include ST-T abnormalities, low voltage, bundle branch blocks and/or complete atrioventricular block [55, 56].


      


    




    

      Lesions of the Lungs And Airways




      Lung and airway injuries are frequently seen in patients receiving radiotherapy for esophageal carcinomas or mediastinal lymphomas (especially Hodgkin’s lymphoma) and are seen rarely in females with breast cancer [3, 57].




      

        Lung Lesions




        Radiation-induced dose-dependent damage to lung parenchyma is relatively common after stereotactic body radiotherapy. The cartilaginous tissue is a relatively radio resistant structure [58].




        Post-Radiotherapy Bronchiolitis Obliterans Organizing Pneumonia also known as secondary organizing pneumonia, is the most common variant of radiation pneumonitis and is characterized by the presence of granulation tissue in the distal airways extending into the alveolar ducts. Bilateral patchy infiltrates are seen on the chest radiographs, with ground-glass opacities on computed tomography (CT). This is a rare but serious complication (5% mortality rate) of breast cancer radiotherapy. The symptoms occur for between a number of weeks and one year after treatment completion. They are similar to those of classic pneumonia (fever, cough, shortness of breath, fatigue) but do not improve with antibiotic therapy – steroids are instead required [3].




        Acute Radiation Pneumonitis is a type of diffuse alveolar damage with an associated severe vascular component (fibrinoid necrosis and thrombosis of the arterioles and congested venules), edematous widening of the septa, presence of intra-alveolar fluid and hyaline membranes (acute respiratory distress syndrome; ARDS) [3].




        Chronic Radiation Pneumonitis with Fibrosis can occur after acute pneumonitis or if its appearance is insidious, without an acute phase. The arterioles are obliterated by intimal fibrosis and recanalized thrombi. Fibrotic enlargement of the alveolar septa is characteristic, as is peribronchial and perivascular fibrosis [59].




        Late Pulmonary Damage is seen following stereotactic therapy for pulmonary cancer and includes – besides tumor remnants – consolidation, volume loss and ground-glass changes corresponding to interstitial damage. Radiographic evaluation, by comparison with the pre-radiotherapy evaluation, is reported as increased, stable, decreased, obscure or not present [58].




        Radiation Recall Pneumonitis refers to chemotherapy-induced inflammation in healthy pulmonary areas previously exposed to irradiation. It can be related to erlotinib exposure [60].


      




      

        Lesions of the Upper Airways




        Laryngeal Edema can develop in patients receiving radiotherapy for head, neck or mediastinal tumors. In patients with laryngeal cancer, carbon ion therapy can induce laryngeal edema, necrosis and stenosis [5].




        Nasopharyngeal Granuloma has been reported in patients receiving radiotherapy for nasopharyngeal carcinoma. The clinical symptoms are nasal obstruction, purulent discharge, headaches, epistaxis, foreign body sensation and/or hearing impairment. This granuloma can mimic a tumor recurrence [61].


      




      

        Lesions of the Digestive System




        The mucosa of the GI tract presents high sensitivity to radiation, being frequently affected during systemic radiotherapy. The lesions are acute (mainly inflammatory lesions) or chronic (fibrosis of the GI wall) and can involve one or multiple GI tract segments.




        

          Radiotherapy-Related Nausea and Vomiting




          These are usually associated with pain flare and are the most common side effects in patients receiving palliative radiotherapy for symptomatic bone metastases [62].


        




        

          Oral Complications




          Acute complications in this regard are mucositis, xerostomia, dysphagia, dysgeusia and opportunistic infections (Gram-negative bacteria and fungi). Chronic lesions refer to trismus, fibrous sialadenitis, radiation caries, osteoradionecrosis and changes of the periodontal attachment. The periodontium is radio resistant [9, 63]. All patients receiving head and neck radiation (60-70 Gy) present oral mucositis, but in mild forms in most cases. Proper oral hygiene decreases the risk of periodontitis and tooth loss [9, 36, 63]. The rate of Candida colonization ranges from 56.7% during radiation to 63.3% post-radiation. Candida albicans is the most common type, followed by Candida parapsilosis, tropicalis and glabrata [64].




