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Abstract

Purpose Treatment of medication-refractory osteoid osteoma is typically performed with minimally-invasive per-
cutaneous techniques, such as radiofrequency ablation. Given the typically young age of the population of patients
being treated, we sought to assess whether using a 3D CT guidance system reduces the number of required probe
repositionings and the number of required CTs to validate probe positioning in order to reduce the radiation dosage
to the patient.

Methods We retrospectively reviewed the records of 19 patients who underwent procedures at our clinic amount-
ing to a total of 27 ablations between 2012 and 2022. At the time of each procedure, the operating physician

made the decision whether or not to use stereotactic navigation assistance. We analyzed the data using a Bayesian
approach to elucidate possible differences between procedures conducted with or without navigation.

Results Our results showed a statistically and clinically-significant administration of, on average, 200 mGy*cm greater
radiation dosage to the patient when stereotactic navigation was used to guide RFA probe placement for ablation

of osteoid osteomas compared with not using navigation assistance. There was a trend towards requiring one fewer
probe repositioning with navigation assistance, however this was not statistically conclusive. There was no difference
in the time required to achieve the target probe placement or in total procedure duration whether stereotactic navi-
gation was used or not.

Conclusion When utilizing a 3D-guided stereotactic navigation system, there is likely a learning phase

before the potential benefits of such a system are realized. Additional radiation administration to the patient may
result from the operator learning to properly use and trust the system. In our case, the data also likely reflect a bias

in operator choice to use the navigation system when the lesions are more difficult to correctly target or multiple
ablation positions are necessary, while choosing conventional imaging assistance for easily targetable tumors, which
may conceal some of the benefit of using the navigation system.
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Background

Osteoid osteoma is a benign osteoblastic bone lesion of
undetermined etiology, which was first described by Dr.
Henry L. Jaffe in 1935 [1]. The incidence is 2—3% of pri-
mary bone tumors (the third most common benign bone
tumor), or 10—1% of benign skeletal lesions [2—4]. 50% of
patients are children, adolescents, and young adults aged
10-20 years, with a male-to-female ratio of 4:1 [5].

The classic clinical symptomatology of osteoid osteoma
consists of progressively intensifying pain that is typi-
cally worse at night and responds well to non-steroidal
anti-inflammatory drugs (NSAIDs). The pain is thought
to result from prostaglandins produced by the tumor
which cause local vasodilation and compress the abun-
dant nerve endings in the tumors [6]. Prostaglandins also
induce hyperalgesia, which intensifies the pain. Thus, the
prostaglandin-suppressing effect of NSAIDs dramatically
reduces the pain.

In most cases, the diaphysis or metaphysis of long
bones of the lower extremity are affected, most com-
monly the femur or tibia. Less frequently affected bones
are those of the hand or feet. In 10-20% of cases, osteoid
osteoma manifests in the spine, typically causing painful
scoliosis [7, 8]. The tumor is predominantly eccentrically
cortically or subcortically localized, less commonly med-
ullary (spongy) or subperiosteal.
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Radiologically, osteoid osteoma is typically seen as a
central nidus of less than 2 ¢cm diameter with variable
bone mineralization, which is surrounded by a zone of
reactive sclerosis with cortical thickening and bone mar-
row edema [9]. On CT, the nidus appears as a small,
well-defined, hypodense (lytic) area. Thin vascular fibrils
surrounding the lesion are highly specific for distinguish-
ing an osteoid osteoma from other radiolucent bone
tumors on CT [5]. On MRI, the nidus generally presents
with low to moderate signal intensity on T1-weighted
images and variable intensity on T2-weighted images
depending on the amount of mineralization [10]. Typi-
cally, there is extensive bone edema surrounding the
nidus, which may extend a considerable distance through
the affected bone. Following contrast administration, the
nidus typically shows arterial phase enhancement with
early partial washout, although other enhancement pat-
terns are possible [11]. Figure 1 portrays example images
of osteoid osteomas.

