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Abstract

Background Percutaneous thermal ablation is an effective,

minimally invasive means of treating a variety of focal

benign and malignant osseous lesions. To determine the

role of ablation in individual cases, multidisciplinary team

(MDT) discussion is required to assess the suitability and

feasibility of a thermal ablative approach, to select the most

appropriate technique and to set the goals of treatment i.e.

curative or palliative.

Purpose This document will presume the indication for

treatment is clear and approved by the MDT and will define

the standards required for the performance of each

modality. CIRSE Standards of Practice documents are not

intended to impose a standard of clinical patient care, but

recommend a reasonable approach to, and best practices

for, the performance of thermal ablation of bone tumours.

Methods The writing group was established by the CIRSE

Standards of Practice Committee and consisted of five

clinicians with internationally recognised expertise in

thermal ablation of bone tumours. The writing group

reviewed the existing literature on thermal ablation of bone

tumours, performing a pragmatic evidence search using

PubMed to search for publications in English and relating

to human subjects from 2009 to 2019. Selected studies

published in 2020 and 2021 during the course of writing

these standards were subsequently included. The final

recommendations were formulated through consensus.

Results Recommendations were produced for the perfor-

mance of thermal ablation of bone tumours taking into

account the biologic behaviour of the tumour and the

therapeutic intent of the procedure. Recommendations are

provided based on lesion characteristics and thermal

modality, for the use of tissue monitoring and protection,

and for the appropriately timed application of adjunctive

procedures such as osseus consolidation and transarterial

embolisation.

Results Percutaneous thermal ablation has an established

role in the successful management of bone lesions, with

both curative and palliative intent. This Standards of

Practice document provides up-to-date recommendations

for the safe performance of thermal ablation of bone

tumours.

Keywords Interventional pain management �
Radiofrequency ablation � Cryoablation � Microwave

ablation � HIFU � Laser ablation � Bone tumours

Abbreviations

ADC Apparent diffusion coefficient

CA Cryoablation

CT Computed tomography

DWI Diffusion-weighted imaging

ECOG Eastern Cooperative Oncology Group

FBC Full blood count
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HIFU High-intensity focused ultrasound

IROC Interventional radiology outpatient clinic

LITT Laser photocoagulation or laser

interstitial thermotherapy

MDT Multidisciplinary team

MEP Motor-evoked potentials

MRgHIFU MR-guided HIFU

MRI Magnetic resonance imaging

MTV Metabolic tumour volume

MWA Microwave ablation

OO Osteoid osteoma

PCA Patient-controlled analgesia

PedIMMPACT Pediatric Initiative on Methods,

Management and Pain Assessment in

Clinical Trials

PET-CT Positron emission tomography-CT

PMMA Polymethylmethacrylate

RFA Radiofrequency ablation

RT Radiation therapy

SBRT Stereotactic beam radiation therapy

SOP Standards of practice

SRE Skeletal-related events

SUV Standardised uptake value

US Ultrasound

VAS Visual analogue score

Introduction

The CIRSE Standards of Practice Committee established a

writing group which was tasked with producing up-to-date

recommendations for the performance of thermal ablation

of bone tumours. It is neither a clinical practice guideline

nor a systematic review of the literature. CIRSE Standards

of Practice documents are not intended to impose a stan-

dard of clinical patient care, but recommend a reasonable

approach to, and best practices for, the performance of

thermal ablation of bone tumours. Institutions should reg-

ularly review their internal procedures for development and

improvement, taking into account international guidance,

local resources and regular internal morbidity and mortality

reviews. A summary of key recommendations on thermal

ablation of bone tumours can be found in Appendix 1.

Methods

The writing group, which was established by the CIRSE

Standards of Practice Committee, consisted of 5 clinicians

with internationally recognised expertise in thermal abla-

tion of bone tumours. The writing group reviewed the

existing literature on thermal ablation of bone tumours,

performing a pragmatic evidence search using PubMed to

search for publications in English and relating to human

subjects from 2009 to 2019. Selected studies published in

2020 and 2021 during the course of writing these standards

were subsequently included. The final recommendations

were formulated through consensus.

Background

Percutaneous thermal ablation is an effective, minimally

invasive means of treating a variety of focal benign and

malignant osseous lesions [1–5] and should be included in

the treatment algorithm alongside surgery, systemic ther-

apies and radiotherapy. The latter have shortcomings,

particularly in the management of osseus metastases.

Radiation therapy (RT) has been considered the standard

treatment for pain relief and local control of bone metas-

tases; however, it is limited by a delayed onset of pain

relief, the number of adequately radiosensitive tumour

types and an upper dose limit, the latter especially impor-

tant in residual or recurrent tumours [6]. Post-radiation

fracture may occur, the majority in the first 4 months post-

treatment, especially after stereotactic beam radiation

therapy (SBRT) or stereotactic radiosurgery of lytic lesions

[7, 8]. RT may be complicated by osteonecrosis or neural

injury [9]. RT may be contraindicated owing to limited

cumulative tolerance of surrounding radiosensitive organs,

such as bowel or spinal cord. Unlike RT, ablative proce-

dures are effective in reducing pain within 48–72 h of

treatment [5, 10] and can be repeated in cases of residual or

recurrent disease. Surgical osseous metastasectomy is

technically challenging, associated with high complication

and morbidity–mortality rates and requires prolonged

recovery, delaying the use of systemic therapies [1]. Sur-

gery is excessively invasive and morbid for small focal

lesions such as osteoid osteoma (OO) and for palliating

painful osseous metastases.

To determine the role of ablation in individual cases,

each patient’s overall status and target lesion(s) should be

discussed in a multidisciplinary team (MDT) setting

involving the appropriate subspecialty physicians, specifi-

cally to assess the suitability and feasibility of a thermal

ablative approach, to select the most appropriate technique

and to set the goals of treatment, i.e. curative in benign and
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certain limited malignant settings (including oligometa-

static, oligorecurrent or oligoprogressive disease) and pal-

liative in the remaining malignant settings (including the

prevention of skeletal-related events [11]). This discussion

is especially important in oligometastatic disease and in

spinal lesions where multiple treatment modalities may be

required to achieve pain relief and stabilisation.

This document will presume the indication for treatment

is clear and approved by the MDT and will define the

standards required for the performance of each modality.

The advantages of each modality in particular settings will

be discussed. Standards for the use of tissue monitoring and

protection in preventing non-target destruction of adjacent

sensitive structures will be emphasised, as will the optimal

timings with respect to other interventions, e.g. embolisa-

tion in hypervascular lesions or osseous consolidation

[2, 3].

Indications Based on Biologic Behaviour

and Therapeutic Intent

Treatment with Curative Intent:

• For benign tumours: Successfully treated lesions

include OO, osteoblastoma, eosinophilic granuloma,

chondroblastoma and aneurysmal bone cyst [12–20].

• For primary malignant bone tumours in carefully

selected cases of small (\ 3 cm), slow-growing lesions

in non-surgical candidates or in patients refusing

surgery.

• In selected patients presenting with oligometastatic,

oligorecurrent and oligoprogressive disease, i.e.\ 3–5

potentially treatable metastases, each\ 3 cm [21],

including ablation specifically directed at preventing

compromise of adjacent critical structures due to

tumour progression, particularly in spinal lesions [22].

Ablation is offered with palliative intent to treat painful

metastases refractory to, or unsuitable for, pharmacologic

management, RT or surgery [3, 6, 23–25].

Brief Overview of Each Modality’s Mode of Action

All the heat-based technologies effect cell death via the

common end-points of protein denaturation and coagula-

tive necrosis.

Radiofrequency ablation (RFA) uses an applicator to

deliver high frequency alternating current (400 and

500 kHz) to the target tissue causing ionic agitation and

frictional heat (to temperatures of 60–100 �C). The volume

of the ablation zone achieved is dependent on target tissue

impedance, and adjacent perfusion and ventilation.

Microwave ablation (MWA) uses an electrical current

produced by a 915-MHz or 2.45-GHz generator and

delivered via a water-cooled interstitial antenna to produce

a local non-ionising electromagnetic field which interacts

with dipolar molecules causing frictional heating.

LASER photocoagulation or laser interstitial ther-

motherapy (LITT) uses infrared energy transmitted through

a bare-tip 400–600 lm optical fibre to ablate tumoural

tissue via photocoagulation secondary to heat scatter.

