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Abstract
Background Anatomic and surgical complexity make
pelvic and sacral bone sarcoma resections challenging.
Positive surgical margins are more likely to occur in
patients with pelvic and sacral bone sarcomas than in those
with extremity sarcomas and are associated with an in-
creased likelihood of local recurrence. Intraoperative nav-
igation techniques have been proposed to improve surgical
accuracy in achieving negative margins, but available ev-
idence is limited to experimental (laboratory) studies and
small patient series. Only one small historically controlled

study is available. Because we have experience with both
approaches, we wanted to assess whether navigation
improves our ability to achieve negative resection margins.
Questions/purposes Are navigated resections for pelvic
and sacral primary bone sarcomas better able to achieve
adequate surgical margins than nonnavigated resections?
Methods Thirty-six patients with pelvic or sacral sarcomas
treated with intraoperative navigation were retrospectively
compared with 34 patients undergoing resections without
navigation. All patients underwent resections between
2000 and 2017 with the intention to achieve a wide margin.
Patients in the navigation group underwent surgery be-
tween 2008 and 2017; during this period, all resections of
pelvic and sacral primary bone sarcomas with the intention
to achieve awidemargin were navigation-assisted by either
CT fluoroscopy or intraoperative CT. Patients in the control
group underwent surgery before 2008 (when navigation
was unavailable at our institution), to avoid selection bias.
We did not attempt to match patients to controls. Non-
navigated resections were performed by two senior ortho-
paedic surgeons (with 10 years and > 25 years of
experience). Navigated resections were performed by a
senior orthopaedic surgeon with much experience in sur-
gical navigation. The primary outcome was the bone
and soft-tissue surgical margin achieved, classified by a
modified Enneking system. Wide margins ($ 2 mm) and
wide-contaminated margins, in which the tumor or its
pseudocapsule was exposed intraoperatively but further
tissue was removed to achieve wide margins, were con-
sidered adequate; marginal (0-2 mm) and intralesional
margins were considered inadequate.
Results Adequate bone margins were achieved in more
patients in the navigated group than in the nonnavigation
group (29 of 36 patients [81%] versus 17 of 34 [50%]; odds
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ratio, 4.14 [95% CI, 1.43-12.01]; p = 0.007). With the
numbers available, we found no difference in our ability to
achieve adequate soft-tissue margins between the naviga-
tion and nonnavigation group (18 of 36 patients [50%]
versus 18 of 34 [54%]; odds ratio, 0.89 [95% CI,
0.35-2.27]; p = 0.995).
Conclusions Intraoperative guidance techniques im-
proved our ability to achieve negative bony margins when
performing surgical resections in patients with pelvic and
sacral primary bone sarcomas. Achieving adequate soft-
tissue margins remains a challenge, and these margins do
not appear to be influenced by navigation. Larger studies
are needed to confirm our results, and longer followup of
these patients is needed to determine if the use of naviga-
tion will improve survival or the risk of local recurrence.
Level of Evidence Level III, therapeutic study.

Introduction

The aim of surgery to treat bone sarcomas is to completely
excise the tumor with negative margins while preserving as
much normal tissue as possible. Preserving muscle, bone,
and neurovascular structures may improve the surgeon’s
ability to achieve good reconstruction and reduce the
likelihood of complications, thereby improving short- and
long-term functional outcomes [1, 30]. Achieving wide
surgical margins in the pelvis is challenging, and pelvic
tumors are more likely to result in positive surgical margins
than extremity tumors are [4, 12, 13, 24, 25]. Local re-
currence occurs in 20%-40% of patients overall, and in
those with positive margins, this number increases up to
70%, resulting in an increased risk of local recurrence and
perhaps metastasis [4, 12, 13, 24, 25]. Neoadjuvant che-
motherapy or radiotherapy may be used to increase the
likelihood of adequate resection or treat positive surgical
margins in some types of sarcomas, but it is considered less
effective for treating chondrosarcomas and chordomas,
which are the predominant tumor types in adults with
pelvic and sacral sarcomas.

Intraoperative guidance techniques such as computer-
assisted surgery may be useful in achieving wide margins
during tumor resections, and thus may assist in improving
oncologic outcomes. Computer-assisted surgery allows for
three-dimensional preoperative planning of resection and
reconstruction procedures. Intraoperatively, there is real-
time feedback for the actual location and orientation, which
allows for more precision [27, 30].