Treatment of osteoid osteoma is predominantly con-
servative by means of NSAIDs as the tumors can regress
spontaneously [12, 13]. If long-term NSAID use is nec-
essary or not tolerated and/or if symptoms are severely
limiting, the tumor may be locally treated. Treatment
of osteoid osteoma was originally performed by en
bloc resection with a published success rate between

Fig. 1 Example images of osteoid osteoma. A The X-ray image shows the sclerotic bone thickening around the osteoid osteoma. B In the CT,
the osteoid osteoma is seen as the central lucency with circumferential reactive bone sclerosis. C In the T1-weighted MRI image post-contrast,
the tumor nidus is seen as hyperintensity within the thickened surrounding low intensity cortical bone (arrow). Hyperintense edema surrounds
the reactive periostium (arrowhead). D The T2-weighted MRl image shows the mildly hyperintense tumor nidus (arrow) with periostial edema

(arrowhead)
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88%— 100% but recurrence rates of up to 25% [5]. Diffi-
culty in locating the nidus intraoperatively can result in
incomplete nidus removal and recurrence.

Therefore, less invasive percutaneous ablation under
imaging guidance to successfully target the nidus has
now replaced surgical resection as the gold stand-
ard [14]. Various percutaneous ablation techniques,
including radiofrequency ablation (RFA), cryoablation,
interstitial laser photocoagulation, and treatment with
a combination of radiofrequency and alcohol ablation
[15-19] have been established. Today, RFA is most
commonly performed. Using percutaneous access, a
radiofrequency antenna is inserted into the nidus to
heat the tissue of the nidus to approximately 90 °C and
destroy it. RFA was first described by Rosenthal et al in
1992 [20]. Since then, studies have reported equivalent
or better results using RFA for the treatment of oste-
oid osteoma compared to surgical resection [4, 21, 22].
Recurrence rates following RFA are reported between
about 5% and 20% [23-28]. Complications occur at a
rate of 5% or less. Skin burns are the most commonly
reported complication, while less common complica-
tions include muscle hematomas, infections, wound
dehiscence, and nerve injuries [24, 29]. Compared with
open surgical resection, however, percutaneous abla-
tion presents the advantages of minimal scarring, low
risk of injury to nearby structures, low post-operative
bone fracture risk, and more rapid post-operative
recovery [26, 28, 30].

Complete ablation of the tumor nidus is the most
important factor for the successful treatment of oste-
oid osteoma [31]. To guide accurate access and probe
placement for ablation, CT has become the most com-
monly utilized imaging method as it is easier to imple-
ment and more readily available than MRI. However,
CT guidance carries the disadvantage of imparting ion-
izing radiation, which is an important concern given
that the majority of patients being treated for osteoid
osteoma are children and young adults. Reducing the
number of required CT scans through accurate initial
probe placement and minimizing remission and need
for re-treatment are therefore important.

Successful treatment of osteoid osteoma with a
reduction in administered radiation has been reported
using 3D CT navigation, such as the O-arm with Stealth
System navigation [32-34]. We sought to test whether
the CAS-One IR navigation system (Casone IR, Cas-
cination, Berne, Switzerland), which has been success-
fully used to guide liver tumor ablations [35, 36], would
enable us to ablate osteoid osteomas with fewer probe
placement adjustments and fewer control CTs in order
to reduce radiation dosage.
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Methods

Informed consent was obtained from all of the partici-
pants in the study. The responsible cantonal ethics com-
mission approved the study to retrospectively compare
the needle positioning accuracy, procedure times, and
radiation dosage of ablations performed with or without
CAS-OnelR navigation guidance at the Inselspital Bern.
The study was conducted in accordance with the Decla-
ration of Helsinki.

Data acquisition

19 patients who underwent procedures for a total of 27
ablations between 2012 and 2022 were identified from
our clinical records. Patient gender and age at the time
of the procedure were recorded. The procedures were
reviewed to collect the following information: num-
ber of required needle repositionings to correctly place
the RFA probe in the nidus, time (minutes) to success-
ful probe placement, total procedure duration (minutes),
total radiation dosage of the procedure (DLP, mGy*cm),
radiation dosage per ablation. In three of the procedures
performed with the navigation system, two sites were
ablated during the procedure. For all other procedures,
only one ablation was performed per procedure.

Surgical procedures

The surgical procedures were performed in the interven-
tional radiology CT-suite at the Bern University Hospi-
tal, Inselspital, Bern, Switzerland. All ablation procedures
were performed under either general or spinal anesthe-
sia. In all cases RFA probes with an active tip length of 7
or 10 mm were used (Cool-Tip, Medtronic, Dublin, Ire-
land). During conventional ablation (without stereotac-
tic navigation), patients were positioned on the CT table
according to the anticipated access route. After local
disinfection and sterile draping, local anesthesia was
administered followed by placement of the bone drill.
After crossing the cortical bone, a biopsy was first taken
from the nidus and then the RFA probe was placed in the
nidus. The position of the probe was controlled using CT
fluoroscopy and/or spiral CT.

