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Abstract

Background Precision surgery is becoming increasingly important in the field of Orthopaedic Oncology.
Image-guided percutaneous cryosurgery (CRA) has emerged as a valid treatment modality for extra-abdominal
desmoid tumors (EDTs). To date, most CRA procedures use CT-based guidance which fails to properly characterize
tumor segments. Computer-guided MRI navigation can address this issue however, the lack of a fixed landmark

for registration remains a challenge. Successful CRA correlates directly with precision approaches facilitated by
intraoperative imaging guidance. This is the first study that attempts to assess the feasibility and efficacy of a novel
approach of using skin fiducial markers to overcome the challenge of a MRI-based navigation CRA for symptomatic or
progressive EDTs.

Methods In this retrospective study conducted between 2018 and 2020, 11 patients at a single center with
symptomatic or progressive EDTs were treated with CRA using intraoperative MRI navigation. Fifteen cryosurgery
procedures were performed, each adhering to a personalized pre-operative plan. Total tumor size, viable and non-
viable portions pre- and post-operation, and SF-36 questionnaire evaluating subjective health were recorded.

Results All CRAs demonstrated 100% adherence to the predetermined plan. Overall, tumor size decreased Median=
-56.9% [-25.6, -72.4]) with a reduction in viable tissue, (Median=-80.4% [-53.3, -95.2]). Four patients required additional
CRAs. Only one patient’s tumor did not reduce in size. One patient suffered from local muscle necrosis. Pre-operation,
the average physical and mental scores 41.6 [29.4, 43] and 26.3 [17.6, 40.9] respectively. Post-operation, the average
physical and mental scores were 53.4[38, 59.7] and 38 [31.2, 52.7] respectively.

Conclusion These findings provide an early indication of the feasibility and efficacy of performing percutaneous
cryosurgery using skin fiducial marker registration for MRI-computed navigation to treat EDTs safely. Larger cohorts
and multicenter evaluations are needed to determine the efficacy of this technique.
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Background

Desmoid tumors (DTs), also known as aggressive fibro-
matosis, are rare aggressive benign tumors that arise
from clonal proliferation of spindle cells. With an inci-
dence rate of roughly 2—4 cases per million in the general
population, DTs account for 0.3%-0.1% of all solid tumors
[1]. DTs occur in both sporadic and hereditary forms.
Sporadic DTs account for 85-95% of cases and give rise to
extra-abdominal desmoid tumors (EDTs), while the rare
familial DTs account for 5-15% of cases and are associ-
ated with familial adenomatosis polyposis syndrome
(FAP) [2].

Although EDTs have been shown not to metastasize,
they often behave aggressively in their local environ-
ments and are thus associated with high morbidity [3,
4]. The gold standard of treatment previously included
either en-block resection, radiotherapy, or systemic che-
motherapy. However, these methods are associated with
a high frequency of local recurrence and complications
[5, 6]. Consequently, the treatment paradigm has shifted
towards a “wait and see” policy of “active surveillance”
[7-9]. This approach, however, cannot be applied in all
cases. As 36% of tumors grow and progress, they often
cause debilitating symptoms with the potential to disable
patients or jeopardize the function of adjacent critical
organs [10]. To improve available treatment options, new
modalities have emerged and are currently being imple-
mented for treatment of EDT. Percutaneous cryosurgery
(CRA) as an alternative has shown to reduce tumor bur-
den and improve symptoms. CRA also maintains a low
incidence of morbidity. As a result, many authors have
advocated to establish CRA as a valid treatment option.

Successful CRA procedures to date correlate directly
with the utilization of precise intraoperative image guid-
ance, mainly CT-based [11-13]. An important limita-
tion of this imaging modality is its ability to distinguish
between tumor and healthy tissue. This does not allow
for tumor segmentation of viable and non-viable tissue in
a precise manner which an MRI scan is capable of.

