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Abstract

Purpose Navigation has been suggested to guide complex benign bone tumor curettage procedures, but the contribution
of navigation to the accuracy of curettage has never been quantified. We explored the accuracy of navigated curettage in a
cadaveric observational pilot study, comparing navigated to freehand curettage, performed independently by an expert and a
novice user.

Methods The expert performed curettage on 20 cadaveric bones prepared with a paraffin wax mixture tumor, 10 freehand
and 10 navigated. We re-used 12 bones for the novice experiments, 6 freehand and 6 navigated. Tumor and curettage cavity
volumes were segmented on pre- and post-cone-beam CT scans. Accuracy was quantified using the Dice Similarity Coefficient
(DSC), and with remaining tumor volume, bone curettage volume, maximal remaining width and procedure times compared
between navigation and freehand groups for both users.

Results There were little differences in curettage accuracy between a navigated (DSC 0.59[0.17]) and freehand (DSC
0.64[0.10]) approach for an expert user, but there were for a novice user with DSC 0.67(0.14) and 0.83(0.06), respectively. All
navigated and freehand procedures had some amount of remaining tumor, generally located in a few isolated spots with means
of 2.2(2.6) cm? (mean 20% of the tumor volume) and 1.5(1.4) cm? (18%), respectively, for the expert and more diffusely
spaced with means of 5.1(2.8) cm? (33%) and 3.02.2) cm?> (17%), respectively, for the novice.

Conclusions In an explorative study on 20 cadaveric bone tumor models, navigated curettage in its current setup was not
more accurate than freehand curettage. The amount of remaining tumor, however, confirms that curettage could be further
improved. The novice user was less accurate using navigation than freehand, which could be explained by the learning curve.
Furthermore, the expert used a different surgical approach than the novice, focusing more on removing the entire tumor than
sparing surrounding bone.
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Introduction procedure is guided by anatomical information from pre-

operative imaging and by differences in tissue consistency

Intralesional curettage is the preferred surgical treatment  between tumor and bone. Microscopic residual tumor is

for most types of symptomatic benign bone tumors. The  inherent to intralesional curettage of benign bone tumors,

which has resulted in local recurrence rates of 20-65.2% [1].

Local adjuvant therapy is generally successfully employed

5 Thomas R. F. van Steenbergen to extend the surgical margin and reduce the tumor residue.

thomas.vansteenbergen @radboudumc.nl The subsequent decrease in local recurrence rates depends

on the type of adjuvant therapy [1]. Remaining local recur-

rences could potentially be prevented by improving adjuvant
therapy, or by improving the accuracy of curettage.

If a tumor is situated in a challenging location, e.g., close

to vital structures, surgeons need visualization of the proce-

dure to control complete removal of the tumor tissue without
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compromising surrounding tissue. To achieve this, intraoper-
ative imaging or image-guidance methods can be employed.
Two-dimensional (2D) fluoroscopy is most commonly used,
whereas surgical navigation offers three-dimensional (3D)
guidance on preoperative or intraoperative 3D scans.

Surgical navigation has shown added benefit in bone
sarcoma resections [2], with phantom and cadaver studies
showing that the accuracy of navigated saw plane cuts was
higher than freehand [3, 4]. Substantially less studies were
performed on navigated benign bone tumor curettage, with
conflicting results on its added benefit and difficult to com-
pare studies as operating techniques and choice of adjuvants
differed [5—7]. Furthermore, the question remains what the
effect of navigation is on the accuracy of curettage, regard-
less of adjuvant therapy. More insights into its accuracy could
help determine the role of navigation in the surgical treatment
of benign bone tumors and could be useful for future guide-
lines. Additionally any beneficial effect of navigation might
be larger for less experienced surgeons [3].

Therefore, in this study the accuracy of navigated curet-
tage was compared to freehand curettage on a cadaveric bone
tumor model. Secondly, the effect of navigation was com-
pared between an experienced orthopedic surgeon (expert)
and an orthopedic surgeon in training (novice).