Available evidence about the putative benefits of
computer-assisted surgery in resections for pelvic and
sacral bone sarcomas are somewhat limited, consisting
principally of experimental (laboratory) studies and
small patient series [2, 5, 7, 16, 20, 22, 26, 30]. Only one
small historically controlled study [19] comparing nine

navigated resections for sacral and pelvic tumors with 12
nonnavigated resections is available. Although these
studies have shown generally consistent results, with
more accurate osteotomies, fewer intralesional resec-
tions, and increased benefits to the patient in terms of
reduced operating time, less blood loss, and fewer com-
plications [2, 5, 7, 16, 19, 20, 22, 26, 30], they either do
not have a control group and/or have small cohorts. To
our knowledge, there has been no large and well-
performed, controlled study of navigated oncologic
resections in the pelvis.

We therefore asked: are navigated pelvic and sacral
primary bone sarcoma resections better able to achieve
adequate surgical margins than nonnavigated resections?

Patients and Methods

We retrospectively studied patients undergoing resection
of a primary pelvic or sacral bone sarcoma between 2000
and 2017. Our institutional review board reviewed and
approved this study. All data were collected as part of
routine patient followup examinations; therefore, the ethi-
cal review board waived the need to obtain individual in-
formed consent.

Patients were identified in an intuitional database. Since
2008, computed-assisted surgery using CT fluoroscopy has
been used for bone sarcoma resections at our institution;
since 2015, intraoperative CT-based navigation has
replaced CT fluoroscopy. Computer-assisted surgery was
indicated for all patients presenting with a primary malig-
nant pelvic or sacral bone sarcoma in a curative setting.
Patients were eligible for inclusion if they had a pelvic or
sacral primary malignant bone sarcoma and underwent
resection with the intention to achieve a wide margin.
Patients presenting with recurrent disease after a previous
resection were excluded. Patients were included in the
navigation group if computer-assisted surgery, either CT
fluoroscopy or intraoperative CT-based surgery, was used
with the intention to achieve a wide resection. Patients in
the control group were selected from 2000 to 2008 because
surgical navigation was not available at that time at our
institution. One hundred four resections of primary pelvic
and sacral bone sarcomas were performed. Twenty-four
patients underwent debulking or intralesional curettage of
low-grade chondrosarcomas and were excluded. In 10
patients—four who underwent intraoperative CT-based
surgery and six who underwent CT fluoroscopy-based
surgery—there were technical problems with the naviga-
tion software. These resections were performed without
navigation and these patients were also excluded from the
analysis. The remaining 70 patients were included in this
study: 36 with surgical navigation and 34 without navi-
gation (Fig. 1).
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Two senior orthopaedic oncologic surgeons (PDSD,
who has 10 years of experience in pelvic surgery, and
AHMT, who has more than 25 years of experience in
pelvic surgery) performed the nonnavigated resections.
The navigated resections were all performed by a single
surgeon (PDSD) who is experienced in using this tech-
nique. He developed experience in surgical navigation
first by practicing on sawbone models and cadavers. He
performed more than 10 navigated spondylodesis pro-
cedures of the spine and resected at least 10 benign
tumors of the pelvis and sacrum before performing nav-
igated resection in patients with primary malignant bone
sarcoma.

Data on patient demographics, tumor characteristics,
(neo)adjuvant treatment, surgery details, and complica-
tions were extracted from the patients’ medical records.
The mean age was 43 years 6 16.3 for patients in the
navigation group versus 42 years 6 18.9 in the non-
navigation group (p = 0.748). No differences in the mean
tumor size between the groups were observed (9.0 cm 6
4.4 for the navigation group versus 9.1 cm 6 3.4 for the
nonnavigation group (p = 0.923). In the navigation group,
the most prevalent type of sarcoma was chondrosarcoma
(in 21 of 36 patients [58%]), followed by osteosarcoma
(seven of 36 patients [19%]), chordoma (five of 36 patients
[14%]), and Ewing’s sarcoma (two of 36 patients [6%]). In
the nonnavigation group, the most prevalent type of sar-
coma was chondrosarcoma (in 20 of 34 patients [59%]),
followed by Ewing’s sarcoma (nine of 34 patients [27%]),
chordoma (three of 34 patients [9%]), and osteosarcoma
(two of 34 patients [6%]). No difference between the
groups with regard to tumor type were observed (p =
0.069). The tumor grade also did not differ between the
groups: 22 of the 36 patients in the navigation group [61%]
had high-grade tumors, seven [19%] had intermediate-
grade tumors, and seven [19%] had low-grade tumors; 18