Computerized navigation is currently used to guide
precision surgeries in various fields of orthopedic sur-
gery. It allows for optimal intraoperative execution of
preoperative planning and reduces the risk of damaging
untargeted structures during surgery [14—16]. MRI-com-
puted navigation depends on a critical procedure called
registration. During registration, the surgeon identifies a
predetermined landmark on the patient and matches it
to preoperative images, thus enabling projection of these
images onto the navigation system. Historically, this pro-
cess relied on fixed bony landmarks as a reference point,
since elastic soft tissue was unreliable. Consequently,
MRI computer navigation could not be used for soft tis-
sue tumors lacking exposed bony landmarks [17].
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Adhesive skin fiducial markers can combat this chal-
lenge, as they are easy to apply and identify on advanced
imaging like MRI. This method is commonly carried
out in fields such as diagnostic radiology, interventional
radiology, and neurosurgery [18-20]. In this study, we
proposed a novel 3 steps technique to improve the accu-
racy and safety of cryosurgery: preoperative computed
3D-planning with skin fiducial markers for image, MRI-
based intra-operative navigation, and imaging-based
intraoperative validation of cryo-needle placement. The
purpose of this study was to evaluate the feasibility and
efficacy of fiducial-based MRI-navigated cryosurgery as a
treatment for symptomatic or progressive EDT.

Materials and methods

Patient selection

This retrospective study occurred between 2018 and 2020
in a single center and received Institutional Review Board
approval. Inclusion criteria called for patients 18 years
or older presenting with either a progressively growing
tumor, demonstrated by two sequential MRI scans taken
3 months apart, or with a highly symptomatic tumor
that was unresponsive to conventional analgesic treat-
ment. All patients in this study were reviewed by the
institutional multi-disciplinary tumor board, comprised
of an oncologist, radiologist, pathologist, and orthopedic
oncologist. All treatment options were considered prior
to transitioning from a hands-off, wait-and-see policy to
cryosurgery.

Preoperative planning protocol

3D module reconstruction

An MRI scan was used to generate a computerized three-
dimensional module. The module was generated using
Mimics® software (v23, Materialise, N.V. Leuven, Bel-
gium). A customized preoperative plan was constructed
for each individual patient (Fig. 1). The module also con-
sidered potential at-risk structures such as major vessels,
nerves, and vital organs, to ensure that any potential plan
would not jeopardize them. To achieve optimal tumor
coverage, the number of needles, trajectory, and place-
ment were planned based on the generated modules. An
ice ball with a radius of 4 cm was generated at the end
of each cryo-needle to use as a reference for the ablation
zone of each needle. The total ablation zone was deter-
mined to equal the sum of all the individual ice balls.

Pre-operative MRI and fiducial markers placement

One day prior to ablation, skin fiducial markers (pin-
point, beekly medical LTD) were scattered in a random
pattern around the tumor and a preoperative MRI scan
was performed. The markers were kept in place for sur-
gery the following day to ensure that the intraoperative
registration included the precise location of the markers
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Fig. 1 3-Dimmensional digital planning of the CRA procedure

displayed in the navigation system. In addition, the MRI
scans were used to re-evaluate the tumor size, location,
and composition in order to assess for any deviations
from the preoperative plan (Fig. 2).

Intraoperative protocol

Preparation and image registration

All interventions were performed by first author (O.S)
a fellowship-trained orthopedic oncologist. Surgeries
were performed in an operating room on patients placed
under general anesthesia. Stealth-station navigation sys-
tem (StealthStation®, Medtronic Sofamor, Danek) was set
to cranial model in order to allow for optimal soft tissue
demonstration. Then, the MRI scans taken the previous
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day were uploaded to the stealth station as DICOM
files. Registration was performed for each individual
skin fiducial marker using pointer (medtronics). At the
end of the registration and calibration process, the skin
fiducial markers were then removed. Each individual
cryo-needle was calibrated to the generated image using
the sure-tract system (Danek and Sure-Track system by
Medtronic). Using MRI based navigation, the cryo-nee-
dles (Galil medical-ice rod) were placed inside the tumor
mass according to the pre-operative plan. The location
and position of each of the needles were confirmed using
an ultrasound (US) performed by author I.D, a fellowship
trained radiologist. After placing all cryo-needles, cone
beam CT scan was performed as a cautionary measure
to verify that the chosen needle location was identical
to the preoperative model (O-arm scanner Medtronic
Sofamor; Dannek). The ablation protocol subsequently
began (Fig. 3).