High-intensity focused ultrasound (HIFU) uses high-

energy ultrasound (US) to ablate tissue. The beam

(200 kHz–4 MHz) is focused on the target tissue within

which beam attenuation causes heating to 65–85 �C [26].

Cryoablation (CA) uses extreme cold to destroy

tumours. Delivered under high pressure via a cryoprobe,

rapid expansion of argon gas produces a sudden profound

temperature drop (below - 183 �C) (the Joule–Thompson

phenomenon), causing intra- and extracellular water to

freeze, disrupting cell membranes and organelle structure.

During subsequent passive thawing, fluid shift occurs from

the interstitium into tumour cells, causing cell rupture, and

rendering further water available for freezing during the

next freeze phase. Cellular necrosis is systematically

achieved with temperatures below - 40 �C. Intravascular
ice crystals, direct endothelial freezing, microthrombi and

post-ablation oedema cause indirect ischaemia. Tumour

cells, fibroblasts and collagen have a greater resistance to a

single freezing exposure than healthy osteocytes [27–29],

hence the need for freeze–thaw–freeze cycles.

Regardless of modality, reduction in tumour bulk,

decrease in local inflammatory mediators and induction of

osteoclast activity with resultant sclerosis all play a role in

pain palliation [30], as does inclusion of nerve-rich

periosteum in the ablation zone. Specifically in the case of

OO, ablation of periosteum with the nidus results in

interrupted production of inflammatory prostaglandins and

prostacyclins.

Recommendations Based on Lesion Characteristics

and Thermal Modality

• RFA is indicated for osteolytic or mixed osteolytic–

osteoblastic lesions with no, or a small, extra-osseous

component [31]. Where an extra-osseus soft tissue

component exists, ablation of the soft tissue–bone

interface can achieve pain palliation.

• MWA reaches higher intra-tumoural temperatures than

other modalities and is less affected by tissue conduc-

tivity/impedance variables and perfusion-mediated tis-

sue cooling. Thus, sclerotic lesions are better treated

with MWA instead of RFA, as the latter is rendered

relatively ineffective by the high impedance of sclerotic

bone [32]. Further advantages of MWA include larger

tumour ablation volumes achievable in shorter times,
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optimal heating of cystic masses and less procedural

pain [3, 10, 33].

• LITT fibres are fully compatible with magnetic reso-

nance imaging (MRI) and may be used in the presence

of metallic implants. As the ablation zone size is

limited (to 16 mm in diameter for 1200 J), its use is

typically confined to the treatment of small (B 1 cm)

benign tumours such as OO [34].

• HIFU is indicated for palliation of painful osteolytic,

osteoblastic or mixed bone metastases in the event of

radiotherapy failure or in cases where radiotherapy is

contraindicated or declined by the patient. In select

cases, where expected survival exceeds 1 year, or in the

case of oligometastatic disease, local control may be

pursued [26, 30]. Benign bone tumours may also be

treated, most notably OO; however, HIFU is not

recommended where cortical thickening exceeds

6 mm [35].

• The major advantages of CA are the precise visual

control of the aggregated ice ball under both CT and

MRI and much-reduced peri- and immediate post-

procedural pain due to a relative anaesthetic effect. The

combination of precise visual control and the ability to

cover a large volume of tissue with multiple cryoprobes

and overlapping ice balls ‘shaped’ to the morphology of

the lesion while causing less pain than the heat-based

modalities indicate cryoablation in the treatment of

very large lesions ([ 4 cm) with complex morphology

and in tumours close to at-risk organs. Tumours close to

metallic implants may be safely treated without the

potential risks of electrical conductivity and adverse

thermal effects associated with RFA and MWA.

• For the heat-based modalities, large lesions may be

treated with multiple applicators producing overlapping

ablation zones [33]; however, as above, control is

optimal with cryoablation.

Patient Preparation

Pre-Procedural Preparation

Common to All Modalities

Pre-procedural imaging is directed at choosing the optimal

approach to the lesion and identification of at-risk struc-

tures to plan the deployment of the probe and tissue

monitoring/protection devices. Planning studies should be

no more than one month old; re-imaging closer to the

procedure may be necessary in lesions with aggressive

tumour biology or if a patient’s symptoms have changed

since the most recent imaging.

For osseus detail, non-contrast, thin section (1–3 mm)

computed tomography (CT) with reconstructions in multi-

ple planes is the recommended pre-treatment imaging for

all osseus lesions [35–37]. Specifically with respect to OO,

MRI is limited by lower sensitivity compared to CT in the

clear demonstration of the nidus, as the latter can be

isointense to cortical bone. Higher sensitivity and speci-

ficity rates are achieved with MRI using dynamic contrast

enhancement and improved spatial resolution techniques

[36, 38, 39]. Technetium-based radionuclide studies will

show intense nidus uptake [36]. Contrast-enhanced CT and

MRI followed by percutaneous biopsy may be necessary

for the pre-treatment evaluation of other benign osseous

tumours.

Multiparametric MRI (including T1- and T2-weighted

sequences with and without fat saturation, diffusion-

weighted imaging and dynamic contrast-enhanced multi-

planar T1-weighted sequences) is recommended for the

evaluation of malignant lesions [40]. Apparent diffusion

coefficient (ADC) and dynamic contrast-enhanced

sequences provide useful functional information [37].

Positron emission tomography-CT (PET-CT) will con-

firm or refute disease as oligometastatic and demonstrates

prognostic metabolic parameters, e.g. standardised uptake

value and metabolic tumour volume [41]. When PET-CT is

performed, bone scans may be considered optional,

although technetium-based studies remain of higher sen-

sitivity for osseus metastases [40, 41].

Treatment planning for MR-guided HIFU (MRgHIFU)

involves a number of steps: calibration, loading, segmen-

tation, planning and verification, the details of which are

beyond the scope of this document; please see the excellent

descriptions by Napoli [26].

Anaesthetic Support

All the heat-based modalities are painful, and although

some ablations may be performed under conscious sedo-

analgesia [26, 35, 42], anaesthetic support is invaluable,

including general anaesthesia (GA), for the treatment of

exquisitely painful targets such as the nidus of OO, and in

the treatment of small target lesions where patient move-

ment could jeopardise the ablation or increase the risk to

adjacent at-risk structures [35]. The presence of an anaes-

thetist increases technical and clinical efficacy and reduces

complication rates. An immobile target is especially crucial

for the remote targeting required for MRgHIFU; thus, in

the treatment of OO in children, general anaesthetic is

indicated. Similarly, general anaesthesia is indicated for

MRgHIFU of upper trunk lesions [26] and for all ablations

in children younger than 14 [35].

Pre-procedural anaesthetic review is recommended to

assess the patient’s performance status and suitability for
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general anaesthetic, and to evaluate the feasibility of other

techniques such as spinal anaesthesia (spinal, pelvic or

proximal lower limb lesions) or regional nerve blocks in

the peripheries [3]. The latter blocks may also be used to

achieve prolonged post-procedural pain relief.

The final choice will depend on patient factors such as

age, cardiovascular and respiratory status, renal function,

and on lesion factors such as location, size and expected

duration of procedure [26, 42].

Unlike the heat-based modalities, cryoablation has a

relative anaesthetic effect and is thus associated with less

procedural and post-procedural pain, permitting the per-

formance of many ablations under conscious sedo-analge-

sia, or indeed local anaesthetic alone.

Pre-Procedural Consultation

Pre-procedural consultation in the interventional radiology

clinic (IROC) should include consent, including agreement

with the patient of the clinical objective and physical

examination particularly a neurologic evaluation, to serve

as a baseline in the event of a procedure-related thermal

nerve injury. In the week beforehand, work-up should

include full blood count, coagulation screen, assessment of

renal function and blood typing. Local/systemic infection

should be excluded.

Treatment

Probe-Based Technologies (Common to All)

Imaging

Imaging is used for immediate pre-procedure planning,

targeting and intra-procedural guidance. Fluoroscopy with

the addition of cone-beam CT technology, CT (with or

without CT-fluoroscopy) or MRI can be used for guidance

either alone or in combination with 3D navigation or

image-fusion systems. Where available, high-resolution

multimodality image guidance with CT and fluoroscopy is

particularly useful (e.g. in the treatment of spinal lesions)

allowing quick and precise probe placement and the

deployment of protective/monitoring devices, resulting in

lower complication rates and facilitating the combination

of additional procedures such as sequential application of

embolisation, ablation and percutaneous screw fixation or

cementoplasty when indicated [2, 3, 25].