When stereotactic navigation was to be used, pre-oper-
ative planning MRI or CT images were loaded into the
CAS-One IR software prior to the operation at operator
choice to co-register to intraoperatively-acquired images
to better detect the nidus. Patients were immobilized on a
vacuum mattress and the navigation arm for probe place-
ment was fixed to the table. The body area of the target
was sterile draped and 6 markers were placed around the
anticipated puncture site. A native planning CT scan was
performed and sent to the planning software of the CAS-
One IR. The sterile-covered touch-screen of the naviga-
tion system was positioned in front of the surgical team
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Fig. 2 Surgical setup. A After the surgeon marks identifiable landmarks, the software calibrates and displays the intended access route. B The
interoperative images displayed on the stereotactic navigation screen portray the calculated access route for probe placement. C As the navigation
arm guides probe placement, repeat images show the current position of the probe (red) relative to the target positioning (green). D The photo
shows the mounting of the navigated arm on the operation table. E shows a closer view of the guidance sheaths positioned by the arm. F shows
the navigated arm with RFA probe inserted to perform the ablation

within easy reach. Stereotactic placement of the probe
was performed as previously published [37]. Briefly: the
target visualized on the planning CT and the skin entry
point were marked in the planning software. This enabled
the navigation software to calculate and guide optimal
instrument placement. The navigation arm was placed
according to the software. Through the guiding tool,
local anesthesia was administered, and bone access was
established using a bone drill, depending on the operator
choice. A biopsy was taken from the nidus and sent for
pathological analysis.

Upon placement of the probe in the target nidus, a fur-
ther CT or CT fluoroscopy was taken to verify correct
probe placement. If found to be necessary, intermittent
control CTs or CT fluoroscopy images were acquired.
Figure 2 shows the interventional setup. Following verifi-
cation of the correct RFA needle positioning in the tumor
nidus, the ablation was performed with a target tempera-
ture of 90 °C using 7 mm or 10 mm Cool-Tip RFA probes
(Medtronic, Dublin, Ireland) for up to 5-10 minutes,
according to the interventionalist’s assessment.

Statistical analyses

Our objective was to assay potential differences between
procedures performed with and without stereotactic nav-
igation for four metrics: the required number of probe
repositionings, time to target, total procedure time, and
radiation dosage. This objective naturally lent itself to
performing a Bayesian parameter estimation [38], which
is also more reliable with small datasets. It was assumed
that the data are described by a Student’s t-distribution,
which gives rise to the estimation of 5 parameters for
each metric: the mean and standard deviation with and
without navigation, as well as a normality parameter that

captures the influence of outliers. Using the posterior dis-
tributions of the parameters then permits the computa-
tion of distributions that show the differences between
the parameters with and without stereotactic navigation.
To interpret these differences we imposed additional
criteria that defined a range over which the differences,
albeit statistically relevant, would not generally be
regarded as clinically relevant. In short, Bayesian infer-
ence provides a robust estimate of differences between
groups and, importantly, inherently includes uncertainty
in claiming whether two groups are different [39, 40].

A Bayesian model requires the specification of a prior
for each parameter, which captures prior knowledge of
the range of values that a parameter may take. For the
priors, we chose broad and noncommittal distributions.
For each metric the data were pooled to determine the
pooled mean and pooled standard deviation (pooled std)
which were used to construct the priors for the means
with and without stereotactic navigation. The prior dis-
tributions for the standard deviations were uniform for
each metric and were the same for the parameters with
and without stereotactic navigation:

+ Number of repositionings: 1/1000th to 10x the
pooled std.

+ Time to target placement: 1/100th to 100x the pooled
std.

+ Total procedure duration: 1x to 50x the pooled std.

+ Total radiation dosage: 1x to 500x the pooled std.

The prior distribution for the normality parameter
was %e# where, 4 =29 accommodates normally

and non-normally distributed data. This completed the
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specification of the priors on the parameters we esti-
mated from our Bayesian model.

