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Abstract

External beam ionizing radiation is a fundamental component of cancer treatment and is incorporated into approximately
50% of cancer treatments. Radiation therapy causes cell death directly by apoptosis and indirectly by disruption of mitosis.
Purpose of Review This study aims to inform rehabilitation clinicians of the visceral toxicities of radiation fibrosis syndrome
and how to detect and diagnose these complications.

Recent Findings Latest research indicates that radiation toxicity is primarily related to radiation dose, patient co-morbidity,
and concomitant use of chemotherapies and immunotherapies for the treatment of cancer. While cancer cells are the primary
target, surrounding normal cells and tissues are also affected. Radiation toxicity is dose dependent, and tissue injury develops
from inflammation that may progress to fibrosis. Thus, radiation dosing in cancer therapy is often limited by tissue toxicity.
Although newer radiotherapeutic modalities aim to limit delivery of radiation to non-cancerous tissues, many patients
continue to experience toxicity.

Summary To ensure early recognition of radiation toxicity and fibrosis, it is imperative that all clinicians are aware of the
predictors, signs, and symptoms of radiation fibrosis syndrome. Here, we present part 1 of the visceral complications of
radiation fibrosis syndrome, addressing radiation-related toxicity in the heart, lungs, and thyroid gland.

Keywords Radiation fibrosis - Cardiac toxicity - Pulmonary Toxicity - Thyroid toxicity - Cancer survivorship

Introduction

External beam ionizing radiation is a fundamental
component of curative and palliative treatment regimens of
many cancers alongside surgical treatment, chemotherapy,
immunotherapy, and hormone therapy [1]. As many as 50%
of patients currently receive radiotherapy as part of their
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treatment regimen [2], and this number is expected to grow
in the future [3]. While clinical outcomes have improved in
cancer treatment, each mode of therapy confers risk of acute
and chronic toxicity to affected organs [4]. Radiotherapy
injures both tumor cells and the non-cancerous surrounding
cells. Radiation injury is caused by an inflammatory cascade
that often becomes dysregulated by cellular/endothelial
damage that overwhelms repair pathways and may result in
the replacement of normal tissue with fibrotic tissue. Fibrosis
adversely affects multi-organ function, and thereby impacts
long-term health and quality of life among cancer survivors
[5]. Since early recognition and management of radiation
toxicity are essential to minimizing injury and optimizing
health outcomes, multi-disciplinary understanding and
collaboration are needed.

Radiation fibrosis and the effects on viscera are dependent
on the radiation field, the absorbed radiation dose, and the
sensitivity of the involved organs. The next two papers
will focus on the visceral effects of radiation therapy and
include risk factors for development, available predictors, a
timeline of clinical manifestation, symptoms at presentation,
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and initial diagnostic and treatment considerations. Of note,
most treatment recommendations in this area are based on
observational data and expert consensus opinion as there is
a paucity of randomized clinical trials available for treatment
approaches at this time.

Special Considerations for CCS

Over 80% of childhood cancer patients will go on to become
long-term survivors [6]. Yet, the lifelong, cumulative burden
of chronic health conditions consequent to therapy in this
group far exceeds that of the general population [7]. Radia-
tion therapy is a significant contributor to this excess mor-
bidity [6]. Literature shows that as pediatric treatment regi-
mens have moved to reduce exposure to radiotherapy, late
mortality among childhood cancer survivors (CCS) has pro-
gressively declined [8]. Nonetheless, radiotherapy remains
integral in the cure of many childhood cancers, and although
childhood cancer is rare, adult CCS are a growing, medically
complex population [6]. Survivorship programs dedicated to
caring for CCS provide individualized, guideline-based care
plans to ensure that CCS receive critical surveillance as they
age from childhood into adolescence and adulthood [9e].

The Measurement, Mechanism,
and Evolution of Radiation Therapy

It is important to understand the basic terminology of radia-
tion dose measurement. The radiation dose absorbed by a
specific organ or tissue per unit of mass is referred to as the
absorbed dose. 1t is expressed in the units of gray (Gy) and
is often a calculated entity [10].

Ionizing radiation results in cell damage by acting as a
physical agent that forms ions and deposits energy in the
cells and tissues it passes through. This deposited energy
kills cancer cells either directly by apoptosis or indirectly
by causing deoxyribonucleic acid (DNA) injury resulting in
mitotic disruption that is ultimately fatal [11]. Normal cells
are better able to repair and resume usual function compared
to cancer cells, typically protecting them from radiation-
induced injury. However, the repair processes of normal
cells can be overwhelmed at higher doses of ionizing radia-
tion or in the presence of sensitizing agents. Many early and
late toxicities of radiation therapy are dose dependent. That
is, as radiotherapeutic dosing increases, injuries are more
rapid, toxicities are more severe, and late effects may present
within a shorter timeframe [12e]. To minimize toxicity, the
improvements in radiation therapy over the last century have
focused on directing the radiation beam to cancer cells with
more precision to better protect non-cancer cells.

@ Springer

Radiation fibrosis syndrome refers to tissue injury from
radiation which presents in the form of fibrosis. Susceptibil-
ity to radiotoxicity is dependent upon tissue maturation and
capacity for repair at the time of exposure [13ee]. Under-
standing of radiation fibrosis syndrome has primarily been
observed in adult survivors of childhood cancers, treated
with higher doses of radiation therapy to the thorax and
abdomen (e.g., Hodgkin lymphoma).

Modern external beam radiation therapy includes various
modes of radiation therapy to reduce the dose delivered to
normal tissue. Recent advancements include three-dimen-
sional conformal radiation therapy (3D-CRT), intensity-
modulated radiation therapy (IMRT), image-guided radia-
tion therapy (IGRT), stereotactic radiosurgery (SRS), and
stereotactic body radiation therapy (SBRT). While photon
beams (x-rays and gamma rays) are used in conventional
radiation, there is now evidence for the use of other parti-
cles [11]. Proton beam therapy reduces the radiation dose to
normal tissues by allowing for more precise dose delivery
[11]. (see Table 1).

Cardiovascular Complications of Radiation
Fibrosis Syndrome

Cardiovascular disease is the leading cause of non-malignancy
related death in cancer survivors [14, 15]. Ionizing radiation
affects all structures of the heart, and its impact may manifest
acutely or long after completion of therapy (see Fig. 1). Late
onset of adverse outcomes is more commonly seen among
adult survivors of childhood, adolescent, and young adult
cancers [15]. In fact, childhood cancer survivors (CCS) have
a more than fivefold increased risk of serious cardiovascular
disease and death at a much younger age compared to the
general population [16ee, 17]. Patients treated with left chest,
mediastinal, thoracic spine, and head and neck radiation
therapy are at increased risk for adverse cardiovascular
and cerebrovascular events [18]. Risk factors for cardiac
complications from radiation therapy include the total dose
of radiation received, the volume of the heart radiated,
concomitant use of anthracyclines, younger age at the time
of radiation, and pre-existing cardiovascular disease [19e].
Cardiotoxicity occurs as a direct effect of ionizing radiation on
cardiac substructures and vasculature, as well as the indirect
impact on development of comorbid conditions, such as
diabetes, hypertension, and dyslipidemia [12¢]. Among CCS,
exposure to doses as low as 5 Gy have been linked with long-
term cardiac dysfunction [12e, 13ee]. Early detection of these
complications is paramount to improving patient outcomes,
so clinicians should be aware of the presenting symptoms
and consider the use of diagnostic studies and subspecialty
referrals for further evaluation.
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Coronary Artery Disease

Coronary artery disease (CAD) is the most common
radiation-induced cardiovascular disease, with an incidence
rate of 85% [20]. Both adolescents and adults have an
increased risk of fatal myocardial infarction when treated
with mediastinal or thoracic radiation in doses > 35 Gy [21,
22]. The cascade of inflammation and repair that follows the
radiation insult leads to platelet aggregation and thrombosis
within damaged blood vessels [23, 24], which ultimately
accelerates atherosclerosis and causes CAD in younger
patients.