Methods
Study design

We performed an observational pilot study, comparing navi-
gated to freehand curettage, which was performed by both an
expert and a novice user. First the expert performed curettage
procedures on 20 cadaveric bone tumor models, of which 10
were done freehand and 10 navigated. The 12 bones that were
re-usable after these initial expert experiments were again
converted into bone tumor models. Second, a novice per-
formed curettage procedures on these re-used models, which
were also equally divided into a freehand (n = 6) and a nav-
igated (n = 6) group.

Cadaveric bone tumor model

The bone tumor models were created from 20 bare human
cadaveric bones without surrounding soft tissue, as this was
necessary to be able to implant the tumor phantom material.
Furthermore, to test the accuracy of curettage only the bone
itself was needed. Frozen (— 18 °C) proximal or distal femur
or tibia segments were used as these contain curettable can-
cellous bone, in which tumor cavities could be created. The
relative amount of each type of bone segment in this study
was based on their prevalence in a sample of atypical carti-
laginous tumor studies [8—10], which resulted in the inclusion
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of 5 proximal femurs, 11 distal femurs and 4 proximal tibias.
The oncological approach for curettage in the femur and tibia
is lateral, which is why the bones were bisected with a sagittal
cut. Rounded cavities, elongated along one axis, were created
at the same location in both bone halves. Cavity locations
were varied in the craniocaudal and anteroposterior direc-
tions, as to create unique cases. There was no medial-lateral
variation as all cavities were centered on the sagittal cut.

Bone tumor phantoms that mimic the consistency and
curettability of a benign bone tumor were implanted in the
cavities inside the cancellous bone, so that the surgeon could
feel differences in tissue consistency between tumor and
bone, representing clinical conditions. Three materials in var-
ious dilutions were tested for their suitability as a bone tumor
phantom: silicone (Ecoflex Gel, Smooth-On, Macungie, PA),
agar and paraffin wax, diluted with silicone thinner, water
and mineral oil, respectively. Several small samples of each
material in different dilutions were made. Two orthopedic
surgeons compared the consistency and curettability of the
samples to that of a benign cartilage tumor, based on their
clinical experience. Phantom to bone contrast on cone-beam
CT (CBCT) was also tested. Paraffin wax with mineral oil
(1:2 dilution) was chosen for the experiments.

The tumor phantoms were implanted the day before the
experiment to avoid re-freezing the final cadaveric bone
tumor models. While the bones where thawing, the paraf-
fin wax mixture was melted in a 70 °C oven and then poured
in the cavities (Fig. 1a). After 5 min, some extra paraffin
wax was added, as the mixture shrinks slightly after solidify-
ing. Approximately 10 min after pouring the initial paraffin
wax into the bone, the two halves were glued together again
with an instant adhesive (LOCTITE 495, Henkel AG & Co.
KGaA, Diisseldorf, Germany). The union was temporarily
supported with cerclage at the diaphysis (Fig. 1b). Finally,
each bone was imaged with a (CBCT) scan (Artis Zeego,
Siemens Healthineers, Erlangen, Germany).

Experimental setup

The bones were divided into two treatment groups: 1. nav-
igated or 2. freehand curettage. Dependencies such as the
type of bone, left or right sided bones, bone of the same
donor, bone and tumor location were all taken into account
as well as the distribution into groups was done manually.
Treatment order was randomized in Excel (Microsoft Office
Professional Plus 2016, Microsoft, Redmond, WA).

A Brainlab Curve (Brainlab, Miinchen, Germany) naviga-
tion system was used for the navigation group. The reference
base was clamped to the bones, and the scans were registered
by initial point-paired matching on anatomical landmarks,
followed by surface matching using a cloud of 20 points.
The registration accuracy was then visually verified using
a tracked pointer. A registration accuracy of approximately
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Fig. 1 The cadaveric bone tumor
model, with a being the situation
just after filling the two cavities
for bone 3. The paraffin wax
mixture has started to solidify
around the edges, but is still fluid
in the center; b some examples of
finished cadaveric bone tumor
models, with bone 3 in the upper
left corner

Fig.2 The experimental setup during navigated curettage of a distal
femur. The surgeon uses the tracked pointer to assess the tumor shape
and location

1 mm or less was accepted, as this is widely approved as a
good registration accuracy [2].