          Oral mucositis is classified by the World Health Organization (WHO) according to the following grades, based on severity [36, 63]:





          

            	
Grade 1 (mild mucositis) = oral erythema and soreness




            	
Grade 2 (moderate mucositis) = ulcers and difficulties eating solids




            	
Grade 3 (severe mucositis) = ulcers and difficulties taking liquids




            	
Grade 4 (life-threatening lesion) = oral alimentation is not possible


          




          The National Cancer Institute’s Common Terminology Criteria for Adverse Events include the presence or absence of pain and classify mucositis severity as follows [36, 63]:





          

            	
Grade 1 = asymptomatic or mild symptoms




            	
Grade 2 = moderate pain not interfering with oral intake




            	
Grade 3 = severe pain interfering with oral intake




            	
Grade 4 = life-threatening mucositis




            	
Grade 5 = death


          


        




        

          Radiation Esophagitis




          Radiation esophagitis is characterized by desquamative and/or fungal inflammation, with late fibrosis, stenosis and functional esophageal disorders [63].


        




        

          Radiation Gastritis, Duodenitis and Peptic Ulcerations




          The antrum, pylorus and duodenum are commonly affected as a result of selective internal radiation therapy (SIRT), whereby microspheres emitting yttrium-90 (Y-90) are intra-arterially infused in patients with primary or metastatic tumors of the liver, to produce radioembolization. During biopsy, the Y-90 microspheres can be identified as small round-shaped black foreign bodies [65]. After external beam radiation of the right hypochondrium and epigastrium, performed to treat hepatic carcinomas (more than 55 Gy) or for gastric lymphomas, life-threatening diffuse hemorrhagic gastritis was reported, in one study, three months after radiotherapy. This involved acute vasculopathy characterized by edema, obliterative endarteritis, vasculitis, endothelial proliferation, mucosal ischemia, telangiectasias and gastric ulcerations [18].




          Radiation Recall Gastritis refers to chemotherapy-induced inflammation in healthy gastric areas previously exposed to irradiation. It can be related to anthracyclines, taxanes, gemcitabine, capecitabine and erlotinib exposure [60].


        




        

          Bowel Lesions




          Radiation-Induced Diarrhea is graded by the National Cancer Institute’s Common Terminology Criteria for Adverse Events according to five grades:





          

            	
Grade 1 = fewer than four stools per day over the baseline




            	
Grade 2 = between four and six stools per day over the baseline




            	
Grade 3 = up to seven stools per day over the baseline; associated with incontinence and limited self-care activities of daily living




            	
Grade 4 = life-threatening diarrhea




            	
Grade 5 = death


          




          Changes in bowel habits occur in 90% of patients receiving pelvic radiotherapy, with half of these reporting an impact on their quality of life [63, 66].




          Radiation Enteropathy or Actinic Enterocolitis concerns the majority of patients treated for pelvic cancers (gynecological cancer, prostate, rectal cancer, etc.). For severe painful pelvic bowel damage and dysfunction, the term of “pelvic radiation disease” is usually accepted. Radiation enteropathy is an ulcerative enterocolitis (Fig. 2-3) characterized by epithelial desquamation, atrophy, perivascular fibrosis with intramural necrosis and progressive fibrosis of the submucosa and underlying layers. Diarrhea or constipation occurs in early phases (stage I), followed by the presence of stools with desquamated membranes (stage II), mucinous/hemorrhagic stools (stage III) and intestinal strictures with changes in bowel habits (stage IV). Fistulae, perforation, malabsorption syndrome, ileus and peritoneal adherences can be associated [2, 8, 67, 68].