The final step to enable interpretation of the posterior
parameter distributions was to define a so-called ‘region
of practical equivalence (ROPE). This was defined based
on domain expertise and an understanding of how the
results should be interpreted in the clinical context.
Importantly, ROPEs are defined completely indepen-
dently from the Bayesian parameter estimation. Data that
fall within the bounds of a ROPE should be considered
as having the same interpretation or relevance given a
particular clinical context, i.e. differences that fall within
the bounds of the ROPE are clinically insignificant. The
ROPE for each metric was set as follows: a difference
of 20 minutes for time (— 20 to 20), a difference of 1 for
probe repositioning (— 1 to 1), and a difference of 50
mGy*cm for radiation dose (— 50 to 50). The interpreta-
tion is that a difference of less than 20 minutes in pro-
cedure time or less than 50 mGy*cm (equating to 2 or 3
X-rays) is insignificant practically speaking [41], but a dif-
ference of one single replacement of the probe is signifi-
cant. The effect size conveys a measure of how distinctly
separated two groups are, or how much the variability
within each group could explain the difference of the
means. An effect size of less than — 0.1 or greater than 0.1
is broadly considered a meaningful difference.

Results

From the selected procedures where an ablation of one or
more osteoid osteomas was performed, metrics on each
procedure were retrospectively reviewed, including:

1) the number of required needle repositionings to cor-
rectly place the RFA probe in the tumor nidus,

2) time (minutes) to target probe placement,

3) total procedure duration (minutes),

4) total radiation dosage of the procedure (DLP,
mGy*cm) and the radiation dosage per ablation.

Only three procedures involved ablation of two tumors,
and the remainder involved only a single ablation. The
total radiation dosage of the procedure and dosage per
ablation provided similar results, therefore we present
the data for total radiation dosage of the procedure,
which is clinically more important than the dosage per
tumor ablation, and summarize the data per ablation.

Table 1 summarizes the age and sex of the patients and
location of the tumors that were ablated with or without
stereotactic navigation.

These retrospectively assembled metrics were then
analyzed using Bayesian estimation to assess the evidence
for differences between procedures performed using ste-
reotactic navigation and procedures performed without
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Table 1 Comparison of ablated tumors in each treatment group

With stereotactic Without

navigation stereotactic
navigation

Total number of ablations 16 9
Sex of patient

Female 7 4

Male 9
Average age (age range), years 23 (6—47) 25 (15—48)
Tumor location

Tibia 4 4

Fibula 3 1

Femur 6 2

Humerus 2 2

Talus 1 0

navigation assistance. For each parameter and each treat-
ment group (with or without stereotactic navigation), the
plausible distributions of mean values consistent with the
data were modelled. This is far more representative of the
true underlying population of data from which the sam-
ples are drawn, particularly for a small number of sam-
ples, as opposed to calculating the mean of the selected
samples and assuming that it accurately represents the
true mean of the broader underlying population of pos-
sible outcomes.

Each data figure displays the data for one metric and
depicts the plausible distribution of means for the given
metric for procedures performed with stereotactic navi-
gation (subplot A) or without (subplot B). The difference
of means subplot in each figure shows the distribution of
the pairwise differences of these sampled means for each
iteration of the model. The 95% high density interval (95%
HDI, black line) shows where 95% of the credible values
for the given parameter lie. The region of practical equiv-
alence (ROPE, green line) is subjectively defined and spe-
cific to the individual metric as defined in the Methods.
Values which lie within this ROPE range are considered
to be clinically equivalent. Including a ROPE in the analy-
sis conveys if a statistical difference between groups is a
clinically relevant difference or not. When approximately
5% or less of the 95% HDI overlaps with the ROPE, the
difference between groups is generally speaking consid-
ered to clinically relevant.

Trend towards fewer probe repositionings required

when using stereotactic navigation

The plausible mean number of probe repositionings
required to reach the target using stereotactic navigation
is tightly centered around 0.0 (Fig. 3A) with an average
standard deviation of 0.0 (Fig. 3E), while the plausible



Schmidli et al. BMC Musculoskeletal Disorders (2025) 26:420

A Wwith navigation,

mean mean
mean=1.1e-06 mean=1.2
95% HDI 95% HDI
-0.00054 0.00056 -0.013 .3
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Fig. 3 No significant difference in required number of probe repositionings when using stereotactic navigation versus without navigation. The
plausible distributions of mean values consistent with the data are shown for the number of required probe repositionings A with stereotactic
navigation and B without navigation assistance. C shows the pairwise differences of these sampled means and D indicates a strength of the effect
accounting for the amount of variability within the groups. E summarizes the average values of the mean and standard deviation distributions
consistent with the data. In plots A through D, the black bars show where 95% of the credible values lie (95% HDI). The green bars in Cand D
show the region of practical (clinical) equivalence (ROPE). In C, the 95% HDI fractionally includes zero and more than 40% of the 95% HDI overlaps
with the ROPE, meaning there is no difference in number of repositionings with or without navigation. However, the effect size in D is strong