Cryosurgery protocol

The treatment protocol included ten minutes of freezing
followed by five minutes of thawing after which, an addi-
tional ten minutes of freezing. Neuromonitoring was pre-
cautionarily used in procedures that were performed in
proximity to major nerves. Skin temperature was closely
monitored to avoid any thermal damage. To protect the
underlying skin, a barrier was created by continuously
injecting warm normal saline into the subcutaneous layer
to hydro-dissect the skin from the underlying tissue. All
procedures were performed on an ambulatory basis.
Patients were discharged the same day of operation with-
out the need for any dressings.

Postsurgical surgical image analysis
Patients underwent MRI scanning at 3-, 6-, and
12-months post-cryosurgery. The IntelliSpace Discovery
software platform (Philips Healthcare) which employed a
novel Gaussian mixture model (GMM) algorithm devel-
oped specifically for post-surgical imaging analysis was
then utilized. This method employed a semi-automatic
3D segmentation tool to successfully identify variations
in complex tissues at the macroscopic level enabling
volumetric segmentation of the desmoid tumor tissue
of each patient (Fig. 3) [21]. Images were compared pre-
and post-cryosurgery. Total Tumor Volume (TTV) was
evaluated and compared to the pre-operative assessment.
Tumors were then further categorized into viable (VTV)
and highnon-viable tumor volume (NVTV) and were
evaluated semi-automatically using Phillips software
according to their density.

Tumor dimension and composition were assessed
using the patients’ series of consecutive postoperative
MRI scans (3, 6, and 12 months). Minimum follow-up
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Fig. 2 Gaussian Mixture Model (GMM) segmentation of a desmoid tumor. (A) Tumor before CRA. (B) Tumor after CRA. Both in A and B note the difference
between the high and low intensity (sub-segmentation), which represent the viable and non-viable tissue, respectively. (C) Light blue- total tumor size
before ablation. Pink- total tumor size after ablation. Red- high intensity (i.e, viable tissue) before ablation. Orange- high intensity after ablation. Green-
low intensity (i.e., necrotic tissue) before ablation. Purple- low intensity after ablation. Light blue, red and green dashed lines show the reduction in total

size, viable and non-viable tissue, respectively

time was 12 months. Treatments which yielded a decline
in viable tumor volume were deemed successful.

Data collection and follow up

Medical records were reviewed for demographic and
clinical data, tumor volume, tumor location, and symp-
toms prior to the intervention. Additionally, prior treat-
ments were reviewed and documented. Intra-operative
CT scans were used to compare each element of the
procedure with the pre-operative 3D model, including
the number of needles used and potential involvement
of untargeted structures. Any discrepancy between the
pre-operative plan and final execution was documented.
Patient follow-up was conducted in the outpatient clinic

at 3, 6, and 12 months. Pre-operative and post-operative
symptoms were compared. The 36-item Short Form
Health Survey (SF-36) was administered pre- and 12
months post-operation to evaluate individual patient
health status and compare disease burden.

Statistical analysis

Continuous data were assessed for normal distribution
using Shapiro-Wilks test. Since most of the continuous
data was not normally distributed the data was presented
as Median+interquartile range (IQR). Comparisons were
conducted using IBM SPSS software (V26).
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Fig. 3 (A) Pointer registration of each fiducial marker. (B) The sure track system is attached to cryo-needle and calibrated. The needle can be inserted into
the tumor using navigation according to pre-operative 3D planning. Ultrasonography was used to verify position. (C) Stealth station MRI screen naviga-
tion shows bright and dark areas, indicating desmoid tumor viability. (D) Cryo-needles inserted according to the preoperative plan, using warm saline to
protect the skin. A thermometer guide needle was also used to monitor and maintain core tumor temperature of below —40 degrees Celsius

Results

Between 2018 and 2020, eleven patients (39.9+15.6 years
of age; 6 females, 5 males) with symptomatic EDTs were
treated with MRI navigated cryosurgery. Tumor loca-
tions are described in Table 1. Four patients had previous
treatments prior to the CRA (Table 1).