of the 34 patients [53%] in the nonnavigation group had
high-grade tumors, 14 [41%] had intermediate-grade
tumors, and two [6%] had low-grade tumors (p = 0.065)
(Table 1). In both groups, all patients presenting with an
osteosarcoma or Ewing’s sarcoma received neoadjuvant
chemotherapy. In the navigation group, four patients re-
ceived radiation therapy, and in one, it was given pre-
operatively. In the nonnavigation group, seven patients
received radiation therapy, and in one, it was given pre-
operatively. In all patients who had radiation, a dose of 54
or 55 Gy was administered. Resections were classified
from P1 to P4 or a combination [9]. P1 resections involved
the ilium; P2 resections involved the periacetabular
regions, with or without involvement of the femur; P3
resections involved the pubis; and P4 resections involved
the sacrum. No differences in the type of resection were
observed between the groups (p = 0.434).

Preoperative Planning

All patients were treated with the intention to achieve a
wide bone and soft-tissue resection margin. All patients
underwent routine diagnostic workup, including biopsy
(if indicated) and CT and MRI scanning with gadolinium.
Treatment plans and decisions regarding (neo)adjuvant
chemotherapy and/or radiation therapy were discussed
at a multidisciplinary tumor board meeting for each pa-
tient. If navigation was used, preoperatively acquired CT
and MR images were fused (Fig. 2A-2D), allowing for an
accurate three-dimensional model of the tumor that cor-
related with the patient’s anatomy during surgery. Images
were used before surgery to plan margins and, if needed,
reconstruction.

Intraoperative Navigation

Image-to-patient registration is the most-crucial step, in
which the patient’s anatomy is linked to preoperatively
acquired imaging data. There are three registration meth-
ods in general. The most common registration method is
manual, in which important predefined anatomical land-
marks on the preoperative image dataset are located as
accurately as possible on the patient during surgery, using a
probe or pen (paired points matching). Accuracy is further
improved by collecting more points from the patient’s bone
surface (surface matching) [26, 27].

Subsequent CT fluoroscopy matching allowed for
semiautomatic registration. Fluoroscopic images (AP and
lateral) taken intraoperatively were superimposed on the
preoperative CT images. After manual image adjustment,
they were displayed on the navigation monitor. Registra-
tion can also be performed automatically, in which

Fig. 1 This flowchart shows how patients were included in our
study.
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matching is done using intraoperative CT-based naviga-
tion. The use of intraoperative CT improves the workflow
and allows for intraoperative updates and, if needed,
change of the plan [27, 30].

CT Fluoroscopy-based Navigation

For CT fluoroscopy navigation, we used a mobile C-arm
(Philips BV, Eindhoven, the Netherlands) combined with a
navigation platform (Curve™ Image Guided Surgery,
Brainlab AG, Feldkirchen, Germany).

Intraoperative CT-based Navigation

For intraoperative CT-based navigation, we used a mobile
AIRO® CT scanner (Mobius Imaging, Ayer, MA, USA)
with spinal navigation software (Curve™ Brainlab AG,

Feldkirchen, Germany). The AIRO scanner consists of a
mobile CT gantry with a radiography tube. It is designed to
function in any operating room and can be moved using an
electrical drive system.With a 105-cm diameter, the bore is
extra-large. Surgery is performed on a radiolucent, carbon-
fiber CT examination table (TRUMPF TruSystem 7500,
Trumpf Inc., Farmington, CT, USA) that can be turned in
any direction greater than 360°. The entire setup has a 1.5-
m2 footprint (Fig. 3A-3C).

