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Abstract

Background: This study assessed whether electromagnetic navigation can be of
added value during resection of recurrent or post-therapy intra-abdominal/pelvic
soft tissue sarcomas (STS) in challenging locations.

Materials and Methods: Patients were included in a prospective navigation study. A
pre-operatively 3D roadmap was made and tracked using electromagnetic reference
markers. During the operation, an electromagnetic pointer was used for the loca-
lization of the tumor/critical anatomical structures. The primary endpoint was
feasibility, secondary outcomes were safety and usability.

Results: Nine patients with a total of 12 tumors were included, 7 patients with
locally recurrent sarcoma. Three patients received neoadjuvant radiotherapy and
three other patients received neoadjuvant systemic treatment. The median tumor
size was 4.6 cm (2.4-10.4). The majority of distances from tumor to critical ana-
tomical structures was <0.5 cm. The tumors were localized using the navigation
system without technical or safety issues. Despite the challenging nature of these
resections, 89% were RO resections, with a median blood loss of 100 ml (20-1050)
and one incident of vascular damage. Based on the survey, surgeons stated navi-
gation resulted in shorter surgery time and made the resections easier.
Conclusion: Electromagnetic navigation facilitates resections of challenging lower

intra-abdominal/pelvic STS and might be of added value.
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1 | INTRODUCTION

Soft tissue sarcoma (STS) is a heterogeneous and rare group of tu-
mors, with over seventy different histologic subtypes,’ covering 1%
of all adult malignancies. Of all STS, around 16% arises in the ret-
roperitoneum, intra-abdominally, or in the pelvis.?

Usually, intra-abdominal, pelvic, and retroperitoneal STS can be
easily identified during laparotomy or laparoscopy, followed by re-
section. However, resection of pretreated tumors with systemic
therapy or radiotherapy can sometimes be more challenging due to
fibrosis and/or shrinkage of the tumor, while also resections of small
recurrent tumors can be more difficult due to anatomical and fibrotic
changes after previous surgery.® In these situations, localization of
the tumor and identification of the tumor outline during surgery can
be more challenging, potentially leading to a search for the tumor in a
compromised environment and an increased risk of complications.
Therefore, in these cases, surgical guidance by modern navigation
techniques might be useful to overcome these hurdles.

Preoperative imaging is the standard of care before any intra-
abdominal resection, usually by computed tomography (CT) scanning.
When surgeons make a preoperative plan on how to approach the
tumor and what difficulties may arise based on the imaging, they
mentally transform the 2D slices into a three-dimensional (3D) sur-
gical plan. In this modern era, innovative image-guided surgical na-
vigation allows linking the preoperative images (and a patient-

specific 3D roadmap) directly to the patient during surgery, using a

tracking system. Our group has successfully implemented this tech-
nique in the OR for multiple abdominal studies.* ¢ The system pro-
vides the surgeon with real-time intra-operative information on the
location of the tumor(s) and critical anatomical structures.’

Theoretically, surgical navigation could shorten surgery time due
to faster localization of the tumor, might make the tumor resection
safer by identifying critical anatomical structures, and thereby pre-
vent damage to vital surrounding structures. And although naviga-
tion is not designed to prevent R1 margins, it might assist in
identifying the outline of the tumor and therefore decreasing R2
resections for these challenging tumors. However, surgical naviga-
tion does require additional setup time and imaging. To further
analyze the potential role of surgical navigation, the aim of this study
was to investigate whether electromagnetic surgical navigation is
feasible and of added value during resection of challenging recurrent
or pretreated intra-abdominal/pelvic STS for localization and safe
removal of the tumor(s).

