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IMAGE-guided percutaneous meth-
ods of tumor destruction have
proven effective for treatment of be-
nign bone tumors as well as for pal-
liation of metastases involving bone
and soft tissue sites beyond the liver
and lung. Treatment of primary bone
tumors is largely restricted to benign
tumors, most notably osteoid osteo-
mas, as a single-modality treatment
or as an adjunct to surgical resection
(1– 4). More recently, image-guided
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ablation techniques have proven
helpful for palliation of painful met-
astatic disease involving bone and
soft tissue beyond the liver and lung
for those patients im whom conven-
tional therapies have failed, includ-
ing external-beam radiation and nar-
cotic analgesic agents. The purpose
of this document from the Society of
Interventional Radiology (SIR) is to
provide a guideline for reporting
clinical studies and research on the
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use of ablation methods for the treat-
ment of benign bone tumors and me-
tastases involving bone and soft tis-
sues beyond the liver and lung. The
use of these guidelines will allow
more meaningful comparison of out-
come data and clarify direction for
future research.

IMAGE-GUIDED ABLATION
OF BENIGN BONE TUMORS

Osteoid osteoma is the most com-
mon benign bone tumor, representing
approximately 10% of all benign bone
tumors. It is a tumor of unknown eti-
ology with no malignant potential that
classically affects children and young
adults, in an approximately 2:1 male:
female ratio. Although these painful
tumors may be found in any bone,
they tend to affect the appendicular
skeleton, with the proximal femur be-
ing the most common site (5). The clas-
sic presentation is one of dull pain that
is worse at night and relieved with
aspirin (6). These tumors grow slowly,
if at all, and may spontaneously re-
gress.

Treatment options for symptomatic
osteoid osteomas that do not regress are
divided into three categories: surgical,
medical, and percutaneous. The surgical
treatment includes en bloc resection or
curettage. Intraoperative localization of
the nidus can be very challenging, and
can result in significant bone resection

and possible failure of the nidus re-
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moval in a small percentage of cases.
Percutaneous image-guided resection of
osteoid osteoma is also possible (7–10).
The degree of bone resection also plays
a significant role in weight bearing and
activity after surgery. Comparative
studies between image-guided ablation
and surgery show similar effectiveness,
with surgery associated with a higher
complication rate, longer hospitaliza-
tion, and longer recovery (3,11).

Medical treatment consists of a vari-
ety of nonsteroidal antiinflammatory
medications. Although pain relief is fre-
quently obtained, many patients do not
wish to continue to receive long-term
medications with the acknowledged po-
tential for gastrointestinal, hepatic and
renal side effects.

Computed tomography (CT)–
guided percutaneous radiofrequency
(RF) ablation of osteoid osteoma was
reported by Rosenthal et al in 1992 (1).
Although the technical aspects of the
procedure have changed little, modifica-
tions in equipment, including different
types of electrodes and other thermal
methods have been developed. Since
this initial report (1), at least 88 peer-
reviewed articles involving more than
1,400 patients (1,466 extraspinal and 30
spinal tumors) have appeared in the lit-
erature (2–4,12–15). Primary success
rates as high as 97% have been reported,
with a 100% secondary success rate (16).

Laser-induced interstitial thermo-
therapy (LITT) was first reported by
Gangi et al in 1997 (17). Since this report
(17), there have been at least 17 peer-
reviewed articles published involving
more than 340 patients (328 extraspinal
and 16 spinal tumors) undergoing LITT
for the treatment of osteoid osteoma
(18–21). The number of LITT-treated os-
teoid osteoma cases reported in the lit-
erature, representing approximately one
fifth of the RF ablation cases, suggests
this treatment method is less commonly
used than RF ablation. Advantages of
LITT include a smaller-caliber thermal
applicator and magnetic resonance
(MR) imaging compatibility. As this
technique employs a smaller needle ap-
plicator, biopsy of the lesion is usually
not possible, although this usually is not
necessary as imaging findings are often
diagnostic. Primary success rates as
high as 98% have been reported, with a
100% secondary success rate (18,22).

Cryoablation has also been used for
the treatment of osteoid osteoma, as re-

ported in a case of MR imaging–guided
treatment of an osteoid osteoma in the
ischial bone (23). The ability to monitor
the ablation zone with CT or MR imag-
ing was reported by the authors to be a
potential advantage of cryoablation. Al-
though it was not mentioned by the au-
thors, cryoablation also has the advan-
tage of penetration of the ablation zone
into dense bone, which is a normal part
of the cortical response to the presence
of osteoid osteoma (24). Note that fur-
ther penetration of the ablation zone
into bone may also be a detriment to this
therapy, with possible pathologic frac-
ture resulting from weakening of the
bone. This ablative technique for osteoid
osteoma may benefit from further inves-
tigation.

Thermal ablation of osteoid osteoma
is the dominant topic in the literature
with respect to ablation of primary bone
tumors. However, a small number of
case reports of other primary bone
tumors treated with RF ablation have
appeared in the literature (ie, chon-
droblastoma, chondroma, eosino-
philic granuloma, and epithelioid he-
mangioendothelioma) (25–28).

IMAGE-GUIDED ABLATION
OF METASTATIC DISEASE
INVOLVING BONE AND SOFT
TISSUE BEYOND THE LIVER
AND LUNG

Skeletal metastases are a common
problem in patients with cancer. Au-
topsy studies have shown that as many
as 85% of patients who die from breast,
prostate, and lung cancer have bone me-
tastases at the time of death (29). Com-
plications resulting from skeletal metas-
tases, including pain, fractures, and
decreased mobility, can reduce a pa-
tient’s quality of life and performance
status (29,30). In addition, these compli-
cations can affect a patient’s mood, lead-
ing to associated depression and anxiety
(29). Current treatment for patients with
bone metastases are primarily palliative
and include localized therapies (eg, ra-
diation and surgery), systemic therapies
(eg, chemotherapy, hormonal therapy,
radiopharmaceuticals, and bisphospho-
nates), and analgesic agents (eg, opioids
and nonsteroidal antiinflammatory
drugs).

Skeletal metastases that cause pain
but that are also at risk for impending
fracture may be treated surgically with
an intramedullary rod or other internal

fixation in an extremity. However, tu-
mors located in the spine and periac-
etabular regions require greater surgical
intervention to effect stabilization. Re-
cently, percutaneous methods have
been developed to stabilize these types
of tumors through the administration of
methyl methacrylate into the tumor,
with or without previous treatment
with ablative methods (31).