Intraoperative Navigation and Surgical Resection

Standard surgical approaches were used, and soft-tissue
dissection was performed. Next, stable attachment of a
navigation tracking tree, with two 2.8-mm pins fixed to
the iliac wing or a clamp to the spinous process, was
performed. Image-to-patient registration was done using
two-dimensional fluoroscopic images or intraoperative

Table 1. Demographics of the study groups

Variable Total
Nonnavigation
(2000-2008)

Navigation (CT fluoroscopy or
intraoperative CT-based) p value

n 70 34 36

Male (%) 42 (59) 22 (65) 20 (56) 0.495

Age, years (mean 6 SD) 43 (18) 42 (19) 43 (16) 0.748

Type of primary bone sarcoma (%)

Osteosarcoma 9 (13) 2 (6) 7 (19) 0.069

Chondrosarcoma 41 (58) 20 (59) 21 (58)

Ewing sarcoma 11 (16) 9 (27) 2 (6)

Chordoma 8 (11) 3 (9) 5 (14)

Other 1 (2) 0 (0) 1 (3)

Tumor grade (%) 0.065

Low 9 (13) 2 (6) 7 (19)

Intermediate 21 (30) 14 (41) 7 (19)

High 40 (57) 18 (53) 22 (61)

Location of primary tumor (%)

Pelvis 53 (76) 28 (82) 25 (69) 0.233

Sacrum 17 (24) 6 (18) 11 (31)

Tumor size, cm (mean 6 SD) 9.0 (3.9) 9.1 (3.4) 9.0 (4.4) 0.923

Type of resection (%)

P1 12 (17) 4 (12) 8 (22) 0.434

P1-2 10 (14) 7 (20) 3 (8)

P1-2-3 8 (11) 4 (12) 4 (11)

P1-4 3 (4) 1 ( 3) 2 (6)

P1-2-4 1 (2) 0 (0) 1 (3)

P2 8 (11) 6 (17) 2 (6)

P2-3 5 (7) 2 (6) 3 (8)

P3 7 (10) 4 (12) 3 (8)

P4 16 (23) 6 (17) 10 (29)
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CT-based scanning (5-10 minutes). The operating room
personnel stood behind a radiography protection screen,
and an on-call radiology technician performed the scanning
(Fig. 3B). The acquired imaging data were automatically
transferred to DICOM and navigation software. A navi-
gated pointer was used to validate the registration. A reg-
istration error of less than 1mmwas considered acceptable.
All osteotomies were performed using a navigated oscil-
lating saw or chisel (Fig. 4).

Resection planes of the nonnavigated resections were
based on preoperative plain radiographs, CT images, and
MR images. During the operation, we determined the site
of the osteotomies using measurements from landmarks
that were based on the preoperative imaging data.

After resection, the specimens were sent for a histo-
pathological analysis, including assessment of the surgical
margin. In the navigation group, 25 of the 36 patients
[69%] underwent reconstruction after resection, of whom
12 had an endoprosthesis, eight had spongiosaplasty with
the TSRH 3D® (Medtronic Sofamor Danek, Minneapolis,
MN, USA), and five had reconstructions using an autograft
or allograft. In the nonnavigation group, 28 of the 34
patients (82%) underwent reconstruction after resection, of
whom 13 had an endoprosthesis, two underwent surgery
using a TSRH 3D® with spongiosaplasty, and 13 un-
derwent reconstruction using an autograft or allograft. The
mean total blood loss, accurately measured by an anes-
thesiologist, was similar in both groups: 2270ml6 2160 in
the navigation group versus 2740 ml 61660 in the non-
navigation group (p = 0.308). Operating time, measured
from the start of incision to closure of the wound, was also
similar in both groups: 352 min 6 195 in the navigation
group versus 333 min 6 126 in the nonnavigation group
(p = 0.73).

Major complications were defined by the need for
reintervention or a prolonged hospital stay. Fourteen of the
36 patients (39%) in the navigation group had major
complications, mainly wound infections resulting in rein-
tervention (10 patients; 71%). Other complications were
neurapraxia in one patient (7%), acute renal failure in one
(7%), iatrogenic fracture in one (7%), and two surgical
sponges were left in the wound that resulted in reoperation
in one (7%). None of these complications were thought to
be caused by surgical navigation nor were they thought to
be complications that could have been avoided using sur-
gical navigation. They were all directly related to the tumor
resection itself or reconstruction of the bone and soft-tissue
defect. In the nonnavigation control group, 13 of the 34
patients (38%) had major complications; the most common
were wound infections that indicated surgery (seven
patients [54%]). Other complications consisted of neu-
rapraxia in four patients (31%), excessive bleeding that was
examined a second time the next day in one (8%), and
screws in the sacral canal that impinged on the nerve roots