          Radiation Proctitis or Proctopathy occurs following pelvic radiotherapy performed to treat tumors of the cervix, prostate, bladder or rectum. It is a dose-dependent lesion that is usually associated with cystitis. The incidence ranges from 2% for patients receiving up to 5000 cGy to 18-29% for patients receiving 8001 cGy or more to the rectum. It is more common in patients with preexistent inflammatory bowel diseases and more severe when co-occurring with vitamin D deficiency. Acute proctitis occurs within the first three months of initiation of treatment, while chronic radiation proctitis occurs between eight and 12 months following treatment completion. The clinical symptoms are rectal bleeding, rectal pain, tenesmic, diarrhea, bloating, fecal incontinence, etc. Besides mucosal injuries and intramural fibrosis, mesorectal disorders include fibrosis (95%), vasculitis with perivascular fibrosis (51%), and sclero-hyalinosis of the lymph nodes with pericapsular and perineural fibrosis (23% and 13%, respectively). The remedy for acute proctitis comprises treatment cessation, hydration and supportive treatment with anti-inflammatory, antidiarrheal and steroid drugs. For chronic proctitis, non-invasive treatment comprises administration of non-steroidal anti-inflammatory drugs (NSAIDs), antioxidants, sucralfate, short chain fatty acids and hyperbaric oxygen. Invasive treatment includes formalin injection, endoscopic yttrium aluminum garnet (YAG) laser or argon plasma coagulation, radio frequency tumor ablation, cryoablation or surgery [6, 22, 44, 66, 69-71].




          
[image: ]


Fig. (2-3))


          Stage I radiation enteropathy with multiple fibrin-covered ulcerations.



          Anastomosis-Related Complications can occur in patients with rectal cancer who have undergone long-course radiotherapy (45.0-50.4 Gy) with concurrent 5-fluorouracil (5-FU)-based chemotherapy [72].


        




        

          Radiation-Induced Retroperitoneal Fibrosis




          A very rare consequence of radiotherapy, radiation-induced retroperitoneal fibrosis is characterized by an extensive fibrosis of the periaortic retroperitoneum. It can entrap the ureters causing obstructive uropathy. Spontaneous regression can be observed [73, 74].


        




        

          Hepatic and Pancreatic Injuries




          Hepatic and Biliary Injuries are rarely encountered, these structures being relatively radio resistant. The radiation hepatopathy comprises hyperemia, centrilobular necrosis, veno occlusive disease, Budd-Chiari-like syndrome and infrequent cholecystitis and/or biliary damage. Radio frequency tumor ablation can be followed by bleeding, while hematoma is visible as low attenuation on unenhanced CT scans [2]. Radiation-induced hepatitis B virus reactivation is a life-threatening complication (60% mortality rate) that has been reported during radiotherapy for hepatocellular carcinoma (HCC) with portal vein tumor thrombosis. The risk of reactivation is related to baseline HBV-DNA levels and HBeAg positivity [75].




          Pancreatic Injuries are rare, this organ being relatively radio resistant. They refer to acute or chronic pancreatitis, the latter being a premalignant lesion [19].


        


      


    




    

      Lesions of the Kidney And Urinary Tract




      

        Radiation Nephropathy




        This is a rare lesion, the kidney parenchyma being relatively radio resistant. This dose-dependent lesion (the safety dose is 10 Gy) emerges from six months to years after radiotherapy and is more commonly reported after total body irradiation for bone marrow transplantation. It is characterized by hypertension, proteinuria, impairment of urine concentration, anemia and progressive renal failure. Microscopically, stepwise nephropathy includes lesions of the glomeruli (endothelial and mesangial cell damage, thickening of the basement membrane, hyalinization, thrombotic microangiopathy and nephrosclerosis) followed by renal tubes injury (epithelial denudation, necrosis and atrophy), lesions of the interstitium (edema, inflammation and gradual tubulointerstitial scarring) and vascular injuries (fibrinoid necrosis and vascular wall fibrosis). Ataxia telangiectasia syndrome can co-occur [2, 14].


