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Despite its clinical use and investigation in other countries, low dose radiation therapy (LDRT) in the treatment of osteo-
arthritis (OA) is minimally used in the United States (US). Numerous recent studies published outside the US have shown
moderate to long-term pain relief and improvement of mobility after treatment with LDRT for joints affected by OA.
Here, we review the most recent literature published on the use of LDRT in OA. We provide a brief outline on the epide-
miology, pathophysiology, current treatments, and health care burden of OA within the US. We provide a brief history of
the historic use of LDRT in the US as well as a history of LDRT within the modern era of radiation oncology, discuss
criticisms of LDRT including recently published randomized trials questioning its benefit as well as the risk of secondary
malignancy from LDRT, and provide an outline of treatment planning considerations and recommendations regarding
dose and fractionation, energy, beam arrangements, and immobilization techniques. LDRT has been shown to be a cost-
effective, noninvasive treatment with minimal side effects. Further investigation into the potential role in the treatment of
OA with modern LDRT is recommended. © 2022 Elsevier Inc. All rights reserved.

Introduction

Radiation therapy (RT) has been used worldwide to treat
benign conditions for over a century. Since the discovery
of x-rays and their rapid adoption for therapeutic purposes,
many advancements have been made in our understanding
of the benefits and risks of RT. Through several decades of
investigation, it has become apparent that RT has different
biologic effects at different doses. Conventional and hypo-
fractionated RT have antiproliferative principles that are
used in the treatment of malignant disorders. Alternatively,
at doses of less than 1 Gray (Gy) per fraction, RT has been
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shown to have strong anti-inflammatory effects." It should
be noted that the dose-effect relationship in the range of
small irradiation doses of less than 1 Gy cannot be
assumed to be linear. By using anti-inflammatory proper-
ties, low dose radiation therapy (LDRT) has been used to
successfully treat painful musculoskeletal conditions. Con-
ditions such as plantar fasciitis, trochanteric bursitis,
medial and lateral epicondylitis, tendinopathies of various
joints, and osteoarthritis (OA) of both large and small
joints have been shown to benefit from LDRT.” In this
paper, we provide a critical review and summary of the lit-
erature focusing on the use of LDRT for OA.
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Epidemiology

Osteoarthritis is the most common form of arthritis, affect-
ing over 32 million Americans.” According to the World
Health Organization, OA is the fastest increasing health
condition and the second leading cause of disability in the
United States (US).*” Currently, 1 in 7 Americans have
been diagnosed with OA, and the expected incidence and
prevalence are predicted to continue to rise with an aging
American population.® The estimated prevalence was 21 mil-
lion in 1990, 27 million in 2010, and now over 32 million.”
As a comparison, in 2018 the Surveillance, Epidemiology,
and End Results Program database estimates there were just
over 16 million Americans living with cancer of any site
including skin and hematologic malignancies.® According to
the Johnston County Osteoarthritis Project, which is an
ongoing longitudinal population-based cohort study investi-
gating the incidence, prevalence, and progression of OA for
over 25 years, the lifetime risk of developing knee or hip OA
is 46% and 25%, respectively.”'’ Figure 1 outlines the life-
time incidence of OA for different joint sites.'"

Presentation and pathophysiology

OA is characterized as a progressive disorder typically pre-
senting with signs of joint stiffness, pain, and loss of mobility.
Commonly, it affects both large and small joints, including
the hands, hips, and knees. Although it is known that OA
results from the degeneration of cartilage between bones in
the joint, the underlying pathogenesis and mechanism of OA
are complex and our understanding of exact mechanisms is
evolving."* Tt is hypothesized that proinflammatory mecha-
nisms drive the recruitment of proteolytic enzymes, which
lead to degradation of extracellular matrix. This results in
damage to bone, articular cartilage, menisci, ligaments, and
synovium, which is further exacerbated by excessive joint
loading.'>'®  Structurally, OA can lead to joint space

narrowing, osteophytes, subchondral bony sclerosis, and bony
deformation, which can be identified radiographically. Clini-
cally, OA can be diagnosed if the following are present: per-
sistent usage-related joint pain, age greater than 45 years, and
morning stiffness lasting less than 30 minutes."” The Ameri-
can College of Rheumatology (ACR) endorses classification
criteria for OA of the hand, hip, and knee, which incorporates
history, physical examination, and laboratory findings."*"
Although the ACR does not endorse specific criteria for dis-
ease severity, it is commonly separated into mild, moderate,
severe, and refractory based on clinical disease effect.

Risk factors

OA is more likely to be diagnosed in individuals with the
following risk factors: older age, female sex, higher body
mass index, family history of OA, anatomic factors includ-
ing joint alignment and shape, or previous joint injury.”’
Almost 90% of affected patients are over the age of 45 with
almost 50% of affected patients age 65 or older.” Women
are disproportionately affected by OA, with studies showing
an increased prevalence and severity of disease.”’ Obesity
correlates significantly with increased risk, likely due to
increased weight bearing of joints and a proinflammatory
state.”” Although poorly understood, there appears to be a
genetic predisposition for OA in patients who have a family
history of disease. Additionally, previous joint injury has
been shown to increase risk of OA.”

Current treatment

Given that the exact disease mechanism is unknown and the
etiology appears multifactorial, there is no definitive inter-
vention for early stage degenerative OA, and treatment for
late stages is focused on palliation of symptoms with the
aim to restore the patient’s mobility and thus improve their
quality of life. Both the ACR and American Academy of

Lifetime Risk of Osteoarthritis by Gender
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Orthopedic Surgeons publish consensus guidelines for the
management of OA.”>** Which interventions to implement
varies among patients, and no universal guidelines exist for
the specific sequencing or combination of interventions
across all patients. Weight loss, moderate levels of physical
activity, and physical rehabilitation approaches are some
of the conservative therapies used.”””° Nonsteroidal anti-
inflammatory drugs (NSAIDS) are usually the first-line treat-
ment for OA after a trial of conservative management™>”’
and are typically helpful in alleviating pain, but also carry
risks with long term use, including cardiovascular (CV)
events, gastrointestinal bleeds, and chronic or acute renal
failure.”® In older patients who are more likely to be affected
by OA, the risk of NSAID use has been shown to have an
excess risk of 7 in 1000 nonfatal CV events per year, 2 in
1000 fatal CV events per year, and a 4-fold increased risk of
gastrointestinal bleed.”””’ Additionally, about 25% of all
patients will not respond to these therapies or lose their
responsiveness over time.”' Intra-articular NSAIDs, cortico-
steroids, and biologic therapies can provide some relief. For
a small portion of patients, surgical intervention such as joint
lavage, debridement, synovectomy, radiofrequency ablation,
or even prosthetic replacement might be indicated, carrying
their own inherent risks of bleeding, infection, or other inter-
ventional complications. Figure 2 outlines the general treat-
ment paradigm of OA.

Burden on health care system and patients

OA can present considerable challenges to affected patients
when considering the sum of physical, psychological, and
financial effects. OA commonly presents with pain and
decreased range of motion of joints, which can lead to

significant deficits in quality of life as well as decreased
activity. Several studies have shown that patients with OA
have greater pain, physical inactivity, and fatigue than the
control population.” It is estimated that by the year 2040,
over 10% of all adults will experience arthritis-related activ-
ity limitations.”” Likely associated with decreased physical
activity, OA has been shown to increase the risk of develop-
ing heart disease by 50%.”" Additionally, with decreased
activity, associated comorbid conditions, and adverse effects
of medications, OA has been shown to increase all-cause
mortality by 55%.”” OA has also been associated with higher
rates of depression and anxiety.” OA is the second-most
costly health condition in the US and is responsible for over
4% of all total hospitalization costs.”* One study suggests
patients affected by arthritis make an average of $4000 less
annually than those without,”* with an estimated average
direct cost of over $11,000 per person per year. Total US
costs including indirect costs (lost earnings) and direct costs
(medical expenditures) are 17 billion and 65 billion dollars,
respectively, annually.”* Considering the reduction of
health-related quality of life in affected patients and the con-
siderable socioeconomic costs due to multiple therapeutic
procedures, OA is a significant burden on the US health sys-
tem.

Overview of LDRT

In Germany over one-third of all RT treatments are for
benign diseases, including over 15,000 patients with OA.”
In the US, thousands of patients are treated each year for
various benign diseases, such as intracranial meningioma,’®
vestibular schwannoma,” paraganglioma,” hidradenitis
suppurativa,” orbital pseudotumor,’ fascial fibromatosis,"'

Osteoarthritis Management
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Fig. 2.
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Traditional management algorithm for osteoarthritis. Conservative management is first line, with progressively

stronger (and potentially more toxic) pharmacologic management for persistent inflammation and pain. Surgery is reserved

for patients who fail conservative and pharmacologic measures.
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prevention of recurrent keloids,"* and prevention of hetero-
topic ossification.”” For several decades, LDRT has been
used in the treatment of a wide variety of inflammatory con-
ditions including symptomatic OA.>” Low-dose RT has
been positioned as an effective therapeutic alternative for
patients with OA, evidenced by multiple clinical trials with
symptomatic pain relief shown in 63% to 90% of all irradi-
ated patients, with almost no acute side effects.””'

Radiobiological mechanism

The precise pathophysiologic mechanisms of pain relief after
RT are continuing to be investigated. Recent radiobiological
studies show that low doses of radiation have anti-inflamma-
tory efficacy based on the modulation of a multitude of
inflammatory pathways and cellular components, including
endothelial cells, leukocytes, and macrophages. Macrophages
have been shown to play an integral role in the inflammatory
pathway via multiple pathways, including ability to secrete
proinflammatory cytokines, reactive oxygen species, and nitric
oxide.” LDRT has been shown to significantly modulate
macrophages via the nitric oxide pathway through inhibition
of inducible nitric oxide synthase leading to reduced nitric
oxide production.** Additionally, doses of radiation less than
1 Gy can polarize macrophages toward an anti-inflammatory
M2 phenotype, although higher doses can bias toward a
proinflammatory M1 phenotype.” LDRT has also been
shown to modulate endothelial cells by reducing adhesion of
leukocytes and thus migration of cells after doses between 0.3
and 1.0 Gy, as evidenced by multiple preclinical studies.***°
LDRT can also reduce production of proinflammatory cyto-
kines from irradiated leukocytes as well as increase apoptosis
of these cells.””*" Several studies using animal models of
arthritis have shown that low dose irradiation with single
doses of 0.5 to 1.5 Gy and total doses of 2.5 to 7.5 Gy clini-
cally and histologically demonstrate anti-inflammatory effi-
cacy."*"* Currently, there is an ongoing prospective study
Immunophenotyping From Blood of Patients Suffering From
Chronic  Degenerating Joint diseases and receiving
LDRT (IMMO-LDRTOI) investigating the effects of LDRT
on peripheral blood in patients irradiated for chronic degener-
ative and inflammatory conditions such as OA. In a recently
published interim analysis of the study, investigators reported
results of 125 patients of expected 250 patients that showed
statistically significant improvement of pain as well as down-
regulation of activated systemic immune cells determined by
the measurement of expression of known activation markers
such as CD25 and Human Leukocyte Antigen-DR isotype
(HLA-DR).”® Further studies are needed to characterize the
exact mechanism of LDRT on inflammation. Figure 3 pro-
vides an outline of anti-inflammatory effects of LDRT in OA.