CAD often presents with chest pain, dyspnea, or fatigue.
However, symptoms may be atypical in patients with
radiation-induced CAD due to damaged nerve endings
[19e]. The affected coronaries seen on presentation are
typically influenced by the distribution of the radiation
dose. Coronary lesions from radiation therapy are typically
longer, more concentric, and tubular [20] which may
impact both surgical and percutaneous treatment options.
As it stands now, there are conflicting reports on the use
of coronary artery bypass grafting versus percutaneous
coronary intervention for the treatment of radiation-
induced CAD. Therefore, focus should be on modifying
other risk factors that contribute to CAD.

Valvular Disease

Valvular disease in patients treated with radiation tends
to manifest decades after completion of therapy, with
a mean interval of 23 years, as seen in patients with
Hodgkin lymphoma [25]. Furthermore, there is a linear
increase in risk of valvular heart disease with a total dose
of radiation to the affected valve above 30 Gy/m2 [25].
Among those treated with mediastinal radiation, valvular
disease seems to most significantly impact the left side of
the heart, specifically the aortic and mitral valves. This
suggests higher left-sided pressures may accelerate the
development of radiation-induced pathology [26, 27]. In
addition, the aortic valve is most frequently impacted due
to its proximity to the radiation field and most commonly
manifests as aortic insufficiency and aortic stenosis
[27]. Management is either surgical valve replacement
or transcatheter valve replacement. Notably, a history
of mediastinal or chest radiation seems to increase both
mortality and complication rates of either treatment option
[19e].

Cardiomyopathy
There are several forms of non-ischemic cardiomyopathy

secondary to radiation exposure: hypertrophic cardiomyo-
pathy from valvular disease, restrictive cardiomyopathy

@ Springer
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CENTRAL ILLUSTRATION Various Manifestations of Radiation-Associated Cardiac Disease

Vasculopathy

Valvular Heart Disease

Conduction System Disease

Inappropriate sinus tachycardia
High degree atrioventricular block

myocardial scar

Non-Ischemic
myocardial scar

Desai, M.Y. et al. J Am Coll Cardiol. 2019;74(7):905-27.
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Fig. 1 Manifestations of radiation-associated cardiovascular disease.
Reprinted from the Journal of American College of Cardiology, Vol.
74, M.Y. Desai et. al., “Prevention, diagnosis, and management of

from constrictive pericarditis, and myocardial fibrosis [19e].
Diastolic dysfunction in radiation-induced cardiomyopathy
is more prevalent than systolic dysfunction [20], and the
right ventricle is more affected than the left ventricle [20]
which is best explained by the fact that the right ventricle
sits more anteriorly in the chest and in the direct pathway of
the radiation beam. Cardiomyopathy results from fibrosis in
all three layers of the heart — epicardium, pericardium, and
myocardium — which may explain why it is more likely to
present as heart failure with preserved ejection fraction. The
overall prevalence of cardiomyopathy is ~10% in patients

@ Springer

radiation-associated cardiac disease: JACC Scientific Expert Panel.”
Pages 905-908, Copyright (2019), with permission from Elsevier

who received chest or mediastinal radiation [20]. Among
breast cancer patients treated with radiotherapy, 35% devel-
oped heart failure, and of those, 64% had manifested with
preserved ejection fraction, while 31% had reduced ejection
fraction. Concomitant administration of anthracyclines —
a commonly used class of chemotherapy agents known to
independently cause cardiotoxicity — augments the adverse
impact of radiotherapy [19¢]. Management is akin to that
used for non-radiation induced cardiomyopathy, using phar-
macologic agents such as beta-blockers, angiotensin recep-
tor blockers, ACE-inhibitors, diuretics, and aldosterone



Current Physical Medicine and Rehabilitation Reports (2023) 11:109-122

13

inhibitors. Management should also include optimizing
other risk factors for diastolic dysfunction such as obesity.

Pericardial Disease

Pericarditis develops due to inflammation and impaired
drainage to the pericardial surface in addition to fibrotic
changes of the parietal pericardium [20]. Pericardial disease
from radiation therapy may be asymptomatic, presenting
as pericardial calcification and incidental findings of
pericardial thickening or effusion. If symptomatic, it
presents as heart failure due to constrictive pericarditis,
acute pericarditis, and cardiac tamponade [19e]. Acute
pericarditis, an often self-limiting condition, was much
more common prior to the introduction of contemporary
radiotherapy, occurring in up to 80% of patients following
radiation exposure [28e]. While the incidence rate has
decreased since the reduction in radiotherapy dosing was
adopted in 1995, it is estimated that 6-30% of patients will
still develop pericarditis [20].

Management of pericardial disease includes anti-inflam-
matory therapy for acute pericarditis, pericardiocentesis for
large effusions or cardiac tamponade, pericardial window for
recurrent pericardial effusions, and pericardial stripping for
constrictive pericarditis [20]. History of chest or mediastinal
radiation is the greatest predictor of adverse surgical out-
comes for pericardial stripping [19¢]. The decision to treat
radiation-induced constrictive pericarditis with pericardial
stripping should be determined alongside the patient after a
thorough discussion of risks, benefits, and therapeutic goals.

Conduction Abnormalities

The conduction system can be affected both directly by radi-
ation resulting in fibrosis from inflammation and indirectly
by fibrosis from ischemia in the myocardium [29]. This is
not a common manifestation of radiation-induced cardiac
disease, occurring in~5% of all patients treated with chest
or mediastinal radiation [20]. Radiation-induced conduction
abnormalities can manifest as prolonged QT interval, ven-
tricular tachycardia, sinus node dysfunction, atrioventricular
blocks, fascicular blocks, and bundle branch blocks, with
right bundle branch block occurring more often than left
bundle branch block [30]. Additionally, patients may present
with reduced exercise tolerance from autonomic dysfunc-
tion indicated by an elevated resting heart rate and abnor-
mal heart rate recovery presumed to be related to reduced
vagal tone from radiation injury [31]. Radiation-induced
arrhythmias are managed much like arrhythmias unrelated
to radiation with telemetry, Holter monitor, anti-arrhythmic
medications, pacemakers, and defibrillators when indicated.
Since radiation often causes fibrotic change in all layers of

the cardiac structure, subpectoral approaches to implantable
devices may be considered [20].