      




      

        Urinary Tract Injuries




        These injuries involve mucosal ulcerations and epithelial damage in early phases, followed by proliferation of poorly vascularized fibrotic tissue and strictures. Urothelium presents a medium radio sensitivity [2].




        Ureteral Obstruction (Obstructive Uropathy) emerges as a result of the direct effect of radiotherapy or as a consequence of external compression exerted by radiotherapy-induced retroperitoneal fibrosis [73, 74].




        Urethral Strictures occur in about 11% of patients receiving radiotherapy for prostate cancer or pelvic radiotherapy. It emerges at a median time of 26 months after brachytherapy. The associated risk factors are transurethral resection of the prostate (TUR-P) prior to radiation, age, non-white race and associated comorbidities [8].




        Recto-Urethral Fistulae occur in 0.2% of patients with prostate cancer receiving brachytherapy. The risk is higher if biopsies are taken from the rectum following radiation, as well as in patients with preexisting microvascular disorders and smokers [42].


      




      

        Radiation Cystitis




        This is a common dose-dependent complication of external beam radiotherapy or MRI-guided brachytherapy to the pelvic area [8, 76].




        Conventional Radiation Cystitis is a stepwise lesion that is firstly characterized by epithelial degenerative changes, ulcerations, necrosis and vascular disorders (endothelial proliferation, perivascular fibrosis). Then, a severe intramural fibrosis of the urinary bladder occurs at about three years after radiotherapy (“radiation bladder”). The main consequences are micturition disorders, recurrent and ascending infections, septicemia, etc. [2].




        Radiation-Induced Hemorrhagic Cystitis Also Known As Radiation Recall Syndrome, occurs in 3% of patients receiving up to 5000 cGy and about 12% of patients receiving a dose greater than or equal to 8001 cGy to the bladder. It is a sterile cystitis that can occur from days or months (acute cystitis) to 15 years (delayed cystitis) after radiation. The symptoms of acute onset are hematuria, dysuria and anemia. Depending on the severity of hematuria, it is graded by the Radiation Therapy Oncology Group (RTOG) and the European Organization for Research and Treatment of Cancer (EORTC) according to the following groups:





        

          	
Grade I = microscopic hematuria




          	
Grade II = macroscopic hematuria




          	
Grade III = macroscopic hematuria with clots




          	
Grade IV = urinary tract obstruction with clots


        




        In late onset, the acute-onset symptoms are associated with sphincter dysfunction, reduced bladder capacity, ulceration, perforation and infrequent fistulization. The treatment comprises treatment cessation, hyperhydration and continuous bladder irrigation with saline, aluminum potassium sulfate (alum), silver nitrate, mesna (sodium 2-mercaptoethane sulfonate), sodium hyaluronate, formalin or phenol. Hyperbaric oxygen therapy, endoscopic laser coagulation with neodymium-doped YAG (Nd:YAG) and intravesical administration of tacrolimus, cranberry juice, prostaglandin or chondroitin sulfate are also suggested [69, 70, 76, 77].


      


    




    

      Lesions of The Genital System




      Ovaries and testes are highly sensitive to radiotherapy, 5-15 Gy being enough to affect their functioning. The ovary follicles are more sensitive than the testis, while the corpus luteum and ovarian stromal cells are radio resistant structures [2].




      

        Lesions of the Female Genitalia




        Vesico-Vaginal Fistulae occur following pelvic radiotherapy performed to treat tumors of the cervix, bladder or rectum, especially in elderly patients. It is difficult to differentiate these from tumor fistulae. Following surgical repair, a vesico-vaginal fistula can be complicated by urinary incontinence [78].




        Radiation-Induced Sterility can be a consequence of irradiation of the uterus and is the most common complication with long-term effects in females. Recent stud-ies have shown that, in young patients receiving sterilizing pelvic radiotherapy, cryopreserved ovarian cortical tissue can be re-transplanted after treatment. This method has been successfully used in some patients for fertility preservation [79]. Acute radiation sickness is followed by late effects that comprise amenorrhea and fibrosis of the uterus and ovaries in the second year following exposure. The patient’s estradiol levels can also decrease, while follicle-stimulating hormone and luteinizing hormone levels increase in the first year [80].




