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Abstract

Objectives To evaluate post-ablation MRI for the detection of incompletely treated spinal osseous metastases (SOM) after

cryoablation and to propose a post-ablation imaging classification.

Methods After IRB consent, all patients treated with cryoablation of SOM between 2011 and 2017 having at least 1-year

minimum follow-up and a spine MRI within 4 months after cryoablation were retrospectively included. A classification of

MRI images into four types was set up. The primary endpoint of our study was to assess the diagnostic performance of the

post-ablation MRI. The secondary endpoints were the 1-year complete treatment rate (CTR) and complications.

Results Fifty-four SOMs in 39 patients were evaluated. Post-ablation MRI was performed with a median delay of 25 days after

cryoablation. Images were evaluated by two independent readers according to the pre-established image classification. Sensitivity

and specificity for the detection of residual tumor were 77.3% (95%CI = 62.2—88.5) and 85.9% (95%CI = 75.0-93.4), respectively.

Types I, II, III, and IV of the classification were associated with a 1-year complete treatment in 100%, 83.3%, 35.7%, and 10% of

cases, respectively. The 1-year CTR was 59.3% for all 54 metastases, and 95.8% for metastases measuring less than 25 mm and at

least 2 mm or more away from the spinal canal. Two grade 3 and two grade 2 adverse events according to the CTCAE were reported.

Conclusions MRI after cryoablation is useful for the evaluation of the ablation efficacy. The classification of post-cryoablation

MRI provides reliable clues for the prediction of complete treatment at 1 year.

Key Points

* MRI performed 25 days after cryoablation is useful to evaluate the efficacy.

* The proposed classification provides a reliable clue for complete cryoablation.

* Percutaneous cryoablation of spinal metastases is highly effective for lesions less than 25 mm in diameter and of at least 2 mm
away from the spinal canal.
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Percutaneous cryoablation with cross-sectional imaging
guidance is an appealing option as it provides reliable ablation
zone, has the potential to monitor ablation margins during the
procedure, and is minimally invasive, with generally well-
tolerated pain. Instillation of compressed argon gas through
the probes creates an extreme cold along the tip to tempera-
tures less than minus 130 °C that results in local tissue necro-
sis [3, 4]. Cryoablation is a valid local treatment of bone me-
tastases for local control, pain palliation, and prevention of
skeletal-related events [3, 5, 6].

Ablation may also induce collateral damage to adjacent
trabeculated bone, exposing to compression fracture and asso-
ciated back pain. To prevent this sequela, cement vertebroplasty
may be considered [4, 5]. It is usually performed as a subse-
quent procedure, and not immediately after the cryoablation, as
the recently cryoablated bone retains hypothermic temperature
and the distribution of injected polymethylmethacrylate
(PMMA) could be non-uniform.

When local curative treatment is warranted, early detection
of residual malignancy is useful as it might be re-treated,
based on the probability that the residual is small and hope-
fully accessible to local treatment. Also, vertebroplasty before
confirmation of completely local control may be problematic
as it could preclude future access for a subsequent ablation and
hamper early detection of such residual tumor. Therefore, a
timely confirmation of tumor control is valuable for clinical
management.

The sensitivity of MRI for the detection of bone metastases
is high [7-9]. However, reports on early detection of incom-
plete treatment after spine cryoablation with imaging are
scarce.

The aim of our study was to assess the performances of
MRI after cryoablation of spine metastases for early detection
of incomplete treatment.

Materials and methods
Data collection

We retrospectively retrieved all patients treated by percutane-
ous cryoablation for spine metastases to the vertebral body in
our single institution cancer center from April 2011 to
May 2017. Patient records were reviewed for patient demo-
graphics, primary tumor site, treatment course, number and
size of metastases ablated, cryoablation modalities, proximity
to the spinal canal, cortical bone erosion, soft tissue involve-
ment, and procedural complications. Informed consent of pa-
tients for this study was waived by our local IRB. All patients
had given the informed consent before the cryoablation was
performed. Our institutional rules also stipulate that patients
sign an agreement for future and retrospective analysis of
anonymized data from their records.
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Selection criteria

Inclusion criteria were (1) histologically confirmed diagnosis
of metastatic cancer, (2) treatment by percutaneous
cryoablation for local curative purpose of a spine metastasis,
(3) minimum follow-up of 1 year, and (4) availability of spine
MRI within 4 months after cryoablation.