External-beam radiation therapy is
the current standard of care for patients
with cancer who present with localized
bone pain. This treatment results in a
reduction in pain for the majority; how-
ever, 20%–30% of patients treated with
this modality do not experience pain re-
lief, and there may be few additional
options (32–37). Unfortunately, patients
who have recurrent pain at a metastatic
site previously irradiated are often not
eligible for further radiation therapy
secondary to limitations in normal tis-
sue tolerance. Additionally, metastatic
disease in this population is often refrac-
tory to standard chemotherapy or hor-
monal therapy. Surgery, which is usu-
ally reserved for impending fracture, is
not always an option when patients
present with advanced disease and poor
functional status. Radiopharmaceuti-
cals, which have known benefit in pa-
tients with diffuse painful bony metas-
tases, are not considered standard of
care for patients with isolated, pain-
ful tumors. For many patients with
painful metastatic disease, analgesic
agents remain the only alternative
treatment option (38). Unfortunately,
to obtain sufficient pain control, side
effects of these medications such as
constipation, nausea, and sedation
can be significant.

Because many patients continue to
experience pain from metastatic disease
despite optimized analgesia and other
treatments, RF ablation methods were
explored as a potential treatment
method and found beneficial for these
patients (39–41). Since the first peer-
reviewed report of palliation of painful
metastatic disease with RF ablation ap-
peared in 2002 (40), at least 25 peer-
reviewed manuscripts involving more
than 400 patients have appeared in the
literature. Subsequently, cryoablation
has been used as a treatment method
and found to provide similar palliation
of painful metastases (24). These reports
have established the treatment benefit
for patients with benign and metastatic
disease involving bone and soft tissue

beyond the liver and lung (24,39–45).
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The vast majority of reports in the liter-
ature are case series from single institu-
tions. Unfortunately, these reports have
used a wide variety of study designs
and reporting methods that, as a result,
limit the understanding of appropriate
patient selection, ablation method and
technique, and expected treatment out-
come.

CURRENT STATUS OF
RESEARCH REPORTING FOR
IMAGE-GUIDED TUMOR
ABLATION

Goldberg and colleagues (46) pub-
lished an updated consensus report
on standardization of terminology
and reporting criteria for generic im-
age-guided tumor ablation on behalf
of the SIR Technology Assessment
Committee and the International
Working Group on Image-Guided
Tumor Ablation (46). These recom-
mendations have been adopted by
the editorial staffs of Radiology and
the Journal of Vascular and Interven-
tional Radiology. As such, investiga-
tors involved in image-guided tumor
ablation should be familiar with
these reporting guidelines and use
them for presentations and manu-
scripts. Ablative methods have be-
come the standard of care for treat-
ing osteoid osteoma. However,
reports of treatment of other benign
bone tumors are limited to case re-
ports and series. Important absences
in the current literature are large pro-
spective randomized controlled trials
comparing focal ablative therapy versus
conventional surgical and nonsurgical
standard therapies for treatment of pa-
tients with metastatic disease. This re-
port by SIR on research reporting stan-
dards provides a guideline for research
and reporting on the use of image-
guided ablation to treat bone and soft
tissue metastases. Additionally these
guidelines may be used for research and
reporting on the use of image-guided
ablation to treat osteoid osteoma and
other benign bone tumors.

PATIENT SELECTION

Clinical Criteria for Image-guided
Ablation of Benign Bone Tumors

Potential candidates for image-
guided ablation of osteoid osteoma in-

clude all patients with symptoms that
are not relieved by medical therapy or
patients who do not desire long-term
medical therapy. As with any potential
percutaneous ablation treatment, pa-
tient and anatomic criteria should be
considered, including accessibility with
a percutaneous approach and adjacency
of normal structures. Special care
should be taken in considering patients
with intraarticular tumors, tumors near
growth plates, tumors in the hands, and
tumors in the spine near neural ele-
ments (4).

Clinical Criteria for Image-guided
Ablation of Metastatic Disease
Involving Bone and Soft Tissue
beyond the Liver and Lung

The clinical indication for image-
guided ablation of metastatic disease in-
volving bone or soft tissue outside the
liver and lung must be clearly specified.
Patients with limited metastatic disease
involving bone or soft tissue outside the
liver and lung who are potential candi-
dates for image-guided ablation fall into
four general categories: (i) patients who
have limited painful metastatic disease
in whom conventional therapies have
failed or who have refused conventional
therapy, (ii) patients at risk for further
morbidity with progression of a meta-
static lesion that may be at risk for frac-
ture or invasion of adjacent critical
structures, (iii) patients who have lim-
ited metastatic disease who are not sur-
gical candidates, and (iv) patients with
symptomatic metastatic disease such as
hormonally active tumors or hemor-
rhagic tumors.

Patients in the first category include
those who have painful metastatic dis-
ease that may be multifocal but has a
dominant source of pain limited to one
or two locations. Patients are offered fo-
cal ablative therapy (eg, RF ablation or
cryoablation) for painful metastases in
the following settings. First, it is offered
when a patient reports moderate or se-
vere pain, typically at least 4 on a scale
of 0–10 for worst pain in a 24-hour pe-
riod. Patients with lower pain scores are
typically not offered treatment for palli-
ation of their pain because it is difficult
to improve on mild pain and also be-
cause this type of pain can usually be
adequately managed by oral analgesics.
Second, it is offered when a patient’s
focal pain is limited to one or two sites
and the patient’s pain is associated with

a corresponding abnormality evident
with cross-sectional imaging. Patients
with numerous painful tumors are not
treated with these techniques because
this type of pain is better treated with a
systemic, rather than focal, approach. In
addition, pain caused by multiple tu-
mors is difficult to adequately localize
for directed therapy. Finally, it is offered
when treatment of the patient’s painful
metastatic lesion is amenable to the use
of ablative devices. Tumors that are
amenable to ablative therapy are most
typically osteolytic or mixed osteolytic/
osteoblastic in nature or otherwise com-
posed of soft tissue.