        Endometrial And Myometrial Changes include fibrosis/hyalinization and uterine shrinkage at about three months following completion of treatment [81].




        Vaginal Injuries can arise from pelvic radiotherapy or brachytherapy performed to treat an endometrial, cervical or vulvar cancer. The incidence of vaginal atrophy is 36% after brachytherapy and 18% after external beam therapy. However, modern radiotherapy techniques aim to decrease the rate of vaginal damage. The acute vaginal lesions that occur in first two to three months after radiotherapy are edema, erythema, mucosal desquamation, mucositis and submucosal hyperemia. The chronic lesions are vascular injuries (endarteritis obliterans, telangiectasia and bleeding), mucosal ulceration and necrosis, fistulae, fibrosis, atrophy, decreased vaginal elasticity and vaginal stenosis. Injuries to the vulva and occurrence of pain during sexual intercourse are common in the first month after radiotherapy [6].




        Radiation-Induced Female Sexual Dysfunctions are primarily the consequence of vaginal/vulvar/perineal injuries and include hypoactive sexual desire, arousal and orgasm, as well as sexual pain disorders. Dyspareunia and decreased sexual satisfaction are also reported consequences. Postradiotherapy sexual dysfunction was reported in 50-81% of the females studied [6].


      




      

        Radiation-Induced Embryo-/Fetopathies




        The incidence of such embryo-/fetopathies depends on the age of the embryo/fetus, the dosage and time span of radiotherapy and the localization of the mother’s tumor. Depending on the time of implantation, the following complications can occur: embryonic death, external/internal malformations (in the case of radiotherapy during embryo-/organogenesis), growth disorders (low height and weight), neurological maldevelopment, mental retardation, hydrocephalus (in the case of radiotherapy during fetal period), etc. In utero, fetal irradiation with diagnostic X-rays increases the risk of childhood cancer at an organ dose of 10 mGy [7, 13, 82].


      




      

        Breast Lesions




        Intraoperative Radiotherapy for early breast cancer induces complications in one third of patients. Such complications include infections, wound dehiscence, skin necrosis, bleeding and formation of hematoma or seroma [83].




        Breast Fibrosis is a common complication occurring as a result of radiation-induced CD8 T-lymphocytes apoptosis. The risk of fibrosis is higher in smokers and females receiving adjuvant hormonal therapy and is not increased by concomitant chemotherapy [35].




        Atypical Vascular Lesions can be complications of the radiotherapy of the breast and should be differentiated from radiation-induced vascular tumors. It was recently reported that MYC and FLT gene amplification is detected in more than 75% of radiation-induced angiosarcomas, but not in atypical vascular lesions, thus being proposed as a differentiator between the two lesion types [30].


      




      

        Lesions of the Male Genitalia




        Sterility is the main consequence of radiotherapy, followed by the tumorigenic risk. In patients with acute radiation sickness, late effects include a decreased sperm count and abnormal sperm morphology, but exclude testosterone level disorders [80].




        Sexual Dysfunctions occur in 51% of patients receiving pelvic radiotherapy. They include dose-dependent erectile difficulties (17%) and changes to the seminal fluid. Change in potency is induced by a dose to the penile bulb greater than 50 Gy [66, 84, 85]. In patients receiving brain radiation, sexual disturbances can be the result of damage to the hypothalamic-pituitary axis [86].




        Prostatic Necrosis can be a result of pelvic radiation, as a primary lesion or a secondary rectoprostatic fistula in patients with radiation proctitis [8, 87].




        Penile Necrosis is very rare, occurring between one and two years after prostate brachytherapy. It is a complication of a radiation-induced recto-urethral fistula with further spread of infection in the corpus spongiosum, corpora cavernosa, surrounding soft tissues and scrotum. Radiation-induced chronic hyalinization of vessels within the corpora cavernosa and corpus spongiosum is a conducive factor for infection spread. Its clinical symptoms are urinary incontinence, dysuria and pelvic and perineal pain. In some cases, penectomy is necessary [42].


