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Abstract

Background Computer navigation during surgery can

help oncologic surgeons perform more accurate resections.

However, some navigation studies suggest that this tool

may result in unique intraoperative problems and increased

surgical time. The degree to which these problems might

diminish with experience–the learning curve–has not, to

our knowledge, been evaluated for navigation-assisted

tumor resections.

Questions/purposes (1) What intraoperative technical

problems were observed during the first 2 years using

navigation? (2) What was the mean time for navigation

procedures and the time improvement during the learning

curve? (3) Have there been any differences in the accuracy

of the registration technique that occurred over time? (4)

Did navigation achieve the goal of achieving a wide bone

margin?

Methods All patients who underwent preoperative virtual

planning for tumor bone resections and operated on with

navigation assistance from 2010 to 2012 were prospec-

tively collected. Two surgeons (GLF, LAA-T) performed

the intraoperative navigation assistance. Both surgeons had

more than 5 years of experience in orthopaedic oncology

with more than 60 oncology cases per year per surgeon.

This study includes from the very first patients performed

with navigation. Although they did not take any formal

training in orthopaedic oncology navigation, both surgeons

were trained in navigation for knee prostheses. Between

2010 and 2012, we performed 124 bone tumor resections;

of these, 78 (63%) cases were resected using intraoperative

navigation assistance. During this period, our general

indications for use of navigation included pelvic and sacral

tumors and those tumors that were reconstructed with

massive bone allografts to obtain precise matching of the

host and allograft osteotomies. Seventy-eight patients

treated with this technology were included in the study.

Technical problems (crashes) and time for the navigation

procedure were reported after surgery. Accuracy of the

registration technique was defined and the surgical margins

of the removed specimen were determined by an experi-

enced bone pathologist after the surgical procedure as

intralesional, marginal, or wide margins. To obtain these
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data, we performed a chart review and review of operative

notes.

Results In four patients (of 78 [5%]), the navigation was

not completed as a result of technical problems; all

occurred during the first 20 cases of the utilization of this

technology. The mean time for navigation procedures

during the operation was 31 minutes (range, 11–61 min-

utes), and the early navigations took more time (the

regression analysis shielded R2 = 0.35 with p\ 0.001).

The median registration error was 0.6 mm (range, 0.3–

1.1 mm). Registration did not improve over time (the

regression analysis slope estimate is �0.014, with

R2 = 0.026 and p = 0.15). Histological examinations of

all specimens showed a wide bone tumor margin in all

patients. However, soft tissue margins were wide in 58

cases and marginal in 20.

Conclusions We conclude that navigation may be useful

in achieving negative bony margins, but we cannot state

that it is more effective than other means for achieving this

goal. Technical difficulty precluded the use of navigation

in 5% of cases in this series. Navigation time decreased

with more experience in the procedure but with the num-

bers available, we did not improve the registration error

over time. Given these observations and the increased time

and expense of using navigation, larger studies are needed

to substantiate the value of this technology for routine use.

Level of Evidence Level IV, therapeutic study.

Introduction

Computer assistance and navigation-based surgical tech-

niques have been recently introduced in orthopaedic

oncology to assist orthopaedic oncology operations. This

surgical assistance is becoming more frequently used in

limb salvage surgery to preserve as much host tissue as

possible without compromising tumor margins and may

help surgeons perform more accurate resections [11, 15,

16, 18]. However, previous reports about navigation in

trauma and arthroplasty have suggested that computer

assistance techniques do not improve patient-reported

outcomes and that these techniques add surgical time [6, 8,

13, 20]. Intraoperative problems and increased surgical

time might be expected with the adoption of new tech-

nology, and a learning curve may apply to surgeons who

attempt new methods like navigation [1, 12, 17].

In recent years, orthopaedic oncology surgeons have

begun to use computer-assisted surgery for bone tumor

resections [2]. The rationale for the use of this assistance is

that this technique may improve the accuracy of the

resections without adding radiation exposure with accept-

able increases in surgical time and with a low rate of

handling and operating room setting problems. These

advantages may make this technique a safer procedure for

the patient. However, the degree to which these problems

might diminish with experience–the learning curve–has

not, to our knowledge, been evaluated for navigation-as-

sisted tumor resections.