and only fractionally includes zero, suggesting a trend towards fewer repositionings using stereotactic navigation

mean number of repositionings required without stereo-
tactic navigation is centered at 1.2 (Fig. 3B) with an aver-
age standard deviation of 1.3 (Fig. 3E). 95% of the credible
differences of means between the treatment groups
(Fig. 3C) lie between — 2.3 and 0.013. This range fraction-
ally includes zero, which means a difference between the
groups cannot be concluded. Similarly, 40.8% of the 95%
high density interval (HDI) lies within the ROPE when
one single repositioning was considered clinically rel-
evant, which supports that there is no clinically relevant
difference in number of repositionings when using ste-
reotactic navigation versus without navigation. However,
the difference in means between the treatment groups
centers at 1.2 fewer repositionings required when stereo-
tactic navigation is used (Fig. 3C), and the magnitude of
the measured effect (effect size) is clinically significant:
the 95% HDI for effect size fractionally includes zero,
but the effect size of — 1.5 is a meaningful difference, and
only 1.8% of the HDI falls within the ROPE (Fig. 3D). This
suggests a trend towards requiring fewer repositionings
when stereotactic navigation is used, but the difference is
not conclusive with the small number of cases tested.

No difference in time required to place the probe

in the target whether using or not using navigation

The plausible mean time to target probe placement is
centered at 49 min when using stereotactic navigation
(Fig. 4A), and 53 min without navigation (Fig. 4B). The
distributions of standard deviations are comparable for
the two groups, averaging 27 min with navigation and
25 min without navigation (summarized in Fig. 4E). The
difference of means is centered very close to zero at —
3.8 min, with 90.1% of the plausible differences between
the groups falling within the ROPE (Fig. 4C). Similarly,
the effect size is centered approximately at zero (Fig. 4D).
Therefore, the evidence indicates no difference in time to
target probe placement when using stereotactic naviga-
tion compared to not using navigation.

No difference in total procedure time whether using

or not using navigation

The distribution of the total procedure duration is cen-
tered at 69 min when using stereotactic navigation
(Fig. 5A) and 68 min without navigation (Fig. 5B). These
distributions have similar standard deviation distri-
butions averaging 23 min with navigation and 22 min



Schmidli et al. BMC Musculoskeletal Disorders (2025) 26:420

A  With navigation,

mean mean
mean=49 mean=53
95% HDI 95% HDI
34 64 36 71
20 40 60 80 0 25 50 75
C Difference of means D Effect size
mean=-3.8 mean=-0.15

90.1% in ROPE

95% HDI 95% HDI
-20 20 -0.1 0.1
-27, 19 -Y
-50 =25 0 25 50 =l 0

B No navigation,

17.2% in ROPE

Page 7 of 13

xS
& S
\\\ Q’b
& S
o
& oo
E AN S
100
Mean (min) 49 53
Standard
deviation 27 25

ROPE=region of practical
equivalence

0.72

Fig. 4 No difference in time to target probe placement when using stereotactic navigation versus no navigation. The plausible distributions

of mean values consistent with the data are shown for the time required for target probe placement A with stereotactic navigation and B
without navigation assistance. C shows the pairwise differences of these sampled means and D indicates a strength of the effect accounting

for the amount of variability within the groups. E summarizes the average values of the mean and standard deviation distributions consistent
with the data. The mean time to target placement is very similar for both groups: A 49 min with stereotactic navigation and B 53 min

without navigation with nearly equivalent standard deviations E. C The difference of means centers close to zero with 90.1% of the 95% HDI
within the ROPE, indicating no difference in time to target probe positioning. D The effect size also centers at approximately zero and completely
overlaps the ROPE, supporting no difference in time to target probe placement

without navigation, as summarized in Fig. 5E. The differ-
ence of means is centered very close to zero, at 0.82 with
94.7% of the 95% HDI for plausible differences in time
falling within the ROPE (Fig. 5C). Likewise, the effect
size is centered nearly at zero (0.039) and extends beyond
both ends of the ROPE (Fig. 5D). These provide conclu-
sive evidence for no difference in total procedure dura-
tion when using stereotactic navigation compared to no
navigation.