      


    




    

      Lesions of the Bone Marrow And Hematological Disorders




      Bone marrow is one of the most radiosensitive tissues in terms of dose-volume-time dependency. It is especially affected by whole-body radiation but pelvic, ribs or brain radiation can also influence recruitment of peripheral myeloid cells. The most common adverse effect is decrease of the hematopoietic function of the red marrow, reducing the number of hematopoietic cells and sharply increasing the bone marrow adipose tissue. This results in an increase of the proportion of yellow marrow, hypoplasia/aplasia/gelatinous atrophy and myelofibrosis. Bone marrow suppression induces a high risk of infection, septicemia and hemorrhage. Blood serum analysis shows lymphopenia (first hours), neutropenia (first days/weeks) and thrombocytopenia (weeks/months). The erythrocytes present the highest radioresistance and anemia occurs in later phases. Several months are necessary for bone marrow regeneration [2, 88-90].


    




    

      Lesions of the Lymphatic Tissue




      The direct effects of ionizing radiation on the lymph nodes are dose- and time-dependent. The stepwise disorders firstly comprise a diffuse hyperplasia of lymphocytes attempting to compensate for lymphopenia. Follicular hyperplasia of the lymph nodes is also characteristic, without clinical impact (Fig. 2-4). Then, macrophages take in the cellular detritus and old degenerated lymphocytes and the injured area is replaced by fibrous tissue. The final effect is the sclero-hyalinosis of the lymph nodes with pericapsular fibrosis [2, 44].




      
[image: ]


Fig. (2-4))


      Radiation-induced morphological disorders of the lymph nodes. A-D: Diffuse lymphoid hyperplasia (A) with few CD20 positive B-cells (B, C) and predominance of proliferated CD3 positive T-cells (D). E-F: Sinusal hyperplasia with rich CD68 positive macrophagic infiltrate (F).



      In the spleen, chemoradiotherapy can induce erythrophagia that is associated with hemosiderosis and fibrosis of the red pulp, with further decrease of spleen volume to 37% at four years after radiotherapy, usually without clinical impact. Sepsis can be a fatal complication [2, 91].


    




    

      Bone and Joints Lesions




      

        Bone Injuries




        Abscopal Effect of Irradiation is a term used to indicate local radiotherapy used to treat metastatic cancers that has not only local but also systemic effects, inducing shrinkage of distant metastases, including bone metastases. Any tumor radiation therapy for prostate, pancreatic, cervical, rectal or endometrial cancers involves skeleton exposure. The severity of bone lesions depends on the radiation dose and field, the age of the patient and dose fractionation. The bone absorbs up to half of the radiation dose used for pelvic malignancies. Moreover, single bone irradiation can induce time-dependent disorders of the skeleton outside the radiation field, mediated by bone marrow changes (e.g., femoral injuries in patients receiving local radiotherapy for breast cancer) [89, 92].




        Bone Lesions in Adults mainly involve a rapid increase in osteoclastogenesis (one week after radiotherapy) and decrease of the number of osteoblasts. This can result in a decrease of trabecular bone volume, regional or systemic osteopenia, decrease of bone mineral density (osteoporosis), osteoradionecrosis and pathological fractures [2, 26, 89]. Osteoradionecrosis, which occurs between six and 17 months after radiotherapy, is the result of decreased matrix production given diminished osteoblast function and is a contributory factor for pathological fractures [89, 93, 94]. Bone necrosis and atrophy are caused by radiation-induced obliterative endarteritis [9]. Radiation-induced bone marrow suppression of the hematopoiesis also contributes to bone mineral loss and increases fracture risk [88].