Exclusion criteria were (1) cement injection in the treated
vertebra prior to the post-ablation MRI and (2) absence of
gadolinium chelates-enhanced T1-weighted sequence with
fat saturation in the post-ablation MRI protocol.

Procedures

All procedures were performed with image guidance using CT
or fluoroscopy with Cone Beam CT by a senior interventional
radiologist. Procedures were performed either under general
anesthesia or conscious sedation with lower extremity neuro-
logical monitoring. Epidural injection of carbon dioxide to
displace the spinal cord or foraminal nerve root was per-
formed on a case-by-case basis depending on proximity to
the anticipated ablation zone. Pre-procedural medullar arteri-
ography was performed on a case-by-case basis to localize the
arteria radicularis magna depending on the vertebra treated
and if the metastasis was in a position where the ablation zone
might potentially overlap this vital structure. All cryoablation
procedures were performed using the same system (Visual-
ICE™ Cryoablation System, Galil Medical). The cryoablation
probe number and size (IceSeed®, IceSphere®, and
IceRod®) and probe positioning were selected on the basis
of tumor size, location in the vertebral body, and proximity to
the spinal canal or foramen. The treatment protocol used in
our center for bone cryoablation is the following: two 10-min
freeze cycles separated by a 9-min passive thaw and a 1-min
active thaw.

Assessment

All post-ablation imaging examinations at 1 year were
reviewed to establish the complete or incomplete ablation sta-
tus. Local control failure was defined as a radiographic in-
crease of the treated lesion on CT and/or MRI, and/or abnor-
mal '®*F-FDG PET/CT uptake. If one of those three examina-
tions was positive, the ablation was considered incomplete.

Post-ablation MRI was first analyzed by a senior radi-
ologist with knowledge of the 1-year complete history. The
goal of this first evaluation was to define the different post-
ablation MRI patterns and to formulate a comprehensive
new classification.

Based on the post-ablation MRI patterns, four MRI appear-
ance types were established as follows (Fig. 1):
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Fig. 1 Post-ablation MRI
classification. Type I: ghost tumor
within the external part of an oval
or round-shape linear contrast
enhancement; type II: oval or
round-shape linear contrast
enhancement; type III: nodular
contrast enhancement contiguous
or distant to the linear contrast
enhancement; and type IV: patchy |
contrast enhancement contiguous
or distant to the linear contrast
enhancement

—  TDype I was defined as an oval or round-shape linear con-
trast enhancement (thin or thick) encompassing a ghost
tumor, without any nodular or patchy contrast enhance-
ment contiguous or distant to the linear contrast enhance-
ment (Figs. 2 and 3).

—  TDype I was defined as an oval or round-shape linear con-
trast enhancement (thin or thick) without any ghost tumor
visualized and without any nodular or patchy contrast
enhancement contiguous or distant to the linear contrast
enhancement (Fig. 4).

—  Type Il was defined as an oval or round-shape linear
contrast enhancement (thin or thick) with a nodular con-
trast enhancement contiguous or distant to the linear con-
trast enhancement (Fig. 5b).

— Type IV was defined as an oval or round-shape linear
contrast enhancement (thin or thick) with a patchy con-
trast enhancement contiguous or distant to the linear con-
trast enhancement (Fig. 5d).

Secondly, all post-ablation MRI were then analyzed inde-
pendently by two other senior radiologists blinded of the
1-year outcome. The two readers were asked to state if the
treatment was complete or incomplete, and furthermore to
rank the exam according to the pre-established classification.
The two secondary readers had also access to available pre-
ablation MRI and per-procedural images, reflecting routine
clinical practice. Results of those readings were compared to
the 1-year complete treatment rate status.

Endpoints
The primary endpoint of our study was to assess the diag-

nostic performance of post-ablation MRI for the detection
of incomplete treatment.