All experiments were performed in the orthopedic
research laboratory of the Radboud University Medical
Center (Nijmegen) (Fig. 2). Before each procedure, the per-
forming orthopedic surgeon would plan the curettage by
studying the CBCT. Meanwhile, a researcher clamped the

-

bone to a table for fixation and registered the CBCT scan to
the bone in the case of a navigated procedure. The goal of each
procedure was to completely remove the tumor phantom,
while removing as little healthy bone as reasonably possible.
Available instruments included different sizes of curettes and
a high-speed burr, supported by a tracked pointer and tracked
curette for navigation cases. The procedure time, from pick-
ing up the first instrument to finishing curettage, was recorded
for each procedure.

The navigation and freehand procedures were alternated,
starting with an unrecorded testing procedure on a different
bone for each group. For each user, the procedures were per-
formed in a single day. At the end of the day, CBCT scans of
the curetted bones were again acquired.

Expert and novice

The initial 20 procedures were done by an expert user: an
experienced orthopedic surgeon (IvdG, 11 years of expe-
rience in orthopedic oncology, 2 years of experience with
navigation). The experiment was repeated three months later
with a novice user: an orthopedic surgeon in training (TE,
first year training for orthopedic surgeon, no experience
with navigation). Bones that were still usable after the first
experiment, i.e., had an intact and rounded cavity left by
the curettage, were re-used for the second experiment. The
bones were thawed, the paraffin wax mixture was poured into
the curettage cavity through the bone window made during
the first experiment, and after 10 min the bone window was
sealed using fast-hardening denture base material (Autoplast,
CANDULOR AG, Opfikon, Switzerland). The experimen-
tal setup was the same as in the first experiment except for
the surgical approach, which was now medial for the distal

@ Springer



778 International Journal of Computer Assisted Radiology and Surgery (2023) 18:775-783

Fig. 3 Cone-beam CT scans of the cadaveric bone tumor model; a model
with good contrast between tumor and bone on the pre-CBCT (bone 3);
b model with poor contrast between tumor and bone on the pre-CBCT;
¢ the removed tissue for bone 3 on the post-CBCT, with tumor remaining
at the proximal and distal ends; d the fused pre-CBCT (dark) and post-
CBCT (light) of bone 3 with the segmentations of the tumor (blue) and
curettage cavity (green), highlighting the remaining tumor parts

femur and distal tibia, and lateral-distal (under the original
approach) for the proximal femur.

CBCT analysis

Each bone had a preprocedural CBCT (pre-CBCT) and post-
procedural CBCT (post-CBCT) available (Fig. 3a—c) which
were fused and segmented using the free and open source 3D
slicer software (Fig. 3d; www.slicer.org) [11]. One researcher
(TvS) performed all pre-CBCT and post-CBCT fusions man-
ually and segmented the removed tissue from the post-CBCT
scans based on a fixed gray value threshold. A second
researcher (HN) checked these fusions (no visual misalign-
ment between both scans) and segmentations (no holes and
visually including the entire volume) for discrepancies that
the first researcher would have to correct.
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The two researchers segmented the tumor from the pre-
CBCT independently based on a visual gray value threshold
and manual refinements. The final tumor was constructed
based on consensus using a Dice Similarity Coefficient
(DSC): DSCTH = ZTumer iiunorll DSC is a dimension-
less value calculated using both tumor segmentations. The
volume of the intersect of both segmentations is multiplied
by 2 and divided by the sum of both segmentation volumes;
therefore, the DSC ranges from O to 1 with 1 meaning perfect
similarity. Consensus was defined as DSCT™ > (.95, in which
case the final tumor was the intersect of both segmentations.
If DSCT" was < 0.95, the two readers constructed the final
tumor together.