Patients in the second category in-
clude patients with metastatic disease
that would result in increased morbidity
if a specific metastatic lesion were to
increase in size without treatment. The
use of ablative techniques to prevent
complications for patients with meta-
static disease is warranted if the disease
is relatively clinically stable and pro-
gression of a specific metastatic lesion
may lead to fracture, if one tumor has
not responded to chemotherapy while
others have regressed, or if there is con-
cern for invasion of an adjacent critical
structure such as neural, vascular,
bowel, or bladder tissues. Patients at
risk for fracture as a result of metastases
in axially loaded locations (eg, vertebral
bodies or periacetabular region) may
benefit from cementoplasty (31). Pa-
tients who have pathologic fractures
have been treated with both ablation
and cementoplasty with pain relief and
stabilization of the fracture (47). It is rec-
ommended that the use of combination
therapies, and the rationale for the use
of combination therapy, for the treat-
ment of patients with metastatic disease
should be reported.

Patients in the third category include
those with disease that is relatively clin-
ically stable and have one or a few met-
astatic tumors evident on imaging stud-
ies that are not candidates for surgery.
The use of ablative techniques is indi-
cated in this situation as a method to
achieve local control and remission of
their disease. In this instance, complete
ablation of the targeted lesion is neces-
sary and treatment planning is critical to
achieve this goal.

Patients in the fourth category in-
clude those with metastatic disease that
would benefit from palliation as a result
of tumors that release biochemically ac-
tive hormones such as neuroendocrine

tumors or possibly tumors that have
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persistent low-grade hemorrhage de-
spite conventional therapy. The uses of
ablative techniques are directed toward
destruction of neoplastic tissue to
achieve control of the patient’s symp-
toms. The goal of the use of ablative
therapy should be reported for these pa-
tients.

Anatomic Criteria

Anatomic considerations should be
taken into account when selecting ap-
propriate tumors for image-guided ab-
lation, including tumor size, proximity
to adjacent important neural structures,
and proximity to adjacent bowel and
bladder. It is recommended that the an-
atomic considerations that are em-
ployed as part of the inclusion or exclu-
sion criteria for a research study or trial
should be described. Techniques that
are employed to avoid injury or im-
prove safety such as thermocouple de-
ployment or tissue displacement tech-
niques should be described. Guidelines
used for treatment decisions based on
anatomic considerations (ie, distances
for safety margins from critical struc-
tures) should be described.

Exclusion Criteria

No rigid exclusion criteria exist for
image-guided ablation of osteoid os-
teoma. Therefore, the decision to treat a
tumor in a relatively high-risk area (eg,
intraarticular tumors, tumors near
growth plates, tumors in the hands, and
tumors near neural elements) should be
performed based on the operator’s ex-
perience and possible consultation with
orthopedic surgery personnel. The use
of tissue displacement techniques such
as fluid instillation to increase the mar-
gin of safety should be reported. Ther-
mal injury to articular cartilage does not
appear to be a factor in the short term,
but may manifest itself in long-term
evaluation as premature degenerative
changes (4). Treatment of tumors near
growth plates have the potential to re-
sult in thermal injury to the growth
plate, with subsequent growth alter-
ation. The tiny nerves of the extremities
are not visible on CT and care must be
used to avoid injury with image-guided
ablation. Safe treatment of osteoid osteo-
mas in the spine near neural elements is
based on operator experience with an

understanding of the relative protective
effect of intact bone and cerebrospinal
fluid insulative effects (4).

Patients may be excluded from focal
ablative therapy for metastatic disease
involving bone or soft tissue metastases
outside the liver and lung for three pri-
mary reasons: (i) because successful
treatment would require treatment of a
portion of the tumor located within ap-
proximately 1 cm of the spinal cord, ma-
jor motor nerve, brain, artery of Adamk-
iewicz, bowel, or bladder. This margin
of safety is a general guideline for the
deployment of the ablative device adja-
cent to these critical structures. In prac-
tice, the nearest proximity of the abla-
tive device to critical structures is
dependent on visibility of the ablation
margin, use of thermal protection de-
vices, monitoring of temperatures and
neural structures, and experience of the
interventional oncologist (ii) when pa-
tients present with numerous painful
tumors. However, many patients will
have multiple metastatic sites of disease
and it is not unusual for only one or two
of the sites to cause moderate to severe
pain. In these cases, the tumor(s) re-
sponsible for moderate to severe pain
might be ablated for palliation (iii) when
patients present with predominately os-
teoblastic disease. Treatment of osteo-
blastic tumors is technically possible
with the use of bone biopsy techniques
or with a bone drill to provide access to
the affected area and to provide a path
for deployment of the ablative device.
However, these are infrequently per-
formed because of the often-difficult ac-
cess through sclerotic bone with hand-
driven bone biopsy devices (a drill
minimizes this issue) and because scle-
rotic metastases are often multifocal when
present. Although cryoablation will effec-
tively treat intact or sclerotic bone, RF ab-
lation energy is poorly delivered into scle-
rotic or otherwise intact bone (48).

Recommendations

The clinical indication for image-
guided ablation and evaluated end-
points of the study must be clearly spec-
ified. For patients treated for palliation
of painful disease, the pain score before
treatment, on a 0–10 scale, must be re-
corded. Pain medication use should be
documented, and preferably reported
using a standard conversion of opioid
analgesia to morphine equivalents
(49,50). For patients treated for meta-

static disease at risk for increased mor-
bidity such as fracture, or for progres-
sion that would involve a critical
structure, the intent of the therapy
should be described. For patients with
limited metastatic disease with the goal
of obtaining complete local control and
remission, the treatment strategy should
be described. Anatomic location and de-
scription of all tumors must be reported.
Study inclusion and exclusion criteria
and the methods used to assign treat-
ments to subjects must be described.

PRETREATMENT
EVALUATION

Demographics and Risk Factors

Evaluation of patients for consider-
ation of image-guided ablation must in-
clude assessment of demographics (ie,
age, sex, and ethnicity). Patients with
cardiac pacemakers require additional
planning before the use of RF ablation
(and possibly microwave and irrevers-
ible electroporation systems) but not
cryoablation or laser, and may require
temporary continuous pacing operation
without sensing of the device or moni-
toring of the patient by a technician as a
result of possible electromagnetic inter-
ference during the ablation procedure
(51). Patients with mechanical cardiac
valves require conversion from warfarin
to unfractionated or low molecular
weight heparin for the image-guided
ablation procedure, followed by re-
sumption of oral anticoagulation.

Osteoid osteomas are usually solitary
and sporadic, and therefore recognized
risk factors are not widely described in
the medical literature (52). Presumed or
suspected risk factors should be docu-
mented nonetheless. Finally, the pres-
ence and nature of previous osteoid os-
teoma therapy, either surgical or
percutaneous, should be described.