We therefore attempted to answer the following study

questions: (1) What intraoperative technical problems were

observed during the first 2 years using navigation? (2)

What was the mean time for navigation procedures and the

time improvement during the learning curve? (3) Have

there been any differences in the accuracy of the registra-

tion technique that occurred over time? (4) Did navigation

achieve the goal of achieving a wide bone margin?

Patients and Methods

This is a retrospective, single-center study that included the

initial experience of two surgeons (GLF, LAA-T) with

navigation. All of the participating surgeons are high-vol-

ume, fellowship-trained, academically based orthopaedic

oncology subspecialists. Before the start of the study, these

surgeons have been in practice for a median of 8 years

(range, 5–15 years) with more than 60 oncology cases per

year per surgeon. This series begins with the first navigated

bone tumor resection performed at this site. Before using

this technology, although neither surgeon took any formal

training in orthopaedic oncology navigation, both surgeons

were trained in navigation for knee prostheses and had

become familiar with the equipment. All preoperative

planning and the intraoperative technical support were

performed by the same person (LER), who was trained in

the navigation factory to provide software and hardware

support. All patients who had preoperative virtual planning

for bone tumor bone resections and treated by navigation

from 2010 to 2012 were prospectively collected for the

study and analyzed. Between 2010 and 2012, we performed

124 bone tumor resections; of these, 78 (63%) cases were

resected using intraoperative navigation assistance. During

this period, our general indications for use of navigation

included pelvic and sacral tumors and those tumors that

were reconstructed with massive bone allografts to obtain

precise matching of the host and allograft osteotomies.

Tumor diagnoses were malignant bone tumors in 65 cases

and benign locally aggressive bone tumors in 13 cases

(Table 1).

Seventy-eight patients treated with navigation for bone

tumor resections were included in the study. The mean age

of these patients was 33 years (range, 2–78 years). Forty-

three of the resections were performed in men and 35 in

women.
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All patients were followed for a minimum of 24 months

or until death. The mean followup was 31 months (range,

5–48 months). No patients were lost to followup. Staging

studies included plain radiographs, CT, and MRI. Preop-

erative diagnoses were made with needle biopsy.

After the preoperative studies were performed, the CT

and MRI were fused. Using MIMICS1 software (Materi-

alise, Leuven, Belgium), the affected bone was

reconstructed with the tumor and the osteotomies for tumor

resection were planned in an oncologic meeting. The vir-

tual surgical planning was imported back into a navigation

system (Stryker Navigation System II, Orthomap software

Version 1.0, Freiburg, Germany) [1]. One centimeter was

considered the minimum bone margin for malignant

tumors and 0.5 cm in benign or local aggressive tumors.

The Stryker navigation system was used in all cases. The

navigation computer was positioned opposite to the sur-

geon approximately 4 feet away from the patient. The

camera was located above the patient and directed down-

ward at 45�. After surgical exposure, two 3-mm Apex pins

were placed on the affected bone at least 3 cm away from

the programmed osteotomy line in an area not affected by

the tumor based on the preoperative planning. A navigation

tracker was fixed to the pins with the Stryker OrthoLock

System. An image-to-patient registration to match pre-

cisely the operative anatomy and preoperative virtual CT

images is performed by paired points (Fig. 1) and surface

points (Fig. 2). In terms of surgical steps, four or at least

three landmark points are identified in the affected bone

based on the surgical exposure and anatomic visible points.

Then, surface mapping of the bone is performed to reduce

any mismatch between preoperative images and the

patient’s anatomy using at least 50 surface registration

points in unaffected bone. After registration, the surgeon

must double-check with the navigation pointer if the sur-

face of the patient’s bone in real time correlates with the

virtual preoperative images. Afterward, using the naviga-

tion pointer, the osteotomies were marked on the bone

surface (Fig. 3). The directions of the bone cuts were

Fig. 1 This figure shows an image-to-patient registration to match precisely the operative anatomy and preoperative virtual CT images

performed by paired points.