Fig. 2 These images show preoperative surgical planning for
tumor resection in a 34-year-old woman with a Grade II
chondrosarcoma in the periacetabular region of the right side
of the pelvis. (A) Preoperative MR images demonstrate a high-
grade tumor in the right periacetabular region. (B) Computer
screenshots of the navigation software show fusion of the MRI
(orange) and CT scans (blue). (C) This screen image from the
navigation system shows themapped tumor in orange and the
planned safety margin in blue, in three planes (clockwise from
top left: three-dimensional reconstruction in the transverse,
sagittal, and coronal planes). (D) This image shows the plan-
ning of a LUMiC® prosthesis (Implantcast, Buxtehude, Ger-
many). The LUMiC® prosthesis is a modular device and consists
of a separate cup and stem, both available in different sizes
andwith different coatings. An AP radiograph after navigation-
assisted LUMiC® endoprosthetic pelvic reconstruction after
resection is shown.
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in one patient (8%). The proportion of major complications
was similar between the navigation and nonnavigation
groups: 53% versus 47% (odds ratio [OR], 1.03 [95% CI,
0.39-2.69]; p = 0.955). Followup included imaging of the
local site and chest every 3 months postoperatively for 2
years followed by every 6 months for 3 years.

Outcome Measures

Surgical margins were evaluated from two areas, the bone
and soft tissue, for each patient. Margins were determined

by a pathologist (AHGC) using surgical specimens. Bone
margins were assessed at the osteotomy and soft-tissue
margins at the circumferential soft tissue. All bone and
soft-tissue surgical margins were histologically defined
based on the worst margin according to a modified
Enneking’s classification [10] into widemargins in patients
with en bloc resectionwith a cuff of normal tissue of at least
2 mm, marginal margins in patients with viable tumor cells
within 2 mm of the resection plane or a resection plane
through the reactive zone, intralesional margins when tu-
mor cells were present in the resection plane, and wide-
contaminated if the tumor or its pseudocapsule was

Fig. 3 This figure shows the general set up of the AIRO® scanner in our operating room during surgery and intraoperative CT-based
scanning. (A) This demonstrates the schematic setup of intraoperative CT-based navigation during the procedure. (B) This dem-
onstrates the schematic setup of the intraoperative CT position during scanning. (C) This picture was made during a procedure in
which intraoperative CT-based navigation was used.
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exposed intraoperatively but further tissue was removed to
achieve wide margins. If the pathology report was in-
conclusive about either the bone or soft-tissue surgical
margin or provided no information regarding the minimal
margin, a senior pathologist who specializes in bone
tumors (AHGC) reviewed the report and tissue slices and
assigned a margin status. For analysis, wide and wide-
contaminated margins were considered adequate, and
marginal or intralesional margins were considered in-
adequate [3, 17, 21, 23].

Because we were primarily interested in how navigation
affects the bony and soft-tissue surgical margins, we did
not examine oncologic outcomes in this study.

Statistical Analysis

Patient characteristics were compared using the Mann-
Whitney U test for continuous variables and the chi-square
test for categorical variables. ORs with corresponding 95%
CIs are provided. A p value < 0.05 was considered signifi-
cant. For all analyses, IBM SPSS Statistics for Windows,
version 23.0 (IBM Corp., Armonk, NY, USA) was used.

Results

Adequate bone margins were achieved in a higher number
of patients in the navigated group than in the nonnavigation
group (28 of 36 patients [81%] versus 17 of 34 patients
[50%]; OR, 4.14 [95% CI, 1.43-12.01]; p = 0.03). In the
navigation group, the bone margin was wide in 28 of 36
patients (78%), wide-contaminated in one (3%), marginal
in three (8%), and intralesional in four (11%). In the non-
navigation group, the bone margin was wide in 16 of 34
patients (47%), wide-contaminated in one (3%), marginal
in eight (24%), and intralesional in nine (26%) (Table 2).
With the numbers available, we found no difference in the
ability to achieve adequate soft-tissue margins between the
navigated and nonnavigation groups (18 of 36 patients
[50%] versus 18 of 34 [54%]; OR, 0.89 [95% CI,
0.35-2.27]; p = 0.995). However, fewer intralesional soft-
tissue margins were observed in the navigation group than
in the nonnavigation group (two of 36 patients [6%] versus
eight of 34 [23%]; OR, 0.19 [95% CI, 0.04-0.98]; p =
0.032) (Table 2). In the navigation group, seven inadequate
margins were observed. In three patients, proximity to the
nerves, which were not visible on preoperative images,

Fig. 4 This shows the schematic workflow for computer-assisted orthopaedic surgery.
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made wide resection impossible. We might have prevented
this by using better-quality imaging data and thinner slides.
Furthermore, all three tumors originated in the sacrum.
There was one wide-contaminated margin. A no-touch
technique, in which aGigli saw is used instead of a chisel or
saw, might have prevented this.