Comorbidities/Performance Status

Osteoid osteomas typically affect pa-
tients during the second and third de-
cades of life (52). As such, these young
individuals generally lack significant co-
morbid medical conditions. Regardless,
the presence of concurrent illness, par-
ticularly congenital and acquired cardio-
vascular and respiratory disease, which
may introduce a high risk of general an-
esthesia, surgical therapy, and postabla-

tive complications, should be reported.
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Other musculoskeletal abnormalities
should be documented if present.

In most cases, patients with osteoid
osteomas describe severe localized pain
present for duration of weeks to years,
and the severity of which is increased at
night and relieved by use of nonsteroi-
dal antiinflammatory drugs (52). As
such, the presence, location, severity,
duration, and temporal nature of patient
symptoms should be reported, particu-
larly if refractory to conservative medi-
cal management. Aggravating or allevi-
ating factors should also be noted.
Depending on their location, osteoid os-
teomas may result in physically evident
musculoskeletal abnormalities. Any spi-
nal deformities resulting from vertebral
osteoid osteomas or joint abnormalities,
such as pain, soft tissue swelling,
joint effusion, and decreased range
of motion, resulting from intraartic-
ular tumors should be described.
Secondary physical manifestations of
disease, including osteoarthritis,
limb length discrepancy, gait abnor-
mality or limp, and muscle atrophy
should be reported.

In consideration of treatment of pa-
tients with metastatic disease, the patient’s
performance status should be reported ac-
cording to Eastern Cooperative Oncology
Group/World Health Organization/
Zubrod or Karnofsky scoring systems
(53,54) (Table 1). Further consideration of
treatment includes rate of disease progres-
sion, as an estimated life expectancy of at
least 2 months is generally necessary to
obtain benefit from the therapy. Other
evaluations include comorbid medical re-
nal or renovascular disease, coronary ar-
tery disease, and chronic obstructive pul-
monary disease.

Other Therapies

Patients treated for metastatic disease
involving bone or in the soft tissues out-

Table 1
Eastern Cooperative Oncology Group/Zu

Score

0 Asymptomatic and fully active; no
1 Symptomatic; fully ambulatory; re
2 Symptomatic; unable to carry out

self-care; �50% waking hours s
3 Symptomatic; limited self-care; co
4 Completely disabled; no self-care;
side the liver and lung often receive
other therapies before consideration of
treatment with image-guided ablation.
Reporting completed and ongoing che-
motherapy, hormonal therapy, targeted
molecular therapy, or bisphosphonate
therapy, as well as previous radiation
therapy, is necessary for evaluation of
the effectiveness of these image-guided
ablation therapies.

Relative Contraindications

Contraindications to percutaneous
image-guided ablation of benign and
metastatic disease include technical, an-
atomic, clinical, and operator consider-
ations. Close proximity of tumors to
neurovascular or dural structures, par-
ticularly in spinal tumors and tumors lo-
cated in the small bones of the hand, may
preclude image-guided ablation therapy.
Guidelines employed for the use of im-
age-guided ablation adjacent to critical
structures such as neural tissues or in a
periarticular location should be reported.

Imaging Correlation

Image-guided ablation of benign bone
tumors.—Description of the particular
radiographic elements of imaging diagno-
sis of osteoid osteoma is imperative, prin-
cipally because percutaneous ablative
therapy of osteoid osteoma may be pur-
sued based on imaging alone and without
a tissue diagnosis. Radiographic diagnosis
of osteoid osteomas should include a de-
tailed description of tumor location. Tu-
mors may be cortical (ie, diaphyseal or
metaphyseal), medullary, or intraarticu-
lar. The presence of cortical thickening,
periosteal reaction, and reactive bony scle-
rosis should be noted and described. A
radiolucent nidus represents the imaging
hallmark of osteoid osteomas, and may
contain focal areas of internal mineraliza-
tion. The nidus is generally solitary (but

od Performance Status Scale

inition

strictions
icted in physical strenuous activity

work activities; ambulatory; capable of
t out of bed
ed to bed or chair �50% of time

ally confined to bed or chair
may be paired), and is radiographically
evident in approximately 85% of cases
(55). Nidus presence, number, and size
should be reported.

Although radiography may be diag-
nostic of osteoid osteoma, CT scans
should be obtained before percutaneous
image-guided ablation to definitively
delineate the tumor nidus. Furthermore,
CT allows for distinction of osteoid os-
teoma from imaging mimics, including
bone (ie, Brodie) abscess, stress fracture,
and subchondral cyst (ie, “geode”), for
which alternative therapies or no treat-
ment are required. Contrast enhance-
ment of the vascular nidus on dynamic
contrast-enhanced CT should be de-
scribed. In contradistinction, bone ab-
scesses, stress fracture, and subchondral
cysts show no contrast enhancement.
Although it is less useful for nidus iden-
tification, MR imaging may reveal bone
marrow and soft tissue edema, which
should be reported when this imaging
study is obtained.

Finally, correlation of radiographic
and cross-sectional imaging with other
imaging studies, such as technetium Tc
99m bone scan, should be reported in
the case of atypical osteoid osteoma lo-
cation or radiographically unapparent
tumors. Tumor characteristics on vascu-
lar, blood pool, and delayed phases of
imaging should be described. Correla-
tion of clinical findings of osteoid os-
teoma with confirmatory radiologic im-
aging should be reported.

Image-guided ablation of metastatic
disease involving bone and soft tissue be-
yond the liver and lung.—Effective pal-
liative treatment of patients with meta-
static disease requires correlation of the
patients’ focal pain with a correspond-
ing abnormality evident with cross-
sectional imaging. As part of this corre-
lation, it is critically important to
physically examine each patient before
the image-guided ablation treatment to
determine if the patient’s pain corre-
sponds to an identifiable lesion on CT,
MR imaging, or ultrasound (US) imag-
ing. Correlation of clinical findings of
metastatic disease with confirmatory ra-
diologic imaging should be reported.

Recommendations

Correlation of clinical symptoms
and complete description of the par-
ticular elements of imaging diagno-
sis of osteoid osteoma is imperative,
as percutaneous ablative therapy of
br

Def

re
str
any

pen
nfin
tot
osteoid osteoma may be pursued
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based on imaging alone and without
a tissue diagnosis before treatment.
Reporting the imaging methods used
and the process for correlation of the
imaging findings with the patients’
focal pain is necessary. Characteriza-
tion of the patient cohort with re-
spect to demographics, risk factors,
comorbidities, and performance sta-
tus allows comparison across differ-
ent studies, and must be reported.
Reporting the patient’s previous
treatments and corresponding time
interval to image-guided ablation is
an important variable to separate

1) Please rate your pain by

 in the past 24 hours. 