Screening and Management Recommendations

Current screening and management of radiation-therapy
associated cardiovascular complications includes primarily
identifying, modifying, and treating cardiovascular risk
factors such as diabetes, hypertension, dyslipidemia, tobacco
use, and obesity [20]. The recommendation for screening
procedures include an annual electrocardiogram (ECG) for
patients who have received thoracic, mediastinal, or neck
radiation. Echocardiography is currently recommended
at the 5- and 10-year mark [20] following thoracic,
mediastinal, or neck radiation, but should be done sooner
if the patient reports any changes in symptoms or reports
new symptoms concerning for cardiac disease such as
fatigue, dyspnea, decreased exercise tolerance, chest pain,
palpitations, syncope, or presents with new arrhythmia such
as tachycardia. A screening stress test or coronary CT should
be completed at 10 years after radiation therapy to the chest
or neck [20]. For patients who are high risk because they
received > 35 Gy radiation to the chest or mediastinum,
echocardiography, cardiac MRI, or coronary CT should
be done in asymptomatic patients beginning 5 years after
completion of radiation therapy, or sooner for patients who
have symptoms [19e, 32].

Special Considerations for Cardiotoxicity
in Childhood Cancer Survivors

CCS experience the onset and impact of modifiable car-
diovascular risk factors (hypertension, diabetes, obesity,
tobacco use) at a much younger age than peers, which aug-
ments the risk of cardiovascular toxicity in this population
[16ee]. Among those exposed to chest-directed radiation,
hypertension significantly increases the risk of coronary
artery disease, heart failure, valvular disease, and arrhyth-
mia; in combination with other risk factors, this risk is fur-
ther amplified [33]. Despite these staggering risks, recent
findings show that many CCS are not only underdiagnosed
but also undertreated for these comorbid conditions [16ee].
Like adults, cardiotoxicity in CCS can present with short-
ness of breath, dyspnea on exertion, orthopnea, chest pain,
and/or palpitations. However, younger patients may present
with atypical symptoms, including nausea and vomiting [17,
34]. Moreover, some CCS may have subclinical disease for
many years, without any overt limitations in physical activity
[17]. Since adult CCS are often too young for typical screen-
ing protocols, their disease may be easily overlooked [17].
To identify chronic toxicity, adult CCS should receive
surveillance and healthcare directed at their cancer history
[16ee]. In the USA, the principal clinical practice guidelines
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for long-term follow-up of CCS are produced and main-
tained by the Children’s Oncology Group [34]. Those who
received > 15 Gy of radiation are presently recommended to
have a baseline electrocardiogram and routine echocardiog-
raphy — with the interval depending on cumulative expo-
sure risk — to assess for cardiac toxicity throughout their
lifetime [16ee, 34].

Pulmonary Complications of Radiation
Fibrosis Syndrome

Early recognition of radiation-induced lung injury (RILI) is
important and requires an astute clinician. Though poten-
tially fatal, RILI manifests with non-specific symptoms in
both early (i.e., radiation pneumonitis) and late (i.e., radia-
tion fibrosis) presentations [35, 36]. A recent clinical trial
underscores the clinical importance of RILI. In the Lung-
ART trial, post-operative radiotherapy (PORT) after resected
non-small cell lung cancer (NSCLC) reduced risk of cancer
relapse; however, deaths after radiation were higher, in part
due to cardiopulmonary complications (especially pneumo-
nitis) [37ee].

The lungs are one of the most sensitive organs to radiation
therapy, and doses of thoracic radiation are often limited
by strategies to avoid RILI. Indeed, RILI can result even
when the lungs are not the primary target of radiation (e.g.,
thyroid, esophageal, or breast cancers).

Pathophysiology and Pathology

In general, radiation injury begins with epithelial cell injury,
endothelial cell injury, and inflammation which progresses
to fibrosis in some patients. Table 2 outlines the 5 phases of
RILI [35, 36¢]. Biopsy is often unnecessary for diagnosis.
If obtained, pathology may mimic acute respiratory distress
syndrome or organizing pneumonitis [35, 36e].

Risk Factors

RILI most commonly affects patients with lung cancer,
breast cancer, and those who receive whole body irradiation

for bone marrow transplant. Historically, patients treated for
Hodgkin lymphoma often presented years later with pulmo-
nary fibrosis. Patient-related and treatment-related factors
can predispose to RILI. The data on chronic obstructive pul-
monary disease (COPD) and smoking predisposing to RILI
has been conflicting. One thought is that already injured lung
from cigarette smoke [38] and COPD [39] can perhaps tol-
erate radiation injury better than healthier lung tissue. That
said, one known predictor of RILI is pre-existing interstitial
lung disease which has been associated with a significantly
increased risk for the development of high-grade radiation
pneumonitis [40, 41].

Treatment-related factors include radiation dose, lung
dose, type of radiation fractionation used, and concurrent
therapies (especially chemotherapy and immunotherapy).
Regarding radiation therapy, the recommendation is to limit
lung dosing. Common parameters estimating lung radia-
tion dosing include mean lung dose and the volume of lung
receiving 20 Gy or more (V20). Achieving a mean lung dose
of £20-23 Gy and V20 <30-35% of the normal lung is rec-
ommended [42]. Several treatment techniques are associated
with less frequent and less severe RILI. Stereotactic body
radiation therapy (SBRT) is associated with less frequent
and lower grade RILI [43—-45]. In breast and lung cancer
treatment regimens, proton beam therapy may reduce risk
of pneumonitis [46] and be a safe alternative in patients with
co-morbid pulmonary fibrosis [47].

Several systemic cancer therapies increase the risk of
RILI. The synergistic effects of cytotoxic chemotherapies
such as taxanes, cyclophosphamide, vincristine, doxoru-
bicin, bevacizumab, and mitomycin make them radiotherapy
sensitizers. Combinations of these cytotoxic agents have a
higher incidence of lung toxicity compared to single agents.
In one study, the odds ratio for radiation pneumonitis was
1.6 in patients receiving concurrent chemotherapy compared
to sequential chemotherapy [48].

In recent years, immunotherapy has significantly
improved outcomes for patients with all stages of NSCLC.
However, immunotherapy also impacts the risk of devel-
oping RILI. For perspective, rates of immune checkpoint
inhibitor pneumonitis range from 2.7% to as high as 13%
in patients with NSCLC and is associated with decreased

Table 2 Pathogenesis of RILI

Timeline

Pathologic sequelae

Immediate phase
Latent phase

Acute exudative phase
Intermediate phase

Fibrotic phase

Hours to days
Days to weeks
Weeks to months
Months

Months to years

Leukocyte infiltration and inflammatory response
Accumulation of thick secretions
Hyaline membrane formation

Resolution of hyaline membranes, tissue repair,
capillary regeneration

Collagen deposition and progressive fibrosis

Adapted from [35, 36°]
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survival [49]. Recently, increasing numbers of studies are
showing a trend towards increased toxicity with combined
immunotherapy and radiation therapy in NSCLC. The KEY-
NOTE-001 trial showed an increase in pulmonary toxic-
ity by 17% in patients who received pembrolizumab and
prior radiation therapy [50]. In some studies, it was shown
that pneumonitis occurs in areas of low and medium dose
suggesting increased sensitivity to radiation of lung tissue
resulting in toxicity even at lower doses [S51e].