Risk of secondary malignancy

Low doses of ionizing radiation have the potential for the
induction of secondary malignancy (SM), believed to occur

as a stochastic effect with no threshold point and an
increased risk proportional to increased dose.”* When eval-
uating the carcinogenic risk of LDRT in the treatment of
OA, factors such as age, sex, and anatomic location of treat-
ment should be considered.” Multiple studies have tried to
estimate the risk of SM from LDRT.”*”” One challenge
regarding estimating risk of SM is that much of our under-
standing of SM risks are based off cohort studies investigat-
ing the incidence in atomic bomb survivors and patients
who developed SM after treatment with older RT techni-
ques.””"®” Multiple mathematical models exist to estimate
risk; however, most models account for whole body radia-
tion exposure, thus overestimating risk of SM from thera-
peutic radiation.”” One study published in Radiotherapy
and Oncology estimated the risk of fatal tumor induction in
patients treated with RT for various benign conditions. In
the study, the estimated lifetime risk for an induced fatal
tumor for a patient receiving LDRT with total dose of 6 Gy
for knee OA at the age of 25, 50, and 70 was 2 in 1000, 0.7
in 1000, and 0.3 in 1000 patients, respectively, when assum-
ing an estimated effective dose of 13 mSv (which, of note, is
an effective dose similar to an abdominopelvic computed
tomography [CT] scan).””>"! Although the knee is sur-
rounded by tissues with lower carcinogenic susceptibility
and thus lower tissue weighting factors when calculating
effective dose, other joints such as the shoulder and hip are
surrounded by organs with higher carcinogenic susceptibil-
ity. For example, in the same study, a 25-year-old female
undergoing LDRT with a total dose of 6 Gy for shoulder
OA has an estimated lifetime risk of fatal tumor of 20 in
1000 patients, with an estimated effective dose of 93 mSv.
Despite these and other publications, a recent update of the
German Society of Radiation Therapy and Oncology
(DEGRO) guidelines for benign disease reports there have
not been any known reported cases of SM from treatment
of OA with LDRT.” A recently published retrospective study
investigating the occurrence of breast cancer in female
patients who underwent LDRT for nonmalignant disorders
of the shoulder showed no increased risk of SM in compari-
son with the estimated spontaneous incidence of mammary
carcinoma for this cohort.”* In the study, a geographically
defined district with a population of approximately 100,000
inhabitants was retrospectively analyzed as far back as
41 years with comprehensive review of radiologic diagnos-
tics data, including mammography and RT records of
patients with breast cancer and other nonmalignant disor-
ders. Within this population, 158 women who underwent
LDRT of the shoulder were investigated. RT was performed
with cobalt-60 photons with an average cumulative dose of
6 Gy. Median age was 55 years old when RT of the shoulder
was performed, with an average follow-up time of 21.3 years.
Seven patients (4.4%) who were treated with LDRT for
shoulder OA developed breast cancer. According to the inci-
dence statistics, 5.9% breast cancer cases would have been
expected in a control study population. The study concluded
that neither the ipsilateral nor the contralateral breasts
showed increased rates of breast cancer. Although the
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Radiobiologic Mechanisms of Anti-Inflammatory
Effect of Low-Dose Radiotherapy
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Radiobiological mechanisms of anti-inflammatory effect of low-dose radiation therapy (LDRT). LDRT modulation of

endothelial cells by reduced expression of adhesion molecules (1), resulting in a cascade of decreased cell migration and
increased anti-inflammatory cytokines (2). Irradiated leukocytes result in a decrease of proinflammatory cytokines (7) and sub-
sequent increased apoptosis (3); Reactive oxygen species (ROS) production is also reduced with irradiated leukocytes (4). Mac-
rophage modulation by radiation (6) promotes regulatory immune cytokines while inhibiting proinflammatory cytokines and
inducible nitric oxide synthase, downregulating nitric oxide production (5).

stochastic effects of radiation-induced SM are known, the
exact risk of SM from LDRT is very difficult to define. In the
2018 DEGRO guidelines, LDRT for OA is recommended
primarily for patients over the age of 40 to minimize risk of
SM.?

Noncarcinogenic risks

LDRT has been shown to have very minimal acute side
effects. In a review of several studies including over 1000
patients, only 1 patient reported mild skin redness. No other
acute or late side effects were noted.”*”*" Additionally,
LDRT does not negatively affect the function of healthy,
noninflamed joints in preclinical studies,”® and no literature
exists to suggest LDRT could negatively affect a surgical pro-
cedure after irradiation for OA.

History of LDRT
Beginnings

In 1898, just 3 years after the discovery of x-rays, the first
publication of RT use for arthritis was published by Soko-
low, showing 4 patients treated with RT all having a com-
plete pain response.”*” Subsequently, over the next 30 years,

multiple studies were published showing significant pain
relief in hundreds of patients treated for OA; however, in
these studies, dose and fractionation schemes were highly
variable, with some failing to detail radiation doses alto-
gether.70 After these initial publications, in 1933 the first
well-described clinical investigation of RT for OA provided
principles for field design, dose, and fractionation
schemes.”””" After this seminal publication, subsequent
studies were published over several decades further optimiz-
ing principles of radiation delivery and optimal dose and
fractionation schemes.””’* Analyzing the historical data,
about two-thirds of patients appeared to benefit from LDRT
for OA with either improved pain or mobility.”

American experience

Historically, OA was commonly treated with LDRT in the
US until the 1980s, when improved pharmacologic treat-
ment options became available and studies questioned the
benefit of treatment versus placebo, leading to decreased
practice.”’ In 1998, a worldwide survey study analyzing
practice patterns of radiation use for benign disease in over
1300 institutions in different countries found that less than
10% of providers in the US use RT for OA while over 85%
of providers in Central European countries do.”” Why are
such significant practice patterns present? While being
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vigilant to limit unnecessary radiation exposure, one expla-
nation for differences in practice patterns could be the will-
ingness to accept the small risk of SM for treatment of a
benign disease,” with a historical context of RT for ankylos-
ing spondylitis showing an increased risk of SM and mortal-
ity.”* With the historic treatment of ankylosing spondylitis,
it should be noted that the risk of SM was significantly
increased, with the typical dose prescribed being 20 Gy in 1
Gy daily fractions with large fields including the sacro-iliac,
lumbar, thoracic, and cervical spine irrespective of the
symptomatic site of disease.”

In addition, 2 negative historical clinical trials were pub-
lished in the 1970s that questioned the benefit of LDRT for
OA.”’ In 1970, a randomized double-blind sham study
investigating LDRT for a variety of painful locomotor condi-
tions (125 out of 399 patients having OA) investigated doses
of 4.5 Gy in 3 fractions or 6 Gy in 3 fractions over 1 week
for the experimental group and lead shield for the sham
group.”® At 6 weeks, evaluation of pain showed nonsignifi-
cant statistical difference of 69% improvement for the
treated group and 64% improvement for the sham group. In
1975, a randomized double-blind study of 104 patients with
painful degenerative conditions (40 with OA) treated with
radiation versus sham treatment found at 6 weeks no statis-
tical difference in pain improvement in either group.”’
Although these 2 studies failed to show a benefit of RT for
OA, it should be noted that the radiation dosing of these tri-
als is not the same as modern day recommendations, as the
understanding of the anti-inflammatory efficacy of LDRT
suggests 1.0 Gy per treatment as the maximal dose per day
with ideal dose per fraction between 0.3 and 0.7 Gy.>
Additionally, it should be noted that in both trials, the
majority of patients did not have OA and included other
skeletal conditions, potentially contributing to nonsignifi-
cant statistical findings.

Modern Day LDRT

German pioneers

Modern era German investigators have pioneered the evi-
dence-based treatment of OA. In 1995, the DEGRO formed
a scientific task group called the German Cooperative Group
on Radiotherapy for Benign Diseases (GCG-BD) to review
several decades of German clinical experience using RT for
nonmalignant disorders.”® This task group systematically
discussed and evaluated the relevant clinical data and subse-
quently published the first national guideline in 2000, devel-
oping prospective trials to improve the available levels of
evidence for various nonmalignant disorders. In 2018, they
published the most recent update, with levels of recommen-
dation for different treatments based off available levels of
evidence.” In published literature, LDRT has been shown to
provide symptomatic pain relief in 60% to 90% of irradiated
patients with almost no acute side effects.””’

Recent literature for OA

Review articles have been published in the last decade
describing both retrospective and prospective data showing
efficacy of LDRT for OA pain and functional improvement.”
One review including 20 studies discussed the results of pain
reduction, functionality improvement, and side effects.”’
Herein, we review and outline studies with the highest qual-
ity of evidence published within the last few years using
modern LDRT techniques and discuss current treatment
planning recommendations. Table 1 outlines the most
recent literature with the highest quality of evidence and
modern RT planning.

Benefit of LDRT

One of the largest studies published is a retrospective analy-
sis of 1185 anatomic sites in 970 elderly (>65 years old)
patients with OA of both large and small joints who were
treated from 2008 to 2020 with LDRT given as 0.5 or 1 Gy
dose 2 or 3 times weekly for 2 weeks.*' Using the numerical
rating scale, pain intensity was significantly decreased
immediately, and at 8 weeks after completion of RT, 65.6%
of patients reported a pain response associated with treat-
ment. In cases of initial insufficient response, 384 courses of
reirradiation were performed, with a pain response of 61.0%
at 8 weeks after a second course of RT.