A small proportion of lytic tumours may be targeted

under US guidance alone if they are relatively superficial

and where adjacent sensitive structures can be clearly seen

and avoided. Specifically for HIFU, MR guidance

(MRgHIFU) is preferred to ultrasound guidance in the

treatment of bone lesions for its precise targeting, and

when used, an immediate pre-treatment MRI should be

performed in the expected treatment position, to refine the

treatment approach [26].

Immediate Pre-Procedural Preparation

Ideally patients should be provided with patient-controlled

analgesia (PCA), particularly if being treated under con-

scious sedation. For long procedures and lesions in chal-

lenging locations, a urinary catheter is recommended. The

patient is positioned to optimise the approach to the lesion,

achieving the shortest straightest possible path while

avoiding non-target sensitive structures. Antibiotic pro-

phylaxis is recommended when cement injection and/or

screw placement is planned in combination with the abla-

tion; otherwise, prophylaxis is not routinely indicated but

may be used depending on operator and institutional pro-

tocols. Vital signs should be monitored throughout.

Procedure

The CIRSE checklist should be completed [43]. After local

asepsis and anaesthesia to skin, subcutaneous tissues and

periosteum (including under GA, so-called pre-emptive

anaesthesia, shown to reduce post-operative pain [44]), an

11- or 13-gauge bone trocar is inserted to the lesion of

interest under image guidance and satisfactory position

confirmed. The ablation probe is introduced through the

coaxial trocar which is then withdrawn to a point outside

the expected ablation zone (* 1 cm) to prevent contact

between the active tip and the trocar [5, 32] so as to avoid a

skin/subcutaneous fat burn arising from heat transmission

via the trocar. Once satisfied with the relative positions of

the probe and trocar, the ablation may proceed. At com-

pletion, 5–10 ml of ropivacaine 2 mg/ml are injected to the

periosteum to reduce post-procedural pain [32]. Imaging is

repeated at completion to evaluate for immediate

complications.

In the spine, small tumours located in the ipsilateral half

of the vertebral body may be entirely ablated with a uni-

pedicular approach, whereas for tumours extending beyond

the sagittal midline of the vertebral body, ablation with a

bipedicular approach is recommended to achieve adequate

margins.

Modality-Specific Recommendations, Including

Device Selection

RFA probes are metallic needles with exposed cutting

(active) tips of varying and adjustable length with an

insulated shaft. Straight probes are used for small discrete

targets such as the nidus of an OO and expandable/multi-
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clustered (umbrella-configuration) devices are used in the

treatment of lesions where a larger ablation volume is

required. RFA probes may be monopolar (requiring

grounding pads) or bipolar (grounding pads unnecessary).

Specifically for spinal metastases, bipolar radiofre-

quency electrodes (articulating or straight) are available

with thermocouples (incorporated or separate) that can

easily combine tissue protection, ablation and vertebral

augmentation in a single treatment.

MWA is performed with a water-cooled interstitial

antenna. No grounding pads are required and there is no

interference with implanted electrical devices such as

pacemakers. MWA energy profiles are based on the man-

ufacturer’s recommended combination of power level (i.e.

wattage) and exposure time (i.e. minutes) needed to obtain

the desired size of the ablation area. For larger lesions,

MWA can be performed with multiple applicators [33] to

achieve overlapping ablation zones. For superficial OO, it

is not necessary to penetrate the cortical bone as, if the

applicator tip is positioned directly over the lesion, the

intense heat will penetrate the cortex and effect ablation. In

cases of cortical interruption over or adjacent to the lesion,

the probe can be positioned directly into the lesion; how-

ever, in most cases, and particularly in osteoblastic lesions,

probe delivery is coaxial via a large-bore trocar (11–13G)

[32].

LITT

Infrared lasers are most commonly used [45], the fibre

inserted coaxially under CT guidance (1 mm collimation)

and the introducer withdrawn. For subperiosteal tumours,

an 18-gauge spinal needle is used for coaxial delivery. For

ablation, 2 W power is applied for 6–10 min depending on

tumour size, producing a spherical volume of ablation

1.6 cm in diameter in bone. Unless the position of the fibre

tip is changed, delivering more than 1200 J does not

increase the volume of coagulation. Use of higher power

(up to 60 W) results in charring, vaporisation and cavita-

tion around the fibre tip which limits heat transmission and

consequently ablation. These effects are reduced by the use

of internally cooled lasers facilitating an increased ablation

volume [46]. Adjacent metalwork is not a contraindication.

The devices are MR-compatible and do not interact with

pacemakers.

Cryoablation

17-gauge gas-driven cryoprobes are introduced via an 11 or

13G trocar under CT or MR guidance. Superficial lesions

may be ablated without penetrating the cortex by placing

the probe immediately adjacent to the target and ensuring

that the ice ball covers the lesion. Different types of

cryoprobes are available and can be activated simultane-

ously, resulting in different volumes and shapes of ice ball

to conform to the morphology of the target lesion. When

using multiple probes, great care is required to avoid

penetration of a cryoprobe when introducing another, as

puncture may result in catastrophic intracorporeal gas

release. Growth of the ice ball is monitored using inter-

mittent reconstructions in multiple planes to ensure ade-

quate coverage of the tumour and a safety margin with

vulnerable tissues.

For curative cryoablation, the margins of the ice ball

should extend 5–8 mm beyond the tumour margins, given

the reduced freezing efficacy at the margin of the ice ball.

Repeated freeze–thaw–freeze–thaw cycles are required

(at least 2, encompassing a 10-min freeze, 9-min passive

thaw and a further 10-min freeze) to increase cellular

necrosis between - 20 and - 40 �C [47]. Following a

complete ablation cycle, brief active thawing (using elec-

trical methods rather than helium gas as used in older

probes) is used to free the probe which is invariably stuck

to the tissue. The probe may also be heated on withdrawal

to effect tract-cautery if required.

MRgHIFU

Patient positioning is optimised to achieve the shortest

beam path and a normal angle of incidence. The target

lesion should be a minimum of 1 cm in depth from the skin

surface, which should be free of hair. Scar tissue, hollow

viscera, metallic foreign bodies and non-target bone should

be avoided [26]. The transducer is coupled to the skin with

a gel pad (moistened with degassed water) [35, 42].

Where cortical bone is intact over the lesion, the focal

spot is positioned deep to the cortex. If there is a cortical

breach at the lesion, the focus of the ultrasound beam is

targeted to the lesion itself and immediate surrounding

cortex [26].

In OO, the nidus is precisely targeted (to within

0.2–5.0 mm3) with a 5 mm margin to prevent undertreat-

ment [35]. Full energy sonications with energies of

1500–3000 J are generally required to treat the periosteum

and higher (2500–6000 J) needed to treat lesions where

there is a cortical breach.

Individual sonications should be limited to a few sec-

onds, reducing heat-sink effects and allowing more accu-

rate temperature assessment. Multiple sequential

sonications are required to achieve homogenous ablation.

Sequences are performed between higher-energy treatment

sonications to generate a real-time thermometric map,

accurate to within approx. 1 �C, 1 mm spatial resolution

and 3 s temporal resolution [30, 37]. The temperature of

the soft tissue adjacent to the osseus target is measured, as

direct temperature measurement within bone is limited
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[37]. Treatment target temperatures are: 65 �C for metas-

tases [37] and 60 �C for OO [35]. Negligible tissue effects

are anticipated outside the focal zone [48].

Contraindications/Disadvantages/Limitations

of Thermal Ablation

Absolute contraindications for these ablation techniques

are rare but include lack of a safe access, acute immuno-

suppression, local or systemic infection, uncorrected

coagulopathy and patient refusal to consent. Relative con-

traindications include very large lesions and proximity to a

sensitive structure that cannot be monitored or protected. In

the spine, unstable fractures and metastatic epidural spinal

cord compression are the most frequent relative con-

traindications. In the treatment of lesions in weight-bearing

bones, ablation should be used in combination with bone

consolidation/augmentation for support and stability due to

an increased risk of post-ablation fracture

[2, 3, 10, 23, 25, 40]. In this setting, if stabilisation is not

possible, ablation should only proceed with caution and

consent.