Presentation and Grading

There is no single diagnostic test to confirm RILI. Rather,
RILI is a clinical diagnosis relying on a suggestive
presentation, timeframe from completion of radiation,
imaging findings, and exclusion of other potential etiologies.
The most common symptoms and signs from RILI are dry
cough, dyspnea, fatigue, and fever. Symptoms generally
begin within 3—12 weeks of completion of radiation therapy,
though may develop within 1 year after treatment. Physical
exam may reveal inspiratory crackles and hypoxemia.
Since current or prior tobacco use is common in thoracic
malignancies, clinicians should recognize that patients
with on-going tobacco use or co-morbid lung disease (e.g.,
chronic obstructive pulmonary disease) may have cough,
dyspnea, and fatigue that are chronic in nature. Therefore,
clinicians should clarify if symptoms are chronic, stable,
new, or worsening. Finally, symptoms suggesting an
alternative condition should be queried, including purulent
sputum, orthopnea, hemoptysis, or chest pain.

Evaluation and treatment of RILI are based on severity.
There are several grading systems available. Table 3 below
compares the Radiation Therapy Oncology Group (RTOG),
Common Terminology Criteria for Adverse Events version

Table 3 Radiation-induced lung injury grading

5.0 (CTCAE v 5.0), and the Southwest Oncology Group
Criteria (SWOG) grading systems [52].

Differential Diagnosis and Evaluation

New or worsening symptoms or signs should prompt
an evaluation for RILI. Evaluation is guided by a broad
differential diagnosis, including infection, exacerbation
of underlying disease, cardiogenic pulmonary edema,
tumor-related symptoms (e.g., progression), treatment
effect (e.g., chemotherapy or immunotherapy-related
pneumonitis), and/or pulmonary embolus (PE). Thus,
evaluation should consider complete blood count (CBC),
inflammatory markers (ESR and/or CRP), respiratory viral
panel, sputum culture, lung imaging (favoring CT imaging
and consideration of CT angiogram based on the clinical
picture; Fig. 2), and echocardiogram. Referral to specialty
care should also be considered at this time.

Recall Pneumonitis

Radiation recall pneumonitis (RRP) is defined as an acute
inflammatory reaction which occurs in the field of radiation
after receiving triggering agents such as certain chemothera-
peutic, immunotherapeutic agents, anti-tuberculosis drugs,
antibiotics, simvastatin, and more recently, after COVID-19
vaccines [53e]. Frequency of RRP after individual medica-
tion is uncertain, though some studies report a high inci-
dence (18.8%) in patients receiving immunotherapy [54e].
It is independent of radiation dose and radiologic findings
in RRP mirror those in radiation pneumonitis. Though treat-
ment is like patients with other forms of RILI, compared to
pneumonitis due to radiation alone, RRP resolves faster with
steroids (typical duration is 2—4 weeks) and rarely leads to
pulmonary fibrosis [53e]. In a small series of 12 patients

RTOG [78]

CTCAE v 5.0 [79]

SWOG [80]

Grade O No changes
Grade 1 Asymptomatic or mild symptoms

Grade 2 Moderate symptoms of pneumonitis (severe
cough) and radiographic changes (radio-
graphic patches)

Grade 3 Severe symptoms of pneumonitis and dense
radiographic changes

Grade 4 Symptoms of severe respiratory failure requir-
ing assisted ventilation or continuous O,

Grade 5 Death-related late effects of radiotherapy Death

Asymptomatic; clinical or diagnostic observa-
tions only; intervention not indicated

Symptomatic; medical intervention indicated;
limiting instrumental activities of daily living

Severe symptoms; limiting self-care and activi-
ties of daily living; oxygen required

Normal

Radiographic changes, symptoms
do not require steroids

Steroids required or tap of effusion

Oxygen required

Life-threatening respiratory compromise; urgent Requires assisted ventilation
intervention indicated (e.g., tracheotomy or
intubation)

Adapted with minor changes from Arroyo-Hernandez M, Maldonado F, Lozano-Ruiz F, Mufioz-Montaiio W, Nuiiez-Baez M, Arrieta O (2021)
Radiation-induced lung injury: current evidence. BMC Pulm Med. Link to Creative Commons License: https://creativecommons.org/licenses/

by/4.0/
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Fig.2 Imaging findings of
radiation pneumonitis. la. Right
upper lobe tumor prior to radia-
tion treatment. 1b. Right upper
lobe status post radiation, with
consolidation and ground glass
adjacent to the tumor itself. 1c.
Right upper lobe tumor status
post radiation, with consolida-
tion involving multiple lobes
(non-anatomic distribution) and
bronchiectasis consistent with
developing radiation fibrosis

with RRP, 7 patients were rechallenged with chemothera-
peutic agents while on concomitant steroid therapy and no
evidence of recurrence of RRP was found [55].

Treatment

Since all pulmonary radiation is expected to cause radio-
graphic change, treatment of RILI is only indicated in
patients with symptoms, including grades II-IV in the
CTCAE grading system. Though clinical trials are limited,
treatment for acute RILI (radiation pneumonitis) prioritizes
high dose steroids (commonly 1 mg/kg daily tapered over
8—-12 weeks) and supportive measures, including supple-
mental oxygen and antibiotics as necessary. For high-grade
disease (i.e., III-IV), clinicians should strongly consider
hospitalization and use of intravenous steroids. In patients
with steroid-refractory disease, other immunosuppressants
can be considered (i.e., Azathioprine, Cyclosporine).

Special Considerations for Pulmonary Toxicity
in Childhood Cancer Survivors

Literature shows that>50% of CCS at risk for therapy-
related pulmonary toxicity have abnormal pulmonary
function, with the greatest prevalence occurring in those
treated with lung-directed radiotherapy [59]. Toxicities
range from subclinical irregularities on pulmonary func-
tion testing to severe, debilitating, or life-threatening

@ Springer

conditions. The latency period to symptomatic disease
may be decades after completion of therapy [60]. Known
risk factors for pulmonary late effects include younger
age at exposure, atopic history, and concurrent treatment
with chemotherapeutic agents conferring lung toxicity,
namely, bleomycin, tobacco use (even modest exposure),
and substance use [34, 61].

Chronic pulmonary complications in CCS include restric-
tive or obstructive disease, pulmonary fibrosis, and spontane-
ous pneumothorax. Though patients may be asymptomatic
after therapy, dyspnea and nonproductive cough may ultimately
develop [60]. Late radiation fibrosis is refractory to treatment
and mitigating modifiable risk factors is essential [60].

Childhood radiation exposure (particularly >20 Gy) to
the chest, abdomen, or spine (thoracic, lumbar, or whole)
can impair normal bone growth and lead to scoliosis [34].
Among CCS, scoliosis has been associated with worse restric-
tive pulmonary function, self-reported functional impairment,
and cancer-related pain [62]. As such, patients may require
extensive pain management and/or physical or pulmonary
rehabilitation.