The secondary endpoints were the 1-year complete treat-
ment rate and complications. Complications were reported
using the Common Terminology Criteria for Adverse Events
v5.0 (CTCAE) [10].

Statistical analysis

Statistical analyses were performed using EZR software ver-
sion 1.35 (Saitama Medical Center, Jichi Medical University)
[11]. The interobserver agreement was assessed using the un-
weighted Cohen’s kappa (k) and the quadratic-weighted
Cohen’s kappa (kw) indices of agreement [12]. The strength
of agreement was defined according to Landis divisions
“benchmarks” [13]. The multivariate prognostic analysis
was performed using the logistic regression analysis. A two-
sided p value of < .05 was considered significant.

Results
Patients

A total of 39 patients (24F:15M, age range 2475 years) with
54 treated spine metastases during 41 procedures met the se-
lection criteria. Prior to cryoablation, 32 (82.1%) received
systemic treatment and 1 (2.6%) patient was treated by radio-
therapy for a metastasis later treated by cryoablation for local
recurrence. Primary tumor was thyroid in 16 (41.0%) patients,
breast in 7 (17.9%) patients, lung in 5 (12.8%) patients,
paraganglioma/pheochromocytoma in 3 (7.7%) patients, and
other miscellaneous origins in 8 (20.5%) patients.

Pre-procedural imaging and cryoablation

Lesions measured 6-38 mm (mean 18.4 mm). On CT, 12
(22.2%) were sclerotic. Five (12.8%) involved part of a
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Fig. 2 Type I of the post-ablation
MRI classification (first
example). a Pre-treatment MRI
with contrast-enhanced T1-
weighted sequence with fat
saturation showing a metastasis
(cross) of a tonsil squamous
carcinoma in a 70-year-old
woman. b Post-ablation contrast-
enhanced T1-weighted sequence
with fat saturation showing a thin
linear oval-shape enhancement
(arrows). ¢ Post-ablation T1-
weighted sequence showing the
ghost tumor with low signal
intensity (cross) within the
ablated zone (arrows). d
Post-ablation T2-weighted
sequence with fat saturation also
showing the ghost tumor with
high signal intensity (cross)
within the ablated zone (arrows).
No recurrence was observed at

1 year of follow-up

pedicle while the others (V=49) were located only in the
vertebral body. The distance from metastasis to the spinal
canal ranged 0—18 mm (mean 5 mm). Twenty-three metasta-
ses showed cortical bone erosion, with soft tissue invasion in
four cases. Confirmation of histology was performed with
biopsy in 28 (51.2%) metastases, while the rest were pre-
sumed to be malignant metastases related to primary diagno-
sis, imaging appearance, and progression. A pre-procedural
MRI was available in 32/39 patients with 42/53 lesions, while
the remainder (7/39 patients with 9/53 lesions) only had pre-
procedural CT or PET-CT.

The mean number of cryoablation performed for multiple
sites per patients was 1.4 (range 1-3). Conscious sedation was
performed during 31 procedures (75.6%) and general anesthe-
sia during 10 procedures (24.4%). Epidural injection of car-
bon dioxide was attempted during 35 procedures (64.8% me-
tastases) and a medullar arteriography was performed in 10
cases (18.5%) prior to the ablation. Vertebral consolidation by
percutaneous vertebroplasty was performed few days later
(median 15 days, range 7-255 days) in 25 cases (46.3%).

Complete treatment

The 1-year complete treatment rate per metastasis was 32 of
54 (59.3%). The results of the univariate and multivariate
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analyses of prognosis factors for incomplete treatment at
1-year are summarized in Table 1. In the multivariate analysis,
the factors associated with a higher risk of incomplete treat-
ment at 1-year were diameter > 25 mm (p =.001) and distance
to the spinal canal <2 mm (p = .006). For metastases measur-
ing less than 25 mm and distant to at least 2 mm from the
spinal canal, the 1-year complete treatment rate per metastasis
was 23 of 24 (95.8%).