0 1 2 

No
Pain 

2) Please rate your pain by

 in the past 24 hours. 

0 1 2 

No
Pain 

3)  Please rate your pain by 

 in the past 24 hours. 

0 1 2 

No
Pain 

4) Please rate your pain by

0 1 2 

No

 Pain 

Figure. BPI Short Form questionnaire.
treatment response to therapy.
TUMOR CHARACTERISTICS

Tumor size should be recorded as
the maximal unidimensional tumor
diameter as seen on CT, MR, or US
imaging. When a more detailed assess-
ment of tumor size is recorded, the
dimensions in three orthogonal axes
should be recorded. Tumor volume
may be estimated from the orthogonal
diameters, or measurement of tumor
volume is possible using volume-
rendering software. The basis for re-
cording tumor size and the method of
volume estimation, if employed,
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should be specified.
The anatomic location of the tumor
should be reported, including whether
contained within a particular bone,
abutting the bone with or without
periosteal reaction, or located in the
soft tissues such as intraperitoneal fat,
intramuscular, subcutaneous tissues,
or dermis. If contained within a bone,
the relative location, such as medul-
lary or cortical, should be reported.
Other anatomic locations such as ad-
jacent to joints or other functional
bony landmarks should be reported.

Tumor proximity to a major motor
nerve can result in suboptimal treat-
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ment in order to avoid injury. In ad-
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dition, close proximity to bowel and
bladder and dermis may require ad-
junctive techniques to prevent off-
target injury of adjacent normal
structures during the ablation proce-
dure. Consequently, anatomic loca-
tion of all treated tumors must be
reported and adjunctive techniques

5) What treatments or med

________________________

6)  In the past 24 hours, ho

 circle the one percenta
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Relief 

7) Please circle the one nu
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 B. Mood
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Figure. (continued)
described.
Biopsy

Because the clinical and imaging fea-
tures of osteoid osteoma have high di-
agnostic accuracy (56), and because non-
diagnostic biopsy findings are common
in osteoid osteoma (57), tumors with
characteristic clinical presentation and

tions are you receiving for your pain?

______________________________

much relief have pain treatments or m

that most shows how much relief you

% 40% 50% 60% 70%
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radiologic characteristics may be treated
without histologic confirmation. When
biopsy is performed, results must be re-
ported. Instances in which biopsy is not
performed must be specifically de-
scribed. Additionally, these tumors and
procedures must be included in out-
come measure analysis.

Before treatment of patients with
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metastatic disease with image-guided
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therapies, it is important to have histo-
logically or cytologically documented
solid tumor metastasis. If the nature of
the metastatic disease has been previ-
ously documented through biopsy, the
lesion to be treated does not require fur-
ther documentation. When necessary, a
biopsy should be performed before ab-
lation to prove malignancy. The biopsy
can be performed in a separate setting
or just before the introduction of the
applicator. A specific histologic cell type
should be obtained, as a number of dif-
ferent tumors can metastasize to bone
and soft tissue sites, and some may re-
spond to local therapies (eg, radiation
and surgery), systemic therapies (eg,
chemotherapy, hormonal therapy, ra-
diopharmaceuticals, or bisphospho-
nates) and analgesics (eg, opioids and
nonsteroidal antiinflammatory drugs),

 D. Normal work (incl

0 1 2 

Does not
interfere

 E. Relations with othe

0 1 2 

Does not
interfere

F.  Sleep 

0 1 2 

Does not
interfere

 G. Enjoyment of life 
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Figure. (continued)
whereas others may not.
Recommendations

A detailed description of tumor
characteristics must be provided, in-
cluding histologic type, size, and an
anatomic description. When biopsy is
performed, the results must be re-
ported. When biopsy is not per-
formed, the rationale for this must be
described, including the basis for the
assumed histologic type of the treated
tumors.

TREATMENT DESCRIPTION

Method of Targeting and
Monitoring

Placement of devices for image-
guided ablation of metastases in-
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eople

 4 5 6 7 
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volving bone and soft tissue metas-
tases may be performed with
multiple methods including US, CT,
or MR guidance, and possibly fusion
of these imaging methods with one
another or with other cross-sectional
imaging data such as positron emis-
sion tomorgaphy/CT. The imaging
method for guidance and targeting
must be described. Monitoring of im-
age-guided ablation can be done
with these same methods dependent
on the ablation device or system. The
imaging method used for monitoring
of ablation should be described with
the imaging parameters used. A de-
scription of the endpoints used to
define the length of time used for
ablation should be provided. The im-
aging method or treatment parame-
ters used to estimate or determine
the treatment margin must be re-
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Ablation Description

As specified in the SIR Technology
Assessment Committee and Interna-
tional Working Group on Image-
Guided Tumor Ablation reporting
standard guidelines (46), a description
must be given of the ablation device
(energy source and applicator) and
treatment protocol used for image-
guided ablation. The details of a man-
ufacturer’s recommended treatment
protocol or the precise details and spe-
cific modification of the protocol used
by the operator must be stated. The
duration and method of the energy
application must be recorded. For RF
ablation, this includes the energy
modulation used (eg, target tempera-
ture, impedance-based, pulsed), the
number of overlapping ablations, the
number of ablation sessions, and the
treatment endpoint (eg, time, target
temperature, maximum impedance)
and number of electrodes. For RF ab-
lation, details as to whether the elec-
trode used was a single-tip, cluster, or
multitined electrode must also be
given, as well as the length of the ac-
tive electrode, number of deployed
tines, or number of electrodes used for
the treatment. A distinction between
bipolar and monopolar devices must
be specified. When multitined ex-
pandable electrode systems are used

Table 2
Classification of Complications of Ablat

Complication

Abscess
Allergy/anaphylactoid reaction
Angina/coronary ischemia
Death related to procedure
Death unrelated to procedure (30-d morta
Hypotension
Hematoma bleeding at ablation site
Hematoma bleeding puncture site
Idiosyncratic reaction
Myocardial infarction
Nerve Injury
Pleural effusion
Pneumothorax
Pulmonary embolism
Respiratory failure
Sepsis
Skin burn
Stroke
Tumor seeding
Unintended perforation of hollow viscus
Vagal reaction
for RF ablation, or multiple electrodes
are placed for use with a switching
generator, the electrode position(s) be-
fore the application of RF energy
should be verified with a scan volume
through the treatment region. The
number of grounding pads, skin posi-
tioning, and skin preparation must be
stated.