• All thermal modalities are potentially limited in their

ablation efficacy by heat- or cool-‘sink’ effects

whereby the tissue temperature at the ablation site is

cooled or warmed by nearby high-flow vascular

structures.

• RFA, MWA and LITT are limited by their inability to

visualise the ablation zone under CT or US guidance,

resulting in difficulty achieving a precise area of

necrosis and hindering the ability to guarantee the

safety of temperature-sensitive structures.

• Specific disadvantages of RFA include sensitivity to

heat-sink effect and poor efficacy in osteoblastic lesions

[31]. Although not absolutely contraindicated in the

presence of metallic surgical fixation devices, great

care is required in the placement of the probes in their

vicinity to avoid potential adverse heating and electri-

cal effects. Bipolar RF probes are recommended in this

setting as is the use of local tissue temperature

monitoring and protection.

• Although larger ablation volumes can be achieved

using multiple bare laser fibres arrayed at 1.5- to 2-cm

spacing, other modalities are preferred, given the ease

with which larger volumes may be treated.

• HIFU should be avoided in rib lesions where there is

inadequate bone to prevent ablation of underlying lung

parenchyma and should not be used for lesions in the

skull or vertebral bodies. Although there are sporadic

reports of its use to treat lesions in the posterior

elements of the lower lumbar spine below the level of

the conus medullaris [30, 48, 49] its use cannot be

recommended currently in this location on the basis of

the available evidence. HIFU should not be performed

in a peri-articular location or within 10 mm of a major

neural structure [30]. The need for surgical stabilisation

due to risk of fracture is a contraindication, as is prior

fixation [30]. MRgHIFU is contraindicated in patients

in whom MRI and/or gadolinium is contraindicated

[26].

• Cryoablation Although ice ball visualisation is some-

what limited in sclerotic lesions, it remains effective in

this setting. Cryoablation may be safely used in the

presence of metallic fixation devices in contact with the

tumour.

Tissue Monitoring and Protection

The first step in tissue protection is to carefully plan the

trajectory of the ablation probe(s) (and MRgHIFU beam)

so as to avoid injury to at-risk structures during probe

delivery. Neural injury occurs at temperatures higher than

45 �C or below 10 �C. Temperatures up to 42–45 �C or

down to 0–10 �C can be neurotoxic proportional to the

duration of exposure. Thus, during thermal ablation of

benign or malignant lesions close to neural structures,

monitoring and protection are strongly recommended

[6, 32, 50].

Techniques to avoid thermal injury to non-target sensi-

tive structures may be classified as (i) passive monitoring

or (ii) active protection [50–53].

Passive monitoring is best exemplified by the use of

thermosensors for direct temperature measurement in the

immediate vicinity of an at-risk structure. Non-invasive

MR-thermometry is used during MR-guided HIFU. In the

treatment of vertebral lesions, one or more thermocouples

(or a fibre-optic thermosensor when using MR guidance)

are positioned in the epidural space via sublaminar or

transforaminal approaches to constantly monitor the tem-

perature in the neural foramina and spinal canal; ablation

should be ceased when a temperature of 45 �C is reached

[50].

For procedures performed under GA, peripheral nerve

function may be monitored using electrophysiologic mon-

itoring [somatosensory and motor-evoked potentials

(MEP)]. Transcranial electrical impulses are recorded by

percutaneous electrodes positioned over the muscles

innervated by the nerves. When MEP decreases, ablation

should be stopped immediately to prevent permanent nerve

injury [50]. This intra-procedural monitoring also predicts

motor deficits. Similarly, under GA, electrostimulators may

be used in the periphery in contact with the major nerve,

and evidence of reduced responsivity during the ablation

should prompt cessation. Under general anaesthetic,

123

A. Ryan et al.: CIRSE Standards of Practice on Thermal Ablation of Bone Tumours



muscle paralysis via neuromuscular blockade must be

avoided, as it compromises electrophysiologic monitoring

(via evoked potentials or electrostimulation).

If performing thermal ablation under conscious sedation

(heat or cold-mediated), clinical monitoring via direct

patient interaction, e.g. asking the patient to move inter-

mittently or report altered sensation, is used to detect

neural injury.

Active protection techniques include active temperature

modulation adjacent to the ablation zone, and displacement

techniques. These effects can be combined, e.g. hydrodis-

placement using room-temperature fluid. Non-ionic dex-

trose 5% is used during RFA; saline or dextrose may be

used during cryoablation. In the epidural space, combined

hydrodissection and thermal monitoring are recommended.

Continuous irrigation with epidural or periradicular infu-

sion of normal saline is recommended when the target is

less than 8 mm from adjacent nerve roots [34] as dis-

placement effects are limited in these settings.

Non-neural structures, e.g. ureter and bowel, may be

protected via active thermocouple temperature monitoring

during RFA or MWA. Structures can also be insulated or

displaced by carbon dioxide (carbon-dissection) or angio-

plasty balloons [50]. Hydrodisplacement with 0.9% saline

can insulate the pericardium when treating sternal lesions

[54].

For lesions close to skin, e.g. superficial anterior tibial

cortical OO, physical displacement may be effected by

subcutaneous injection of local anaesthetic or dextrose 5%

injection. Warmed saline may also be injected subcuta-

neously to increase the ice ball-skin distance. Gas dissec-

tion and continuous temperature measurement in the

subcutaneous space can also increase safety. Sterile gloves

containing warm or cooled normal saline applied to the

overlying skin provide protection against cold and heat,

respectively [32].

Adjacent tissues cannot always be protected. While the

ablation of lesions close to osteochondral structures (such

as the periacetabular region) should be avoided where

possible due to the risk of chondrolysis and femoral head

osteonecrosis [21, 50], the presence of untreated tumour

will result in residual/recurrent disease, and thus, the risk to

the cartilage may have to be accepted to achieve tumour

control. The patient should be warned and consented for

this possibility. Similarly, cryoneurolysis may be accept-

able in achieving adequate palliation in severe cases, if

consent has been obtained.

Combining Thermal Ablation with Other Required

Treatments

Consolidation

In load-bearing (vertebrae, femoral head and neck, and

acetabulum) and long bones, ablation and consolidation

can be usefully combined to effect ablation and palliation

and prevent or stabilise pathological fractures

[2–4, 55–57]. If the goal of the treatment is curative, per-

cutaneous osteoplasty should always be preceded by a

definitive ablative treatment [3]. Thermal ablation can be

combined in a single session with osseous consolidation

using cement plus/minus augmentation with metallic fixa-

tion/stabilisation devices [3, 10].

For probe-based technologies, polymethylmethacrylate

may be injected following ablation through the same trocar

used to introduce the ablation device [3, 10]:

• If performed in the same session as one of the heat-

based modalities, cement injection should be delayed to

allow the local temperature to reduce in order to

prevent too-rapid cement consolidation.

• Following CA of spinal or acetabular tumours, cement

osteoplasty should be performed in combination with

cryoablation to avoid a compression fracture. The

cement is injected after complete thawing of the ice ball

(tissue temperature should exceed ? 20 �C) or delayed
until the following day.

Embolisation

Embolisation may be used on its own in the palliation of

hypervascular painful bone metastases, tumour ischaemia

resulting in reduced intra-tumoural turgor and periosteal

decompression leading to pain relief. Embolisation can be

contributory when performed prior to thermal ablation in

improving local tumour control (by limiting heat- or cool-

sink effects due to adjacent high-flow vessels) and reducing

haemorrhage during ablation and/or adjunctive osteoplasty/

osteosynthesis [2]. Embolisation and consolidation may

proceed in circumstances where heat-based ablation tech-

niques are contraindicated.

Timing of Ablation with Respect to These Other Required

Treatments and Radiotherapy

Where both vertebroplasty and radiotherapy are indicated,

their relative timings are a matter of debate in the literature;

however, some recommendations are possible based on the

nature of the lesion and the radiotherapy modality utilised.
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• In cases of solitary or oligometastases, it is recom-

mended to perform thermoablation first, to effect local

tumour control, followed by vertebroplasty to effect

vertebral stabilisation and pain control. In radiosensi-

tive lesions, subsequent radiation therapy can consol-

idate this treatment and improve the tumour response.