Another recent prospective study of 100 patients treated
for hand OA assessed with visual analog scale (VAS)
showed final significant pain improvement in 94% of
patients, with median VAS score of 8 before treatment and
median VAS score of 3 at 6 months after RT.* Of note,
63% of patients underwent a second course of treatment at
12 weeks due to inadequate initial response.

A recent planned interim analysis of prospective observa-
tional trial IMMO-LDRTOI reported on 125 of planned 250
patients with chronic degenerative disease. Pain as well as
peripheral blood immune status were evaluated.” Pain relief
was significantly improved, with mean VAS reduced from
scores of 6.5 before treatment to 3.8 at 6 months after RT,
with a statistical difference in immunophenotypes of
peripheral blood cells.

In a retrospective analysis, pain response in 159 patients
with 295 joints treated with LDRT showed a progressive
reduction in median numerical rating scale scores up to 6
months after RT, and 64.8% maintained a decrease in pain
24 months after treatment completion.®” Of note, 22.4% of
sites received a second or third course of LDRT without a
significant difference in long-term response rates compared
with only 1 course of RT.

Another retrospective clinical study evaluated the efficacy
of LDRT in 598 patients and found the mean VAS pain
scores were significantly reduced from 7.0 before RT to 5.0
immediately after completing LDRT.*” Long-term follow-
up showed persistent pain response of 62.4% and a median
VAS of 1.0 at a median follow-up of 38 months.



Table 1 Overview of clinical studies evaluating pain response after LDRT for OA
Total dose/dose Reirradiated
per fraction (time after
Study design (percentage of Fractionation initial Treatment
Reference (sample size) Site joints) schedule treatment) Pain scoring Follow-up Outcome device
Weissmann et al Retrospective Foot and ankle 3.0 Gy/0.5 Gy Twice weekly ~ 84% (12 wk) Subjective 3 and 6 mo 75% response rate  Orthovoltage
(2022)%° (n=196) (90%) 6.0 Gy/1.0  for 3 wk patient- by 6 mo; 37% had
Gy (10%) reported pain 80%-100%
reduction as reduction in pain
percentage of
improvement;
response = at
least 20%
improvement
Ruhle et al Retrospective Multijoint 6.0 Gy/1.0 Gy Given 2-3 times  32.4% (not VPS 8 and 8 wk after 65.6% response at 8 Linac
(2021)*! (n=1185) (77.3%); per week over  reported) reirradiation wk; reirradiation:
3.0 Gy/0.5 Gy 2-3 wk 61.0% response at
(21.7%) 8 wk
Donaubauer Retrospective Fingers and 3.0 Gy/0.5 Gy 6 fractions over  94.0% (12 wk)  Percent 12 and 24 wk Subjective Orthovoltage
et al (2020)°" (n =483) thumb (95.4%); 3 wk reduction in reduction in 70%
6.0 Gy/1.0 Gy pain as scored at end of RT
(4.6%) by the patient
Hautmann et al Retrospective Multijoint 6.0 Gy/1.0 Gy Given over 2-3  22.4% (12wk)  NRS 19 mo (median) 64.8% response at 6 Linac
(2020)** (n=295) (77.6%); wk and 24 mo;
5.0 Gy/1.0 Gy reduction in
(1.0%); 1.0 Gy/1.0 median NRS from
Gy (0.3%); 5-3 at 24 mo
3.0 Gy/0.5 Gy
(19.0%);
5.0 Gy/0.5 Gy
(1.4%); 1.5 Gy/0.5
Gy (0.7%)
Hautmann et al Retrospective Ankle and tarsal 3.0 Gy/0.5 Gy Given over 2-3  40.9% (6-12 wk) NRS 31 mo (median) 75.0% response rate Linac
(2019) (n = 66) joints (60.6%); wk at 6 mo; 76.1%
6.0 Gy/1.0 Gy response rate at
(36.4%); 12 mo; 70.0%
5.0 Gy/1.0 Gy response rate at
(3.0%) 24 mo
Hautmann etal Retrospective Reirradiated 3.0 Gy/0.5 Gy Given 2-3 times 100% (median  NRS 25 mo (median) 57.6% response rate Linac
(2019)%* (n=217) multijoint (55.3%); 1.5- per week over 14 wk) at 6 mo; 47.0%
2.0 Gy/0.5 Gy 2-3 wk

(Continued)
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Table 1 (Continued)

Total dose/dose Reirradiated
per fraction (time after
Study design (percentage of Fractionation initial Treatment
Reference (sample size) Site joints) schedule treatment) Pain scoring Follow-up Outcome device
(1.4%); 6.0 Gy/1.0 response rate at
Gy (43.3%) 24 mo
Juniku et al Retrospective Multijoint 5.0 Gy/0.5 Gy 5 d per week 43.3% (not VAS 38 mo (median) 62.4% response Linac
(2019)*° (n = 598) (94.3%); reported) (VAS 0-2) at 38
3.0 Gy/0.5 Gy mo; reduction in
(5.7%) median VAS from
7.0-1.0 at 38 mo
Kaltenborn et al Retrospective Thumb 6.0 Gy/1.0 Gy Twice weekly 10.9% (mean, 5  Subjective 3 and 12 mo 63% response rate  Linac
(2016)%° (n=101) for 3 wk mo) patient- at 3 mo (CR or
reported PR); 70.3%
response: CR, response rate at
PR, or NC; 12 mo
response = CR
or PR
Keller et al Retrospective Knee 0.5-10 Gy/0.5-1.5  Given 1-2 times 36.2% (not VPS 2 mo 79.3% response rate Linac
(2013)*” (n=1037) Gy per week reported) at 2 mo orthovoltage
(99.8%) 5d Cs-137
per week
(0.2%)
Alvarez et al Prospective Hand 6.0 Gy/1.0 Gy 3 fractions per ~ 50.4% (median VAS 10.5 mo 94% response at 12 Linac
(2021)%8 (n = 100) (83%); 3.0 Gy/0.5  weekfor2wk 12 wk) (median) mo
Gy (17%)
Donaubauer Prospective Multijoint 3.0 Gy/0.5 Gy 6 fractions over 61.6% (3 mo) VAS 6 mo Planned interim Orthovoltage
etal (2021)™ (n=125) 3 wk analysis:
reduction in
mean VAS from
6.5-3.8 at 6 mo
Rogers et al Prospective Fingers 4.0 Gy/0.5 Gy Twice weekly ~ 81.8% (2-12 mo) VAS 12 mo Reduction in VAS ~ Orthovoltage
(2020)*° (n=99) for 4 wk during activity by
3.0 (median) at 12
mo
Koc et al Prospective Knee and hip 6.0 Gy/1.0 Gy 6 fractions given 0% NRS 52 wk 50% response rate  Linac
(2019)*° (n=16) over 2 wk at 6 wk; 25%
response rate at
52 wk
(Continued)
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Table 1 (Continued)

Total dose/dose Reirradiated
per fraction (time after
Study design (percentage of Fractionation initial Treatment
Reference (sample size) Site joints) schedule treatment) Pain scoring Follow-up Outcome device
Micke et al Prospective Multijoint 6.0 Gy/0.5 Gy Not reported 7.3% (3 mo) VASand VPS 33 mo (median) Reduction in mean Linac
(2018)%° (n=703) (84.8%); VAS from 7.0-4.5  orthovoltage
6.0 Gy/1.0 Gy at the end of RT;
(15.2%) 37.6% response
rate at end of RT;
58.4% response
rate at 33 mo
Micke et al Prospective Multijoint 6.0 Gy/0.5 Gy Not reported 8.4% (3 mo) VASand VPS 29 mo (median) Reduction in mean Linac
(2017)"* (n=166) (77.8%); VAS from 6.38- orthovoltage
6.0 Gy/1.0 Gy 4.49 at the end of
(22.2%) RT; 37.3%
response at end of
RT; 49.6%
response at 29 mo
Niewald et al Randomized Hand and knee 3.0 Gy/0.5 Gy vs Twice weekly 0% VAS 3 mo and 1 year Closed early owing Linac
(2021)* clinical trial 0.3 Gy/0.05 Gy for 3 wk to slow
(n =229) recruitment; 59%
response rate at 3
mo; no significant
difference
between
treatment arms
Mabhler et al Randomized Knee 6.0 Gy/1.0 Gy vs 6 fractions given 0% OMERACT- 3 mo 44% response rate  Linac
(2019)° clinical trial sham radiation every other OARSI criteria in treatment
(n=55) day over 2 wk group at 3 mo;
43% response rate
in sham group at
3 mo
Minten et al Randomized Hand 6.0 Gy/1.0 Gy vs 6 fractions given 0% OMERACT- 3 mo 29% response rate  Linac
(2018)°* clinical trial sham radiation every other OARSI criteria in treatment
(n=56) day over 2 wk group at 3 mo;

36% response rate
in sham group at
3 mo

Abbreviations: CR = complete response; LDRT = low-dose radiation therapy; linac = linear accelerator; NRS = numerical rating scale; OA = osteoarthritis; OMERACT-OARSI = Outcome Measures in Rheuma-
tology—Osteoarthritis Research Society International; PR = partial response; NC = no change; RT = radiation therapy; VAS = visual analog scale; VPS = von pannwitz score.
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In a retrospective study of 483 patients undergoing
LDRT according to German guidelines, 70% of patients
treated were found to have an improvement in their pain
after LDRT.”" Of note, patients who received 0.5 Gy per
fraction reported a significantly better outcome in compari-
son to patients receiving 1 Gy per fraction. Given the princi-
ple of “as low as reasonably achievable,” these data suggest
using 0.5 Gy per fraction as opposed to 1 Gy to limit SM
risk.

Recently, the ArthroRad Trial, a multicentric prospective
randomized trial, evaluated the effect of LDRT on OA (3 Gy
total in twice weekly 0.5 Gy fractions) versus very low dose
(0.3 Gy total in twice weekly 0.05 Gy fractions), with
patients blinded to the dose. Several in vitro studies have
shown that due to the nonlinear dose-effect relationship in
the range of less than 1 Gy fractions, anti-inflammatory
effects can occur in doses much smaller than 0.5 Gy per
fractions and thus the rationale for the study.”””® Unfortu-
nately, the study was reported to close prematurely due to
slow recruitment. Nevertheless, the results 3 months after
RT from 244 treated joints showed improvement in both
arms with no statistically significant differences found.”
The authors concluded that further investigation should be
performed studying conventional dose as well as very low
dose radiation versus placebo.