Table 1. Number of cases according to tumor diagnosis

Diagnosis Number of cases

Chondrosarcoma 27

Osteosarcoma 25

Ewing’s sarcoma 5

Chondromyxoid fibroma 3

Osteoblastoma 3

Osteofibrous dysplasia 3

Bone metastasis 2

Malignant peripheral nerve sheath tumor 1

Adamantinoma 1

Leiomyosarcoma 1

Chondroblastoma 1

Chordoma 1

Fibrosarcoma 1

Aneurysmal bone cyst 1

Pleomorphic sarcoma 1

Giant cell tumor of bone 1

Phosphaturic mesenchymal tumor 1
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determined with the pointer and the osteotomies performed

with an oscillating saw [15].

To test the first research purpose, we defined technical

problems associated with navigation as those intraoperative

problems that made it impossible for the surgeon to per-

form the navigation. So in these cases, the surgeon must

continue the surgery without the assistance of navigation.

To evaluate this, we registered consecutively in all cases

those that we were not able to perform the navigation and

afterward we analyzed the problem and divided them into

hardware (malfunction of the system, tracker rupture, dis-

ruption of the infrared signal between the camera and the

surgical tools) or software problems (incompatibility

between the images and the navigation system, exceeding

the capacity of the programs). When these problems were

identified, we performed procedures to avoid them. Intra-

operative technical problems were classified as software

and hardware crashes and reported after each surgical

procedure.

To determine the time required for navigation proce-

dures in bone tumor resection using this technology, we

registered in all the procedures in this series the time

required for fixation of the device in the bone, registration,

marking, and performing the osteotomies.

We defined accuracy of the registration technique as the

correspondence between the fused images reconstructed in

a three-dimensional virtual platform in the preoperative

planning and the real anatomic region in the surgical field.

Intraoperative registration of the patient to the patient

images is the key step in the navigation process [18] and is

calculated by the navigation system software. These data

were obtained intraoperatively in the navigation system

after point and surface registration and were registered in

all the cases in which navigation was performed. Accuracy

of the registration technique was classified as good with

differences below 1 mm; if it exceeds this, the registration

was repeated.

Finally, specimen resection was analyzed by an expe-

rienced pathologist to determine bone and soft tissue

surgical margins. The existence of a normal soft tissue cuff

enveloping the tumor was checked before the specimen

was split with the saw to look at margins. The margins are

defined as intralesional (when the margins are compro-

mised by the tumor), marginal (when the margins are less

than 1 cm for malignant tumor and 5 mm for benign

tumors), or wide (when the margins are more than 1 cm for

malignant tumor and 5 mm for benign tumors).

Statistical Analysis

To assess whether the registration was improved and the

intraoperative navigation time decreased during the first

Fig. 2 This figure shows the surface refinement mapping of the

anatomic landmarks to reduce registration error.

Fig. 3 This figure shows how the planned osteotomies are marked in

the patient using a navigated pointer after adequate registration.
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2 years of using this technology, a linear regression with

dependent variable time and error an independent variable

the order of each case was performed using the R pro-

gramming language [14]. Dispersion graphics were

performed with Microsoft Office Excel software (Version

2007; Redmond, WA, USA).

Results

Technical Problems with Navigation

Intraoperative technical problems resulted in the navigation

not being completed for the procedures in four of 78

patients (5%) in this series. In two of those procedures, we

experienced software failure, and we experienced hardware

problems in the other two. One of the software technical

crashes happened because the computer did not recognize

one letter of the patient’s last name (the Spanish ñ). The

other software failure occurred when we tried to navigate

the position of the osteosynthesis plate for the reconstruc-

tion and the information to perform this exceeded the

capacity of the computer navigation system so we could

not use the navigation data for either the resection or the

osteosynthesis plate. Both hardware failures were related to

broken trackers undetected during the procedure. All four

of these problems occurred during the first 20 cases of the

utilization of this technology.

Surgical Time and Improvement Over Time

In the 74 procedures in which the computer-assisted pro-

cedure could be performed, the mean time for navigation

procedures during surgery was 31 minutes (range, 11–61

minutes). We observed that in pelvic tumors, the mean time

for the navigation procedure was 41 minutes (range, 23–61

minutes), whereas the mean time for the navigation pro-

cedure in extremity tumors was 27 minutes (range, 11–54

minutes). However, with the linear regression analysis, we

observed that surgical time decreased as surgeons per-

formed more navigated procedures (inverse correlation

slope of �0.28; 95% confidence interval [CI], �0.37 to

�0.19; R2 = 0.36; p\ 0.001; Fig. 4). That is, in general,

the latest computer-assisted surgeries were faster than the

first ones (Fig. 4).