Discussion

Pelvic and sacral bone sarcoma resections are challenging
because of anatomic and surgical complexity. Inadequate
surgical margins are more likely to result in inadequate
surgical margins in the extremities, which is likely asso-
ciated with a higher risk of local recurrence. This may
have a major impact on the oncologic outcome, especially
in patients with chondrosarcomas, for which surgical re-
section is frequently the preferred treatment option.
Computer-aided surgery could assist in achieving higher
surgical accuracy and thus improve the oncologic outcome.
Available evidence, although promising, is limited to ex-
perimental (laboratory) studies and small patient series.

Only one small historically controlled study [19] compar-
ing nine navigated and 12 nonnavigated pelvic resections is
available (Table 3). We showed that navigation improved
our ability to achieve tumor-free bony resection margins in
our patients compared with patients in whom navigation
was not used, but no differences in the ability to achieve
adequate soft-tissue margins were observed.

This study had a number of limitations. First, while we
reported a relatively large cohort of patients who un-
derwent navigated resection for pelvic and sacral primary
bone sarcomas, the subgroups were small, and we cannot
ensure that our finding of no difference between the
groups in baseline characteristics such as tumor type,
tumor grade, and type of pelvic resection does not
reflect a Type II error.

Second, because we only included patients undergoing
resection with the intention to achieve a wide margin, and
because pelvic sarcomas are relatively rare, we did not
enroll a large number of patients during the study period.
Furthermore, different surgeons might disagree about
whether a procedure will result in a wide margin. This
might have resulted in a selection bias. However, a large

Table 2. Outcome measures for each of the study groups

Variable Total n (%)
Nonnavigation

(2000-2008) n (%)
Navigation (CT fluoroscopy or
intraoperative CT-based) n (%) p value

n 70 34 36

Surgical margin—bone*

Classified by Enneking 0.025

Wide 43 (61) 16 (47) 28 (78)

Wide contaminated† 0 (0) 1 (3) 1 (3)

Marginal 16 (23) 8 (24) 3 (8)

Intralesional 11 (16) 9 (26) 4 (11)

Dichotomized‡

Adequate 43 (61) 17 (50) 29 (81) 0.007

Inadequate 27 (38) 17 (50) 7 (19)

Surgical margin—soft tissue*

Classified by Enneking 0.102

Wide 34 (49) 17 (51) 17 (47)

Wide contaminated† 2 (3) 1 (3) 1 (3)

Marginal 24 (34) 8 (23) 16 (44)

Intralesional 10 (14) 8 (23) 2 (6)

Dichotomized‡ 0.995

Adequate 36 (51) 18 (54) 18 (50)

Inadequate 34 (49) 16 (46) 18 (50)

*Surgical margins were evaluated from two areas, the bone and soft-tissue, for each patient. Bone margins were assessed at the
osteotomy site and soft-tissue margins were evaluated at the circumferential soft tissue.
†Wide-contaminated: if the tumor or its pseudocapsule was exposed intraoperatively but further tissue was removed to achieve
wide margins.
‡Wide and wide-contaminated margins were considered adequate, and marginal or intralesional margins were considered
inadequate.
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Table 3. Overview of previous studies comparing navigated and nonnavigated pelvic resections

Authors Study design Study period
Followup
(months) Patient population Navigation system Results

Abraham et al. (2] Case series 2009-2015 27 (12-52) Sample size: 23 13 pelvic tumors
10 sacral tumors Type: 2 x OS,
8 x CS, 3 x ES, 6 x chordoma, 4
other Navigation used in all
patients

Brainlab Kolibri
Medtronic O-arm

Margins: 21 of 23 negative 2
positive soft tissue margins
(sacrum) LR: 26%
Complication rate: 56%