3.1 Surgical procedure

Each of the total 15 cryosurgery procedures followed
a personalized pre-operative plan. Each procedure
included 2-12 needles, and all needles demonstrated
100% fit to the pre-determined plan. Eight patients (73%)
required only a single procedure. Three patients (27%)
demonstrated additional tumor growth, required addi-
tional cryosurgery procedures, and eventually showed
improvement, (two patients required two procedures and
one patient three procedures). The median surgical time
was 82 min [IQR 65 90]. According to SIR adverse event

classification guidelines, only one participant had a mild
complication of muscle necrosis (grade 1) [22]. (Table 2).

Post-operative analysis

Overall, total tumor volume (TTV) decreased from pre-
to post-operation. Median tumor volumes pre- and post-
operation were 158.5 mL [32.9, 331.7] and 77.9 mL [10.4,
201.5], respectively, yielding a reduction of 56.9% [25.6%,
72.1%). Only one patient’s tumor did not reduce in size.
Before the operation, tumors consisted of 43.3% [21.5%,
51.0%] non-viable tissue and 56.7% [48.9%, 78.5%)] viable
tissue, compared with 60.7% [54.6%, 79.9%] non-viable
tissue and 37.5% [11.8%, 43.1%] viable tissue following
surgery. An increase in the percentage of non-viable tis-
sue volume (NVTYV) from the whole tumor was observed
(median= -22.8% [6.6%, -83.3%], while a reduction of
68.6% [-38.8 -175.7] was observed in percentage of viable
tissue volume (VTV). (Tables 3 and 4).
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Table 1 Demographic patient data, tumor locations, comorbidities
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Patient Age Gender Ethnicity Location Previous Tx Patient comorbidities
1 46 M Caucasian Posterior chest wall N/A HTN
2 33 M Caucasian Scapula Chemotherapy N/A
3 46 F Caucasian Thigh N/A N/A
4 18 F Caucasian Foot Chemotherapy, Biologic Tx, Resection N/A
5 65 M Caucasian Shoulder N/A HTN, DM, COPD, NAFLD
6 22 M Caucasian Shoulder N/A N/A
7 42 F Caucasian Sacrum N/A N/A
8 55 F Caucasian Shoulder Resection N/A
9 57 M Caucasian Thigh N/A N/A
10 28 F Caucasian Lower back N/A N/A
11 27 F Caucasian Axilla Chemotherapy N/A

CRA=Cryosurgery
Tx=Treatment

Table 2 Procedural operative data and immediate post-operative complications

Patient  # of CRA procedures  Average surgical time (min) # of cryoneedles in pre-op plan # of needles used Complications

1 2 77 1 1" N/A

2 2 110 12 12 Muscle necrosis

3 3 82 12 12 N/A

4 1 920 11 1 N/A

5 1 110 12 12 N/A

6 1 89 12 12 N/A

7 1 69 6 6 N/A

8 1 89 2 2 N/A

9 1 65 8 8 N/A

10 1 65 5 5 N/A

M 1 45 7 7 N/A

Table 3 Imaging results pre-and post-cryosurgery

Patient Location Total volume Non-viable tumor  Viable tumor Total volume Non-viable Viable
pre-op volume pre-op volume pre-op  post-op tumor volume tumor

post-op post-
op

1 back 3927 2252 167.5 162.6 84.4 78.2

2 back 615.2 1321 483.1 4714 376.8 94.6

3 thigh 158.5 326 1259 2015 1539 476

4 foot 384 154 23.0 10.7 6.5 4.2

5 shoulder 331.7 146.2 1855 246.8 1471 99.7

6 shoulder 196.3 84.9 1114 44.8 395 53

7 back 115.0 724 426 779 776 0.3

8 shoulder 15.1 6.6 85 6.5 37 28

9 thigh 168.7 86.1 82.6 99.2 54.2 45

10 back 329 79 250 104 6.5 39

M Arm 2.3 0 2.3 0 0 0

Subjective health questionnaire Discussion

To evaluate subjective health, SF-36 questionnaires pre-
and post-operation were administered. Pre-operation,
the average physical and mental scores were 41.6 [29.4,
43] and 26.3 [17.6, 40.9] respectively. Post-operation, the
average physical and mental scores were 53.4 [38, 59.7]
and 38 [31.2, 52.7] respectively.