Improvement in Registration Accuracy Over Time?

The linear regression analysis, with the data available,

suggests that there is no improvement in registration as

more cases were performed (inverse correlation slope of

�0.01; 95% CI, �0.03 to 0.00; R2 = 0.03; p = 0.15;

Fig. 5). Of the 74 cases in which navigation was per-

formed, the median registration error was 0.6 mm (range,

0.3–1.1 mm). Therefore, the range of registration error

appears to be constant overtime from the first navigation

through the last one (Fig. 5).

Histological Margins and Local Recurrences

We performed histological examinations of all specimens

and they showed a wide bone tumor margin in all patients.

However, although the existence of a normal soft tissue

cuff enveloping the tumor was checked in all frozen sec-

tions, in the soft tissue histologic analysis of margins, 58

had wide soft tissue margins and 20 had marginal ones. No

intralesional margins were observed in either bone or in

soft tissue resection evaluations. With surgical navigation,

it was possible to reproduce the bone margins as planned

preoperatively.

Tumors of the soft tissue component were not navi-

gated in any case. In the 18 cases in which the tumor was

located in the pelvis, soft tissue margins were wide in five

cases and marginal in 13 cases. In the remaining 60 cases,

the tumor was located in the extremity; soft tissue mar-

gins were wide in 53 cases and marginal in seven cases

Fig. 5 Diffusion graphic shows how the registration accuracy did not

improve over time.

Fig. 4 Diffusion graphic shows how the procedure time decreased

over time.
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(Table 2). No intralesional resections were performed.

Seven of the 78 patients in whom navigation was per-

formed had a local recurrence (9%). According to the

location of local recurrences, we observed that four cases

of the 18 pelvic tumors underwent local relapse (22%),

and three cases of the 60 tumors located in the extremities

had a local recurrence (5%). Most local recurrences were

related to patients with soft tissue marginal resections

(Table 3).

Discussion

The use of computer-assisted navigation technologies

might help surgeons perform more accurate resections [2,

11, 15]. However, some papers have reported problems

related to the use of navigation, including increased oper-

ative time as a result of the additional technological

complexity; in addition, there is no evidence of which we

are aware suggesting that navigation decreases the risk of

local recurrence [7, 16]. It seems to us that for a tool of this

sort, the learning curve needs to be considered [12, 17], but

to our knowledge, the results of navigation in orthopaedic

oncology have not been assessed as a function of surgical

experience (number of procedures performed). In this

study, we analyzed common problems related with this

procedure, surgical time, resection accuracy, and histo-

logical margins with a particular focus on how surgical

time and accuracy changed during the first 2 years (78

cases) of our experience with this new technology.

Our study has several limitations. The study population

is small and so our no-difference finding on registration

accuracy could be a function of insufficient statistical

power (b error). However, a look at the scatterplot of

registration accuracy over time suggests a nearly flat line,

and so we believe this is unlikely to be the case. We also

had a diverse population of patients of varying diagnoses

(benign and malignant) and locations (pelvis and extrem-

ity). Also, our study has only short-term followup, so it is

conceivable that more local recurrences may be discovered

over longer followup. Another important limitation is that

we analyzed only the time of the navigation procedure

during the surgery; however, this procedure requires con-

siderable time for the preoperative plan before the surgery

as well, which was not factored in here but should be

considered by surgeons thinking of adopting this tool.

Moreover, all preoperative planning and the intraoperative

technical support were performed by the same person

(LER), which could lead to reduced navigation time during

surgery. This technical support is helpful for our group, but

this dependency is a main limitation in centers that do not

have a designated technician.

In our series, 5% of the navigation procedures were not

carried out as a result of technical problems. All these

system crashes occurred in the first year using this tech-

nology, at the beginning of the learning curve. After 20

cases we no longer saw these problems. If we analyze

previous publications, this type of procedure has a risk of

failures at the beginning of the learning curve [3, 16].