• Where the risk of pathological fracture is high, e.g. in

predominantly lytic lesions, particularly those with

massive osteolysis, vertebroplasty should be performed

first to diminish the risks of pathological fracture/col-

lapse and secondary neurologic compromise, followed

by radiotherapy to effect local tumour control.

• Where a vertebral lesion is causing epiduritis, partic-

ularly with neurologic symptoms, radiotherapy should

be performed first, followed by vertebroplasty.

• Where SBRT is planned with curative intent, some

centres prefer that this is performed before vertebro-

plasty, given the potential risk of cement displacing

tumour cells into the circulation.

• Where SBRT is used to treat small vertebral metastases

to effect local tumour control and pain management,

subsequent vertebroplasty is recommended to reduce

the risk of collapse due to SBRT-related osteonecrosis.

• If transarterial embolisation and RT are both indicated,

embolisation should follow RT as the efficacy of the

latter is reduced by hypoxia [58].

Despite these recommendations, it is acknowledged that

pragmatic factors such as local expertise and availability of

each treatment modality will play a role in decision making

and may dictate the actual timings in practice.

Immediate Post-Procedural Imaging

Immediate post-procedural imaging using the guidance

modality is directed at identifying immediate/early post-

procedural complications, e.g. CT to evaluate for haem-

orrhage, fracture or cement leak [3]. Non-perfusion and

increased ADC values in the target confirm ablation [26],

deemed complete when the non-perfused volume encom-

passes the defined lesion and required margin. In palliation,

the non-perfused volume should include the periosteum.

Clinical Evaluation Immediately Post-Procedure

The skin should be examined for evidence of thermal

injury. Vital signs should be observed for a minimum of

2 h. The requirement for subsequent monitoring will

depend on the anaesthetic approach.

Medication and Peri-Procedural Care

Post-procedural pain should be anticipated and is typically

maximal in the first 24 h; however, the incidence is sig-

nificantly higher and the intensity of pain experienced

greater following heat-based treatments. Systemic anal-

gesic medications, e.g. parenteral paracetamol, should be

prescribed as a routine in addition to anti-inflammatories

and should be administered prior, during and post-inter-

vention. Following MRgHIFU ablation of OO in children,

3 doses of betamethasone (4 mg every 12 h) are adminis-

tered to reduce post-ablation inflammation [35]. Patient-

controlled analgesia (PCA) containing an infusion of opi-

oid analgesia and anti-emetic medication is beneficial post-

procedure. Post-procedural pain is less commonly reported

following cryoablation due to its relative anaesthetic effect.

Discharge

Patients are usually kept in hospital overnight to ensure

adequate recovery from anaesthesia and optimal pain

management, especially true for children [26]. The

majority of patients will be discharged on the first post-

operative day. Even when combining ablation with aug-

mentation techniques in weight-bearing locations, early

mobilisation is encouraged; however, advice should be

given to avoid excessive stressful weight-bearing and

strenuous activity for 2–3 weeks.

Post-Procedural and Follow-Up Care

Post-Treatment Follow-Up Care and Imaging

Directly Related to the Treatment

Early follow-up consists of clinical evaluation immedi-

ately, 4 h, 1 day and 1 week post-ablation in order to

exclude early complications and to assess the adequacy of

the treatment with respect to pain relief.

Delayed follow-up is performed regularly in the months

to years following ablation and consists of a thorough

interventional radiology outpatient clinic (IROC) assess-

ment as well as biological testing, including tumour

markers to ensure clinico-biological stability [59, 60].

Imaging is targeted at (a) the ablated lesion to assess

response and exclude residual or recurrent disease, or

complications such as infection and (b) staging of the

underlying pathology, including the development of pro-

gressive disease elsewhere or metachronous

oligometastases.

In the curative setting, MRI and PET-CT are the pre-

ferred techniques to detect local residual tumour or early

123

A. Ryan et al.: CIRSE Standards of Practice on Thermal Ablation of Bone Tumours



relapse [4, 38, 39, 61]. In the palliative setting, clinical

follow-up suffices, unless complications are suspected.

Interval imaging may be triggered at any point if a com-

plication or recurrence is suspected. Suspicion of fracture

should be evaluated with radiographs and CT. Osseus

remineralisation on CT is considered an indicator of suc-

cessful ablation [26]. MRI and CT are typically performed

at 1, 3, 6 and 12 months following MRgHIFU.

Paediatric patients who have undergone MRgHIFU for

OO are followed with unenhanced MRI at 6, 12 and

24 months looking for changes in marrow oedema and

inflammation in the soft tissues adjacent to the lesion [35].

Clinical Assessment of Outcome

When performed for pain relief, post-procedural pain

should be assessed using a validated tool such as a visual

analogue score. Analgesic requirements should be docu-

mented and the brief pain inventory quality-of-life score

measured at 1, 3, 7 and 14 days post-treatment, and at

30-day intervals for one year following treatment [26]. In

children, the response should be assessed using the Faces

Pain Score—Revised, analgesic requirements ± the Pae-

diatric Initiative on Methods, Management and Pain

Assessment in Clinical Trials (PEDIMMPACT)

[35, 62, 63].

Complications

Clinically significant complications are not common (ap-

prox. 2.3%) following RFA of bone lesions, fracture being

the most common (1.8%). Other rarely encountered com-

plications include infection, skin burn, peripheral sensory

or motor neuropathy, arthropathy and haematoma [51].

Factors associated with a higher complication rate are a

tumour size[ 3 cm and previous radiotherapy, the latter

the only risk factor specifically associated with an

increased minor complication rate [51]. Although rare,

neural thermal injury is one of the more frequent compli-

cations following RFA. The majority of patients will

recover completely from such unintended ablation; how-

ever, they must be appropriately advised regarding the

likely duration of recovery (between 6 and 18 months).

Both RFA and MWA can cause iatrogenic skin burns

[5, 32] if a non-insulated applicator or trocar is used. A

systematic review of MWA revealed clinically significant

complications, including skin burns in 10/249 (4.0%)

patients [64].

Reflex sympathetic dystrophy resulting in persistent

pain for 2 months has been reported rarely following LITT

[34]. Its occurrence can be avoided by insulation tech-

niques; to further reduce this risk, regional block prior to

ablation of extremity nidi is recommended.

Cryoablation is a safe treatment of bone tumours with a

very low rate of major complications (2.5%), the most

common of which is secondary fracture (1.2%). Risk fac-

tors associated with major complications are: patients older

than 70 and the use of more than three cryoprobes. Minor

complications occur more often in patients with a poor

performance status (Eastern Cooperative Oncology Group

(ECOG) performance status[ 2), ablation of lesions in

long bones and the use of more than 3 cryoprobes [65].

Temporary neurolysis is reported in up to 6% of cases

where nerves are exposed to temperatures less than 10 �C
[66]. Freezing of a peripheral nerve produces a pre-

dictable lesion with prolonged interruption of conduction;

however, this lesion is usually reversible and normal

morphology of the nerve often reappears [67]. If a nerve is

included in the centre of the ice ball, where temperatures of

- 40 �C or lower predominate, permanent neurological

damage should be expected [68]. Very infrequently

observed complications are: site infection, tumour seeding,

bleeding and severe hypotension (0.3%) [65].

Other sporadic complications reported following

cryoablation include haemothorax and avascular necrosis

leading to femoral head collapse requiring hip replacement

8 months after cryoablation of a periacetabular chon-

drosarcoma metastasis [21]. Cryoshock [69, 70] has not

been reported in osseus cryoablation.

Following HIFU, possible minor treatment-related side

effects include sonication pain, early post-procedural pain

or bruising in the treated area, position pain, first- and

second-degree burns less than 2 cm in diameter and tran-

sient fever. These generally resolve within 2 weeks of

treatment with no long-term sequelae. Possible major side

effects include necrosis of non-target tissue, perforation of

hollow viscera, third-degree skin burns with ulceration,

fracture hip flexor neuropathy and anaesthetic complica-

tions [26].

Outcomes

Thermal ablation of appropriately selected osseus lesions

of varied histologies is associated with high success and

low recurrence and complication rates, summarised in

Table 1.

Benign Lesions

Success rates are uniformly high for all modalities treating

OO. Experience with other benign bone tumours, e.g.