Cartiaux et al. [5] Experimental NA NA Sample size: 156 osteotomies
Type: pelvic sawbones

Praxim Surgetics
navigation system

Accuracy: 2.8-mm error for
navigated versus 5.2-mm
error for nonnavigated cuts
compared with planned
resection

Cho et al. [7] Case series 2005-2008 48 (22-79) Sample size: 10 7 pelvic tumors 3
sacral tumors Type: 2 x OS, 5 x
CS, 3 x ES

CT-based spinal
navigation

Margins: 100% negative 3 x
marginal (sacrum) LR: 22%
(pelvic)

Jeys et al. [17] Case series 2010-2012 13 (3-24) Sample size: 31 20 pelvic tumors
11 sacral tumors Type: 23
primary bone sarcomas, 4
metastatic lesions, 4 rectum
tumors

Orthomap 3D Margins: 91.3% negative 71%
negative without navigation
LR: 13% Complications: 32%
Duration of surgery: 260
minutes

Laitinen et al. [19] Case control 1987-2015 Overall: 45
Case: 23

Control: 61

Sample size: Navigated: 9
Nonnavigated: 12 Type:
iliosacral bone tumors (OS, CS,
ES) 12 high-grade in
nonnavigation group versus 5
in navigation group

Orthomap 3D Margins: 100% negative in
navigation group versus 75%
negative in nonnavigation
group LR: 22% in mavigation
group versus 50% in
nonnavigation group
Complication rate: 33.3% in
the navigation group versus
33.3% in the nonnavigation
group Blood loss: 1170 ml in
navigated versus 2800 ml for
nonnavigated resections (p =
NS) Duration of surgery 190
minutes for navigated versus
355 minutes for
nonnavigated resections (p =
NS)

Ould-Slimane
et al. [20]

Case series 2014 NA Sample size: 6 Type: pelvic
resections (2 x CS, 1 x
chordoma, 1 x sarcoma, 1 x
nonunion, 1 x GCT)

Medtronic O-arm Margins: 100% negative
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cohort was presented, and we therefore feel that our study
groups adequately represent the general population.

Third, the tumor location and type of reconstruction, if
any, strongly influence the total blood loss, operating time,
and proportion of complications. Because we only had data
on the total operating time and blood loss, including those
of reconstruction, we were not able to adequately assess
differences in blood loss, complications, and operating
time between the groups.

Fourth, we attempted to avoid selection bias by select-
ing control patients who underwent surgery when surgical
navigation was not available at our institution. When sur-
gical navigation was available, it was used for all patients
presenting with a primary pelvic or sacral tumor in which
the aim was to achieve a wide margin. In 10 patients, there
were technical problems with the navigation software,
which caused us to switch to nonnavigated resection.
Twenty-four patients presenting with primary malignant
tumors underwent debulking or intralesional curettage;
these patients were excluded from this study. Because it is
unlikely that a randomized study will be performed, we
think that our group of patients treated with resection for
similar tumor types before we began using navigation
serves as a reasonable comparison.

Fifth, all nonnavigated resections were performed by
two senior orthopaedic oncology surgeons who specialize
in pelvic surgery. The potential differences in experience
between the surgeons could have influenced the results.
Most nonnavigated resections were performed by AHMT,
who was at that time at the end of his learning curve and
retired during the study period. All navigated resections
were performed by one experienced senior orthopaedic
surgeon (PDSD). Research by Farfalli et al. [11] shows that
surgical time decreases as surgeons perform more navi-
gated procedures. This learning curve might have influ-
enced the operating time and therefore the results.
However, this surgeon had much experience with surgical
navigation for spondylodesis of the spine and benign tumor
resections, and was familiar with the software before per-
forming navigated resections for malignant bone sarcomas.
Therefore, we feel that we minimized the risk of the
learning curve because the surgeon was highly familiar
with surgical navigation. Even though differences between
the surgeons could have influenced the results, all resec-
tions were performed by experienced surgeons with more
than 10 years of experience; therefore, we believe our study
groups adequately represent the general population.