The segmented removed tissue was then split into the
curettage cavity and bone window plus tunnel, with the bone
window plus tunnel being the removed bone until the last
sagittal plane before the tumor was reached, and the curet-
tage cavity being the rest. Remaining tumor was calculated
by subtracting the curettage cavity from the tumor. Bone
curettage was calculated by subtracting the tumor from the
curettage cavity. Maximal remaining width was determined
by calculating the Hausdorff distances between the tumor and
curettage cavity surfaces, and selecting the largest Hausdorff
distance, performed using the free and open source MeshLab
software (www.meshlab.net) [12].

Outcomes

The main outcome measure was accuracy of the procedure.
Cartiaux et al. define surgical accuracy as “the closeness
of agreement between an achieved surgical gesture and
the desired surgical gesture” [13]. For this experiment, the
desired surgical gesture was removing the entire tumor,
which in terms of volume is the tumor volume. The achieved
surgical gesture was the material that was removed, which
in terms of volume is the curettage cavity. If accuracy is the
closeness of agreement between the tumor and the curet-
tage cavity, this can be quantified using a DSC, similarly

to what was done during tumor segmentation: DSCA¢ =
2|Tumor N Curettage cavity|
|Tumor|+|Curettage cavity| *

Descriptive statistics in the form of means and standard

deviations calculated using Excel were used to report the
remaining tumor, bone curettage, DSCA®, maximal remain-
ing width and procedure time for both procedure types
(freehand/navigated) and user types (novice/expert). Within
each user, the freehand and navigated groups were descrip-
tively compared for any potential effect of navigation. This
potential effect of navigation was then descriptively com-
pared between the expert and novice user.
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Results
Cadaveric bone tumor model

The bones varied in size and density. Smaller bones had no
space for anteroposterior variation of tumor location. Bone
density variation resulted in a variation of contrast between
tumors and bones on the CBCT scans (Fig. 3a, b). All tumors
were distinguishable from bone, but some more clearly than
others.

As both tumor halves were created separately, there was
some misalignment in tumor borders in either the craniocau-
dal or anteroposterior direction after the bones were glued
back together. Based on a visual assessment of the CBCT
scans, this misalignment was < 1 mm for 10/20 tumors,
between 1-2 mm for 5/20 tumors, and between 2—3 mm for
5/20 tumors. Eight tumors had a small air cavity in their
center, never wider than 2 mm, which was assumed to be a
result of paraffin wax shrinkage. There were no further visi-
ble effects from paraffin wax shrinkage.

The resulting twenty tumors for the expert measurements,
navigation and freehand groups combined, had a mean vol-
ume of 9.46 cm? (SD 5.17). Twelve bones (2 proximal
femurs, 6 distal femurs and 4 proximal tibias) were re-usable
for the novice procedures. The eight bones that could not be
used again after the expert experiments either showed a con-
nection between the curettage cavity and medullary cavity
on post-CBCT, making refilling impossible, or had a bone
defect that would compromise the surgical approach. Filling
the cavities gave a mean tumor volume of 15.96 cm® (SD
5.08).

Experimental setup

Nineteen expert procedures were executed as planned. One
navigated procedure failed and was excluded because the
two bone halves separated during curettage. The paraffin wax
mixture approached the feeling of tumor material well, and
as such the transition from tumor to bone could be used as a
realistic feedback mechanism by the surgeons. The material
was, however, more adhesive than tumor, so it tended to stick
to the curette and the bone.

All novice procedures were executed as planned. The
incurettable, hard and smooth material that was used to close
the bone window from the first experiment felt notably differ-
ent from cancellous bone. The proximal femur tumors were
too large to be entirely removed due to the limited angular
reach of the curette.

Image analysis

A good fusion between pre- and post-CBCT and a good seg-
mentation of the removed tissue was achieved in all cases.