2 | MATERIALS AND METHODS

2.1 | Patients
Patients were selected from a prospective surgical navigation study
(NTR 7184) carried out at the Netherlands Cancer Institute/Antoni

van Leeuwenhoek hospital and approved by the institutional ethical
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FIGURE 1 Pointer usage. Top: Real-time pointer usage visualized with in-house developed software and corresponding (3D) imaging of the
patient with visualization of the tumor and critical anatomical structures. Bottom: Measuring points of the electromagnetic pointer are
color-coded based on time: Early phase of surgery/superficial measurements (red), further navigation towards the tumor (orange), and final
measurements before tumor resection (yellow). The tumor is marked green
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review board. Patients 18 years or older and scheduled for lapar-
otomy with primary or local recurrent rigid tumor(s) could be in-
cluded. Patients were selected on surgeons' request as the surgeons
considered these patients at risk for damage to critical anatomical
structures and/or the tumors were located in a difficult anatomical
location, or when the surgeon felt that pretreatment might com-
promise identification of the tumor. For the original study, there
were no restrictions based on tumor type, providing all tumors were
located in the abdomen. For this analysis, we selected only STS pa-
tients. Part of these patients was already presented in the general
surgical navigation feasibility study by Nijkamp et al.® Tumor rigidity
was assessed by imaging and based on location, the extent of local
invasion or tumor displacement relative to bone structures between
follow-up imaging. Exclusion criteria were contraindications for in-
travenous CT contrast agents, metal hip implants causing imaging

artifacts, or a pacemaker.

2.2 | Procedure

Before the surgery, a contrast-enhanced CT abdomen with an ar-
terial and an excretory phase was acquired. Combined with other
relevant available preoperative images, a patient-specific 3D model
was created manually using in-house developed software showing
the tumor(s), arteries, veins, ureters, and bones. These segmenta-
tions were evaluated by the surgeon before surgery.

To track the patients' movement during surgery, three electro-
magnetic patient trackers (Philips, Best, the Netherlands) were at-
tached to the skin at superficial bony structures of the patients'
pelvis. As these tumors were relatively fixed with respect to the
bone, the spatial position of the trackers is used to correct any pa-
tient motion during surgery. For patients enrolled before December
2015, these trackers were attached to the skin (and the locations
were marked) just before the preoperative contrast-enhanced CT
scan. In the OR, the trackers were repositioned on the skin according
to the marked locations, and navigation was initiated. After De-
cember 2015, a hybrid OR containing a cone-beam CT (CBCT) was
available, allowing to attach the patient trackers to the skin in the
OR followed by a CBCT scan in surgical position. Subsequently, this
CBCT scan was registered to the model where the navigation was
initiated. This improved procedure increased the navigation accuracy
significantly.® In a previous study by Nijkamp et al.® the accuracy
(target registration error, TRE) of the abdominal navigation system
was evaluated. In summary; the surgeon pointed out the physical
locations of anatomical landmarks using the navigation pointer.
These locations were stored compared with the same anatomical
landmarks in the preoperative images. Depending on the patient
position—that is, French or straight setup—, the TRE ranged from 4
to 6 mm using the CBCT scan. This is considered an adequate ac-
curacy of the navigation system to localize anatomical structures.®

In-house created navigation software processes in real-time the
tracker locations measured by the field-generator (NDI, Aurora Table-
top field-generator Northern Digital Inc), which was positioned

underneath the patient. Both the patients' model and the position of a
sterile pointer (NDI) were visualized in 3D (see Figure 1), allowing the
identification of critical anatomical structures or the tumor by the
surgeon. In addition, any registered patients' scan can be displayed live
in three orientations (coronal, sagittal, and transverse plane) with au-
tomatic visualization of arteries and bone. For more details, see
Nijkamp et al.® The time for setting up the tracking, positioning and

intraoperative imaging was recorded starting from patient 6.

2.3 | Endpoints

For our primary endpoint (feasibility), we assessed events regarding
technical malfunctions of the system. The secondary outcomes were the
safety and usability of the surgical navigation during these resections.
Safety was evaluated based on adverse events caused by the system and
the usability using a survey containing the System Usability Scale (SUS).”
The SUS consists of 10 items that can be answered by the surgeon based
on a 5-point Likert scale (1-5) which are converted to a score ranging
0-100. Higher scores imply higher user-friendliness of the system and a
mean SUS score above 70 is considered acceptable and indicates the

system has a high chance of acceptance by users.”