Post-ablation MRI appearance

Post-ablation MRI protocols were diverse among patients.
However, all patients had at least pre-contrast T1- and T2-
weighted sequences and a post-contrast T1-weighted se-
quence with fat saturation. In 32 cases (59.3%), post-
ablation MRI showed an oval or round-shape linear en-
hancement, without any nodular or patchy contrast en-
hancement elsewhere in the vertebral body other than
the needle track. This linear enhancement pattern could
be thin or thick (up to 9 mm). In 22 treated metastases
(40.7%), post-ablation MRI showed patchy or nodular
contrast enhancement distant or contiguous to an oval or
round-shape linear enhancement. The inner part of this
linear enhancement had heterogeneous signal on T2-
weighted sequences but had low signal intensity on T1-
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Fig. 3 Type I of the post-ablation
MRI classification (second ex-
ample). a Pre-cryoablation CT
image showing the cryotherapy
needle (arrow head) passing
through the sclerotic metastasis
(black arrow). b Post-ablation
contrast-enhanced T1-weighted
sequence with fat saturation
showing a thin linear oval-shape
enhancement (arrows). ¢ Post-
ablation T1-weighted sequence
showing the ghost tumor with low
signal intensity (arrow head)
within the ablated zone (arrows).
d Post-ablation T2-weighted se-
quence with fat saturation also
showing the ghost tumor with low
signal intensity (arrow head)
within the ablated zone (arrows)

weighted sequences in 43 cases (79.6%). In 14 cases
(25.9%), the metastasis treated was seen within external
part of the linear enhancement, mainly on T2-weighted
images (11 cases) with low signal intensity in 9 cases,
and was referred as the ghost tumor. For the 5 remaining
cases, the ghost tumors were seen on T1-weighted images
with low signal intensity.

Post-ablation MRI was performed in a median time of
25 days after cryoablation (range 4 days to 4 months). For
the 25 patients that had post-ablation vertebroplasty, MRI
was performed in a median time of 12 days after cryoablation
(range 4 to 76 days) versus 48 days (range 5 days to 4 months)
for the remaining 29 patients (p <.001).

Performance of MRI performances for detection
of incomplete treatment

Sensitivity and specificity for the detection of incomplete
treatment were 77.3% (95% CI=62.2-88.5) and 85.9%

(95% CI1=75.0-93.4), respectively. Positive predictive value
and negative predictive value were 79.1% (95% Cl=64.0—
90.0) and 84.6% (95% Cl=73.5-92.4), respectively
(Table 2). Agreement between the two readers was substantial
(k=0.69, 95% CI=0.50-0.89).

Performance of MRI classification

Type I was associated with a 1-year complete treatment in
100% of cases (95% CI=77.9-100).

Type Il was associated with a 1-year complete treatment in
83.3% of cases (95% CI=69.8-92.5).

Type Il was associated with a 1-year complete treatment in
35.7% of cases (95% CI=18.6-55.9).

Type 1V was associated with a 1-year complete treatment in
10.0% of cases (95% Cl=1.2-31.7).

Agreement between the two readers was substantial (kw =
0.70, 95% CI1=0.54-0.87).
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Fig.4 Type Il of the post-ablation
MRI classification. a Unenhanced
pre-ablation T1-weighted se-
quence showing a metastasis of
11 mm diameter (arrow) in low
signal intensity on the L4 verte-
bra. b Post-ablation contrast-
enhanced T1-weighted sequence
with fat saturation in the same
patient showing a thin linear
round-shape enhancement (ar-
rows). ¢ Pre-cryoablation CT im-
age showing a metastasis of

17 mm diameter (arrow) with the
cryotherapy needle (arrow head)
passing through the lesion. d
Post-ablation contrast-

enhanced T1-weighted sequence
with fat saturation in the same
patient showing a thick linear
round-shape enhancement
(arrows)

Complications

Four adverse events according to the CTCAE v5.0 were report-
ed (two grade 3 and two grade 2). Among the grade 3 adverse
events, one was a post-procedural persistent paraparesis and
one was a per-procedural Tako-tsubo cardiomyopathy in a pa-
tient with metastatic functional paraganglioma. The grade 2
adverse events were transitory nerve root radiculopathy with
persistent dysesthesia in one of the two cases.