For cryoablation and microwave, the
probe manufacturer, probe size and
configuration, number of probes, and
probe positioning (including maximum
and minimum interprobe spacing)
should be stated. The duration of active
freezing, duration of active and/or pas-
sive thawing, and the number of freeze/
thaw cycles must be recorded. The im-
aging method and frequency of
monitoring ice ball formation must be
provided. When thermocouples are
used, the number, positioning, and min-
imum temperatures reached must be
stated. The cryoprobe placement loca-
tion with respect to the boundaries of
the tumor and adjacent critical struc-
tures should be described.

These same guidelines are used for
reporting studies that employ other ab-
lation modalities such as microwave, la-
ser interstitial thermal therapy, high-
intensity focused US, and irreversible
electroporation. As such, descriptions
should include the type of applicator or
energy source used, with treatment pa-

of Bone and Soft Tissue

Class

Infectious/inflammatory
Contrast agent–related
Cardiac
Death

) Death
Cardiac
Vascular
Vascular
Medication-related
Cardiac
Neurologic
Respiratory/pulmonary
Respiratory/pulmonary
Vascular
Respiratory/pulmonary
Infectious/inflammatory
Device-related
Neurologic
General nonvascular
General nonvascular
Cardiac
rameters reported.
Adjunctive Techniques

Adjunctive techniques are com-
monly used to displace normal critical
structures away from the expected abla-
tion region (58). When RF ablation is
employed, this may involve the instilla-
tion of sterile water, or more commonly
a nonionic solution such as dextrose in
water, to form a boundary or buffer
zone between the target tissue and the
adjacent normal structure (59–62). De-
liberate injection of inert gas, such as
carbon dioxide, into the epidural space
is another adjunctive technique de-
scribed for treating masses surrounding
the spinal cord (22). This technique in-
volves percutaneous instillation of gas
into the epidural space, which acts as an
insulator without producing injury to
the spinal cord. Other techniques such
as placement of a balloon between the
tumor and the gastrointestinal tract
have been described to protect adjacent
bowel from injury (63). Similarly, ionic
solutions, gas, or balloons may be used
with cryoablation to avoid nontarget tis-
sue injury. Similarly, injection of fluid
can also be performed to raise the der-
mis away from a relatively superficial
tumor. Thermocouples may be placed
adjacent to critical structures to accu-
rately monitor temperature changes in
these regions. When used, these tech-
niques must be reported.

Anesthesia and Hemodynamic
Monitoring

Image-guided ablation of benign and
metastatic tumors involving bone and
metastatic soft tissue tumors may be
performed with the use of general anes-
thesia or moderate sedation. The
method of anesthesia or type of sedation
must be recorded. All patients require
hemodynamic monitoring in compli-
ance with national hospital accredita-
tion standards and local institutional
standards. When an ablation is per-
formed in the region of an adrenal
gland, it is necessary to monitor blood
pressure continuously through the use
of a radial arterial catheter to recognize
and treat a rapid increase in blood pres-
sure resulting from ablation of adrenal
tissue (64). Use of these additional forms
of hemodynamic monitoring should be
reported.

In general, cryoablation does not
cause an increase in pain during or after
ion

lity
the procedure. However, heat-based
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methods can often cause increased pain
and moderate sedation with local or re-
gional blocks or possibly general anes-
thesia may be required to allow com-
plete treatment of the target lesion.
When moderate sedation is used, air-
way evaluation before and throughout
the procedure is necessary because
some patients will be in a prone position
during the procedure. Any regional
blocks performed, including epidural or
spinal anesthesia, as well as local anes-
thetic treatments, should be reported.

Recommendations

The imaging method of treatment
targeting (US, CT, MR imaging) must
be provided. A description of the ab-
lation electrodes and energy source
must be stated, along with the treat-
ment algorithm. When adjunctive
percutaneous techniques are used
for the protection of adjacent viscera
from perforation or injury to adja-
cent vital structures from thermal in-
jury, sufficient detail must be pro-
vided to enable another operator to
perform the same maneuver. The
type of anesthesia used and hemody-
namic monitoring must be provided.

POSTTREATMENT IMAGING

There are no established stan-
dards for posttreatment imaging of
osteoid osteoma. Therefore, the deci-
sion to image after treatment should
be determined on a case-by-case ba-
sis. If posttreatment imaging is per-
formed, the rationale and compari-
son with pretreatment imaging

Table 3
SIR Definitions of Complications

Minor complications
No therapy, no consequence
Nominal therapy, no consequence
Includes overnight admission for

observation only
Major complications

Require therapy, minor
hospitalization (�48 h)

Require major therapy, unplanned
increase in level of care, prolonged
hospitalization (�48 h)

Result in permanent adverse
sequelae

Result in death
should be reported. For patients with
metastatic disease, the need for post-
treatment imaging is based on the
indications for treatment.

Frequency of Imaging

The necessary frequency of imaging

Table 4
Recommendations for Reporting Standa

Procedure

Evaluation before ablation
Population demographics
Risk factors and comorbidities
Purpose of treatment
Duration and severity of symptoms
Baseline evaluation (clinical/imaging/l
Anatomic location of tumor
Tumor staging
Biopsy

Study design
Inclusion criteria
Exclusion criteria
Method of treatment assignment

Prior and concomitant treatments
Functional status and quality of life
Ablation description

Ablation device description
Treatment endpoint
Energy and duration of ablation
Number of ablation zones
Method of targeting and monitoring
Adjunctive techniques
Anesthesia/sedation
Hospital days

Evaluation after ablation
Definition of technical/anatomic succes
Assessment of safety and complication

Immediate complications/24 h
30 d complications
Late complications

Assessment of treatment efficacy/effec
Primary outcome measure
Follow-up imaging at regular intervals
Follow-up of clinical status
Survival
Disease-free survival
Quality of life assessment
Uniform duration of follow-up
Need for additional ablation/surgery/o

Comparison between treatment groups
Study design
Statistical analysis
Intent to treat/per-protocol analysis
Sample size/power
Costs and cost effectiveness
IRB approval
Sponsorship/funding/role of sponsor
Participating centers
Conclusions/limitations

Note.—IRB – institutional review board.
after image-guided ablation is related to
the natural history of the underlying
primary neoplasm and metastases,
which can vary widely as to rates of
progression. For patients treated with
the goal of local control and disease re-
mission, the patient should undergo a
contrast-enhanced CT or MR imaging
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proximately 4 weeks after the treatment
to document the presence or absence of
viable tumor. Depending on the pa-
tient’s symptoms, it may be appropriate
to perform CT or MR imaging at 3–6-
month intervals after an early scan has
been obtained. Positron emission to-
mography/CT imaging may also be
employed if appropriate based on tu-
mor histology and clinical indication.
The frequency of follow-up imaging re-
mains to be defined from a cost-effec-
tiveness standpoint. For the purpose of
study design, all patients within a study
ideally should undergo imaging with
the same frequency.