TABLE 1 Patient characteristics
Median
N (%) (range)
Gender
Male 3(33)
Female 6 (66)
Age at surgery 63 (46-74)
Number of tumors per patient 1(1-3)
Histology
Dedifferentiated liposarcoma (DDLS) 3(33)
Gastrointestinal stromal tumor (GIST) 2(22)
Leiomyosarcoma (LMS) 1(11)
Myxofibrosarcoma (MFS) 1(11)
Malignant peripheral nerve sheath 1(11)
tumor (MPNST)
Clear cell sarcoma (CCS) 1(11)
Tumor type
Primary 1(11)
Residual 1(11)
Recurrent 7 (78)
Pretreatment
Radiotherapy 3(33)
Systemic 3(33)
None 3(33)
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2.4 | Calculations and statistical analysis

Tumor characteristics, distances to critical anatomical structures,
and tumor area close to anatomical structures were calculated using
the 3D models in Matlab (R2016a; MathWorks). High-risk tumor
surfaces are only given for surfaces that have critical anatomical
structures located at a distance of <0.5cm based on preoperative
imaging.

Given the limited number of patients with accompanying non-
normal distributed data, outcomes will be given as median values
with ranges. Differences between planned and actual surgery time
were compared using a Wilcoxon signed-rank test using SPSS for

Windows (Statistical Package for the Social Sciences, version 25; IBM

statistics).
3 | RESULTS
3.1 | Patient and tumor characteristics

We included nine intra-abdominal and pelvic STS patients with a
total of twelve tumors, operated on between September 2015 and
January 2020 (Table 1). Two of the patients were operated on
before December 2015 (patients 1 and 2) and therefore regis-
tration of the patient trackers was slightly different in these cases
as discussed in Section 2. The most common histological STS
subtype was dedifferentiated liposarcoma. The median age at
surgery was 63 years (range 46-72). Seven patients had (a) re-
current tumor(s) (78%). In 3 of 9 patients, neoadjuvant radio-
therapy and in 3 other patients neoadjuvant systemic treatment
preceded the surgery.

The median tumor size was 4.6cm (range 2.4-10.0) and
median volume 10.5 ml (range 1-86). The tumor characteristics,
distances from tumor to critical anatomical structures, and sur-
gery outcomes are shown in Table 2 and Figure 2. For illustration,
the pointer usage over time during surgery in relation to the tu-

mor is shown for a single case in Figure 1.

3.2 | Feasibility

The surgical navigation system could be used in all cases and had
no technical malfunctions. Extra operation room (OR) time due to sur-
gical navigation consisted of two different activities: (A) Placing the pa-
tient trackers and the positioning of the patient required a median time
of 1.5 min (range 0-8). (B) The intraoperative imaging by CBCT required
a median time of 8.5 min (range 7-12). In total, setting up navigation
added a median time of 10 min (range 7-20).

The median surgery time was 142min (range 78-241),
whereof median 98 min (range 27-197) the navigation was used.
The pointer was used over a median of 7.4 min (range 3.8-19.4),
equal to a median of 10% of time relative to availability of the
navigation system (range 4%-31%).

3.3 | Critical anatomical structures

We identified which critical anatomical structures were located
closer than 0.5 cm from the tumor border. The median shortest
distance from the tumor to a major artery was 0.0cm (range
0.0-1.9), to a major vein 0.2 cm (range 0.0-6.0), to a bony struc-
ture 0.9 cm (range 0.0-2.3) and to ureter 0.7 cm (range 0.0-6.6),
see Table 2. The median high-risk tumor surface is visualized in
Figure 2 as well. Patient/tumor 5 had the lowest “high-risk tumor

surface” (equal to 0%), with a ureter at 0.44 cm distance.