Criticisms of LDRT

Recently published studies from the Netherlands have tested
LDRT versus placebo. In 2017, European Society for Radio-
therapy and Oncology presented and has since published
the results of 2 randomized, double-blinded trials investigat-
ing the role of LDRT for pain relief and functional improve-
ment of degenerative OA of the hand and knee joints. They
provided the first clinical studies that compared modern
LDRT with a sham irradiated group.

One study’ looked at 56 patients with OA of the hand
while the other study”™ looked at 55 patients with OA of the
knee applying the same randomized, double-blinded design
of RT at low dose (6 Gy in fractions of 1 Gy, 3 fractions per
week) versus sham RT. In both studies, the authors
evaluated the clinical response at 3 months of treatment
according to the Outcome Measures in Rheumatology
—Osteoarthritis Research Society International response cri-
teria, including evaluation of pain and functionality of the
treated joints. They noted no difference between the treated
group and sham group at 3 months. In a subsequent publi-
cation, they reported outcomes at 6 and 12 months, which
did not find significant difference in outcomes between the
placebo and LDRT groups.””

After publication of these 2 trials, the GCG-BD published
a response outlining the limitations of the studies.”® The
most obvious criticism of both studies was the low patient
numbers that were powered for an expected benefit of 40%
as part of the study design. Additionally, they note that a
second series of RT is recommended at 6 to 12 weeks if

insufficient response is achieved, with studies showing about
40% of patients requiring additional treatment to see bene-
fit.” In the 2 studies, 1 Gy per fraction for total of 6 Gy was
used, while newer data may suggest more anti-inflammatory
response with 0.5 Gy per fraction for a total of 3 Gy rather
than 1 Gy per fraction.””'’" Although they note that both
studies were well designed and conducted and add to preex-
isting literature, the studies do not provide definitive evi-
dence to suggest no benefit of LDRT for OA.

Future directions of LDRT for OA

Currently, there are several ongoing prospective studies out-
side the US investigating LDRT for OA. In Germany, the
ongoing prospective observational IMMO-LDRTO1 clinical
trial aims to study the changes in immune status before,
during, and after LDRT using multicolor flow cytometry-
based assays for over 30 immune cell subsets and their acti-
vation status.'’" In addition to clinical efficacy, this trial will
elucidate the key immune-related mechanisms involved in
response to LDRT for OA and other chronic degenerative
joint diseases. Recently, an interim analysis of 125 was pub-
lished, as described previously. In Spain, Radiotherapy 3 vs
6 Gy in Gonarthrosis and Coxarthrosis, an ongoing pro-
spective randomized trial, is a noninferiority study random-
izing patients with OA of the hip or knee to either 3 Gy (0.5
Gy per fraction, 3 fractions per week) or 6 Gy (1 Gy per
fraction, 3 fractions per week) to determine optimal dosing,
with anticipated completion date in 2023.

Treatment Planning

Overview

Currently, there is limited literature for consensus guidelines
for treatment planning using LDRT for OA. We outline the
current recommendation from the 2018 update from DEGRO
as well as a recently published proposal from a Spanish group,
which contains a 3-dimensional (3D) planning treatment
atlas.>'*” Figure 4 shows representative radiation fields for
various sites of OA. Table 2 lists treatment planning recom-
mendations including dose, energy, beam arrangements,
immobilization techniques, and other considerations for plan-
ning. Of note, these are meant to serve as a primer for treat-
ment planning, not consensus recommendations.

Small joints

In the 2018 update of DEGRO guidelines, the most recent
German LDRT for OA recommendations were published.”
For small joints, treatment energies recommended include
orthovoltage in the range of 100 to 200 kV or 6 MV linear
accelerator based treatment with parallel opposed beams or
single Posterior-Anterior (PA) beam. If 6 MV energy is
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Fig. 4. Representative radiation fields for various sites of
osteoarthritis (OA). Targets include third metacarpophalan-
geal (MCP) joint, first carpometacarpal joint, patellofemoral
joint, acetabulofemoral joint, sacroiliac (SI) joint, gleno-
humeral joint, and humeroulnar joint. Center red circles
represent isocenter. Hashmarks represent a distance of
1 cm. Solid unhatched yellow represents radiation treatment
field.

used, it is recommended to consider a 5-mm bolus material
to obtain homogenous dose distribution. Dose recommen-
dations are 0.5 to 1.0 Gy per fraction for total doses of 3 to 6
Gy delivered twice a week. Target volume is recommended
to be the entire affected joint with prescription to midpoint
with limited additional recommendations regarding field

sizes. If inadequate pain relief is achieved, retreatment can
be considered 6 to 8 weeks later with the same dose and
fractionation. Nail shielding should be considered to prevent
growth defects.

The recently published 3D planning atlas recommends
including the entire joint and cartilage as well as surround-
ing bursa, muscular insertion sites, and surrounding soft tis-
sue structures within the treatment volume. The atlas
additionally provides detailed recommendations for plan-
ning target volumes (PTVs) for each individual joint site.'"”
CT-based cross-sectional imaging is suggested as optional
for small joints if the target can be adequately defined clini-
cally. Additional imaging such as magnetic resonance imag-
ing can be used for target delineation, if available. It is
suggested to consider immobilization devices such as
extremity thermoplastic masks or vacuum-form custom-
molded bags for treatment reproducibility. Consider bolus
material of 5- to 10-mm thickness if inhomogeneous dose
distribution is anticipated near the surface interface. Shield-
ing nail beds is recommended to avoid growth defects. Cau-
tion is emphasized about limiting field sizes with too
restrictive PTVs that can possibly limit pain reduction.*®
However, applying the radiation safety principle of “as low
as reasonably achievable,” radiation exposure with more
precise PTV guidelines can be achieved as outlined in the
atlas. Additionally, LDRT is recommended only for OA
patients 40 years and older to limit the risk of SM.

Large joints

The 2018 DEGRO guidelines update also includes treatment
planning guidelines for LDRT for OA of both the hip and
knee.” For the knee, anterior-posterior or laterally opposed
beams using at least 4 MV energy prescribed to joint mid-
point are recommended. Additionally, orthovoltage can be
considered with energies in the range of 100 to 200 kV. For
hip treatment, anterior-posterior parallel opposed beams
using higher energies of 10 MV or greater with prescription
to mid-joint are recommended. As with other joint sites,
both hip and knee dose recommendations are 0.5 to 1 Gy
per fraction with total doses of 3 to 6 Gy with treatments
given 2 to 3 times per week. Consideration for gonadal
shielding should be made with hip treatment.

Recommended target volumes for large joints include the
entire joint and cartilage as well as surrounding bursa, mus-
cular insertion sites, and surrounding soft tissue structures,
similarly to small joints.'”” CT-based cross-sectional imag-
ing with 3D planning is suggested if the target cannot be
adequately defined clinically. Immobilization for treatment
should be considered using devices similar to those for
oncologic treatment planning.

Treatment indications

According to the 2018 DEGRO update, LDRT for treatment
of OA of the knee is recommended as category B (shall be



Table2 OA disease sites and target volumes with associated technical specifications and setup for LDRT
Immobilization
Disease site Target volume Dose Energy Beam arrangement Bolus technique Shielding Considerations
Hand Proximal: Head of ulna 0.5 Gy in 6 6 MV* Single posterior 5- mm bolus Patient standing Consider lead
Distal: 1.5-cm distal to fractions QOD or beam with hand on fingernail
DIP BIW prescribed to treatment couch shielding
Medial: 1.5-cm flash midpoint
Lateral: 1.5-cm flash
Thumb (alone) Proximal: 1-cm proximal 0.5 Gyin 6 6 MV* Single posterior 5- mm bolus Patient standing Consider lead
to radial styloid process  fractions QOD or beam with hand on fingernail
Distal: Interphalangeal BIW prescribed to treatment couch shielding
joint of thumb midpoint
Medial: 2-cm medial
from meta
carpophalangeal joint
Lateral: 2 cm from head
of first metacarpal bone
Knee Superior: 8-cm superior to 0.5 Gy in 6 6 MV~ Parallel opposed N/A Patient supine, feet
joint space fractions QOD or AP beams first, knee support
Inferior: 8-cm inferior to  BIW prescribed to
joint space midpoint
Medial: 3-cm medial to
medial femoral condyle
Lateral: 3-cm lateral to
lateral tibial condyle
Hip Superior: 2 cm above 0.5Gyin6 10 MV or higher Parallel opposed N/A Patient supine, Consider gonadal ~ Consider CT-based
(acetabulofemoral ~ femoral head fractions QOD or AP beams headfirst, frogleg  shielding if planning to
joint) Inferior: Superior aspect ~ BIW prescribed to fertility determine dose
of lesser trochanter midpoint preservation distribution
Medial: Inner pelvic desired
brim
Lateral: 1.5-cm lateral to
femur
Hip (sacroiliac) Superior: 2 cm above SI  0.5Gyin 6 10 MV or higher Parallel opposed N/A Patient supine, Consider gonadal ~ Consider CT-based
joint fractions QOD or AP beams headfirst, frogleg  shielding if planning to
Inferior: 2 cm below SI BIW prescribed to fertility determine dose
joint midpoint preservation distribution
Medial: 2-cm medial SI desired
joint space
Lateral: 3-cm lateral SI
joint space
(Continued)

ewanea  yIg

s215Ayd e ABojoig e ABO|ODUQ UOIRIPEY JO [PUINO( [RUOIIRUISIY|



Table 2 (Continued)