The total radiation dosage is higher using stereotactic
navigation

The plausible mean radiation dosage for the ablation
procedure is centered at 428 mGy*cm when using ste-
reotactic navigation (Fig. 6A) and 230 mGy*cm without
navigation (Fig. 6B). There is much greater variability in
the standard deviations using stereotactic navigation,
with an average standard deviation of 266 mGy*cm
(Fig. 6C) versus an average standard deviation of 120
mGy*cm without navigation (Fig. 6D). The difference
in means between the treatment groups was highly sig-
nificant, with a mean difference of 198 mGy*cm greater
radiation dosage when using stereotactic navigation than

without navigation, and the 95% HDI spans from 22 to
378, which importantly does not include zero (Fig. 6E). It
can therefore be concluded that the total radiation dos-
age is higher with stereotactic navigation than without
navigation in our patient sample. Furthermore, only 4.4%
of the 95% HDI for the difference of means falls within
the ROPE when a difference of 50 mGy*cm is considered
clinically insignificant (Fig. 6E). This is strong evidence
for a clinically relevant increase in radiation dosage when
using stereotactic navigation versus without navigation in
our clinical sample. Likewise, the magnitude of the effect
(effect size) is highly significant with the 95% HDI rang-
ing from 0.071 to 2, which excludes zero, and only 1.7% of
the HDI falling within the ROPE (Fig. 6F).

Figure 6G summarizes the average values of the mean
and standard deviations in total procedural radiation
dosage and the clinically relevant increased radiation
dosage per procedure using stereotactic navigation: the
95% HDI for the difference of means and effect size show
minimal overlap with the ROPE. Additionally, Fig. 6G
summarizes the differences in radiation dosage per abla-
tion when using stereotactic navigation or without navi-
gation. The dosage per ablation is slightly different than
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Fig. 5 No difference in total procedure time when using stereotactic navigation versus no navigation. The plausible distributions of mean values
consistent with the data are shown for the total procedure time A with stereotactic navigation and B without navigation assistance. C shows

the pairwise differences of these sampled means and D indicates a strength of the effect accounting for the amount of variability within the groups.
E summarizes the average values of the mean and standard deviation distributions consistent with the data. The mean procedure time is nearly
identical for both groups: A 69 min with stereotactic navigation and B 68 min without navigation. The average standard deviations are also nearly
identical E. CThe difference of means centers at approximately zero with 94.7% of the 95% HDI within the ROPE, indicating no difference in total
procedure time. D The effect size also centers effectively at zero and completely overlaps the ROPE, supporting no difference in total procedure

time when using stereotactic navigation or not

the overall radiation dosage per procedure because three
patients treated using stereotactic navigation each had
two tumors ablated within a single procedure. The evi-
dence for increased radiation dosage using stereotactic
navigation compared to without navigation was nearly as
strong on a per-ablation basis as per procedure: only 7.2%
of the 95% HDI for the difference of means falls within
the ROPE and 2.4% for effect size (Fig. 6G).

Table 2 summarizes the mean and standard deviation
values from Figures 3 - 6 for tumors ablated with or with-
out stereotactic navigation.

Discussion

Our results indicate that using stereotactic navigation
to guide RFA probe placement for ablation of osteoid
osteomas involves a statistically and clinically-signifi-
cant administration of, on average, approximately 200
mGy*cm greater radiation dosage to the patient com-
pared with not using navigation assistance. The evidence
do not conclude that fewer repositionings of the probe
are required to achieve target probe placement using

stereotactic navigation compared to without naviga-
tion assistance. However, the data show a strong trend
towards one fewer repositioning required when using
stereotactic navigation as the difference was nearly signif-
icant. The evidence conclusively demonstrated no differ-
ence in time to target probe placement and no difference
in total procedure duration whether stereotactic naviga-
tion was used or not.