Sixth, in our study, wide and wide-contaminated mar-
gins were considered adequate. The definition of an ade-
quate margin differs among tumor types and grades. For a
low-grade chondrosarcoma, a marginal resection could be
considered adequate, especially in the extremities, whereas
for grade 2 or 3 chondrosarcomas, a 4-mm margin (or at
least more than 2 mm) is advised to reduce the risk of localTa
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recurrence [23]. For a high-grade osteosarcoma, a wide
margin (classified as > 2 mm) is prognostic for local
recurrence-free survival [17]. Furthermore, in patients with
Ewing’s sarcoma, the local recurrence rate and event-free
survival in patients with or without distant metastasis is
better after wide resection than after marginal or intrale-
sional resections [3, 21]. Research showed that only wide
surgical margins are associated with improved oncologic
outcomes and less local recurrence of most tumor types.
Wide-contaminated margins, in which the tumor or its
pseudocapsule is exposed intraoperatively but further tis-
sue is removed to achieve wide margins, were also con-
sidered adequate. The aim of our study was to assess our
ability to achieve a wide margin using a certain technique;
therefore, wide-contaminated margins were considered
adequate. If the aim was to study the oncologic outcome
and survival, a wide-contaminated margin should not have
been considered adequate.

Finally, the short followup period for patients who un-
derwent intraoperative CT-assisted resections and the wide
variety of patient diagnoses, treatments, and ages in-
evitably resulted in missing information on clinical out-
comes. However, the aim of this study was to assess our
ability to achieve a negative margin in navigated and
nonnavigated resections to treat pelvic and sacral primary
bone sarcomas, and research showed that wide margins are
associated with improved oncologic outcomes in most tu-
mor types [3, 17, 21, 23]. For a true reflection of the on-
cologic outcome, long-term followup data are required
for a range of tumor types and stages. Only then will we
know the true effect of computer-assisted surgery.

The use of navigation during surgery resulted in a higher
number of patients with adequate bony surgical margins.
No differences in adequate soft-tissue margins were ob-
served between the groups; however, we observed fewer
intralesional soft-tissue margins with the use of navigation
than without.

Computer-aided surgery for pelvic resections was first
reported by Krettek et al. [18] and Hufner et al. [14]. They
concluded that computer-aided surgery may increase ac-
curacy in tumor resections involving anatomic and surgical
complexity. Computer-aided surgery further evolved be-
cause of Wong et al. [28, 29], who described CT and MRI
fusion in navigated tumor surgery. Two experimental
studies showed improved bone cutting accuracy during
pelvic resection using surgical navigation. Sternheim et al.
[22] found that osteotomies using navigation within 5 mm
of the planned cut resulted in a negative margin in more
than 95% of the cuts. Cartiaux et al. [5] showed a mean
location accuracy of 2.8 mm from the target plane using
navigation and no intralesional cuts. These results imply
that with a decrease in error, removal of less normal bone
may be possible while achieving negative bony margins,
which may translate to better reconstruction possibilities.

Laitinen et al. [19] presented the first historically controlled
study comparing nine navigated and 12 nonnavigated
pelvic resections. In the navigation group, no intralesional
margins and 22% local recurrence were observed, versus
three intralesional margins (25%) and 50% local recurrence
in the nonnavigation group. The authors also noted less
intraoperative blood loss and reduced surgical time in the
navigation group. Several studies used local recurrence as
an endpoint (Table 3). However, surgical navigation is a
relatively new technique; therefore, long-term followup
data to assess oncologic outcomes are not available from
any center we know of to date, which questions the strength
of these conclusion. The use of navigation does not guide
or help to achieve more adequate soft-tissue margins.
However, better visualization during surgery could con-
tribute to the lower proportion of intralesional soft-tissue
margins observed in this study. Compromised soft-tissue
margins are considered a poor independent prognostic
factor, and most local recurrences occur in the soft tissue
(margin) and not in osteotomy [7, 11, 15, 26].

We showed that computer-aided surgery improved our
ability to achieve adequate margins during bony resections
in patients with pelvic and sacral bone sarcomas. Achiev-
ing adequate soft-tissue margins remains a challenge, and
we could not determine whether patients in whom sarco-
mas are resected using navigation will have reduced local
recurrence rates or improved survival. Computer-aided
surgery could also aid in pelvic reconstruction by facili-
tating allograft planning and three-dimensional printed
endoprostheses, although we did not evaluate this in the
current study [6, 8, 27]. Prospective multicenter studies
with long-term followup are needed to further investigate
the potential benefits of this promising technique.
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