Immobilization
Disease site Target volume Dose Energy Beam arrangement Bolus technique Shielding Considerations
AnKle (tibiotalar Superior: 5-cm distal joint 0.5 Gy in 6 6 MV* Parallel opposed Patient supine, feet Consider nail
joint) Inferior: 5-cm proximal  fractions QOD or AP beams first, consider shielding if
joint BIW prescribed to extremity treatment forefoot
Medial: 5-cm medial midpoint thermoplastic
joint mask
Lateral: 5-cm lateral
joint
Shoulder Superior: 2 cm above 0.5Gyin6 6 MV* Parallel opposed N/A Patient supine, Consider thyroid ~ Consider rotating
coracoid process (AP)/ fractions QOD or AP beams headfirst, blue shield collimator to keep
acromion (PA) BIW prescribed to block between breast out of field
Inferior: 2 cm below midpoint feet or vac lock for female
surgical neck of humerus bag patients
Medial: 2-cm medial to
glenoid cavity
Lateral: 2-cm lateral to
humeral greater
tuberosity
Elbow Superior: 5 cm above joint 0.5 Gy in 6 6 MV* Parallel opposed N/A Patient supine,
space fractions QOD or AP beams headfirst,
Inferior: 5 cm below BIW prescribed to consider
joint space midpoint extremity
Medial: 3-cm medial of thermoplastic
humeral medial mask or arm
epicondyle akimbo

Lateral: 3-cm lateral of
humeral lateral
epicondyle

Abbreviations: AP = anterior-posterior; PA = posterior-anterior; BIW = bi-weekly; CT = computer tomography; DIP = distal intraphalangeal joint; LDRT = low-dose radiation therapy; N/A = not applicable;

OA = osteoarthritis; QOD = every other day; SI = sacroiliac.
" Can consider orthovoltage.
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Table 3 Overview of indications and DEGRO level of recommendations for LDRT for musculoskeletal disease

Suggested criteria for treatment with LDRT for OA

replacement (if more conservative treatment is desired)

Older than age 40

Knee OA

Hip OA

Hand OA
Ankle OA
Shoulder OA
Plantar fasciitis

Elbow syndrome

Appropriate after the exhaustion of other medical interventions or before more aggressive interventional treatments such as joint

No known contraindications to radiation (pregnancy, active connective tissue disorder)

2018 DEGRO level of recommendation

Level recommendation B
Level recommendation C
Level recommendation C
No level recommendation given
Level recommendation C
Level recommendation A

Level recommendation B

Abbreviations: DEGRO = German Society of Radiation Therapy and Oncology; LDRT = low-dose radiation therapy; OA = osteoarthritis.

performed), which is the same recommendation given for
keloids after surgical excision, a commonly practiced treat-
ment within the US. LDRT as OA treatment of the hip,
shoulder, and small joints is recommended as category C
(can be given). Treatment of lower and upper ankle are not
given a recommendation category due to insufficient data,
although more recent data suggest good response to LDRT,
and recommendations could likely be adjusted in future
updates.””**>** Table 3 provides an overview of treatment
indications and DEGRO level of recommendations. Further
clinical investigation and collaboration with other special-
ties, including rheumatology, orthopedics, and pain special-
ists, can help clarify appropriate indications for LDRT
within the US. Currently, LDRT seems appropriate as a
refractory treatment option after the exhaustion of other
medical interventions or before more aggressive interven-
tional treatments such as joint replacement (if more conser-
vative treatment is desired).

Discussion

Despite its clinical use and investigation in other countries,
LDRT in the treatment of OA is minimally used in the US.
Numerous recent studies published outside the US have
suggested moderate to long-term pain relief and improve-
ment in mobility after treatment with LDRT for joints
affected by OA.” LDRT has been shown to be a cost-effec-
tive, noninvasive treatment with minimal side -effects.
Although LDRT historically was used within the US and
subsequently abandoned, advancements in our understand-
ing of the radiobiology of LDRT and its anti-inflammatory
effects should lead to prospective reinvestigation of the effi-
cacy of LDRT for OA in the US.

There is a strong need for clearly defined treatment
scheduling, including dosing, fractionation, and technique,

to ensure the quality of LDRT. Additionally, there is a need
to develop appropriate clinical endpoints of treatment and
standardized response evaluation to improve outcome eval-
uation. With increased collaboration and investigation, ade-
quate sample sizes for clinical trials can be achieved to truly
determine the effectiveness of LDRT for OA. Therefore, we
would recommend consideration of treating patients in pro-
spective clinical trials to further evaluate and expand on the
current existing literature.

We also encourage re-evaluation of the use of RT in
other historically treated benign conditions. Currently, there
are strong data to suggest a benefit of LDRT in plantar
fasciitis, with about 80% efficacy in pain reduction.'”*~'"
Additionally, there are data to suggest benefit in other mus-
culoskeletal disorders, such as trochanteric bursitis, medial
and lateral epicondylitis, tendinopathies of various joints,
Dupuytren contracture, Ledderhose disease, heterotopic
ossification, and other disorders.” Although much modern
data exist outside the US to support the benefit of radiation
in these conditions, US investigation and use of radiation
for these conditions are more limited.

Similar to the formation of the DEGRO scientific task
force, the GCG-BD, to evaluate use of RT in benign disease,
we recommend that a task force within the US be created to
re-evaluate and develop consensus recommendations for
treatment of these conditions. New, innovative treatments
and clinical trials could be developed to promote investiga-
tion of new indications. Over the last decade, we have seen
growth regarding the innovative use of RT for noncancer dis-
eases in the US. In 2017, a landmark case series showed that
stereotactic body RT is effective for cardiac ablation of refrac-
tory ventricular tachycardia (VT).'” In a subsequent phase
I/II clinical trial, EP-guided Noninvasive Cardiac Radioabla-
tion for Treatment of Ventricular Tachycardia, stereotactic
body RT for refractory VT was shown to be both effective
and safe.'”” Multiple studies have been published on the
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safety and effectiveness of stereotactic radiosurgery for tremor
movement disorders.”*'"” Other innovative RT treatments
currently under investigation include the use of RT to inhibit
amyloid plaque formation in Alzheimer disease,''”""" radio-
surgery for neuropsychiatric disorders,''” radiosurgery for
intractable pain''’ and trigeminal neuralgia,'"* and whole-
lung irradiation for COVID-19 treatment.' "

The aim of treating these nonmalignant conditions is to
restore function and improve quality of life. With the crea-
tion of a cooperative group on RT within the US, consensus,
evidence-based recommendations regarding treatments can
be developed and collaboration among members can elevate
the quality of research for the innovative use of functional
RT in nonmalignant conditions.

Conclusions

Despite its clinical use and investigation in other countries,
LDRT in the treatment of OA is minimally used in the US.
Numerous recent studies published outside the US have
suggested moderate to long-term pain relief and improve-
ment in mobility after treatment with LDRT for joints
affected by OA. LDRT has been shown to be a cost-effective,
noninvasive treatment with minimal side effects. Further
investigation into the potential role of modern techniques in
the treatment of OA is recommended.

References

1. Torres Royo L, Antelo Redondo G, Arquez Pianetta M, et al. Low-
dose radiation therapy for benign pathologies. Rep Pract Oncol Radio-
ther 2020;25:250-254.

2. Miicke , Seegenschmiedt, & Micke. (n.d.). Fachgruppenspezifische evi-
denzbasierte s 2e-Leitlinie der ... - degro. Available at: https://www.
degro.org/wp-content/uploads/2018/11/S2-Leitlinie-Strahlentherapie-
gutartiger-Erkrankungen-update-2018-Endversion.pdf. Accessed Jan-
uary 8, 2022.

3. Centers for Disease Control and Prevention. (2020, July 27). Osteoar-
thritis (OA). Centers for Disease Control and Prevention. Available at:
https://www.cdc.gov/arthritis/basics/osteoarthritis.htm#:~:text=0s
teoarthritis%20(OA)%20is%20the%20most,underlying%20bone%
20begins%20to%20change. Accessed January 8, 2022.

4. Sebbag E, Felten R, Sagez F, et al. The world-wide burden of
musculoskeletal diseases: A systematic analysis of the World
Health Organization Burden of Diseases Database. Ann Rheum
Dis 2019;78:844-848.

5. Abdus-Salam AA, Olabumuyi AA, Jimoh MA, et al. The role of radia-
tion treatment in the management of inflammatory musculoskeletal
conditions: A revisit. Radiat Oncol ] 2020;38:151-161.

6. Cisternas MG, Murphy L, Sacks J], et al. Alternative methods for defin-
ing osteoarthritis and the impact on estimating prevalence in a US pop-
ulation-based survey. Arthritis Care Res (Hoboken) 2016;68:574-580.

7. Osteoarthritis: A Serious Disease. 2016. Available at: https://oarsi.org/
sites/default/files/library/2018/pdf/oarsi_white_paper_oa_serious_di
seasel21416_1.pdf. Accessed January 8, 2022.

8. Cancer of any site - cancer stat facts. SEER. (n.d.). Available at: https://
seer.cancer.gov/statfacts/html/all.html. Accessed January 8, 2022.

9. Johnston County Osteoarthritis Project — pioneering population based
research. Thurston Arthritis Research Center. 2021. Available at: https://

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

www.med.unc.edu/tarc/research/clinical-and-epidemiological-science-1/
johnston-county-osteoarthritis-project/. Accessed January 8, 2022.
Osteoarthritis. (n.d.). Available at: https://www.rheumatology.org/I-
Am-A/Patient-Caregiver/Diseases-Conditions/Osteoarthritis#:~:tex
t=Osteoarthritis%20(als0%20known%20as%200A,lining%2C%20liga
ments%2C%20and%20bone. Accessed January 8, 2022.

Murphy L, Schwartz TA, Helmick CG, et al. Lifetime risk of symp-
tomatic knee osteoarthritis. Arthritis Rheum 2008;59:1207-1213.

Qin J, Barbour KE, Murphy LB, et al. Lifetime risk of symptomatic
hand osteoarthritis: The Johnston County Osteoarthritis Project.
Arthritis Rheumatol 2017;69:1204-1212.

Murphy LB, Helmick CG, Schwartz TA, et al. One in four people may
develop symptomatic hip osteoarthritis in his or her lifetime. Osteoar-
thritis Cartilage 2010;18:1372-1379.

Chow YY, Chin K-Y. The role of inflammation in the pathogenesis of
osteoarthritis. Mediators Inflamm 2020;2020 8293921.

Loeser RF, Goldring SR, Scanzello CR, et al. Osteoarthritis: A disease
of the joint as an organ. Arthritis Rheum 2012;64:1697-1707.

Wang X, Hunter DJ, Jin X, et al. The importance of synovial inflam-
mation in osteoarthritis: Current evidence from imaging assessments
and clinical trials. Osteoarthritis Cartilage 2018;26:165-174.

National Collaborating Centre for Chronic Conditions (UK). Osteoar-
thritis: National Clinical Guideline for Care and Management in
Adults. London: Royal College of Physicians (UK); 2008.