We employed Bayesian estimation as a more complete
and robust approach to interrogate possible differences
between ablation procedures conducted with or without
stereotactic navigation. Bayesian inference evaluates the
range of possible means and standard deviations of each
metric which are consistent with the sampled data and
fall within a credible range, rather than assuming that the
sampled data perfectly represent the underlying popula-
tions from which those samples were drawn. This is espe-
cially important for small sample sizes, where the specific
samples drawn could provide a grossly inaccurate repre-
sentation of the true underlying population of data. Fur-
thermore, Bayesian inference accommodates data from
non-normal distributions, including outliers.
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A With navigation,

B No navigation,
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Fig. 6 Total administered radiation dosage is higher when using stereotactic navigation than without navigation. The plausible distributions

of mean values consistent with the data are shown for the average total radiation dosage A 428 mGy*cm with stereotactic navigation and B 230
mGy*cm without navigation assistance. There is also greater variability in administered radiation dosage with a wider distribution of the standard
deviation with stereotactic navigation seen in C versus without navigation as seen in D. E shows the pairwise differences of these sampled means
with statistically significantly more radiation delivered when using stereotactic navigation. The 95% HDI excludes zero and only 4.4% of the HDI lies
within the ROPE. F The strong effect size also excludes zero with only 1.7% of the 95% HDI within the ROPE, indicating the significant difference
between the groups. G summarizes the average values of the mean, standard deviation, difference of means, and effect size for the radiation
dosage of the entire procedure as well as per ablation. The data per ablation differ slightly because three patients had two tumors which were

ablated within the same procedure

Nevertheless, these results must be considered in the
context of limitations of the study. The data upon which
the statistical analyses are based were retrospectively
collected by review of clinical records, which in itself is
subject to error in the accuracy of the assembled data.
The amount of error in the raw data values is unknown.
For instance, while the timestamps on CT images and
radiation are objective, there is no documentation of, for
instance, interruptions to the procedure due to an urgent

phone call or other disruption, which would contribute
to the reported time duration even though the time was
not being utilized to conduct the steps of the procedure.
Similarly, the radiation output is an objective measure,
but the length of the CT region performed is subjec-
tively determined. Different operators likely have differ-
ent preferences on how large of a region around a tumor
to image, and the anatomical location of the tumor and
adjacent structures will also influence the scan volume.
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Table 2 Summary of mean and standard deviation values for all

metrics
With Without
navigation navigation
Number of probe repositionings (Fig. 3)
Mean 0.0 1.2
Standard deviation 0.0 13
Time to target probe placement (Fig. 4)
Mean (min) 49 53
Standard deviation 27 25
Total procedure time (Fig. 5)
Mean (min) 69 68
Standard deviation 23 22
Total radiation dosage of the procedure
(Fig. 6)
Mean (mGy*cm) 428 230
Standard deviation 266 120

Difference of means: 4.4% in ROPE
Effect size: 1.7% in ROPE

These factors affect the total radiation dosage adminis-
tered regardless of whether stereotactic navigation assis-
tance is used for a procedure or not.

Additionally, there are important confounding factors
which must be considered in interpreting the results of
this study. Firstly, there was no randomization to deter-
mine whether a procedure would be conducted with or
without stereotactic navigation. Each operator decided
personally whether or not to use navigation assistance.
This introduces a considerable bias, whereby operators
were more likely decide to use stereotactic navigation
when the position of the tumor with respect to adjacent
anatomical structures was more difficult to access or
where there was a higher risk of piercing sensitive tissues
in close vicinity. If the procedures had been randomly
assigned to use or not use stereotactic navigation assis-
tance, then tumors which were anatomically more dif-
ficult to target whose ablation was performed without
navigation assistance may have required multiple more
repositionings and more time and CT scans to achieve
the target probe placement. Thus, for equally challeng-
ing ablations, the results from this study may under-
represent differences in the number of required probe
repositionings, time to target probe placement, and total
procedure time and may over-represent increased radia-
tion dosage when using stereotactic navigation compared
to without navigation assistance.

Secondly, multiple different operators performed one
or more of the procedures. Different operators and assist-
ing teams had different levels of efficiency in perform-
ing the ablation and different levels of experience. One
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operator may have always performed ablations using ste-
reotactic navigation while another never used navigation
assistance. The extent to which differences between the
treatment groups could be accounted for simply by the
variable efficiency and experience of the individual oper-
ator is unknown.

Thirdly, there was no formal standardization of the
procedural operation. Once again, it is unknown how
differences in the technical conduction of the procedure
may have affected the overall duration of the procedure
or influenced the timing between CTs. This could, for
instance, lead to differences in time measurements that
actually do not reflect a difference in true procedure time.