Follow-up Clinical Status

Evaluation of each patient’s clinical
status should be performed with at least
the same frequency as follow-up imag-
ing. These assessments should record
the patients’ general medical condition
including clinical and functional status.
The clinical response and functional sta-
tus are the most relevant posttreatment
issues with osteoid osteoma. Pain relief,
such as measured by the Brief Pain In-
ventory (BPI; further described later),
and analgesia use should be docu-
mented. Interference with activities of
daily living and changes after treatment
should be reported. Physical examina-
tion findings, eg, muscle atrophy,
should be documented and compared
with pretreatment findings. Any late
complications possibly related to image-
guided ablation, including fracture, in-
fection, nerve damage, transient bowel
or bladder incontinence, and skin burn
should be reported.

Follow-up Functional Status

The potential benefit of image-
guided ablation in the treatment of pa-
tients with metastases involving bone
and soft tissue sites needs to be defined
in the context of an individual patient’s
functional status. Each patient’s func-
tional status should be recorded during
every follow-up encounter according to
the same grading system used in the
pretreatment evaluation.

Duration of Follow-up

Initial follow-up for osteoid osteoma
is usually performed at 30 days after
treatment. Additional follow-up should

then be performed on a case-by-case ba-
sis. If additional follow-up is required
because of recurrent symptoms or treat-
ment side effects, this should be re-
ported. If retreatment is required be-
cause of recurrent symptoms, this
should be reported.

In order for ablation methods to be-
come further established as a palliative
therapy for the treatment of patients
with metastases involving the bone and
soft tissue locations, reports of patient
response need to be comparable to those
of other proven local and systemic ther-
apies. Therefore, follow-up duration
should be for a period of time that is
similar to previous studies involving
surgery, radiation, and other proven
palliative therapies. This duration
should consistent for all treated patients
and ideally be a minimum of 6 months
to 2 years, depending on tumor type
and patient population. This approach
will allow valid comparisons with these
other therapies.

Recommendations

Imaging after image-guided ablation
performed for local control must be per-
formed at a regular frequency with CT,
MR or positron emission tomogra-
phy/CT imaging. Clinical factors may
influence the choice of imaging (eg,
pacemaker precluding MR imaging or
contrast agent allergy or renal insuffi-
ciency precluding CT); otherwise,
within a clinical trial, imaging modality
use should be uniform among fol-
low-up imaging data. Standardized def-
initions of residual disease must be used
according to recent recommendations
(46). The clinical status and functional
status of patients after image-guided ab-
lation should be evaluated during each
follow-up encounter. The results of im-
aging and clinical follow-up must be re-
ported. The duration of follow-up
should be sufficient to detect progres-
sion of disease.

ANALYSIS OF OUTCOMES

Reporting Measures

Evaluation of response to therapy
following treatment of patients with
painful metastases involving bone or
soft tissues outside the liver and lung is
primarily based on symptomatic relief
of pain. Although there are several mea-
sures used for pain response, the most

commonly used for evaluation of pain
in patients with cancer, and the most
validated for evaluation of response to
focal therapy, is the BPI. The BPI has
been validated in 25 different languages
and used in more than 100 different clin-
ical studies (65) (Figure). Recently, a
consensus panel in pain research as-
sessed the state of the science surround-
ing evaluations of the efficacy and effec-
tiveness of treatments (66). This group,
referred to as the Initiative on Methods,
Measurement, and Pain Assessment in
Clinical Trials, recommended the BPI as
a core outcome measure in clinical trials
of chronic pain treatments.

In the BPI, a validated standard-
ized numeric scale is used to evalu-
ate pain response in patients with
cancer. Patients are asked to rate
their worst, least, and average pain
in the past 24 hours, with allowed
responses ranging from 0 to 10 (0, no
pain; 10, pain as bad as you can
imagine). Relief of pain secondary to
the RF ablation procedure or to pain
medications is scored on a scale of
0% (ie, no relief) to 100% (ie, com-
plete relief). Pain interference with
daily living is evaluated with ques-
tions concerning general activity,
mood, walking ability, normal work,
relations with other people, sleep,
and enjoyment of life, also on a 0–10
scale (0, no interference; 10, completely
interferes). Although pain is scored on a
0–10 point scale, the response of patients
is often trichotomized into broad catego-
ries of mild (ie, score of 0-4), moder-
ate (ie, 5– 6), and severe (ie, 7–10) for
the purposes of determining clinical
intervention (67).

Opioid and nonopioid analgesic
agent use is an additional standard mea-
sure of patient response to therapy. Pre-
treatment and posttreatment pain med-
ications over a 24-hour period before
treatment should be recorded to estab-
lish a baseline preprocedure medication
usage for each patient. All analgesics
should be converted into standard mor-
phine equivalent doses using previ-
ously published and validated conver-
sion tables (49). Total analgesic
requirements for a period of 24 hours
can be collected at different time inter-
vals after the procedure for comparison
versus pretreatment analgesic use as an
objective measure of procedure-related
changes in pain.

Reporting of response to therapy
should use a validated visual analog

scale, with the BPI or equivalent used as



1538 • Reporting Standards: Image-guided Bone/soft Tissue Tumor Ablation December 2009 JVIR
the recommended instrument. In addi-
tion, the patients’ pretreatment re-
sponses should be reported along with
the posttreatment responses and the
time interval between patients’ reported
responses during follow-up. Patients’
analgesic use, converted to morphine
equivalent dose, when collected, should
also be reported.