CCS with pulmonary late effects have decreased physi-
cal function [63]. At-risk patients are recommended to
have annual clinical evaluation for respiratory compro-
mise, as well as baseline pulmonary function testing in
the survivorship period. Counseling on the importance of
healthy lifestyle habits and adherence to preventive care
recommendations is imperative in this group [34].
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Thyroid Complications of Radiation Fibrosis
Syndrome

The thyroid is one of the most radiosensitive tissues in the
body, and may be affected by radiation to the head, neck,
or chest [10]. The most common radiation-associated
complications of the thyroid gland include thyroid
nodules, cancer, and radiation thyroiditis in the form of
hypothyroidism. Higher radiation doses and younger age at
exposure are associated with increased risk of subsequent
thyroid pathology [61, 62], likely due to radiation-induced
apoptosis and necrosis of normal thyroid follicles.

Thyroid Nodular Disease and Thyroid Cancer

The prevalence of thyroid nodular disease and malignancy
by age are inversely proportional. While the prevalence of
thyroid nodular disease increases with advancing age, the
risk of malignancy in a new thyroid nodule declines with
advancing age [63]. Despite a lower likelihood of thyroid
malignancy with advancing age, thyroid nodules that are
cancerous in older patients demonstrate higher risk histolog-
ical pathology [63]. Patients with a history of head and neck
radiation and a family history of thyroid cancer are also at a
higher risk for a thyroid nodule that is malignant in nature.

Papillary thyroid neoplasms are the most common thy-
roid cancer resulting from radiation therapy [64, 65], and
the risk persists many decades after exposure [64, 66—69].
The association between thyroid radiation and thyroid cancer
may be enhanced in individuals who receive chemotherapy
in addition to radiation therapy [70].

Hypothyroidism

While the process is not fully understood, radiation therapy
can result in hypothyroidism both indirectly and directly:
indirectly, by triggering an autoimmune response resulting
in autoimmune thyroiditis, and directly, by radiation-induced
apoptosis and necrosis resulting in eventual thyroid atrophy
[71, 72e].

In adult cancer survivors, there are two recent studies
looking at the correlation of hypothyroidism in patients treated
with radiation for breast cancer and head and neck cancer. In
breast cancer patients who received supraclavicular radiation,
one small trial showed that there was a non-statistically
significant increase in TSH levels at 3 and 6 months post-
radiation [73e]. A larger single-center trial was completed in
head and neck cancer patients treated with neck radiotherapy
where the median time between completion of radiotherapy
and thyroid function tests was 21 months. This study showed
that 40.6% of patients developed hypothyroidism. The same

study demonstrated that when the volume of the thyroid
spared from radiation therapy was more than 5 cm?, the risk
of hypothyroidism decreased [74e].

Diagnosing Thyroid Complications

Diagnosis of both thyroid cancer and thyroid nodules is done
by ultrasound imaging. Physical exam by thyroid gland pal-
pation can also be used to detect thyroid nodules but is less
sensitive when detecting smaller nodules; however, thyroid
nodules <1 cm in size are less likely to be cancerous [65].
Diagnosis of hypothyroidism and determination of whether
a thyroid nodule warrants a fine needle aspiration is depend-
ent on the results of serum TSH [75]. Both the American
Thyroid Association and the National Comprehensive Can-
cer Network have algorithms to follow when presented with
a thyroid nodule on either physical exam or an incidental
radiographic finding. It is reasonable to begin annual screen-
ing with serum laboratory TSH and palpation of the thyroid
gland within 1 year after radiation exposure. While screen-
ing thyroid ultrasounds are not routinely recommended at
this time given that morbidity related to surgical intervention
of the thyroid gland is greater than the risk of mortality of
most thyroid cancers [65], if a nodule is palpated on physical
exam, it is reasonable to consider a thyroid ultrasound and
to have a patient-centered discussion regarding risks and
benefits of the diagnostic work-up [65, 75].

Special Considerations for Thyroid Toxicity
in Childhood Cancer Survivors

Thyroid dysfunction typically presents years to decades
after childhood cancer treatment [62, 76]. Primary
hypothyroidism is the most common pathology consequent
to radiotherapy among CCS, particularly with exposure
doses >20 Gy [61, 62]. Primary hyperthyroidism is far less
common, but can occur, especially following doses > 15 Gy
[77]. In a small subset of CCS, primary hyperparathyroidism
coexists with thyroid pathology [61].

Thyroid hormones are essential for normal growth and
development; thus, timely diagnosis and management of
thyroid dysfunction are critical in the pediatric age group
[77]. Periodic assessment of parathyroid function and serum
calcium levels may also be needed [61]. At-risk CSS require
lifelong surveillance, including annual clinical/laboratory
evaluation, and thyroid ultrasound as needed [34, 61, 77].

Conclusion
Radiation fibrosis syndrome is common in cancer survivors,

and early recognition is crucial to long-term health. Thus,
timely diagnosis and management of radiation toxicity is
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Screening recommendation

Same as above

Consider endocrine referral

Initial management
Thyroid function tests

Refer to PCP

changes, constipation, fatigue,

Depression, hair and nail
weight gain

Presenting symptoms

Risk factors

Hypothyroidism

Organ system  Radiation effect

Table 4 (continued)

essential for the well-being of patients, through and beyond
oncology treatment. Since organ involvement and clinical
presentation of radiation fibrosis syndrome is heterogenous,
coordinating care among multiple clinicians (i.e., oncology,
primary care, survivorship medicine, rehabilitation
medicine, cardiology, pulmonary medicine, endocrinology)
requires a multi-disciplinary approach. The information
presented here, and summarized in Table 4, will help
clinicians recognize and address radiation-related toxicity
in the heart, lungs, and thyroid and function as an effective
multi-disciplinary care team.

Acknowledgements Special thanks to Navid Rahmani, MD, for the
radiographic figures.

Declarations
Conflict of Interest The authors declare no competing interests.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have
been highlighted as:

e Of importance

ee Of major importance

1. Treatment by Cancer Type. In: National Comprehensive Cancer
Network. https://www.nccn.org/guidelines/category_1. Accessed
11 Jan 2023

2. Delaney G, Jacob S, Featherstone C, Barton M. The role of
radiotherapy in cancer treatment. Cancer. 2005;104:1129-37.

3. Bryant AK, Banegas MP, Martinez ME, Mell LK, Murphy JD
(2000) Research article trends in radiation therapy among can-
cer survivors in the United States.https://doi.org/10.1158/1055-
9965.EPI-16-1023

4. Hewitt M, GGanz PA, Institute of Medicine, National Research
Council. From cancer patient to cancer survivor — lost in transi-
tion: an American Society of Clinical Oncology and Institute of
Medicine Symposium. 2006. https://doi.org/10.17226/11613

5.  van der Laan HP, van den Bosch L, Schuit E, Steenbakkers
RJHM, van der Schaaf A, Langendijk JA. Impact of radiation-
induced toxicities on quality of life of patients treated for head
and neck cancer. Radiother Oncol. 2021;160:47-53.

6. Robison LL, Hudson MM. Survivors of childhood and
adolescent cancer: life-long risks and responsibilities. Nat Rev
Cancer. 2014;14:61-70.

7. Bhakta N, Liu Q, Ness KK, et al. The cumulative burden of
surviving childhood cancer: an initial report from the St. Jude
Lifetime Cohort Study Lancet. 2017;390:2569-82.

8. Armstrong GT, Chen Y, Yasui Y, et al. Reduction in late
mortality among 5-year survivors of childhood cancer. N Engl J
Med. 2016;374:833-42.