The two readers had a DSC™ > 0.95 for the tumor segmen-
tations in 7/19 expert bones and 3/12 novice bones, with a
total median DSC™ of 0.94 (IQR: 0.93-0.96).

The final mean tumor and curettage cavity segmenta-
tion volumes for all four treatment groups are specified in
Table 1.

Outcomes

The mean outcomes with a sample size of 19 for the expert
user and 12 for the novice user are listed in Table 2. The effect
size of navigation for the expert user seemed small, with out-
comes being fairly similar for the navigation and freehand
groups. The effect size of navigation for the novice user was
favorable to the freehand group with a higher DSCAC, less
remaining tumor and bone curettage, and lower maximal pos-
itive margin. The DSCA for each individual bone is shown in
Fig. 4a, and the effect of navigation on DSCAC is visualized
in Fig. 5a.

All navigated and freehand procedures had some amount
of remaining tumor, with means of 2.2 (2.6) cm? (mean
20% of the tumor volume) and 1.5 (1.4) cm? (18%), respec-
tively, for the expert and 5.1 (2.8) cm? (33%) and 3.0 (2.2)
cm?® (17%), respectively, for the novice. The absolute and
relative remaining tumor volumes for each individual bone
are shown in Fig. 4b, c, and the effect of navigation these
remaining tumor volumes is visualized in Fig. 5b, c. This
remaining tumor was generally located on the edges in a few
isolated spots for the expert user (Fig. 6a), and more dif-
fusely spaced for the novice user (Fig. 6b). Most procedures
(17/19 expert bones and 8/12 novice bones) were without
strands of remaining tumor protruding > 5 mm to the center
of the cavity. Although the expert user had four navigated
and three freehand bones with only < 5% remaining tumor,
both groups also contained one bone with a large amount of
remaining tumor (78% and 51% respectively).

The mean maximal remaining tumor width stood out
for the navigated novice group with 10.3 (3.4) mm against
6.0 (3.8) mm for the navigated expert, 6.7 (2.8) mm for the
freehand expert and 6.6 (2.3) mm for the freehand novice
groups.

Discussion

In this explorative study, there were little differences in curet-
tage accuracy between a navigated and freehand approach
on a cadaveric bone tumor model for an expert user, whereas
a novice user was more accurate without navigation. The
expert user showed a comparable relative curettage cavity
size for both approaches, with means of 20% (navigation)
and 18% (freehand) of the tumor volumes remaining in iso-
lated spots on the edges of the cavity. The results from our
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Table 1 Image analysis mean
(standard deviation)
segmentation volumes

Expert (n = 19)

Novice (n = 12)

Navigated (n = 9)

Freehand (n = 10)  Navigated (n = 6)  Freehand (n = 6)

Volumes (cm?)

Tumor 10.54 (6.72) 8.49 (2.85) 15.77 (5.74) 16.15 (4.32)
Curettage cavity  16.15 (6.02) 13.33 (5.81) 14.88 (4.15) 16.26 (3.84)
Table 2 Mean (standard ]
deviation) study outcomes Expert (n = 19) Novice (n = 12)
Navigated (n = 9) Freehand (n = Navigated (n = 6) Freehand (n =
10) 6)
DSCA® 0.59 (0.17) 0.64 (0.10) 0.67 (0.14) 0.83 (0.06)
Remaining tumor 2.22 (2.61) 1.51 (1.36) 5.12 (2.81) 2.96 (2.21)
(cm?)
Bone curettage 7.82 (4.16) 6.41 (3.43) 4.23 (2.75) 3.07 (1.48)
(cm?)
Max. remaining 5.99 (3.75) 6.68 (2.77) 10.32 (3.40) 6.59 (2.29)
width (mm)
Time (s) 333 (92) 315 (86) 499 (37) 464 (58)

study are not directly clinically translatable yet, because of
differences between clinical and laboratory settings.