ABC, osteoblastoma, is limited [15–20, 83].
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Malignant Bone Lesions

Good tumour-free survival rates (67–68% at one year) are

reported for RFA, MWA and CA in oligometastatic

metastases, including sarcoma [6, 21, 76]. Thermal abla-

tion achieves effective pain relief

[4, 5, 25, 48, 64, 66, 77–82, 84]. Multiple studies have

found improved pain relief in spinal lesions when ablation

was combined with vertebroplasty and/or RT [85–87]. In

general, tumours less than 2 cm with no cortical erosion

fare better [76]. The combination of cryoablation and

bisphonates has been found to be synergistic in the setting

of painful osseus metastases [88].

Conclusion

Percutaneous thermal ablation has an established role in the

successful management of a variety of benign and malig-

nant bone lesions, with both curative and palliative intent.

The selection of the most appropriate modality for a given

target lesion in an individual patient should be made in a

Table 1 Outcomes following thermal ablation of osseus lesions

RFA MWA LITT Cryoablation MRgHIFU

Osteoid

osteoma

Success rates: 91.7–96.9% Success rates similar

to RFA [32]

Success rates

similar to

RFA

[34, 72–74]

Good pain reduction, with

low rates of minor

complications (14.3%)

and recurrence (4.8%)

[75]

97% complete resolution of

pain, evidence of bone

healing and no

complications up to

24 months [35]

No correlation between

treatment failure and

ablation duration, patient

age or lesion location

[12–14, 71]

Effective pain relief

at 1 month in

92.3–100 [64]

In appendicular OO,

skin protection is

key

Malignant

lesions:

curative

intent

67% tumour-free survival

1 year post-RFA or CA

in oligometastases [76]

No large series

analysing the

feasibility, safety

and efficacy of

MWA in the

curative setting

In oligometastatic disease,

local control in 68%,

with 1- and 2-year

survival of 91% and

84%, median disease-free

survival of 7 months and

disease-free survival of

25% and 7% at 1 and

2 years

100% overall survival at

1 year for sarcoma

oligometastases [6]

Tumour-free survival of

21 months [21, 76]

Malignant

lesions:

palliative

intent

Particularly useful in

patients with recalcitrant

pain [77, 78]

Effective pain

palliation in

metastases

[1, 4, 5, 23, 25]

Safe and effective method

for pain palliation with

early reduction in pain

scores and analgesic

requirements sustained at

1 month, with further

improvement in the

following 6 months

[79–81]

Pain relief in 2/3 patients

with painful metastases

within 3 days. 64.3% of

patients improved pain

score of at least 2 points

on the numerical rating

scale at 3 months

Pain relief superior in axial

compared to

appendicular tumours

Estimated pain

reduction was 5.3/

10 at 1 month; and

5.3/10 at last

review

(20–24 weeks in

4/5 studies) [64]

Good local tumour control

(79% at 12 months) [82]

23.2% of patients had a

complete response [48]

Bipolar radiofrequency
ablation (b-RFA) with

increased target

temperature ([ 70 �C) in
combination with

vertebroplasty achieved

pain relief (80% efficacy)

and local tumour control

in oligometastatic/

oligoprogressive lesions

(100% efficacy) [78]
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multidisciplinary team setting, where further decisions

regarding tissue protection and adjunctive interventions

such as cement osteoplasty, osteosynthesis and embolisa-

tion may also be made.

Appendix 1: Key recommendations

• Each patient’s overall status and target lesion(s) should

be discussed in a multidisciplinary team setting to

assess the suitability and feasibility of a thermal abla-

tive approach, to select the most appropriate technique

and to set the goals of treatment, i.e. curative or

palliative.

• Imaging studies used to plan the procedure should be

no more than one month old.

• Antibiotic prophylaxis is recommended if combining

cement osteoplasty and/or screw fixation with thermal

ablation.

• Inclusion of periosteum in the ablation zone contributes

significantly to pain relief in the palliative setting.

Where an extra-osseus soft tissue component exists,

ablation of the soft tissue–bone interface can achieve

satisfactory palliation of pain.

• In the treatment of lesions in weight-bearing bones,

ablation should be used in combination with bone

consolidation/augmentation due to the risk of post-

ablation fracture.

• During thermal ablation of lesions close to neural

structures, passive monitoring and/or active protection

is strongly recommended.

• If general anaesthetic is being used, muscle paralysis

via neuromuscular blockade must be avoided, so as not

to compromise electrophysiologic monitoring.

• If cement osteoplasty is performed in the same session

as thermal ablation, the cement injection should be

delayed so as to allow local temperature normalisation

in order to ensure predictable setting of the cement.

• Where the risk of pathological fracture is high, e.g. in

predominantly lytic lesions, particularly those with

massive osteolysis, vertebroplasty should be performed

first to diminish the risks of pathological fracture/col-

lapse and secondary neurologic compromise, followed

by radiotherapy to effect local tumour control.

• Where a vertebral lesion is causing epiduritis, partic-

ularly with neurologic symptoms, radiotherapy should

be performed first, followed by vertebroplasty.

• Embolisation should be considered prior to thermal

ablation to limit thermal-sink effects and/or to reduce

bleeding during the ablation and/or adjunctive

consolidation.

• If both are indicated, embolisation should follow RT as

the efficacy of the latter is reduced by hypoxia.

• Regional anaesthetic block is recommended prior to

ablation of extremity lesions to reduce the risk of post-

procedural complex regional pain syndrome.

• Temporary neuropraxias may occur following thermal

ablation, many of which will resolve; however, patients

need to be warned that healing may take as long as

18 months.
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Osteoid osteoma and osteoid osteoma-mimicking lesions: biopsy

findings, distinctive MDCT features and treatment by radiofre-

quency ablation. Eur Radiol. 2010;20(10):2439–46.

17. Beyer T, van Rijswijk CSP, Villagrán JM, Rehnitz C, Muto M,

von Falck C, Gielen J, Thierfelder KM, Weber MA. European

multicentre study on technical success and long-term clinical

outcome of radiofrequency ablation for the treatment of spinal

osteoid osteomas and osteoblastomas. Neuroradiology.

2019;61(8):935–42.

18. Tomasian A, Wallace AN, Jennings JW. Benign spine lesions:

advances in techniques for minimally invasive percutaneous

treatment. AJNR Am J Neuroradiol. 2017;38(5):852–61.

19. Tsoumakidou G, Too CW, Garnon J, et al. Treatment of a spinal

aneurysmal bone cyst using combined image-guided cryoablation

and cementoplasty. Skelet Radiol. 2015;44:285–9.

20. Griauzde J, Gemmete JJ, Farley F. Successful treatment of a

Musculoskeletal Tumor Society grade 3 aneurysmal bone cyst

with N-butyl cyanoacrylate embolization and percutaneous

cryoablation. J Vasc Interv Radiol. 2015;26:905–9.

21. McMenomy BP, Kurup AN, Johnson GB, et al. Percutaneous

cryoablation of musculoskeletal oligometastatic disease for

complete remission. J Vasc Interv Radiol. 2013;24:207–13.

22. Barat M, Tselikas L, de Baère T, Gravel G, Yevich S, Delpla A,

Magand N, Louvel G, Hadoux J, Berdelou A, Terroir M, Baudin

E, Schlumberger M, Leboulleux S, Deschamps F. Thermal-ab-

lation of vertebral metastases prevents adverse events in patients

with differentiated thyroid carcinoma. Eur J Radiol.

2019;119:108650. https://doi.org/10.1016/j.ejrad.2019.108650.

23. Pusceddu C, Sotgia B, Fele RM, Ballicu N, Melis L. Combined

microwave ablation and cementoplasty in patients with painful

bone metastases at high risk of fracture. Cardiovasc Interv Radiol.

2016;39(1):74–80.

24. Wallace AN, Robinson CG, Meyer J, et al. The metastatic spine

disease multidisciplinary working group algorithms. Oncologist.

2015;20(10):1205–15.

25. Gennaro N, Sconfienza LM, Ambrogi F, Boveri S, Lanza E.

Thermal ablation to relieve pain from metastatic bone disease: a

systematic review. Skelet Radiol. 2019;48(8):1161–9.

26. Napoli A, Anzidei M, Marincola BC, Brachetti G, Noce V, Boni

F, Bertaccini L, Passariello R, Catalano C. MR imaging-guided

focused ultrasound for treatment of bone metastasis. Radio-

graphics. 2013;33(6):1555–68.