Altman R, Alarcén G, Appelrouth D, et al. The American College of
Rheumatology criteria for the classification and reporting of osteoar-
thritis of the hand. Arthritis Rheum 1990;33:1601-1610.

Altman R, Asch E, Bloch D, et al. Development of criteria for the classifi-
cation and reporting of osteoarthritis. Classification of osteoarthritis of the
knee. Diagnostic and Therapeutic Criteria Committee of the American
Rheumatism Association. Arthritis Rheum 1986;29:1039-1049.
Blagojevic M, Jinks C, Jeffery A, et al. Risk factors for onset of osteoar-
thritis of the knee in older adults: A systematic review and meta-anal-
ysis. Osteoarthritis Cartilage 2010;18:24-33.

Srikanth VK, Fryer JL, Zhai G, et al. A meta-analysis of sex differences
prevalence, incidence and severity of osteoarthritis. Osteoarthritis
Cartilage 2005;13:769-781.

King LK, March L, Anandacoomarasamy A. Obesity & osteoarthritis.
Indian ] Med Res 2013;138:185-193.

Kolasinski SL, Neogi T, Hochberg MC, et al. 2019 American College
of Rheumatology/Arthritis Foundation guideline for the management
of osteoarthritis of the hand, hip, and knee. Arthritis Rheumatol
2020;72:220-233.

Management of osteoarthritis of the knee (non-arthroplasty) evidence-
based clinical practice guideline. American Academy of Orthopedic
Surgeons. (n.d.). Available at: https://www.aaos.org/globalassets/
quality-and-practice-resources/osteoarthritis-of-the-knee/oak3cpg.pdf.
Accessed January 8, 2022.

McAlindon TE, Bannuru RR, Sullivan MC, et al. OARSI guidelines for
the nonsurgical management of knee osteoarthritis. Osteoarthritis
Cartilage 2014;22:363-388.

Fernandes L, Hagen KB, Bijlsma JW]J, et al. EULAR recommendations
for the nonpharmacologic core management of hip and knee osteoar-
thritis. Ann Rheum Dis 2013;72:1125-1135.

Kolasinski SL, Neogi T, Hochberg MC, et al. 2019 American College
of Rheumatology/Arthritis Foundation guideline for the management
of osteoarthritis of the hand, hip, and knee. Arthritis Care Res (Hobo-
ken) 2020;72:149-162.

Bannuru RR, Osani MC, Vaysbrot EE, et al. OARSI guidelines for the
nonsurgical management of knee, hip, and polyarticular osteoarthri-
tis. Osteoarthritis Cartilage 2019;27:1578-1589.

Coxib and traditional NSAID Trialists’ (CNT) Collaboration, Bhala
N, Emberson J, et al. Vascular and upper gastrointestinal effects of
non-steroidal anti-inflammatory drugs: Meta-analyses of individual
participant data from randomised trials. Lancet 2013;382:769-779.
Masclee GMC, Valkhoff VE, Coloma PM, et al. Risk of upper gastro-
intestinal bleeding from different drug combinations. Gastroenterol-
ogy 2014;147:784-792 e9quiz el3-14.


http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0001
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0001
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0001
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0001
https://www.degro.org/wp-content/uploads/2018/11/S2-Leitlinie-Strahlentherapie-gutartiger-Erkrankungen-update-2018-Endversion.pdf
https://www.degro.org/wp-content/uploads/2018/11/S2-Leitlinie-Strahlentherapie-gutartiger-Erkrankungen-update-2018-Endversion.pdf
https://www.degro.org/wp-content/uploads/2018/11/S2-Leitlinie-Strahlentherapie-gutartiger-Erkrankungen-update-2018-Endversion.pdf
https://www.cdc.gov/arthritis/basics/osteoarthritis.htm#:~:text=Osteoarthritis%20(OA)%20is%20the%20most,underlying%20bone%20begins%20to%20change
https://www.cdc.gov/arthritis/basics/osteoarthritis.htm#:~:text=Osteoarthritis%20(OA)%20is%20the%20most,underlying%20bone%20begins%20to%20change
https://www.cdc.gov/arthritis/basics/osteoarthritis.htm#:~:text=Osteoarthritis%20(OA)%20is%20the%20most,underlying%20bone%20begins%20to%20change
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0004
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0004
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0004
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0004
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0005
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0005
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0005
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0006
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0006
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0006
https://oarsi.org/sites/default/files/library/2018/pdf/oarsi_white_paper_oa_serious_disease121416_1.pdf
https://oarsi.org/sites/default/files/library/2018/pdf/oarsi_white_paper_oa_serious_disease121416_1.pdf
https://oarsi.org/sites/default/files/library/2018/pdf/oarsi_white_paper_oa_serious_disease121416_1.pdf
https://seer.cancer.gov/statfacts/html/all.html
https://seer.cancer.gov/statfacts/html/all.html
https://www.med.unc.edu/tarc/research/clinical-and-epidemiological-science-1/johnston-county-osteoarthritis-project/
https://www.med.unc.edu/tarc/research/clinical-and-epidemiological-science-1/johnston-county-osteoarthritis-project/
https://www.med.unc.edu/tarc/research/clinical-and-epidemiological-science-1/johnston-county-osteoarthritis-project/
https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/Osteoarthritis#:~:text=Osteoarthritis%20(also%20known%20as%20OA,lining%2C%20ligaments%2C%20and%20bone
https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/Osteoarthritis#:~:text=Osteoarthritis%20(also%20known%20as%20OA,lining%2C%20ligaments%2C%20and%20bone
https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/Osteoarthritis#:~:text=Osteoarthritis%20(also%20known%20as%20OA,lining%2C%20ligaments%2C%20and%20bone
https://www.rheumatology.org/I-Am-A/Patient-Caregiver/Diseases-Conditions/Osteoarthritis#:~:text=Osteoarthritis%20(also%20known%20as%20OA,lining%2C%20ligaments%2C%20and%20bone
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0011
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0011
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0012
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0012
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0012
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0013
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0013
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0013
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0014
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0014
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0015
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0015
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0016
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0016
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0016
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0017
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0017
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0017
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0018
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0018
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0018
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0018
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0019
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0019
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0019
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0019
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0020
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0020
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0020
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0021
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0021
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0021
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0022
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0022
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0023
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0023
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0023
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0023
https://www.aaos.org/globalassets/quality-and-practice-resources/osteoarthritis-of-the-knee/oak3cpg.pdf
https://www.aaos.org/globalassets/quality-and-practice-resources/osteoarthritis-of-the-knee/oak3cpg.pdf
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0025
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0025
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0025
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0026
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0026
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0026
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0027
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0027
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0027
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0027
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0028
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0028
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0028
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0030
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0030
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0030

218 Doveetal.

International Journal of Radiation Oncology ® Biology ® Physics

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Donaubauer A-J, Zhou J-G, Ott OJ, et al. Low dose radiation therapy, par-
ticularly with 0.5 Gy, improves pain in degenerative joint disease of the
fingers: Results of a retrospective analysis. Int ] Mol Sci 2020;21:E5854.
Hootman JM, Helmick CG, Barbour KE, et al. Updated projected
prevalence of self-reported doctor-diagnosed arthritis and arthritis-
attributable activity limitation among US adults, 2015-2040. Arthritis
Rheumatol 2016;68:1582-1587.

Cost of osteoarthritis. Osteoarthritis Action Alliance. Available at:
https://oaaction.unc.edu/policy/cost-of-osteoarthritis/. Accessed Janu-
ary 8, 2022.

Murphy LB, Cisternas MG, Pasta D], et al. Medical expenditures and
earnings losses among US adults with arthritis in 2013. Arthritis Care
Res (Hoboken) 2018;70:869-876.

Kriz J, Seegenschmiedt HM, Bartels A, et al. Updated strategies in the
treatment of benign diseases-a patterns of care study of the
German cooperative group on benign diseases. Adv Radiat Oncol
2018;3:240-244.

Marchetti M, Sahgal A, De Salles AAF, et al. Stereotactic radiosurgery
for intracranial noncavernous sinus benign meningioma: Interna-
tional Stereotactic Radiosurgery Society systematic review, meta-anal-
ysis and practice guideline. Neurosurgery 2020;87:879-890.

Thai NLB, Mai NY, Vuong NL, et al. Treatment for vestibular
schwannoma: Systematic review and single arm meta-analysis. Am J
Otolaryngol 2021;43:103337.

Fatima N, Pollom E, Soltys S, et al. Stereotactic radiosurgery for head
and neck paragangliomas: A systematic review and meta-analysis.
Neurosurg Rev 2021;44:741-752.

Thompson AM, Seivright J, Atluri S, et al. Radiotherapy for hidradeni-
tis suppurativa: A systematic review. Dermatology 2021;237:357-364.
Fionda B, Pagliara MM, Lancellotta V, et al. The role of radiotherapy
in orbital pseudotumor: A systematic review of literature. Ocul Immu-
nol Inflamm 2021;1-6.

Grenfell S, Borg M. Radiotherapy in fascial fibromatosis: A case series,
literature review and considerations for treatment of early-stage dis-
ease. | Med Imaging Radiat Oncol 2014;58:641-647.

Xu J, Yang E, Yu N-Z, et al. Radiation therapy in keloids treatment:
History, strategy, effectiveness, and complication. Chin Med ] (Engl)
2017;130:1715-1721.

Georhakopoulos I, Kouloulias V, Kougiountzopoulou A, et al. Radiation
therapy for the prevention of heterotopic ossification: Efficacy and toxic-
ity of single fraction radiotherapy. Orthop Rev (Pavia) 2020;12:8577.
Hildebrandt G, Seed MP, Freemantle CN, et al. Mechanisms of the
antiinflammatory activity of low-dose radiation therapy. Int J Radiat
Biol 1998;74:367-378.

Calabrese EJ, Dhawan G, Kapoor R, et al. Radiotherapy treatment of
human inflammatory diseases and conditions: Optimal dose. Hum
Exp Toxicol 2019;38:888-898.

Trott KR, Kamprad F. Radiobiological mechanisms of anti-inflamma-
tory radiotherapy. Radiother Oncol 1999;51:197-203.

Reichl B, Block A, Schifer U, et al. DEGRO practical guidelines for
radiotherapy of non-malignant disorders: Part I: Physical principles,
radiobiological mechanisms, and radiogenic risk. Strahlenther Onkol
2015;191:701-709.