A few studies investigated the effectiveness of navigation
to improve clinical outcomes of curettage. One retrospec-
tive study on curettage plus adjuvant phenol and ethanol of
atypical cartilaginous tumors in long bones compared navi-
gation to freehand. Their navigation setup was similar to ours,
although they did segment the tumor before the procedure.
Residual tumor was found in 2 out of 17 navigated patients,
which was similar to the 7 out of 60 freehand patients that
showed residual tumor [7]. The apparent lack of effect nav-
igation had on the treatment outcome is consistent with our
results. Lee et al. investigated the accuracy of navigated curet-
tage with adjuvant navigated burring of the curettage cavity
wall, which is a mechanical adjuvant therapy that extends
the bony margin by a few millimeters [6]. They completely
removed the tumor in all eight cases, based on a fusion of
preoperative and postoperative CT. Navigated burring would
seem an effective adjuvant to our curettage only results. How-
ever, Lee et al. used a wide cortical window to visualize the
entire tumor for their straight burr, whereas we prefer a min-
imally invasive approach. They did propose that dedicated,
curved instruments could reduce the cortical window.

According to Cartiaux et al., surgical accuracy depends
on: (1) the level of assistance integrated into the procedure
(navigation or freehand); (2) the user’s experience (expert
or novice); and (3) local (anatomical) difficulties inherent
to the procedure [13]. The expert and novice outcome vol-
umes cannot be compared directly as the tumors were shaped,
sized and approached differently (dependency 3) between
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the users. However, we examined the effect of navigation
on accuracy within both user groups. Interestingly, naviga-
tion seems to have a negative effect on accuracy for the
novice user. Both the remaining tumor and bone curettage
were higher for the navigation group. This effect could be
explained by the learning curve; lack of experience with
navigation made the procedure more complicated and had
a negative effect on the results. Furthermore, there was more
tumor variation in the novice group as compared to the expert
group due to the different way in which the tumors were cre-
ated, and the novice group contained only 12 bones.

The difference in accuracy between the expert (DSCAC
0.59 [0.17] and 0.64 [0.10]) and novice user (DSCA€ 0.67
[0.14] and 0.83 [0.06]) stems from different surgical tech-
niques. The expert removed relatively more surrounding
bone, thus lowering the DCSAC, but also had slightly less
remaining tumor. Although the expert was less accurate in
terms of DCSAC, it paints an incomplete picture of the success
of the procedure because clinical curettage is only success-
ful if the tumor does not recur. It seems that the expert was
willing to sacrifice more healthy bone to achieve removing
as much tumor as possible. Clinically, curettage is combined
with adjuvant therapy because some (microscopic) amount of
tumor always remains after an intralesional procedure. Adju-
vant therapy increases the surgical margin, with the amount of
increase depending its type [1]: phenol has a necrotic depth
of up to 1 mm [14], whereas cryosurgery can reach up to
7-12 mm [15]. The mean maximal remaining width in this
study was 6.4 mm (SD 3.3) for the expert user. Although
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Fig.4 Graphs showing key outcomes for each individual bone in the
navigated and freehand groups and the expert and novice experiments.
The bone ID represents the code for each bone which was kept the
same for both user experiments, it does not indicate the treatment order.
Bone 15 was excluded from the expert experiments as the two bone
halves separated during curettage, but it could be re-used for the novice
experiments together with eleven other bones (bone 2, 3, 6,7, 10, 11, 13,
15,16, 17, 18, 19); a The accuracy using the Dice Similarity Coefficient
(DSCA); b the absolute remaining tumor volume and c the relative
remaining tumor volume as a percentage of the initial tumor volume

the absolute number cannot be clinically translated, a cer-
tain amount of residual tumor can be the reason there are
still tumor recurrences, even with adjuvant therapy. If the
residual tumor after initial curettage was lower, overall ther-
apy success would increase. Our results show there is room
for improvement to the curettage procedure, especially when
treating tumors with a higher recurrence rate.