Intent-to-treat Analysis

Patients who are included in studies
of ablation of benign bone tumors or
metastatic disease involving bone or soft
tissue outside the liver and lung should
be considered to have undergone abla-
tion treatment if this was the intended
treatment after registration to the study.
For example, if a patient develops peri-
tumoral hemorrhage and increased pain
during insertion of a cryoprobe, which
then precludes completion of the proce-
dure, the patient should still be included
as a patient in the cryoablation treat-
ment arm during subsequent outcome
analyses. The use of intent-to-treat anal-
ysis and the treatment assignment for
each patient should be reported and the
success of the procedure(s) should be
evaluated against this intent-to-treat
plan.

Survival Analysis

For patients with metastatic disease
who are treated with the intent of com-
plete local control, an important mea-
sure of the outcome of these treatments
is disease-free survival. Studies report-
ing survival data should use the
Kaplan-Meier technique. The Kaplan-
Meier method calculates survival based
on time from treatment to the actual
time of the failure or censoring event.
When appropriate, intergroup compar-
isons of survival estimates should be
performed with an appropriate non-
parametric technique, such as the log-
rank test.

Stratification

In order to allow comparison of sim-
ilar subgroups of patients in a random-
ized clinical trial, it is important to pro-
vide a mechanism to distribute similar
numbers of these patients in different
treatment arms. These subgroup analy-
ses can provide an understanding of the
relative benefit of a treatment (or poten-

tially increased risk) to specific patients,
tumor histology, tumor size, and loca-
tion in the body. In addition, in the anal-
ysis of data in single-arm clinical trials,
these same subgroup analyses may pro-
vide additional understanding of the
types of patients, tumors, and locations
that benefit from treatment compared
with those that may not derive the same
level of benefit.

Meaningful stratification variables
include comorbid conditions, history of
treatments of the target tumor including
radiation therapy, tumor histology, tu-
mor size, and location. Treatment-
related differences such as treatment
time, the use of adjunctive therapies,
and completeness of therapy may be
important. When a clinical trial involves
stratification or if the analysis was per-
formed using stratified variables, the
variables identified and the technique of
analysis should be presented. The mea-
sures of statistical significance should be
stated.

Comparison of Ablation with Other
Treatments

RF ablation for the treatment of os-
teoid osteomas is the accepted gold
standard therapy. The use of ablation
methods for palliation of patients with
metastatic disease is currently used pri-
marily following failure of conventional
therapies, when surgery is not a good
option, or if the patient elects ablation
treatment. For ablation treatment meth-
ods for palliation of patients with pain-
ful metastatic disease to become a first-
line therapy, it is necessary to conduct a
prospective randomized clinical trial to
compare ablation with the gold stan-
dard treatment. The patient cohort,
treatment methods, and stratification
methods should be reported. Whenever
possible, these randomized trials should
incorporate the economic evaluation of
image-guided ablation compared with
the alternative treatment. Comparison
of different ablation techniques is likely
not possible, but if performed, blinded
studies regarding the type of ablation
therapy employed for treatment (eg, RF
ablation vs cryoablation) may not be
possible. If conducted, follow-up imag-
ing can be evaluated in a core laboratory
with observers blinded to therapy.

Recommendations

Measurement of pain relief and qual-

ity of life should be performed using the
BPI, a previously validated instrument
for oncology patients. Opioid analgesic
agent use changes after therapy should
be converted to morphine equivalent
dosage for comparison of different anal-
gesic agents. If reporting a clinical trial
with two treatment arms, an initial in-
tent-to-treat basis should be used for
evaluating patient outcomes after ran-
domization. Disease-free interval and
overall survival after treatment should
be determined with the Kaplan-Meier
method. Stratification methods should
be specified for clinical trial inclusion
criteria as well as for analysis of retro-
spective data. When possible, compari-
son with other treatments, including
both nonsurgical and surgical methods,
is optimal, rather than single-arm stud-
ies or retrospective case series of pa-
tients treated only with ablation.

COMPLICATIONS

All complications of the ablation
treatment must be reported, including
those that are definitely related and
those that do not appear to be related to
the procedure. Recognized and/or po-
tential complications of bone and soft
tissue image-guided ablation are given
in Table 2. Complications should be re-
ported at standard intervals, such as 24
hours and 30 days. Complications that
occur within 30 days of the treatment
are presumed to be procedure-related.
Complications beyond 30 days may be
procedure-related and, if considered re-
lated to the procedure, also need to be
reported. The classification system used
by SIR for grading complications and by
the National Cancer Institute in the
Common Terminology Criteria for Ad-
verse Events (currently version 3) must
be used, and the method for grading
adverse events should be stated in the
report (Table 3) (68,69).

COSTS AND COST
EFFECTIVENESS

When reporting costs of bone and soft
tissue ablation, authors should report the
costs associated with the procedure (eg,
devices, imaging guidance and monitor-
ing, anesthesia, and hospital stay) and, if
directly related to the procedure, subse-
quent costs that may have resulted from
the imaging follow-up to detect residual
or recurrent disease and possible retreat-
ment. When this is related to the quality-

adjusted life years to determine cost effec-
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tiveness these costs are then summed for
the study patient cohort to give the cumu-
lative numerator of cost. The denominator
of cost effectiveness is the number of qual-
ity-adjusted life years for the study popu-
lation. The cost effectiveness is then the
ratio of the cumulative cost divided by
quality-adjusted life years, or cost per
quality-adjusted life year. These cost-
effectiveness data are critical to allow
comparison of image-guided ablation
with other therapies.

CONCLUSIONS

The use of ablative methods is the stan-
dard of care for most patients with osteoid
osteoma. Use of these methods for other
benign bone tumors is an alternative ther-
apy for treatment. The use of ablative
techniques for patients with bone and soft
tissue tumors outside of the liver and lung
is becoming an established minimally in-
vasive therapy for many patients in
whom conventional therapy fails or who
are poor surgical candidates. In order to
continue to gain further acceptance clini-
cally, the use of image-guided percutane-
ous ablation must be supported by well
conducted single-arm prospective trials or
as part of randomized prospective trials
when compared with other modalities. It
is also necessary that early-phase clinical
trials are conducted with standardized re-
search approaches so that it is possible to
transition to the more costly but definitive
randomized controlled trials. The goal of
this document is to provide recom-
mended definitions to enable uniform
construction and reporting of these trials.
A summary of recommendations and re-
quirements is provided in Table 4.
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