3.4 | Usability

We have collected five surveys completed by different surgeons. All
surgeons scored a SUS of 90, which classifies the surgical navigation
system as a superior system and indicates high user-friendliness, see
Figure 3. All respondents stated that navigation resulted in sub-
jective shorter surgery time and it made the resections easier and
safer due to better localization of the tumor in all cases. Navigation
contributed to the assurance of decisions and actions during the
surgery. The only question not in favor of the navigation system
indicates that technical support is required to utilize the system. On
the questions comparing navigation with the conventional setting,
the surgical navigation scored better, especially on localization
of the tumor, complications, and total surgery time. All surgeons
indicate they would use the surgical navigation system again and
that the advantages of using the system were worth the extra set-
up time.

3.5 | Safety and oncological outcome

No adverse events have occurred regarding the navigation system
and only one patient had a non-navigation-related complication
>grade Il according to the Clavien-Dindo classification.” This pa-
tient required surgical drainage of a presacral abscess. Median
blood loss during surgery was 100ml (range 20-1050). The
median length of hospital stay was 6 days (range 3-10), and 89%
of the resections were RO, see Table 2. Median follow-up after
surgery was 37 months (range 4-51). Local recurrence occurred in
four patients (44%), for all patients this was their second recur-
rence. Mean recurrence-free survival was 31 months (95% CI
16.5-45.3). Median recurrence-free survival was not reached. One

patient died of recurrent disease.

4 | DISCUSSION

In this study, we show that this novel electromagnetic surgical na-
vigation technique is a feasible system for resecting intra-abdominal
or pelvic STS, given the absence of technical malfunctions and lack of
adverse events or navigation-related complications in all patients.
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TABLE 2 Tumor characteristics, distance from tumor to critical anatomical structures and surgery outcomes

1 2 3
Patient (tumor) (1) (2) (3) - -
Tumor characteristics
Size (cm) 5.5 4.3 5.5 3.0 4.0
Volume (ml) 16 7 11 4 10

Shortest distance from tumor to anatomical structures

Arteries (cm) <0.1 <0.1 <0.1 <0.1 <0.1
Veins (cm) 0.3 >5 3.0 0.1 <0.1
Bone (cm) 0.2 0.8 <0.1 2.3 0.4
Ureter (cm) 3.0 >5 >5 4.5 <0.1
Surgery outcomes

Blood loss (ml) 300 50 20
Radicality resection RO? RO RO®
Hospitalization (days) 8 6 8

Vascular damage No No No
Removing periosteum No No No
Ureter damage No No No
Surgery time (min) 170 113 130
Navigation available (min) 95 27 52

Pointer usage (min) - 8.3 5.4
Pointer usage (%)" - 31 10

Extra OR time navigation
Setup (min) - - -
Imaging (min) - - -
Total extra time (min) = - -

RO is for the dedifferentiated part of the tumor (liposarcoma).

4 5 6 7 8 9 Median
- - (1) (2) - - - (range)
24 53 4.9 4.0 6.0 100 42 4.6 (2.4-10.0)
1 19 7 14 10 86 15 10.5 (1-86)
<0.1 0.9 <01 <01 1.9 <0.1 03 0.0 (0.0-1.9)
<0.1 1.1 <0.1 <01 2.7 <0.1 18 0.2 (0.0-6.0)
1.7 2.3 1.8 0.9 <01 <01 19 0.9 (0.0-2.3)
0.3 0.4 <0.1 0.9 >5 0.6 18 0.7 (0.0-6.6)
100 1050 100 20 640 20 100 (20-1050)
RO RO RO? R1 RO RO -
10 8 5 3 6 3 6 (3-10)
No No Yes No No No -
No No No Yes Yes No -
No No No No No No -
142 235 147 112 241 78 142 (78-241)
102 154 156 98 197 62 98 (27-197)
3.8 7.6 7.4 19.4 - 6.9 7.4 (3.8-19.4)
4 5 5 20 - 13 10 (4-31)
- - 0 0 3 8 1.5 (0-8)
- - 7 9 8 12 8.5 (7-12)
- - 7 9 11 20 10 (7-20)

PPointer usage (%) is the percentage of time relative to availability of the navigation system.