9.e Joffe L, Steinberg DM, Strohli T, Beauchemin M. Adolescents
and young adults with cancer: survivorship and special con-
siderations. Pediatr Ann. 2022;51:e27-33. Highlights unique

@ Springer


https://www.nccn.org/guidelines/category_1
https://doi.org/10.1158/1055-9965.EPI-16-1023
https://doi.org/10.1158/1055-9965.EPI-16-1023
https://doi.org/10.17226/11613

120

Current Physical Medicine and Rehabilitation Reports (2023) 11:109-122

10.

11.

12.0

13.00

14.

15.

16.0

17.

18.

19.e

20.

21.

22.

23.

24.

25.

considerations for long-term survivors of adolescent and
young adult cancers.

Sinnott B, Ron E, Schneider AB. Exposing the thyroid to radia-
tion: a review of its current extent, risks, and implications.
Endocr Rev. 2010;31:756-73.

Baskar R, Lee KA, Yeo R, Yeoh K-W, Baskar R, Phil M. Cancer
and radiation therapy: current advances and future directions. Int
J Med Sci. 2012;9:193-9.

Palmer JD, Tsang DS, Tinkle CL, Olch AJ, Kremer LCM,
Ronckers CM, Gibbs IC, Constine LS. Late effects of radiation
therapy in pediatric patients and survivorship. Pediatr Blood
Cancer. 2021. https://doi.org/10.1002/pbc.28349. Reviews the
late radiation effects in survivors of childhood cancer.
Bates JE, Howell RM, Liu Q, et al. Therapy-related cardiac
risk in childhood cancer survivors: an analysis of the childhood
cancer survivor study. J Clin Oncol. 2019;37:1090-101. This
study reviews the cumulative incidence of cardiac disease
over a 30-year observational period among childhood cancer
survivors.

Mertens AC, Liu Q, Neglia JP, Wasilewski K, Leisenring W,
Armstrong GT, Robison LL, Yasui Y. Cause-specific late mortal-
ity among 5-year survivors of childhood cancer: the Childhood
Cancer Survivor Study. JNCI J Natl Cancer Inst. 2008;100:1368.
Mulrooney DA, Yeazel MW, Kawashima T, et al. Cardiac out-
comes in a cohort of adult survivors of childhood and adolescent
cancer: retrospective analysis of the Childhood Cancer Survivor
Study cohort. The BMJ. 2009;339:34.

Chow EJ, Chen Y, Armstrong GT, et al. Underdiagnosis and
undertreatment of modifiable cardiovascular risk factors
among survivors of childhood cancer. ] Am Heart Assoc.
2022;11:24735. Cross-sectional assessment showing the
prevalence of underdiagnosis and undertreatment of car-
diovascular risk factors among childhood cancer survivors.
Mulrooney DA, Armstrong GT, Huang S, et al. Cardiac out-
comes in adult survivors of childhood cancer exposed to cardio-
toxic therapy: a cross-sectional study from the St. Jude lifetime
cohort. Ann Intern Med. 2016;164:93-101.

Armanious MA, Mohammadi H, Khodor S, Oliver DE, John-
stone PA, Fradley MG. Cardiovascular effects of radiation ther-
apy. Curr Probl Cancer. 2018;42:433-42.

Belzile-Dugas E, Eisenberg MJ. Radiation-induced cardiovas-
cular disease: review of an underrecognized pathology. J] Am
Heart Assoc. 2021;10:21686. Review of radiation-induced
cardiovascular disease including recognition and treatment.
Chang HM, Okwuosa TM, Scarabelli T, Moudgil R, Yeh ETH.
Cardiovascular complications of cancer therapy: best practices
in diagnosis, prevention, and management: Part 2. J Am Coll
Cardiol. 2017;70:2552-65.

Heidenreich PA, Hancock SL, Vagelos RH, Lee BK, Schnittger
I. Diastolic dysfunction after mediastinal irradiation. Am Heart
J. 2005;150:977-82.

Brosius FC, Waller BF, Roberts WC. Radiation heart dis-
ease. Analysis of 16 young (aged 15 to 33 years) necropsy
patients who received over 3,500 rads to the heart. Am J Med.
1981;70:519-30.

Cuomo JR, Javaheri SP, Sharma GK, Kapoor D, Berman AE,
Weintraub NL. How to prevent and manage radiation-induced
coronary artery disease. Heart. 2018;104:1647.

Venkatesulu BP, Mahadevan LS, Aliru ML, Yang X, Bodd MH,
Singh PK, Yusuf SW, Abe J-i, Krishnan S. Radiation-induced
endothelial vascular injury: a review of possible mechanisms.
JACC Basic Transl Sci. 2018;3:563.

Cutter DJ, Schaapveld M, Darby SC, Hauptmann M, van Nim-
wegen FA, Krol ADG, Janus CPM, van Leeuwen FE, Aleman
BMP. Risk for valvular heart disease after treatment for Hodgkin
lymphoma. JNCI J Natl Cancer Inst. 2015;107:8.

@ Springer

26.

27.

28.e

29.

30.

31.

32.

33.

34.

35.

36.

37.00

38.

39.

40.

41.

Cuomo JR, Sharma GK, Conger PD, Weintraub NL (2016) Novel
concepts in radiation-induced cardiovascular disease.https://doi.
org/10.4330/wjc.v8.19.504

Bijl JM, Roos MM, van Leeuwen-Segarceanu EM, Vos JM, Bos
WIW, Biesma DH, Post MC. Assessment of valvular disorders in
survivors of Hodgkin’s lymphoma treated by mediastinal radio-
therapy + chemotherapy. Am J Cardiol. 2016;117:691-6.
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;15:2128-38.
Review of radiation-induced heart disease.

Orzan F, Brusca A, Conte MR, Presbitero P, Figliomeni MC,
Conte MR, Presbitero P, Figliomeni MC, Orzan F. Severe coro-
nary artery disease after radiation therapy of the chest and medi-
astinum: clinical presentation and treatment Italy F Orzan A
Brusca. Br Heart3’. 1993;69:496-500.

Larsen RL, Jakacki RI, Vetter VL, Meadows AT, Silber JH,
Barber G. Electrocardiographic changes and arrhythmias after
cancer therapy in children and young adults. Am J Cardiol.
1992;70:73-7.

Groarke JD, Tanguturi VK, Hainer J, Klein J, Moslehi JJ, Ng A,
Forman DE, di Carli MF, Nohria A. Abnormal exercise response
in long-term survivors of Hodgkin lymphoma treated with tho-
racic irradiation: evidence of cardiac autonomic dysfunction and
impact on outcomes. J Am Coll Cardiol. 2015;65:573-83.
Lancellotti P, Nkomo VT, Badano LP, et al. Expert consensus
for multi-modality imaging evaluation of cardiovascular com-
plications of radiotherapy in adults: a report from the Euro-
pean Association of Cardiovascular Imaging and the American
Society of Echocardiography. Eur Heart J Cardiovasc Imaging.
2013;14:721-40.

Armstrong GT, Oeffinger KC, Chen Y, et al. Modifiable risk
factors and major cardiac events among adult survivors of child-
hood cancer. J Clin Oncol. 2013;31:3673-80.