Another report describes that technical problems occurred

in 20% of the analyzed series [18]. The authors indicated

that they only used a mean of 20 points during surface

registration, which could be the reason for such a high

frequency of intraoperative problems. In our series, at least

50 surface registration points were used in unaffected bone.

The mean time for navigation procedures during surgery

was 31 minutes in our series, and surgical time decreased

Table 2. Demographic data of cases with local recurrence

Patient number Sex Age (years) Location Diagnosis

1 Male 2 Tibia OFD

2 Male 17 Tibia Osteosarcoma

3 Male 24 Femur Ewing Sarcoma

4 Female 19 Pelvis Osteosarcoma

5 Female 12 Pelvis MPNST

6 Male 61 Pelvis Chondrosarcoma

7 Male 37 Pelvis Chondrosarcoma

OFD = osteofibrous dysplasia; MPNST = malignant peripheral nerve sheath tumor.

Table 3. Local recurrence frequency according to tumor location

Cases Wide soft tissue

margins (NLR)

Marginal soft tissue

margins (NLR)

Pelvic benign tumors – –

Pelvic malignant tumors 5 (0) 13 (4)

Limb benign tumors 12 (0) 1 (1)

Limb malignant tumors 41 (1) 6 (1)

Percentages appear in parentheses; NLR = number of local

recurrences.
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over the course of our study. This improvement may be

related to increased experience and confidence [3, 19]. In

other orthopaedic surgical procedures such as arthroplasty,

studies have compared the surgical duration of conven-

tional and navigation-assisted procedures and demonstrated

that the times for navigated procedures increased operating

time [3, 8, 19, 20]. Nevertheless, tumor operations are

different from one patient to another because of the size

and location of the tumor in each case. Therefore, the use

of navigation assistance helps the surgeon provide ana-

tomic detail about the surgical bed, adding accuracy and

precision to the surgical resection [7, 10]. We noted that in

pelvic resections, the mean time for navigation was longer.

This could be because pelvic anatomy makes tumor

resections more complex and time-consuming compared

with extremity sites.

The median registration error was 0.6 mm (range, 0.3–

1.1 mm). This error is similar to that observed in previous

publications [1, 2, 10, 17, 21, 22]. In our study, the amount

of registration error did not improve overtime (Fig. 5). To

our knowledge, ours is the first study that looked at the

learning curve with respect to registration accuracy. We

believe that our accuracy did not improve because the

median registration error was very small to begin with

(under 1 mm).

The overall frequency of local recurrence in our series

was 9%. With the numbers we had we could not detect a

difference between pelvic tumors and extremity tumors,

but there may be a difference if we had a larger study.

Several factors could be related to local recurrences [5], but

in general, surgical margin is a major factor related to this

problem [10]. Computer-assisted surgery has shown that it

provides accuracy in oncological resection [15]. However,

the surgeon can perform a misreading of preoperative

images, making inadequate cuts that could lead to inade-

quate margins. Histological examinations of all specimens

showed a wide bone tumor margin in all patients like in

previous reports with this technique [2, 3, 9–11, 21, 22].

Navigation assistance helps the surgeon to reproduce

accurately the preoperative plan [4]; this can help to avoid

intralesional bone resection, reducing the risk of local

recurrence. Nevertheless, soft tissue margins cannot be

navigated with the current technologies. Therefore, sur-

geons cannot reproduce the preoperative planning with the

degree of precision achieved in bone margins. Despite this

technical limitation, a recent report suggests the utilization

of this technology in pelvic tumors, because they found a

lower incidence of local recurrences [10].

We conclude that navigation may be useful in achieving

negative bony margins but we cannot state that it is more

effective than other means for achieving this goal.

Although helpful in achieving negative bony margins, it

did not preclude recurrences presumably resulting from

soft tissue margins, although with the numbers we had and

the heterogeneity of our tumor population, a larger study

will be necessary to substantiate this observation. Techni-

cal difficulty precluded its use in 5% of cases. The surgical

navigation time decreased with more experience in the

procedure, but with the numbers available, we observed no

improvement in the registration error over time. Given

these observations and the increased time and expense of

using navigation, it will require a larger study with less

variation in tumor type to substantiate the value of this

technology for routine use.
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