On the other hand, in some cases the stereotactic navi-
gation system enabled ablation which otherwise would
have been more complex or even impossible without
image fusion. For instance, in one patient a suggested
epiphyseal osteoid osteoma with typical symptoms was
not detectable on CT but on MRI imaging. By using the
image fusion feature of the Cas-One IR we were able to
correctly fuse the pre-interventional MR-Images to the
planning CT and hence target the nidus in a very difficult
location, e.g. the epiphysis of the knee, without crossing
or ablating the epiphyseal plate, which was located very
close to the nidus.

Placing our outcomes in the context of clinical utility,
these tumors are not malignant, therefore pain relief is
the goal of this intervention. Completeness of resection
is not predictive of longer-term outcome, as some tumors
will spontaneously regress regardless of the extent of
removal, and others will regrow, even if they were com-
pletely treated. Pain also does not directly correlate with
tumor size. Pain is variable across individuals and a sub-
jective outcome, and it can vary greatly simply by the
location of the tumor. Similarly, larger tumors will have
larger treatment zones, but that itself is not an indication
of treatment success. As a result, pathology and bone
defect size are not useful metrics for procedure outcome.
For both groups, pain reduction, which is the most reli-
able clinical outcome of the procedure, was comparable
for all patients. Longer-term follow-up data, if it were
available, would likewise not be a good measure of the
outcome of the procedure because of the intrinsic vari-
ability of the behavior of these tumors. For these reasons,
we focused our study on the most objective end-points
of number of needle repositionings, time to target probe
placement, procedure duration, and radiation dosage.

Considering our results in the broader context of the
treatment of osteoid osteomas, we report a similar safety
profile to that reported in other studies. After minimally
invasive ablation replaced surgical resection as the gold
standard [1] of treatment for osteoid osteoma, the tech-
niques of ablation have evolved to enhance precision
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[5, 20]. The use of CT-guided therapy has significantly
simplified the treatment of osteoid osteoma by enabling
more precise localization of the tumor and a minimally
invasive approach to the bone [5, 20, 42]. This has led to
a high treatment success rate and low complication rates.
The treatment outcomes of our study are consistent with
the typically low complication rates of 0 to 5% [5]. Of our
study patients, one experienced skin necrosis after the
ablation for a complication rate of 4%.

In our study, using stereotactic navigation compared
with conventional CT guidance resulted in a higher radia-
tion dosage for the patient. This contrasts with published
studies using stereotactic navigation for liver tumor
ablation and various studies which reported reduced
radiation using the StealthStation navigation system or
robot-assisted O-arm navigation to treat osteoid osteoma
[32, 33, 35, 43]. Our higher radiation exposure resulted
partly from using a larger initial scan area and taking
multiple control scans. With additional experience using
the stereotactic navigation system, we expect fewer con-
trol scans to be required prior to attaining the desired
probe positioning. The accuracy of the navigation should
obviate the need for intermediate control scans. Further
reduction of the dosage is anticipated by planning the
puncture path more angulated to the CT plane. During
an axial puncture the radiopaque metal arm of the naviga-
tion device lies in the beam path of the CT, which leads to
hardening artifacts. An approach path that lies outside the
CT plane would reduce these artifacts and enable fewer
images to be required. Furthermore, after removal of the
probe, performing the final imaging control with classical
CT fluoroscopy will further reduce the radiation dosage.

In contrast to publications using stereotactic navigation
for liver tumor ablation [35, 36], we found that using ste-
reotactic navigation for ablation of osteoid osteomas did
not shorten overall procedure time or reduce the total
radiation dosage to the patient. However, as discussed
previously, improved ease and efficiency of correct probe
placement for the ablation may have been masked by
the fact that our operators may have chosen to use ste-
reotactic navigation for the more difficult procedures.
Without stereotactic navigation, these procedures could
have lasted considerably longer and required more probe
repositionings and imaging.

Conclusion

In summary, our results comparing the use of stereotac-
tic navigation versus conventional CT guidance for abla-
tion of osteoid osteoma showed a higher radiation dosage
to the patient when using navigation assistance without
a shortening of the procedure time. The trend towards
requiring one fewer probe repositioning with stereotactic
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navigation was not statistically conclusive with the small
sample set we evaluated. However, the interpretation
of these results is limited by the unknown error in the
raw data measurements, the variable experience of the
operators, and is confounded by the likely decision to
use navigation for more difficult cases. Additional expe-
rience with the navigation system would likely enable a
reduction in the radiation dosage. This highlights a learn-
ing curve necessary when starting to use the navigation
system before the potential benefits of assisted navigation
are realized.
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