27. Wen J, Duan Y, Zou Y, et al. Cryoablation induces necrosis and

apoptosis in lung adenocarcinoma in mice. Technol Cancer Res

Treat. 2007;6:635–40.

28. Gage AA, Baust JM, Baust JG. Experimental cryosurgery

investigations in vivo. Cryobiology. 2009;59:229–43.

29. Shepherd JP, Dawber RP. Wound healing and scarring after

cryosurgery. Cryobiology. 1984;21:157–69.

30. Dababou S, Marrocchio C, Scipione R, Erasmus HP, Ghanouni P,

Anzidei M, Catalano C, Napoli A. High-intensity focused ultra-

sound for pain management in patients with cancer. Radio-

graphics. 2018;38(2):603–23.

31. Tomasian A, Jennings JW. Percutaneous minimally invasive

thermal ablation of osseous metastases: evidence-based practice

guidelines. AJR Am J Roentgenol. 2020;26:1–9.

32. Prud’home C, Nueffer JP, Runge M, Dubut J, Kastler B, Aubry S.

Prospective pilot study of CT-guided microwave ablation in the

treatment of osteoid osteomas. Skelet Radiol. 2016;46(3):315–23.

33. Wright AS, Lee FT Jr, Mahvi DM. Hepatic microwave ablation

with multiple antennae results in synergistically larger zones of

coagulation necrosis. Ann Surg Oncol. 2003;10:275–83.

34. Gangi A, Alizadeh H, Wong L, Buy X, Dietemann JL, Roy C.

Osteoid osteoma: percutaneous laser ablation and follow-up in

114 patients. Radiology. 2007;242(1):293–301.

35. Arrigoni F, Napoli A, Bazzocchi A, Zugaro L, Scipione R, Bruno

F, Palumbo P, Anzidei M, Mercatelli D, Gravina GL, Zoccali C,

Ghanouni P, Barile A, Catalano C, Masciocchi C. Magnetic-

resonance-guided focused ultrasound treatment of non-spinal

osteoid osteoma in children: multicentre experience. Pediatr

Radiol. 2019;49(9):1209–16.

36. Chai FW, et al. Radiologic diagnosis of osteoid osteoma: from

simple to challenging findings. Radiographics. 2010;30:737–49.

37. Napoli A, Anzidei M, Marincola BC, Brachetti G, Ciolina F,

Cartocci G, Marsecano C, Zaccagna F, Marchetti L, Cortesi E,

Catalano C. Primary pain palliation and local tumor control in

bone metastases treated with magnetic resonance-guided focused

ultrasound. Investig Radiol. 2013;48(6):351–8.

38. Liu, et al. Imaging of osteoid osteoma with dynamic gadolinium-

enhanced MR imaging. Radiology. 2003;227(3):691–700.

39. Davies, et al. The diagnostic accuracy of MR imaging in osteoid

osteoma. Skelet Radiol. 2002;31(10):559–69.

40. Tomasian A, Jennings JW. Percutaneous minimally invasive

thermal ablation for management of osseous metastases: recent

advances. Int J Hyperth. 2019;36(2):3–12.

41. Tomasian A, Dehdashti F, Jennings JW. Percutaneous minimally

invasive thermal ablation of musculoskeletal lesions: usefulness

of PET-computed tomography. PET Clin. 2018;13(4):579–85.

42. Chan M, Dennis K, Huang Y, Mougenot C, Chow E, DeAngelis

C, Coccagna J, Sahgal A, Hynynen K, Czarnota G, Chu W.

Magnetic resonance-guided high-intensity-focused ultrasound for

palliation of painful skeletal metastases: a pilot study. Technol

Cancer Res Treat. 2017;16(5):570–6.

43. Lee MJ, Fanelli F, Haage P, van Lienden K. Patient safety in

interventional radiology: a CIRSE IR checklist. Cardiovasc Interv

Radiol. 2012;35:244–6.

44. Woolf CJ. Evidence for a central component of post-injury pain

hypersensitivity. Nature. 1983;308:686–8.

123

A. Ryan et al.: CIRSE Standards of Practice on Thermal Ablation of Bone Tumours

https://doi.org/10.1016/j.ejrad.2019.108650


45. Gangi A, Dietemann JL, Gasser B, Guth S, de Unamuno S,

Fogarrassi E, Fuchs C, Siffert P, Roy C. Interventional radiology

with laser in bone and joint. Radiol Clin N Am.

1998;36(3):547–57.

46. Vogl TJ, Mack MG, Roggan A, Straub R, Eichler KC, Müller PK,

Knappe V, Felix R. Internally cooled power laser for MR-guided

interstitial laser-induced thermotherapy of liver lesions: initial

clinical results. Radiology. 1998;209(2):381–5.

47. Gage AA, Guest K, Montes M, et al. Effect of varying freezing

and thawing rates in experimental cryosurgery. Cryobiology.

1985;22:175–82.

48. Hurwitz MD, Ghanouni P, Kanaev SV, Iozeffi D, Gianfelice D,

Fennessy FM, Kuten A, Meyer JE, LeBlang SD, Roberts A, Choi

J, Larner JM, Napoli A, Turkevich VG, Inbar Y, Tempany CM,

Pfeffer RM. Magnetic resonance-guided focused ultrasound for

patients with painful bone metastases: phase III trial results.

J Natl Cancer Inst. 2014;106(5):dju082.

49. Bing F, Vappou J, de Mathelin M, Gangi A. Targetability of

osteoid osteomas and bone metastases by MR-guided high

intensity focused ultrasound (MRgHIFU). Int J Hyperth.

2018;35(1):471–9. https://doi.org/10.1080/02656736.2018.

1508758.

50. Kurup AN, Schmit GD, Morris JM, Atwell TD, Schmitz JJ,

Weisbrod AJ, Woodrum DA, Eiken PW, Callstrom MR. Avoid-

ing complications in bone and soft tissue ablation. Cardiovasc

Interv Radiol. 2016;40(2):166–76.

51. Cazzato RL, Palussière J, Auloge P, Rousseau C, Koch G, Dalili

D, Buy X, Garnon J, De Marini P, Gangi A. Complications fol-

lowing percutaneous image-guided radiofrequency ablation of

bone tumors: a 10-year dual-center experience. Radiology.

2020;296(1):227–35.

52. Garnon J, Cazzato RL, Caudrelier J, Nouri-Neuville M, Rao P,

Boatta E, Ramamurthy N, Koch G, Gangi A. Adjunctive ther-

moprotection during percutaneous thermal ablation procedures:

review of current techniques. Cardiovasc Interv Radiol.

2019;42(3):344–57.

53. Yoon JT, Nesbitt J, Raynor BL, Roth M, Zertan CC, Jennings

JW. Utility of motor and somatosensory evoked potentials for

neural thermoprotection in ablations of musculoskeletal tumors.

J Vasc Interv Radiol. 2020;31(6):903–11.

54. Autrusseau PA, Garnon J, Auloge P, Weiss J, Dalili D, Caudrelier

J, Cazzato RL, Koch G, Gangi A. Hydrodissection of the retro-

sternal space to protect the pericardium during sternal cryoabla-

tion. Cardiovasc Interv Radiol. 2020;43(9):1371–7.

55. Lane MD, Le HBQ, Lee S, Young C, Heran MKS, Badii M,

Clarkson PW, Munk PL. Combination radiofrequency ablation

and cementoplasty for palliative treatment of painful neoplastic

bone metastasis: experience with 53 treated lesions in 36 patients.

Skelet Radiol. 2010;40(1):25–32.

56. Reyes M, Georgy M, Brook L, Ortiz O, Brook A, Agarwal V,

Muto M, Manfre L, Marcia S, Georgy BA. Multicenter clinical

and imaging evaluation of targeted radiofrequency ablation (t-

RFA) and cement augmentation of neoplastic vertebral lesions.

J Neurointerv Surg. 2017;10(2):176–82.

57. Cazzato RL, Garnon J, Ramamurthy N, Koch G, Tsoumakidou G,

Caudrelier J, Arrigoni F, Zugaro L, Barile A, Masciocchi C,

Gangi A. Percutaneous image-guided cryoablation: current

applications and results in the oncologic field. Med Oncol.

2016;33(12):140.

58. Churchill-Davidson I. The oxygen effect in radiotherapy.

Oncology. 1966;20(Suppl):18–29.