Discussion

In our study, MRI performed in a median time of 25 days after
cryoablation had good diagnostic accuracy to detect incom-
plete treatment, and the proposed classification was useful to
predict incomplete ablation.

To our knowledge, CT has never been evaluated for early
detection of incompletely treated spine metastases by
cryoablation. CT has a lower diagnostic accuracy than MRI
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for bone metastases [14] and is not recommended for assess-
ment of spinal tumor response after stereotactic body radiother-
apy (SBRT) [15]. In our experience, the ablated zone in the
bone was inconstantly and poorly visible on CT although it
remains of great value for the assessment of bone integrity.
PET-CT has shown promises in monitoring tumor response
after systemic treatment for breast cancer metastatic to the bone
[16, 17]. However, early post-ablation PET-CT could be limit-
ed by post-ablation inflammation at 1 month as previously
shown after radiofrequency ablation of lung tumors [18].

The ablated zone can be visualized as an oval or round-
shape linear contrast enhancement, thin or thick, meaning that
the ablation limits are probably within the external part of the
linear contrast enhancement. The ablation zone can also be
seen on unenhanced images, as a low signal intensity on T1-
weighted images. In some cases, the ablated metastasis can be
seen inside the ablated zone, most frequently on T2-weighted
sequences. Visualization of the ghost tumor within the ablated
zone should be carefully sought as it gives an excellent evalu-
ation of the ablation margins. In our study, when a ghost tumor
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Fig. 5 Types III and IV of the
post-ablation classification. a
Unenhanced pre-ablation T1-
weighted sequence showing a
metastasis of 11 mm diameter
(arrows) in low signal intensity on
the C2 vertebra. b Type III of the
post-ablation classification.
Contrast-enhanced T1-weighted
sequence with fat saturation in the
same patient showing a nodular
contrast enhancement (arrow)
contiguous to the ablated zone. ¢
Unenhanced pre-ablation T1-
weighted sequence showing a
metastasis on the T9 vertebra with
soft tissue involvement (arrows).
d Type IV of the post-

ablation classification. Contrast-
enhanced T1-weighted sequence
with fat saturation in the same
patient showing a patchy contrast
enhancement (arrows) contiguous
to the ablated zone. The pre-
ablation MRI did not include a
contrast-enhanced sequence
probably resulting in an underes-
timation of the vertebral body
invasion

was seen within the ablation margin (type I of the classifica-
tion), no recurrence was observed at 1 year. When the ghost
tumor is not visible, careful comparison with pre-treatment
images should determine if the ablation zone encompasses
the tumor area or not. Residual tumors appear as patchy or
nodular areas with post-contrast enhancement distant or con-
tiguous to the ablated zone. Indeed, type III and type IV of the
classifications were frequently associated with incomplete
treatment at 1 year. A patchy enhancement in the vertebra (type
IV) was highly predictive of incomplete treatment at 1 year in
our study. A pre-procedural MRI should be performed in every
patient as it provides an optimal delimitation of the metastasis

to be ablated and allows for the evaluation of ablation margins
when comparing pre- and the post-ablation MRI.

As a result of our study, in our center, we now perform
the pre-ablation MRI within a week before the ablation,
and the post-ablation MRI 1 to 3 weeks after the procedure.
If the post-ablation MRI is performed too soon after abla-
tion, analysis might be hampered by post-treatment inflam-
mation. However, it should not be delayed too much in
order to limit the risk of post-treatment vertebral collapse,
explaining the delay we have chosen. A 1-year MRI during
the follow-up is also warranted for the definitive evaluation
of local control.