This study is the first to investigate the accuracy of bone
tumor curettage with and without navigation in a controlled
setting and to image the curettage cavity, so the removed
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Fig.5 Grouped scatterplots illustrating the effect of navigation on key
outcome values for the expert and novice user, with means indicated
by the horizontal lines. a The accuracy using the Dice Similarity Coef-
ficient (DSCA°); b the absolute remaining tumor volume; and ¢ the
relative remaining tumor volume as a percentage of the initial tumor
volume

volume could be measured exactly. The cadaveric bone tumor
model and specific outcome parameters that were proposed
can be used by others for future studies, using free software
for analysis to help the reproducibility. The laboratory setting
allowed for a comparison between an expert and novice user,
which cannot be done clinically.

This study also had its limitations. First, because this is an
explorative study only 20 bones were used, which does not
yield enough power for statistical significance, and the user

@ Springer



782 International Journal of Computer Assisted Radiology and Surgery (2023) 18:775-783

Fig. 6 Visualizations of the remaining tumor in various bones; a Is a
3D model showing the remaining tumor in a few isolated spots in the
expert bone 3. The curettage cavity is depicted in gray, and the remaining
tumor is colorized, with green being a small width and dark blue being
the maximal remaining tumor width of in this case 5.1 mm; b Illustrates
the more diffusely spaced remaining tumor in the novice bone 11. The
color range is the same as in (a)

groups only consisted of one user. The outcomes can, how-
ever, be used as a base for future studies. Second, cadaveric
bones are mostly of a high age, which is only a partial repre-
sentation of patient age. Consequently some bone densities
were relatively low, giving low contrast to the tumor material
on CBCT and making tumor segmentation more challenging,
albeit all cases were still realistic. Tumors were not planned
and segmented before the procedure as this is not our clinical
practice. This did, however, mean there could be discrepan-
cies in what surgeons and researchers thought to be tumor.
Variability was reduced by having two readers. Third, paraf-
fin wax and bone tumor might react differently to curettage.
However, a similar tactile feedback was the most important
characteristic for our research question. Any unwanted influ-
ence of phantom material properties on curettage would be
equivalent for all procedures. Fourth, refilling the cavities
left by the expert experiments for the novice experiments led
to larger and differently shaped tumors than before, making
an absolute comparison between expert and novice impos-
sible. The objective of assessing the effect of navigation on
the accuracy for both users was, however, attainable.
Surgical navigation is a useful image-guidance tech-
nology, but it is costly, especially in combination with
intraoperative 3D imaging. These systems, and medical tech-
nology in general, should therefore only be used when there
is an expected health benefit. Our previous study did report
an added benefit of navigation to curettage in terms of more
control in challenging locations (nearby vital structures) [5].
Cartiaux et al. described such a location as having a narrow
safety zone, i.e., little tolerance in relation to the surgical tar-
get, so accurate curettage is required [13]. However, in that
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clinical study the safety zone was often only narrow in a small
region or plane, whereas the present study measured accuracy
around the entire tumor. Perhaps the current navigation setup,
which is intended to use on bone but optimized for trauma
and spine applications such as screw placement, visualizes a
small region of interest that is limited to a few planes better
than a large region that is focally and spherically distributed
like the entire tumor border. The desired surgical gesture also
differs between, e.g., pedicle screw placement, the accuracy
of which benefits from navigation [16], and curettage. Some
surgical gestures probably benefit more from navigation than
others, but the navigation setup for curettage has room for
improvement and more tailored software and hardware for
curettage might help to reduce residual tumor rates and thus
improve surgical accuracy in the future. Not all tumor types
and procedures require improvement though, as the addition
of adjuvant therapy generally already gives good clinical out-
comes. It would be interesting to reproduce these results in
complex clinical cases with a high recurrence rate.

In an explorative study on 20 cadaveric bone tumor mod-
els, navigated curettage in its current setup does not seem to
be more accurate than freehand curettage. Still, the amount
of remaining tumor showed that curettage has room for
optimization. The novice user was less accurate using navi-
gation as compared to freehand. Additionally, the novice user
removed less healthy bone compared to the expert user, but
thereby also had more remaining tumor.
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