As the majority of the tumors were recurrent (78%) and/or were
resected after neoadjuvant therapy (66%), almost all tumors were
located in pretreated areas with fibrosis and anatomical changes.
Despite these challenging circumstances, also indicated by the close
proximity of the tumors to critical anatomical structures, all tumors
were successfully localized with the use of navigation and safely
resected without damaging any critical anatomical structure.

The technique was not very time-consuming: the preparations
took an additional 10 min OR time. Adding the navigation does not
seem to extend the surgery, as the median operation time (142 min,
range 78-241) with navigation was below the historical time of si-
milar surgeries within our institute of 180 min. In addition, the na-
vigation preparation time has shortened compared to the previous
study by Nijkamp et al.,’ from 18 to 10 min. The additional time for
using navigation does not include the creation of the 3D model. This
depends on the experience of the imaging specialist and the

complexity of the case, which varies between 1 and 3 h. However,
3D model creation takes place before the surgery and has no effect
on costly OR time. With deep learning developments in image
processing, it can be expected that 3D model creation will be fully
automated and within minutes.

The pointer is used during a median 10% (range 4%-31%) of
time relative to the availability of the navigation system, suggesting
the relative need for the surgeons to have assistance in localizing and
safely removing the tumor. This is illustrated by the questionnaire
results, where surgeons indicated high usability of the navigation
system with positive responses of the participating surgeons.

Surgeons also indicated in this questionnaire that there were
potentially more negative resection margins by using the surgical
navigation system, although, the current navigation system is not
designed to determine microscopically clear margins. However, a

recent publication showed a significant increase in RO resections
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Patient 1
Tumor 1

Volume =16 ml
D=21x24x69cm

Patient 1
Tumor 2

Volume =7 ml
D=12x27x59cm

Patient 1
Tumor 3

Volume =11 ml
D=16x27x7.2cm

Patient 2

Volume =4 ml
D=16x19x3.1cm

Patient 3

Volume =10 ml
D=17x3x4.1cm

Patient 4

Volume =1 ml
D=09x1.2x24cm

OCOCOGC

FIGURE 2 Tumor characteristics and nearby critical anatomical structures (per patient from left to right). A three-dimensional (3D) model
of each tumor with color-coded nearby (<0.5 cm) critical anatomical structures, a 3D model of the tumor(s) in relation to critical anatomical
structures, and a computed tomography (CT) scan of the patient with tumor(s) and critical anatomical structures highlighted. The right column
shows the total tumor surface and which percentage is “at risk” due to nearby (<0.5 cm) critical anatomical structures. Tumor (not at risk),
green; artery, red; vein, blue; ureter, yellow; bone, white
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Patient 5

Volume =19 ml
D=24x3.5x5cm

Patient 6
Tumor 1

Volume =7 ml
D=17x2x53cm

Patient 6
Tumor 2

Volume =14 ml

D=21x3.4x39cm

Patient 7

Volume =10 ml
D=14x26x8.1cm

Patient 8

Volume =86 ml
D=28x7x104cm

Patient 9

Volume =15 ml
D=26x3.2x3.7cm

FIGURE 2 Continued
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SUS questions

No need of training

Confident in the system

Not cumbersome to use

Learnt very quickly

No inconsistenty in the system

Well integrated functions

No need of technical support

Easy to use

System is not too complex

|

It will be Used frequently |

o

1 2 3
Converted SUS scores

N

FIGURE 3 Converted System Usability Scale (SUS) scores per respondent per question. Five respondents, ten questions. O = strongly

disagree, 4 = strongly agree

when using electromagnetic navigation for recurrent rectal cancer

surgery,” possibly secondary to the use of the navigation system.
Although navigation is already widely used with good results in