Table 1 Prognostic analysis of
treatment failure

Univariate analysis Multivariate analysis

OR (95% CI) p value OR (95% CI) p value
Only one cryoprobe used 1.7 (0.4-6.8) 53 0.1 (0.0-2.0) .14
Cortical bone erosion 2.2 (0.6-8.2) 25 1.1 (0.2-7.9) 91
Soft tissue involvement 4.8 (0.4-264.6) 29 14.7 (0.0-15,400.0) 45
Procedure under conscious sedation 5.8 (1.1-60.2) .03 2.6 (0.2-35.9) 48
Sclerotic metastasis 2.5(0.6-11.8) .19 2.2 (0.2-24.7) 53
Proximity to the spinal canal <2 mm 3.5(0.1-13.5) .04 26.3 (2.6-271.0) .006
Size of metastasis >25 mm 28.9 (3.5-1364.4) <.001 377.0 (9.2-15,500.0) .001

OR odds ratio, CI confidence interval
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Table 2  Diagnostic performance of the post-cryoablation MRI
Values 95% confidence interval
Sensitivity (%) 77.3 62.2-88.5
Specificity (%) 85.9 75.0-93.4
Positive predictive value (%) 79.1 64.0-90.0
Negative predictive value (%) 84.6 73.5-92.4
Diagnostic accuracy 0.8 0.7-0.9
Positive likelihood ratio 5.5 2.9-10.3
Negative likelihood ratio 0.3 0.2-0.5

The proposed post-ablation classification is a useful tool for
MRI reporting. The sensitivity of MRI was average even
though the specificity and the negative predictive value were
good. Type I or II provided a higher degree of confidence that
the ablation was complete. In these cases, a post-ablation per-
cutaneous vertebroplasty can be pursued given the high pre-
dictive likelihood that the ablation treatment is complete. For
type III, vertebroplasty should be delayed to allow prolonged
and careful radiological surveillance and possibly additional
locoregional treatment, such as re-treatment with cryoablation.
For type IV findings, the ablation is highly likely to be incom-
plete and additional locoregional treatment should be per-
formed, mainly with SBRT in association with vertebroplasty.

In our study, complete treatment at 1 year was achieved in
59.3% of cases. For metastases smaller than 25 mm and distant
to at least 2 mm from the spinal canal, the 1-year complete
treatment rate was achieved in 95.8% of cases, which is con-
sistent with previously reported data on spine cryoablation by
Tomasian et al [19]. However, the size of metastases and prox-
imity to the spinal canal were not specified. Size is usually a
main concern regarding percutaneous ablation techniques with
an upper limit in the size of 2-3 cm [20, 21] which is consistent
with our results. Proximity to the spinal canal also exposes to
incomplete ablation as concerns for neurological complications
may result in under-powered treatment, despite the use of nerve
protective methods as carbon dioxide displacement barrier and/
or peripheral nerve monitoring. However, technical success of
epidural carbon dioxide injection is limited and can sometimes
displace the thecal sac and the cord towards the lesion [22].

SBRT for spine metastases is a non-invasive therapeutic mo-
dality that provides good local control rates, ranging between 72
and 90% [23, 24]. Vertebral compression fractures have been
reported after SBRT with an overall risk ranging from 20 to 39%
[25, 26], also warranting preventive consolidation by percutane-
ous vertebroplasty of the vertebral body treated. Even though re-
treatment by SBRT for local recurrence can be attempted in
suitable patients [27], cement filling of the vertebral body will
prevent any percutaneous approach. Therefore, in appropriately
selected patients (i.e., metastases < 25 mm, distance from spinal
canal >2 mm), we believe that percutaneous cryoablation
should be considered as the first-line treatment.
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We acknowledge the limitations in our retrospective study.
First, even though the absence of histologic confirmation of all
metastases treated may invoke some selection and outcome
bias, more than half of patients had histologic confirmation,
thanks to the possibility to perform a pre-procedural biopsy
unlike SBRT. Secondly, our study comprises different primary
tumors, and imaging follow-up modality at 1-year was hetero-
geneous. Finally, post-ablation MRI protocols were diverse
among patient even though all patients had at least pre-
contrast T1, T2-weighted sequences, and a post-contrast T1-
weighted sequence with fat saturation.

In conclusion, our results suggest that post-ablation MRI is
useful for the early evaluation of the ablation efficacy. We
propose a classification that provides confident benchmarks
for the evaluation of complete treatment at 1 year. In addition,
percutaneous cryoablation seems to be a safe and effective
curative treatment modality for spine metastases in appropri-
ately selected patients (metastases < 25 mm and distance from
the spinal canal >2 mm).
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