Children’s Oncology Group. Long-term follow-up guidelines
for survivors of childhood, adolescent and young adult cancers,
Version 5.0. 2018. www.survivorshipguidelines.org

Bledsoe TJ, Nath SK, Decker RH. Radiation pneumonitis. Clin
Chest Med. 2017;38:201-8.

Arroyo-Hernandez M, Maldonado F, Lozano-Ruiz F, Muiioz-
Montaiio W, Nuiiez-Baez M, Arrieta O. Radiation-induced lung
injury: current evidence. BMC Pulm Med. 2021. https://doi.org/
10.1186/512890-020-01376-4. Review of current evidence in
radiation-induced lung injury.

le Pechoux C, Pourel N, Barlesi F, et al. Postoperative radio-
therapy versus no postoperative radiotherapy in patients with
completely resected non-small-cell lung cancer and proven
mediastinal N2 involvement (Lung ART): an open-label, ran-
domised, phase 3 trial. Lancet Oncol. 2022;23:104—14. Demon-
strated that post-operative radiotherapy after resected non-
small cell lung cancer reduced the risk of cancer relapse, but
deaths after radiation were higher due to toxicity.
Johansson S, Bjermer L, Franzen L, Henriksson R. Effects of
ongoing smoking on the development of radiation-induced
pneumonitis in breast cancer and oesophagus cancer patients.
Radiother Oncol. 1998;49:41-7.

Takeda A, Kunieda E, Ohashi T, Aoki Y, Oku Y, Enomoto T,
Nomura K, Sugiura M. Severe COPD is correlated with mild
radiation pneumonitis following stereotactic body radiotherapy.
Chest. 2012;141:858-66.

Bahig H, Filion E, Vu T, et al. Severe radiation pneumonitis
after lung stereotactic ablative radiation therapy in patients with
interstitial lung disease. Pract Radiat Oncol. 2016;6:367-74.
Ueki N, Matsuo Y, Togashi Y, Kubo T, Shibuya K, lizuka Y,
Mizowaki T, Togashi K, Mishima M, Hiraoka M. Impact of
pretreatment interstitial lung disease on radiation pneumonitis


https://doi.org/10.1002/pbc.28349
https://doi.org/10.4330/wjc.v8.i9.504
https://doi.org/10.4330/wjc.v8.i9.504
http://www.survivorshipguidelines.org
https://doi.org/10.1186/s12890-020-01376-4
https://doi.org/10.1186/s12890-020-01376-4

Current Physical Medicine and Rehabilitation Reports (2023) 11:109-122

121

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.e

52.

53.e

54.e

55.

56.

57.

58.

and survival after stereotactic body radiation therapy for lung
cancer. J Thorac Oncol. 2015;10:116-25.

Marks LB, Bentzen SM, Deasy JO, et al. Radiation dose-volume
effects in the lung. Int J Radiat Oncol Biol Phys. 2010;76:S70-6.
Zhao J, Yorke ED, Li L, et al. Simple factors associated with
radiation-induced lung toxicity after stereotactic body radia-
tion therapy of the thorax: a pooled analysis of 88 studies. Int J
Radiat Oncol Biol Phys. 2016;95:1357.

Verma V, Simone CB, Allen PK, et al. Multi-institutional experi-
ence of stereotactic ablative radiation therapy for stage I small
cell lung cancer. Int J Radiat Oncol Biol Phys. 2017;97:362-71.
Verma V, Shostrom VK, Zhen W, et al. Influence of fractionation
scheme and tumor location on toxicities after stereotactic body radia-
tion therapy for large (>5 cm) non-small cell lung cancer: a multi-
institutional analysis. Int J Radiat Oncol Biol Phys. 2017;97:778-85.
Verma V, Shah C, Mehta MP. Clinical outcomes and toxicity
of proton radiotherapy for breast cancer. Clin Breast Cancer.
2016;16:145-54.

Ono T, Hareyama M, Nakamura T, et al. The clinical results
of proton beam therapy in patients with idiopathic pulmonary
fibrosis: a single center experience. Radiat Oncol. 2016. https://
doi.org/10.1186/S13014-016-0637-3.

Vogelius IR, Bentzen SM (2012) Acta Oncologica A literature-based
meta-analysis of clinical risk factors for development of radiation
induced pneumonitis.https://doi.org/10.3109/0284186X.2012.718093
Mehta V. Radiation pneumonitis and pulmonary fibrosis in non—
small-cell lung cancer: pulmonary function, prediction, and pre-
vention. Int J Radiat Oncol Biol Phys. 2005;63:5-24.
Shaverdian N, Lisberg AE, Bornazyan K, Veruttipong D, Gold-
man JW, Formenti SC, Garon EB, Lee P Previous radiotherapy
and the clinical activity and toxicity of pembrolizumab in the
treatment of non-small-cell lung cancer: a secondary analysis of
the KEYNOTE-001 phase 1 trial. https://doi.org/10.1016/S1470-
2045(17)30380-7

Zhang A, Yang F, Gao L, Shi X, Yang J. Research progress
on radiotherapy combined with immunotherapy for associated
pneumonitis during treatment of non-small cell lung cancer.
Cancer Manag Res. 2022;14:2469. Upcoming research on
associated pneumonitis with combined immunotherapy and
radiotherapy in NSCLC.

Jain V, Berman AT Radiation pneumonitis: old problem, New
Tricks. https://doi.org/10.3390/cancers 10070222

Jan PR, Chang JWC, Wu CE. Radiation recall pneumonitis: a
rare syndrome that should be recognized. Cancers (Basel). 2022.
https://doi.org/10.3390/CANCERS 14194642. Introduction to
a new and rare syndrome of recall pneumonitis.

Cousin F, Desir C, ben Mustapha S, Mievis C, Coucke P, Hustinx
R. Incidence, risk factors, and CT characteristics of radiation recall
pneumonitis induced by immune checkpoint inhibitor in lung cancer.
Radiother Oncol. 2021;157:47-55. Describes incidence and
radiographic characteristics of radiation recall pneumonitis.
Ding X, Ji W, Li J, Zhang X, Wang L (2011) Radiation recall
pneumonitis induced by chemotherapy after thoracic radiother-
apy for lung cancer.https://doi.org/10.1186/1748-717X-6-24
Hudson MM, Ness KK, Gurney JG, et al. Clinical ascertainment
of health outcomes among adults treated for childhood cancer.
JAMA. 2013;309:2371-8]1.

Josephson MB, Goldfarb SB. Pulmonary complications of
childhood cancers. Expert Rev Respir Med. 2014;8(5):561-71.
https://doi.org/10.1586/17476348.2014.923311.

Oancea SC, Gurney JG, Ness KK, et al Cigarette smoking
and pulmonary function in adult survivors of childhood can-
cer exposed to pulmonary-toxic therapy: results from the St.
Jude Lifetime Cohort Study. https://doi.org/10.1158/1055-9965.
EPI-14-0266

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.0

73.e

74.0

75.

Interiano RB, Kaste SC, Li C, et al. Associations between
treatment, scoliosis, pulmonary function and physical
performance in long-term survivors of sarcoma. J Cancer
Surviv. 2017;11:553.