Arenas M, Gil F, Gironella M, et al. Anti-inflammatory effects of low-
dose radiotherapy in an experimental model of systemic inflammation
in mice. Int ] Radiat Oncol Biol Phys 2006;66:560-567.

Lodermann B, Wunderlich R, Frey S, et al. Low dose ionising radia-
tion leads to a NF-«B dependent decreased secretion of active IL-18
by activated macrophages with a discontinuous dose-dependency. Int
J Radiat Biol 2012;88:727-734.

Hildebrandt G, Radlingmayr A, Rosenthal S, et al. Low-dose radio-
therapy (LD-RT) and the modulation of iNOS expression in adju-
vant-induced arthritis in rats. Int ] Radiat Biol 2003;79:993-1001.
Rédel F, Keilholz L, Herrmann M, et al. Radiobiological mechanisms
in inflammatory diseases of low-dose radiation therapy. Int | Radiat
Biol 2007;83:357-366.

Fischer U, Kamprad F, Koch F, et al. Effekte einer niedrig dosierten
Co-60-bestrahlung auf den verlauf einer aseptischen arthritis am

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

kniegelenk des kaninchens [The effects of low-dose Co-60 irradiation
on the course of aseptic arthritis in a rabbit knee joint]. Strahlenther
Onkol 1998;174:633-639 [in German].

Donaubauer A-J, Becker I, Weissmann T, et al. Low dose radiation
therapy induces long-lasting reduction of pain and immune modula-
tions in the peripheral blood - interim analysis of the IMMO-
LDRTO1 trial. Front Immunol 2021;12:740742.

Hamada N, Fujimichi Y. Classification of radiation effects for dose
limitation purposes: History, current situation and future prospects. J
Radiat Res 2014;55:629-640.

Jansen JTM, Broerse JJ, Zoetelief ], et al. Estimation of the carcino-
genic risk of radiotherapy of benign diseases from shoulder to heel.
Radiother Oncol 2005;76:270-277.

Brenner DJ, Doll R, Goodhead DT, et al. Cancer risks attributable to
low doses of ionizing radiation: Assessing what we really know. Proc
Natl Acad Sci U S A 2003;100:13761-13766.

Cardis E, Vrijheid M, Blettner M, et al. Risk of cancer after low doses
of ionising radiation: Retrospective cohort study in 15 countries. BMJ
2005;331:77.

Sachs RK, Brenner DJ. Solid tumor risks after high doses of ionizing
radiation. Proc Natl Acad Sci U S A 2005;102:13040-13045.

Sachs RK, Shuryak I, Brenner D, et al. Second cancers after fraction-
ated radiotherapy: Stochastic population dynamics effects. J Theor
Biol 2007;249:518-531.

Land CE. Studies of cancer and radiation dose among atomic
bomb survivors. The example of breast cancer. JAMA 1995;274:
402-407.

Leuraud K, Richardson DB, Cardis E, et al. Risk of cancer associated
with low-dose radiation exposure: Comparison of results between the
INWORKS nuclear workers study and the A-bomb survivors study.
Radiat Environ Biophys 2021;60:23-39.

Pierce DA, Preston DL. Radiation-related cancer risks at low doses
among atomic bomb survivors. Radiat Res 2000;154:178-186.

Trott K-R, Kamprad F. Estimation of cancer risks from radiotherapy
of benign diseases. Strahlenther Onkol 2006;182:431-436.

Zwicker F, Kirchner C, Huber PE, et al. Breast cancer occurrence after
low dose radiotherapy of non-malignant disorders of the shoulder. Sci
Rep 2019;9:5301.

Niewald M, Fleckenstein J, Naumann S, et al. Long-term results of
radiotherapy for periarthritis of the shoulder: A retrospective evalua-
tion. Radiat Oncol 2007;2:34.

Micke O, Ugrak E, Bartmann S, et al. Radiotherapy for calcaneodynia,
achillodynia, painful gonarthrosis, bursitis trochanterica, and painful
shoulder syndrome - Early and late results of a prospective clinical
quality assessment. Radiat Oncol 2018;13:71.

Ott OJ, Hertel S, Gaipl US, et al. The Erlangen dose optimization trial
for low-dose radiotherapy of benign painful elbow syndrome. Long-
term results. Strahlenther Onkol 2014;190:293-297.

Deloch L, Riickert M, Fietkau R, et al. Low-dose radiotherapy has no
harmful effects on key cells of healthy non-inflamed joints. Int ] Mol
Sci 2018;19:E3197.

Sokolow N. Roentgenstrahlen gegen Gelenkrheumatismus. Fortschr
Rontgenstrahlen 1898;1:209-213.

Seegenschmiedt MH, Makoski H-B, Trott KR, et al. Radio-
therapy for Non-Malignant Disorders. Berlin, Heidelberg: Springer;
2008.

Von Pannewitz G. Roentgen therapy for deforming arthritis. Ergeb-
nisse der medizinischen Strahlenforschung. Leipzig: Thieme 1933;61-
126.

von Pannewitz G. Strahlentherapie der arthrosis deformans. Technik
und ergebnisse [Radiotherapy of arthrosis deformans. Method and
results]. Radiologe 1970;10:51-54 [in German].

Leer JW, van Houtte P, Davelaar J. Indications and treatment sched-
ules for irradiation of benign diseases: A survey. Radiother Oncol
1998;48:249-257.

Darby SC, Doll R, Gill SK, et al. Long term mortality after a single
treatment course with X-rays in patients treated for ankylosing spon-
dylitis. Br ] Cancer 1987;55:179-190.


http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0031
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0031
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0031
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0032
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0032
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0032
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0032
https://oaaction.unc.edu/policy/cost-of-osteoarthritis/
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0034
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0034
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0034
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0035
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0035
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0035
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0035
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0036
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0036
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0036
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0036
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0037
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0037
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0037
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0037
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0038
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0038
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0038
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0039
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0039
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0040
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0040
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0040
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0041
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0041
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0041
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0042
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0042
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0042
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0043
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0043
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0043
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0044
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0044
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0044
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0045
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0045
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0045
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0046
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0046
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0047
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0047
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0047
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0047
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0047
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0048
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0048
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0048
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0049
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0049
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0049
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0049
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0049
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0049
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0050
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0050
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0050
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0051
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0051
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0051
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0051
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0052
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0052
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0052
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0052
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0052
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0053
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0053
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0053
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0053
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0053
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0054
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0054
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0054
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0055
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0055
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0055
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0056
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0056
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0056
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0057
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0057
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0057
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0058
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0058
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0059
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0059
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0059
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0060
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0060
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0060
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0061
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0061
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0061
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0061
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0062
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0062
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0063
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0063
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0064
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0064
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0064
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0065
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0065
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0065
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0066
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0066
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0066
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0066
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0067
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0067
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0067
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0068
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0068
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0068
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0068
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0069
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0069
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0069
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0070
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0070
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0070
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0071
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0071
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0071
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0072
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0072
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0072
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0073
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0073
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0073
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0074
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0074
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0074

Volume 114 ® Number 2 e 2022

Review of low-dose RT for osteoarthritis 219

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Richmond JJ. The importance of radiotherapy in the treatment of
ankylosing spondylitis. Proc R Soc Med 1951;44:443-447.

Goldie I, Rosengren B, Moberg E, et al. Evaluation of radiation treat-
ment of painful conditions of the locomotor system. A double blind
study. Acta Radiol Ther Phys Biol 1970;9:311-322.

Valtonen EJ, Lilius HG, Malmio K. The value of roentgen irradiation
in the treatment of painful degenerative and inflammatory musculo-
skeletal conditions. A double-blind study. Scand ] Rheumatol
1975;4:247-249.

Seegenschmiedt MH, Micke O, Muecke R, et al. Radiotherapy for
non-malignant disorders: State of the art and update of the evidence-
based practice guidelines. Br ] Radiol 2015;88:20150080.

Javadinia SA, Nazeminezhad N, Ghahramani-Asl R, et al. Low-dose
radiation therapy for osteoarthritis and enthesopathies: A review of
current data. Int ] Radiat Biol 2021;97:1352-1367.

Weissmann T, Riickert M, Zhou J-G, et al. Low-dose radiotherapy
leads to a systemic anti-inflammatory shift in the pre-clinical K/BxN
serum transfer model and reduces osteoarthritic pain in patients.
Front Immunol 2021;12:777792.

Riihle A, Tkotsch E, Mravlag R, et al. Low-dose radiotherapy for pain-
ful osteoarthritis of the elderly: A multicenter analysis of 970 patients
with 1185 treated sites. Strahlenther Onkol 2021;197:895-902.
Hautmann MG, Rechner P, Neumaier U, et al. Radiotherapy for oste-
oarthritis-an analysis of 295 joints treated with a linear accelerator.
Strahlenther Onkol 2020;196:715-724.

Hautmann MG, Hipp M, Neumaier U, et al. Radiotherapy for osteo-
arthritis of the ankle and tarsal joints-analysis of 66 joints. Strah-
lenther Onkol 2020;196:569-575.

Hautmann M, et al. Re-irradiation for osteoarthritis-retrospective
analysis of 217 joints. Strahlenther Onkol 2019;195(12):1060-1067.
Juniku N, Micke O, Seegenschmiedt MH, et al. Radiotherapy for pain-
ful benign skeletal disorders: Results of a retrospective clinical quality
assessment. Strahlenther Onkol 2019;195:1068-1073.

Kaltenborn A, Bulling E, Nitsche M, et al. The field size matters:
Low dose external beam radiotherapy for thumb carpometacarpal
osteoarthritis: Importance of field size. Strahlenther Onkol 2016;
192:582-588.

Keller S. Efficacy of low-dose radiotherapy in painful gonarthritis:
experiences from a retrospective East German bicenter study. Radia-
tion Oncology 2013;8:29.

Alvarez B, Montero A, Alonso R, et al. Low-dose radiation therapy for
hand osteoarthritis: Shaking hands again? Clin Transl Oncol
2022;24:532-539.

Rogers S, et al. Prospective Evaluation of Changes in Pain Levels, Qual-
ity of Life and Functionality After Low Dose Radiotherapy for Epicon-
dylitis, Plantar Fasciitis, and Finger Osteoarthritis. Frontiers in Medicine
2020;7:195.