This study demonstrates the feasibility, efficacy, and
safety of fiducial-based MRI navigated cryosurgery for
EDTs. Imaging-based preoperative planning with the use
of skin fiducial markers, intraoperative MRI-computed
navigation, and imaging-based confirmation of cryo-
needle placement are precise steps that can improve the
overall efficacy of cryosurgery. Our preoperative plan
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Table 4 Descriptive statistics
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Patient Median  25th Percentile 75th Percentile 95% Lower CL for Median 95% Upper CL for Median
Total volume pre 1585 329 331.7 329 331.7
Non-viable volume pre 7240 7.90 132.10 7.90 132.10
Viable volume pre 826 230 167.5 23.0 167.5
Total volume post 77.90 10.40 201.50 10.40 201.50
Non-viable volume post 542 6.5 147.1 6.5 1471
Viable volume post 53 2.8 78.2 2.8 78.2
A % total volume -56.95 -72.14 -25.60 -72.14 -25.60
% Total Non-viable volume pre 4325 2147 51.04 2147 51.04
% Total Viable volume pre 56.75 48.96 78.53 48.96 78.53
% Total Non-viable volume post 60.75 54.64 79.93 54.64 79.93
% Total Viable volume post 37.50 11.83 43.08 11.83 43.08
A % Viable volume -68.66 -175.70 -38.86 -175.70 -38.86
A % Non-viable volume -22.81 -83.18 6.68 -83.18 6.68

*CL - Confidence Limit

was able to accurately predict the intraoperative of nee-
dle placement and the reductions in both Total Tumor
Volume (TTV) and Viable Tumor Volume (VTV) were
achieved while maintaining a low post-operative compli-
cation rate. SF36 scores demonstrated improvements in
both mental and physical health scores.

Desmoid tumors are associated with high rates of mor-
bidity and local recurrence [23]. Complete removal is
the preferred outcome for most tumor surgeries, in the
case of desmoids however, the end goal of any treatment
should aim to arrest or reduce tumor progression and
alleviate symptoms to mitigate morbidity. Once a period
of watchful-waiting has failed, the current guidelines set
forth by the National Comprehensive Cancer Network
call for chemotherapy, radiotherapy, and en-bloc surgical
resection as primary therapy [8]. A recent multicentral
multinational study found that among patients treated by
surgical resection, 36.6% had local recurrence and 63.4%
showed stable disease. Alternatively, patients treated with
chemotherapy, radiotherapy or hormonotherapy had
40.2% experienced recurrence and 59.8% had a stable dis-
ease (defined as no evidence of disease or stable disease)
[4]. Furthermore, in a review of 22 articles, Nuyttens et
al. [24], reported extensively on complications. They
described combined rates for mild and moderate compli-
cations in 27% and 45% of cases for surgery and radiation,
respectively. It was further noted that in the surgically
treated cohort, severe complications such as amputation
or major disability were reported in up to 4% of cases.

Cryosurgery as an alternative treatment option has
gained immense popularity in the last decade as a rela-
tively effective and safe alternative to the current guide-
lines. A recent systematic review and meta-analysis
found that out of the proportion of non-progressive dis-
ease rates (85.8%), major and minor complications rate
ranged from 2.4 to 14.2% and 4.8-23.3%, respectively,
for all procedures [25]. The success rate of percutaneous

cryosurgery directly correlates with the accuracy and
precision of the ablation process [12, 26]. MRI is the
imaging modality of choice for optimal visualization of
EDTs at preoperative planning and post-operative fol-
low up [27]. Therefore, MRI-computed navigation should
simplify and improve cryosurgery once accurate image
registration is achieved.