        Bone Lesions in Children primarily refer to altered bone growth that can be caused by a targeting dose of 12 Gy. Epiphysis is the most sensitive bone area to irradiation, followed by metaphysis. The diaphysis is relatively radio resistant. The effects comprise irregular ossification and slipped femoral epiphysis. The radiotherapy-induced micro vascular lesions and direct cellular damage are followed by degeneration of chondrocytes and osteocytes, and by fibrogenesis. Diaphyseal irradiation leads to periosteal new bone formation, metaphyseal fraying and sclerosis. Other clinical effects are bone fracture, platyspondyly (flattened vertebral bodies), spinal deformity and genu valgum [2, 26, 33, 95].


      




      

        Joint Damage




        Dose-dependent radiation effects upon synovial tissues are poorly understood. Radiation-induced arthropathy includes degenerative changes and decreased mobility. In children, painful valgus knee joints after irradiation have been reported [33].


      


    




    

      Other Non-Tumor Lesions




      

        Optical Disorders




        The neuro-optic structures (optic nerves, chiasm and retina) can be injured during brain radiation therapy. The main dose-dependent effects are dry eye (7%), cataract (11%) and chronic retinopathy. The lacrymal glands are affected at a median dose of 1.47 Gy, the lenses at 1.05 Gy, and cataract can be induced by a dose of 2-10 Gy [80, 96]. In patients with acute radiation sickness, the later effects on the eye lenses include opacity (six months after exposure) and gradual deterioration in visual acuity [80]. Another complication of radiation to the head and neck area (especially to the sella or skull base) is ocular neuromyotonia. This is characterized by periodic involuntary extraocular muscle contraction as a result of injury to the sixth cranial nerve [97].


      




      

        Cerebral and Neurological Lesions




        Damage to the Brain Parenchyma and Nervous Fibers are rare. These structures are relatively radio resistant and are only affected at high doses. Radiation can induce acute and persistent increases in the numbers of CD3+ and CD11c+ cells in the central nervous system, and can lead to a process of inflammatory. Myelin tract injuries (demyelination) and white substance necrosis can occur at median doses of 20-30 Gy. Multifocal necrotizing leukoencephalopathy (focal necrosis of the white matter of the pons) and myelitis is realized in more than one third of adult patients. Sensorineural hearing loss can also occur. Endothelial cells, oligodendrocytes and astrocytes have high radiation sensitivity. Perivascular fibrosis can be a consequence of radiation. In children, neurodevelopmental disorders are the most common effects of radiation. Long-term complications of craniospinal irradiation with 18-36 Gy include uni- or bilateral ototoxicity, with hearing loss in 12% of cases and alteration of processing speed and verbal comprehension, without modifications of the working memory [2, 90, 98, 99].




        Peripheral Neuropathy/Paresis/Paralysis are very rare lesions that can occur months or years after radiotherapy (e.g., neuropathy of the brachial nerves after radiotherapy performed for breast cancer). Neurological involvement has been reported as an extracutaneous manifestation of Sweet's syndrome (neuro-Sweet disease) in patients receiving radiotherapy for oral squamous cell carcinoma [39]. In patients with head and neck cancers, trismus has been reported in 47.1% of patients, with depression associated with 8.7% of such cases [100].


      




      

        Endocrine Disturbances




        The most common radiotherapy-related endocrine sequelae are the disorders of the hypothalamic-pituitary axis. Pituitary injuries occur in 80% of patients receiving craniocerebral radiotherapy. The main clinical effect is progressive and irreversible hypopituitarism. This can be followed by a compensatory increase in hypothalamic release activity. In adults, growth disorders, body image, skeletal health, fertility, sexual function and physical and psychological health are impacted. In children with neuroblastomas, craniospinal irradiation induces neuroendocrine deficits in 55% of patients, most of whom present growth hormone (GH) deficits. Other effects of childhood radiotherapy are puberty disorders, thyroid and parathyroid dysfunctions, obesity and metabolic syndrome, alterations in glucose metabolism and decreased bone mineral density [86, 98].
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