Green DM, Zhu L, Wang M, et al. Pulmonary function
after treatment for childhood cancer a report from the St.
Jude lifetime cohort study (SJLIFE). Ann Am Thorac Soc.
2016;13:1575-85.

Rose SR, Horne VE, Howell J, Lawson SA, Rutter MM, Trotman
GE, Corathers SD. Late endocrine effects of childhood cancer.
Nat Rev Endocrinol. 2016;12:319-36.

Waguespack SG. Thyroid sequelae of pediatric cancer therapy.
Horm Res Paediatr. 2019;91:104-17.

Kwong N, Medici M, Angell TE, et al. The influence of
patient age on thyroid nodule formation, multinodularity,
and thyroid cancer risk. J Clin Endocrinol Metab.
2015;100:4434.

Veiga LHS, Holmberg E, Anderson H, et al. Thyroid cancer
after childhood exposure to external radiation: an updated pooled
analysis of 12 studies. Radiat Res. 2016;185:473.

Nabhan F, Ringel MD. Thyroid nodules and cancer management
guidelines: comparisons and controversies. Endocr Relat Cancer.
2017;24:R13-26.

Kovalchik SA, Ronckers CM, Veiga LHS, et al. Absolute risk
prediction of second primary thyroid cancer among 5-year
survivors of childhood cancer. J Clin Oncol. 2013;31:119.
Lubin JH, Adams MJ, Shore R, et al. Thyroid cancer following
childhood low-dose radiation exposure: a pooled analysis of nine
cohorts. J Clin Endocrinol Metab. 2017;102:2575.

Han MA, Kim JH (2018) Diagnostic X-ray exposure and thyroid
cancer risk: systematic review and meta-analysis. https://home.
liebertpub.com/thy 28:220-228

Saad AG, Kumar S, Ron E, Lubin JH, Stanek J, Bove KE,
Nikiforov YE. Proliferative activity of human thyroid cells in
various age groups and its correlation with the risk of thyroid
cancer after radiation exposure. J Clin Endocrinol Metab.
2006;91:2672-7.

Veiga LHS, Bhatti P, Ronckers CM, et al. Chemotherapy and
thyroid cancer risk: a report from the Childhood Cancer Survivor
Study. Cancer Epidemiol Biomarkers Prev. 2012;21:92.
Chaker L, Bianco AC, Jonklaas J, Peeters RP Hypothyroidism.
https://doi.org/10.1016/S0140-6736(17)30703-1

Reiners C, Drozd V, Yamashita S. Hypothyroidism after
radiation exposure: brief narrative review. J Neural Transm.
2020;127:1455. Review of hypothyroidism after radiation
exposure.

Farshchian N, Amirifard N, Azar MHS, Heydarheydari S,
Farshchian N, Haghparast A. Thyroid function following
radiation therapy in breast cancer patients: risk of radiation-
induced hypothyroidism. Reports of Practical Oncology and
Radiotherapy. 2022;27:691-8. Small study looking at risk
of hypothyroidism following radiation therapy in breast
cancer patients.

Jia-Mahasap B, Assavanopakun K, Chitapanarux I,
Kittidachanan K, Sirikul W. Incidence of radiation-induced
hypothyroidism following head and neck irradiation: a
single-center analysis. Reports of Practical Oncology and
Radiotherapy. 2022;27:479-89. Incidence of radiation-induced
hypothyroidism following head and neck radiation.

Haugen BR, Alexander EK, Bible KC, et al. 2015 American
Thyroid Association Management Guidelines for adult patients
with thyroid nodules and differentiated thyroid cancer: The
American Thyroid Association Guidelines Task Force on
Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid.
2016;26:1-133.

@ Springer


https://doi.org/10.1186/S13014-016-0637-3
https://doi.org/10.1186/S13014-016-0637-3
https://doi.org/10.3109/0284186X.2012.718093
https://doi.org/10.1016/S1470-2045(17)30380-7
https://doi.org/10.1016/S1470-2045(17)30380-7
https://doi.org/10.3390/cancers10070222
https://doi.org/10.3390/CANCERS14194642
https://doi.org/10.1186/1748-717X-6-24
https://doi.org/10.1586/17476348.2014.923311
https://doi.org/10.1158/1055-9965.EPI-14-0266
https://doi.org/10.1158/1055-9965.EPI-14-0266
https://home.liebertpub.com/thy
https://home.liebertpub.com/thy
https://doi.org/10.1016/S0140-6736(17)30703-1

122

Current Physical Medicine and Rehabilitation Reports (2023) 11:109-122

76.

7.

78.

79.

80.

Chemaitilly W, Sklar CA. Childhood cancer treatments and asso-
ciated endocrine late effects: a concise guide for the pediatric
endocrinologist. Horm Res Paediatr. 2019;91:74-82.
Chemaitilly W, Sklar CA. Endocrine complications in long-term
survivors of childhood cancers. Endocr Relat Cancer. 2010.
https://doi.org/10.1677/ERC-10-0002.

Cox ID, Stetz JA, Pajak TF. Toxicity criteria of the Radiation
Therapy Oncology Group (RTOG) and the European organiza-
tion for research and treatment of cancer (EORTC). Int J Radiat
Oncol Biol Phys. 1995;31:1341-6.

National Cancer Institute. CTEP. Common Terminology Criteria
for Adverse Events (CTCAE) v5.0. 2017. https://ctep.cancer.
gov/protocoldevelopment/electronic_applications/ctc.htm
Green S, Weiss GR. Southwest Oncology Group standard
response criteria, endpoint definitions and toxicity criteria.
Invest New Drugs. 1992;10:239-53.

@ Springer

81.ee Desai MY, Windecker S, Lancellotti P, Bax JJ, Griffin BP,
Cahlon O, Johnston DR. Prevention, diagnosis, and manage-
ment of radiation-associated cardiac disease: JACC Scientific
Expert Panel. ] Am Coll Cardiol. 2019;74:905-27. Expert panel
consensus guidelines on prevention, diagnosis, and manage-
ment of radiation-induced cardiac disease.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1677/ERC-10-0002
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm

	The Evaluation and Management of Visceral Complications in Radiation Fibrosis Syndrome Part 1
	Abstract 
	Purpose of Review 
	Recent Findings 
	Summary 
	Introduction
	Special Considerations for CCS
	The Measurement, Mechanism, and Evolution of Radiation Therapy
	Cardiovascular Complications of Radiation Fibrosis Syndrome
	Coronary Artery Disease
	Valvular Disease
	Cardiomyopathy
	Pericardial Disease
	Conduction Abnormalities
	Screening and Management Recommendations
	Special Considerations for Cardiotoxicity in Childhood Cancer Survivors

	Pulmonary Complications of Radiation Fibrosis Syndrome
	Pathophysiology and Pathology
	Risk Factors
	Presentation and Grading
	Differential Diagnosis and Evaluation
	Recall Pneumonitis
	Treatment
	Special Considerations for Pulmonary Toxicity in Childhood Cancer Survivors

	Thyroid Complications of Radiation Fibrosis Syndrome
	Thyroid Nodular Disease and Thyroid Cancer
	Hypothyroidism
	Diagnosing Thyroid Complications
	Special Considerations for Thyroid Toxicity in Childhood Cancer Survivors

	Conclusion
	Acknowledgements 
	References