Several findings from this study provide an early indi-
cation of the advantages of this ablation MRI-navigated
cryosurgery protocol. Firstly, by using an 3DM and care-
fully plan the needles trajectory and placement we were
able to predict the number of cryoneedles required to
cover the tumor mass. the similarities between needle
placement and number during the surgery compared
with the preoperative 3D model indicate that the pre-
operative plan can be implemented using this naviga-
tion protocol. This finding could be attributed to the fact
that the preoperative and intraoperative images are both
MRI-based scans of the same fiducially marked location
and are, therefore, identical to one another. Addition-
ally, obtaining a necessary scan that includes the fiducial
marker placement requires MRI scanning one day prior
to the operation. In turn, this allows the surgeon to assess
the tumor for any changes in size or composition. The
surgeon can then plan any adjustments to the preopera-
tive plan.

In the current cohort, a notable reduction was observed
in the TTV and VTV in all but one patient. This cohort
demonstrated a reduction of 53.7% + 33.8% and 31% =+
16.1% for TTV and VTV, respectively. This study rein-
forces findings from previous studies that similarly dem-
onstrated significant reductions in both total and viable
tumor volume after percutaneous cryosurgery [4, 11, 26,
28]. Notably, one patient showed a reduction in VTV but
not TTV. This patient was offered a revision cryosurgery
but sought alternative treatment options instead. Four
patients experienced local recurrence and subsequently
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underwent revision cryosurgeries which, importantly
demonstrates that CRA could be performed repeatedly
with low morbidity.

A total of 15 cryosurgeries were performed in 11
patients using the current navigation precision pro-
tocol. Only one participant (9%) experienced a post-
operative complication of skin necrosis classified as a
mild complication (grade 1) according to SIR adverse
event guidelines [22]. This cohort had significantly lower
complication rates compared to cryosurgery and both
other modalities. A similar study by Auloge et al. [29]
reported a complication rate of 36.6%, consisting mostly
of mild complications. Furthermore, Tremblay et al. [12]
reported complication rates of 6.7% and 13.3% for major
and minor complications, respectively. In this study, the
preoperative plan and intraoperative execution success-
fully achieved a low rate of postoperative complications.
These outcomes further validate the efficacy of the cur-
rent navigation precision protocol.

SE-36 questionnaires were used to evaluate the individ-
ual functional status of each patient by comparing their
12 months follow-up score to their baseline pre-operative
values. An increase in physical and mental statuses were
found in our cohort. Overall, eight participants showed
improved physical and mental status, while one partici-
pant had an increased mental status but decreased physi-
cal status, and two participants had increased physical
but decreased mental status. Overall, this data further
reinforces the promising clinical results by demonstrat-
ing improved patient-reported outcomes.

Application of this study extends beyond merely estab-
lishing a new CRA technique. Although MRI navigation
has proven to be a valuable tool for precision surgery, its
application to soft tissue tumors of the trunk and extrem-
ities has been limited by difficulties in the registration
process. In a previous study, Eccles et al. [17] successfully
achieved margin-free resection with remarkable accuracy
while using skin fiducial marker-based MRI navigation to
resect soft tissue tumors from cadavers. However, to the
best of our knowledge, the current study represents the
first attempt to apply this navigation technique in vivo.
This study’s success indicates the potential to use this
technique for future cryosurgery as well other surgical
approaches. Introducing a new surgical technique should
follow a specific, stepwise process including: (1) concept/
theory formation, (2) procedure development and explo-
ration, (3) procedure assessment, and (4) long-term, ide-
ally evidence-based studies [30]. We believe this study
contributes significantly to the second stage.

This study was not without limitations. Importantly, it
was a retrospective study based on a small study popula-
tion. The rare incidence of this tumor makes it difficult
to aggregate a large volume of patients. We recognize the
need to expand this study and test this procedure on a
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larger sample size. A long-term follow-up is necessary to
validate this procedure.

Conclusion

These findings provide an early indication of the feasibil-
ity and efficacy of performing percutaneous cryosurgery
using skin fiducial marker registration for MRI-com-
puted navigation to treat EDTs safely. Larger cohorts and
multicenter evaluations are needed to determine the effi-
cacy of this technique.
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CRA cryosurgery

EDT extra-abdominal Desmond tumors
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