59. Cazzato RL, de Rubeis G, de Marini P, Auloge P, Dalili D, Weiss

J, Koch G, Rao PP, Boatta E, Garnon J, Gangi A. Interventional

radiology outpatient clinics (IROC): clinical impact and patient

satisfaction. Cardiovasc Interv Radiol. 2021;44(1):118–26.

60. Mahnken AH, Boullosa Seoane E, Cannavale A, de Haan MW,

Dezman R, Kloeckner R, O’Sullivan G, Ryan A, Tsoumakidou G.

CIRSE clinical practice manual. Cardiovasc Interv Radiol.

2021;44(9):1323–53.

61. Gravel G, Tselikas L, Moulin B, et al. Early detection with MRI

of incomplete treatment of spine metastases after percutaneous

cryoablation. Eur Radiol. 2019;29:5655–63.

62. McGrath PJ, Walco GA, Turk DC, Dworkin RH, Brown MT,

Davidson K, Eccleston C, Finley GA, Goldschneider K, Haverkos

L, Hertz SH, Ljungman G, Palermo T, Rappaport BA, Rhodes T,

Schechter N, Scott J, Sethna N, Svensson OK, Stinson J, von

Baeyer CL, Walker L, Weisman S, White RE, Zajicek A, Zeltzer

L, PedIMMPACT. Core outcome domains and measures for

pediatric acute and chronic/recurrent pain clinical trials: Ped-

IMMPACT recommendations. J Pain. 2008;9(9):771–83.

63. Temple MJ, Waspe AC, Amaral JG, Napoli A, LeBlang S,

Ghanouni P, Bucknor MD, Campbell F, Drake JM. Establishing a

clinical service for the treatment of osteoid osteoma using mag-

netic resonance-guided focused ultrasound: overview and

guidelines. J Ther Ultrasound. 2016;20(4):16.

64. Cazzato RL, de Rubeis G, de Marini P, Dalili D, Koch G, Auloge

P, Garnon J, Gangi A. Percutaneous microwave ablation of bone

tumors: a systematic review. Eur Radiol. 2021;31(5):3530–41.

65. Auloge P, Cazzato RL, Rousseau C, Caudrelie J, Koch G, Rao P,

Chiang JB, Garnon J, Gangi A. Complications of percutaneous

bone tumor cryoablation: a 10-year experience. Radiology.

2019;291(2):521–8.

66. Tomasian A, Wallace A, Northrup B, et al. Spine cryoablation:

pain palliation and local tumor control for vertebral metastases.

AJNR Am J Neuroradiol. 2016;37:189–95.

67. Fasano VA, Peirone SM, Zeme S, Filippi M, Broggi G, de Mattei

M, Sguazzi. Cryoanalgesia: ultrastructural study on cryolytic

lesion of sciatic nerve in rat and rabbit. Acta Neurochir Suppl

(Wien). 1987;39:177–80.

68. Korpan NN, Goltsev AN, Dronov OI, Bondarovych MO. Cry-

oimmunology: opportunities and challenges in biomedical sci-

ence and practice. Cryobiology. 2021;100:1–11.

69. Bageacu S, Kaczmarek D, Lacroix M, Dubois J, Forest J,

Porcheron J. Cryosurgery for resectable and unresectable hepatic

metastases from colorectal cancer. Eur J Surg Oncol.

2007;33(5):590–6.

70. Seifert JK, Stewart GJ, Hewitt PM, Bolton EJ, Junginger T,

Morris DL. Interleukin-6 and tumor necrosis factor-alpha levels

following hepatic cryotherapy: association with volume and

duration of freezing. World J Surg. 1999;23(10):1019–26.

71. Rosenthal DI, Hornicek FJ, Torriani M, Gebhardt MC, Mankin

HJ. Osteoid osteoma: percutaneous treatment with radiofre-

quency energy. Radiology. 2003;229(1):171–5.

72. Moser T, Giacomelli MC, Clavert JM, Buy X, Dietemann JL,

Gangi A. Image-guided laser ablation of osteoid osteoma in

pediatric patients. J Pediatr Orthop. 2008;28(2):265–70.

73. Wu H, Lu C, Chen M. Evaluation of minimally invasive laser

ablation in children with osteoid osteoma. Oncol Lett.

2017;13(1):155–8.

74. Tsoumakidou G, Thénint MA, Garnon J, Buy X, Steib JP, Gangi

A. Percutaneous image-guided laser photocoagulation of spinal

osteoid osteoma: a single-institution series. Radiology.

2016;278(3):936–43.

75. Santiago E, Pauly V, Brun G, Guenoun D, Champsaur P, Le

Corroller T. Percutaneous cryoablation for the treatment of

osteoid osteoma in the adult population. Eur Radiol.

2018;28(6):2336–44.

76. Deschamps F, Farouil G, Ternes N, et al. Thermal ablation

techniques: A curative treatment of bone metastases in selected

patients? Eur Radiol. 2014;24:1971–80.

123

A. Ryan et al.: CIRSE Standards of Practice on Thermal Ablation of Bone Tumours

https://doi.org/10.1080/02656736.2018.1508758
https://doi.org/10.1080/02656736.2018.1508758


77. Mehta TI, Heiberger C, Kazi S, Brown M, Weissman S, Hong K,

Mehta M, Yim D. Effectiveness of radiofrequency ablation in the

treatment of painful osseous metastases: a correlation meta-

analysis with machine learning cluster identification. J Vasc

Interv Radiol. 2020;31(11):1753–62.

78. Mayer T, Cazzato RL, De Marini P, Auloge P, Dalili D, Koch G,

Garnon J, Gangi A. Spinal metastases treated with bipolar

radiofrequency ablation with increased ([70 �C) target temper-

ature: pain management and local tumor control. Diagn Interv

Imaging. 2021;102(1):27–34.

79. Callstrom MR, Dupuy DE, Solomon SB, et al. Percutaneous

image-guided cryoablation of painful metastases involving bone:

multicenter trial. Cancer. 2013;119:1033–41.

80. Yang Y, Li Y, Wu Y, Qiu S, Liu C, Wang Q, Hong Y, Lyu J,

Zhang Y, Du D. Retrospective analysis of CT-guided percuta-

neous cryoablation for treatment of painful osteolytic bone

metastasis. Cryobiology. 2020;1(92):203–7.

81. Prologo JD, Passalacqua M, Patel I, et al. Image-guided

cryoablation for the treatment of painful musculoskeletal meta-

static disease: a single-center experience. Skelet Radiol.

2014;43:1551–9.

82. Wallace AN, McWilliams SR, Connolly SE, Symanski JS, Vas-

wani D, Tomasian A, Vyhmeister R, Lee AM, Madaelil TP,

Hillen TJ, Jennings JW. Percutaneous image-guided cryoablation

of musculoskeletal metastases: pain palliation and local tumor

control. J Vasc Interv Radiol. 2016;27(12):1788–96.

83. Cazzato RL, Auloge P, Dalili D, De Marini P, Di Marco A,

Garnon J, Gangi A. Percutaneous image-guided cryoablation of

osteoblastoma. AJR Am J Roentgenol. 2019;213(5):1157–62.

84. Cazzato RL, Garnon J, Caudrelier J, Rao PP, Koch G, Gangi A.

Percutaneous radiofrequency ablation of painful spinal

metastasis: a systematic literature assessment of analgesia and

safety. Int J Hyperth. 2018;34(8):1272–81.

85. Di Staso M, Zugaro L, Gravina GL, Bonfili P, Marampon F, Di

Nicola L, Conchiglia A, Ventura L, Franzese P, Gallucci M,

Masciocchi C, Tombolini V. A feasibility study of percutaneous

radiofrequency ablation followed by radiotherapy in the man-

agement of painful osteolytic bone metastases. Eur Radiol.

2011;21(9):2004–10.

86. Di Staso M, Gravina GL, Zugaro L, Bonfili P, Gregori L,

Franzese P, Marampon F, Vittorini F, Moro R, Tombolini V, Di

Cesare E, Masciocchi C. Treatment of solitary painful osseous

metastases with radiotherapy, cryoablation or combined therapy:

propensity matching analysis in 175 patients. PLoS ONE.

2015;10(6):1–11.

87. Levy J, Hopkins T, Morris J, Tran ND, David E, Massari F, Farid

H, Vogel A, O’Connell WG, Sunenshine P, Dixon R, Gangi A,
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