some other surgical fields with highly rigid structures or tumors such

as neurosurgery and orthopedics,’®**

surgical navigation for STS is
relatively new. Several surgical navigation systems have shown
promising results for bone sarcomas,? ** but for STS, and especially
intra-abdominal or pelvic STS, the literature on the application of
navigation techniques is very limited.’>® Electromagnetic naviga-
tion is not the only navigation technology developed. Optical track-
ing uses cameras and markers on surgical instruments instead of an
electromagnetic field.'> This requires a direct view of the used in-
struments, which is not possible when operating in the pelvis.
Fluorescence-guided surgery, as described by Vahrmeijer et al. and
Tipirneni et al., uses invisible near-infrared (NIR) fluorescent light in
combination with fluorescent contrast agents.’® *® This technique
visualizes the tumor without ionizing radiation exposure or altera-
tions of the surgical field but is only of added value if you are already
in very close proximity of the tumor due to limited tissue penetra-
tion. Recently, a phase-1 single-center study has deemed the fluor-
escent contrast agent bevacizumab-800CW feasible and safe for
intra-operative imaging of STS.*® Also other optical techniques, such
as Diffuse Reflectance Spectroscopy, can be used to visualize tumor
tissue. Diffuse Reflectance Spectroscopy (DRS) detects the compo-
sition of tissue by measuring the interaction between light and tissue
without the need for exogenous agents. The technique has already
been successfully evaluated in multiple oncological domains for dis-
criminating tumor tissue from healthy tissue with classification ac-
curacies of 0.86.2?° Our study with electromagnetic navigation is
especially useful in cases where finding the tumor and identification
of critical structures is challenging, but to define tumor margins more
accurately, this technique could be combined with the optical tissue
sensing by DRS or fluorescence-guided technique.

The study as presented here has some limitations, like the number of
patients we were able to include over time due to the low incidence of

STS. In addition, this study only included patients scheduled for lapar-
otomy. The combination of these two factors makes is difficult to prove
the added value of surgical navigation for this specific (tumor) group with
sufficient patients in a future randomized controlled trial. Thirdly, two out
of six surgeons were involved in the development of the navigation
technique, which is essential for an intuitive setup and workflow. How-
ever, these two surgeons were only involved in one of the presented
cases. Obviously, the current expansion of this technique to other hos-
pitals will allow further assessment of the functional and clinical usability
of abdominal navigation. Another limitation is the fact that the navigation
system has an accuracy to point exactly at an anatomical landmark in the
preoperative image of up to 4-6 mm?® which prevents using the naviga-
tion system for evaluation microscopic margins and affects the reliability
of the calculated distances of the tumor to critical anatomical structures
as presented in Table 2. However, these distances do reflect the “chal-
lenging” element of the resection due to close relations, rather than
precise measures. This system is only applicable in relatively rigid tumor
(s) to ensure the accuracy of the system. This means that as the resection
progresses and the tumor becomes more mobile, the error margin could
increase. However, this can be improved by adding accurate real-time
tumor tracking as published recently.* The final limitation is the lack of
major nerves delineations, which could be improved by adding an MRI
with a special nerve sequence to the preoperative imaging scheme.

The added value of this technique is the combination of loca-
lizing the tumor and strengthening the awareness of critical anato-
mical structures nearby, minimizing the often uncertain and
comprehensive exploratory surgeries. Whether surgical navigation
by itself is indeed leading to shorter OR time, fewer complications,
and better resection margins (therefore possibly a better oncological
outcome) compared to conventional surgery is hard to prove, for this
more comparative studies will be needed to use this technique as the
standard of care for challenging tumors.

Future prospects could be to further analyze how the surgeon
uses the navigation in detail by recording exactly when and for which
purpose the navigation is used. If we would track this, we would be
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able to display the navigation information in a more intuitive way,
tailored to the structure of interest. However, this study does show
that there is potential for novel navigation techniques possibly im-

proving surgical quality for sarcoma in specific cases.

5 | CONCLUSION

In conclusion, electromagnetic surgical navigation assisted in the
resection of challenging STS cases without technical or safety issues.
This technique can be used in the resection of smaller, relatively rigid

recurrent and/or pretreated intra-abdominal or pelvic STS, closely

related to critical anatomical structures, to improve surgical quality.
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