Koc B, et al. Short-term pain reduction after low-dose radiotherapy in
patients with severe osteoarthritis of the hip or knee joint: a cohort
study and literature review. European Journal of Orthopaedic Surgery
& Traumatology 2019;29:843-847.

Micke O, Seegenschmiedt MH, Adamietz IA, Kundt G, Fakhrian
K, Schaefer U, Muecke R, German Cooperative Group on Radio-
therapy for Nonmalignant Diseases (GCG-BD). Low-Dose Radia-
tion Therapy for Benign Painful Skeletal Disorders: The Typical
Treatment for the Elderly Patient? Int ] Radiat Oncol Biol Phys
2017;98:958-963.

Niewald M, Miiller LN, Hautmann MG, et al. ArthroRad trial: Multi-
centric prospective and randomized single-blinded trial on the effect
of low-dose radiotherapy for painful osteoarthritis depending on the
dose-results after 3 months’ follow-up. Strahlenther Onkol 2022;
198:370-377.

Mahler EAM, Minten MJ, Leseman-Hoogenboom MM, et al. Effec-
tiveness of low-dose radiation therapy on symptoms in patients with
knee osteoarthritis: A randomised, double-blinded, sham-controlled
trial. Ann Rheum Dis 2019;78:83-90.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Minten MJM, Leseman-Hoogenboom MM, Kloppenburg M, et al.
Lack of beneficial effects of low-dose radiation therapy on hand osteo-
arthritis symptoms and inflammation: A randomized, blinded, sham-
controlled trial. Osteoarthritis Cartilage 2018;26:1283-1290.
Waunderlich R, Ernst A, Rodel F, et al. Low and moderate doses of
ionizing radiation up to 2 Gy modulate transmigration and chemo-
taxis of activated macrophages, provoke an antiinflammatory cyto-
kine milieu, but do not impact upon viability and phagocytic
function. Clin Exp Immunol 2015;179:50-61.

Eckert D, Rapp F, Tsedeke AT, et al. ROS- and radiation source-
dependent modulation of leukocyte adhesion to primary microvascu-
lar endothelial cells. Cells 2021;11:72.

van den Ende CHM, Minten MJM, Leseman-Hoogenboom MM, et al.
Long-term efficacy of low-dose radiation therapy on symptoms in
patients with knee and hand osteoarthritis: Follow-up results of two
parallel randomised, sham-controlled trials. Lancet Rheumatol
2020;2:e42-e49.

Ott O], Micke O, Miicke R, et al. Low-dose radiotherapy: Mayday,
mayday. We’ve been hit! Strahlenther Onkol 2019;195:285-288.

Rodel F, Frey B, Manda K, et al. Inmunomodulatory properties and
molecular effects in inflammatory diseases of low-dose x-irradiation.
Front Oncol 2012;2:120.

Deloch L, Derer A, Hueber AJ, et al. Low-dose radiotherapy amelio-
rates advanced arthritis in hTNF-o tg mice by particularly positively
impacting on bone metabolism. Front Immunol 2018;9:1834.
University of Erlangen-Niirnberg Medical School. Immunophenotyp-
ing from blood of patients suffering from chronic degenerating joint
diseases and receiving local low dose radiation therapy (LDRT).
Available  at:  https://clinicaltrials.gov/ct2/show/NCT02653079.
Accessed January 8, 2022.

Alvarez B, Montero A, Hernando O, et al. Radiotherapy CT-based con-
touring atlas for non-malignant skeletal and soft tissue disorders: A prac-
tical proposal from Spanish experience. Br J Radiol 2021;94 20200809.
Micke O, Seegenschmiedt MH. German Cooperative Group on
Radiotherapy for Benign Diseases. Radiotherapy in painful heel spurs
(plantar fasciitis)—results of a national patterns of care study. Int J
Radiat Oncol Biol Phys 2004;58:828-843.

Niewald M, Seegenschmiedt MH, Micke O, et al. Randomized, multi-
center trial on the effect of radiation therapy on plantar fasciitis (pain-
ful heel spur) comparing a standard dose with a very low dose: Mature
results after 12 months’ follow-up. Int J Radiat Oncol Biol Phys
2012;84:e455-e462.

Canyilmaz E, Canyilmaz F, Aynaci O, et al. Prospective randomized
comparison of the effectiveness of radiation therapy and local steroid
injection for the treatment of plantar fasciitis. Int ] Radiat Oncol Biol
Phys 2015;92:659-666.

Cuculich PS, Schill MR, Kashani R, et al. Noninvasive cardiac radia-
tion for ablation of ventricular tachycardia. N Engl ] Med
2017;377:2325-2336.

Robinson CG, Samson PP, Moore KMS, et al. Phase I/II trial of elec-
trophysiology-guided noninvasive cardiac radioablation for ventricu-
lar tachycardia. Circulation 2019;139:313-321.

Niranjan A, Raju SS, Kooshkabadi A, et al. Stereotactic radiosurgery
for essential tremor: Retrospective analysis of a 19-year experience.
Mov Disord 2017;32:769-777.

Khattab MH, Cmelak AJ, Sherry AD, et al. Noninvasive thalamotomy
for refractory tremor by frameless radiosurgery. Int J Radiat Oncol
Biol Phys 2022;112:121-130.

Chung M, Rhee HY, Chung WK. Clinical approach of low-dose
whole-brain ionizing radiation treatment in Alzheimer’s disease
dementia patients. J Alzheimers Dis 2021;80:941-947.

Cuttler JM, Abdellah E, Goldberg Y, et al. Low doses of ionizing radia-
tion as a treatment for Alzheimer’s disease: A pilot study. ] Alzheimers
Dis 2021;80:1119-1128.

Martinez- Alvarez R. Radiosurgery for behavioral disorders. Prog Neu-
rol Surg 2019;34:289-297.


http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0075
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0075
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0076
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0076
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0076
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0077
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0077
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0077
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0077
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0078
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0078
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0078
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0078
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0079
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0079
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0079
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0096
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0096
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0096
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0096
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0096
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0096
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0080
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0080
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0080
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0080
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0082
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0082
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0082
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0097
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0097
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0097
http://refhub.elsevier.com/S0360-3016(22)00357-1/optMcdTJcHENE
http://refhub.elsevier.com/S0360-3016(22)00357-1/optMcdTJcHENE
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0083
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0083
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0083
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0095
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0095
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0095
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0095
http://refhub.elsevier.com/S0360-3016(22)00357-1/optXqJ3OKUc4R
http://refhub.elsevier.com/S0360-3016(22)00357-1/optXqJ3OKUc4R
http://refhub.elsevier.com/S0360-3016(22)00357-1/optXqJ3OKUc4R
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0081
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0081
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0081
http://refhub.elsevier.com/S0360-3016(22)00357-1/opt3ezYqIb1Fx
http://refhub.elsevier.com/S0360-3016(22)00357-1/opt3ezYqIb1Fx
http://refhub.elsevier.com/S0360-3016(22)00357-1/opt3ezYqIb1Fx
http://refhub.elsevier.com/S0360-3016(22)00357-1/opt3ezYqIb1Fx
http://refhub.elsevier.com/S0360-3016(22)00357-1/opteEk6xHO9e4
http://refhub.elsevier.com/S0360-3016(22)00357-1/opteEk6xHO9e4
http://refhub.elsevier.com/S0360-3016(22)00357-1/opteEk6xHO9e4
http://refhub.elsevier.com/S0360-3016(22)00357-1/opteEk6xHO9e4
http://refhub.elsevier.com/S0360-3016(22)00357-1/optfOAJ6omNnC
http://refhub.elsevier.com/S0360-3016(22)00357-1/optfOAJ6omNnC
http://refhub.elsevier.com/S0360-3016(22)00357-1/optfOAJ6omNnC
http://refhub.elsevier.com/S0360-3016(22)00357-1/optfOAJ6omNnC
http://refhub.elsevier.com/S0360-3016(22)00357-1/optfOAJ6omNnC
http://refhub.elsevier.com/S0360-3016(22)00357-1/optfOAJ6omNnC
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0086
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0086
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0086
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0086
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0086
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0086
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0088
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0088
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0088
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0088
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0087
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0087
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0087
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0087
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0084
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0084
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0084
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0084
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0084
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0084
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0085
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0085
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0085
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0089
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0089
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0089
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0089
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0089
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0090
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0090
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0090
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0091
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0091
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0091
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0091
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0092
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0092
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0092
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0092
https://clinicaltrials.gov/ct2/show/NCT02653079
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0094
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0094
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0094
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0098
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0098
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0098
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0098
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0099
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0099
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0099
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0099
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0099
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0100
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0100
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0100
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0100
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0101
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0101
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0101
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0102
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0102
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0102
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0103
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0103
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0103
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0104
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0104
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0104
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0105
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0105
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0105
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0106
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0106
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0106
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0107
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0107
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0107

220 Dove etal. International Journal of Radiation Oncology ® Biology ® Physics

113. Franzini A, Rossini Z, Moosa S, et al. Medial thalamotomy using ste- 115. Ganesan G, Ponniah S, Sundaram V, et al. Whole lung irradiation
reotactic radiosurgery for intractable pain: A systematic review. Neu- as a novel treatment for COVID-19: Final results of the prospec-
rosurg Rev 2022;45:71-80. tive randomized trial (WINCOVID trial). Radiother Oncol

114. Tuleasca C, Régis ], Sahgal A, et al. Stereotactic radiosurgery for tri- 2021;167:133-142.

geminal neuralgia: A systematic review. ] Neurosurg 2018;130:733-757.


http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0108
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0108
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0108
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0109
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0109
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0109
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0110
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0110
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0110
http://refhub.elsevier.com/S0360-3016(22)00357-1/sbref0110

	The Use of Low-Dose Radiation Therapy in Osteoarthritis: A Review
	Introduction
	Epidemiology
	Presentation and pathophysiology
	Risk factors
	Current treatment
	Burden on health care system and patients
	Overview of LDRT
	Radiobiological mechanism
	Risk of secondary malignancy
	Noncarcinogenic risks

	History of LDRT
	Beginnings
	American experience

	Modern Day LDRT
	German pioneers
	Recent literature for OA
	Benefit of LDRT
	Criticisms of LDRT
	Future directions of LDRT for OA

	Treatment Planning
	Overview
	Small joints
	Large joints
	Treatment indications

	Discussion
	Conclusions
	References


