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The value of computer-assisted navigation for
bone reconstruction after tumor resection
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Abstract. This study was designed to evaluate the use of
computer-assisted navigation with computed tomography
(CT) images for bone reconstruction after resection in malig-
nant bone tumor treatment. Forty-five patients with malignant
bone tumors were recruited for this study. CT scan images
in a computer-assisted navigation system were used to assist
during the osteotomy, the pairing with allografts, and the
monitoring of the allograft and joint lines to perform joint
reconstruction. Our results show that osteotomy and allograft
pairing were successful in all patients. The average duration
of the osteotomy procedures was 46.8+12.3 min; and the
average pairing time was 32.5+9.8 min. The anatomical regis-
tration points and the three-dimensional virtual CT images
were successfully matched. The average error of registration
was 0.36+0.09 mm. Also, the range of tumor resection and
allograft osteotomy were successfully paired, with an average
error of 0.11£0.03 mm. No complications such as unequal
limbs length or joint deformities occurred after reconstruc-
tion. The average follow-up time was 11.6+£3.9 months. The
tumor recurrence rate was 11.1% (5/45) and the survival rate
95.6% (43/45). The average healing time for the allograft and
host bone was 5.5+1.2 months and no unexpected internal
fixations, fractures or joint collapses occurred. The average
knee joint functionality MSTS score was 25.5+6.6 points.
No significant differences were found in the length of tumor
resection, rate of negative incision margin, duration of oste-
otomy or of pairing, registration error or allogeneic bone and
defect matching error averages between those patients with
tumor recurrence and those without it (p>0.05). Based on
our results, the computer-assisted navigation system for bone
reconstruction after malignant tumor resection allows for
high precision during osteotomy, delivers a high success rate
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of pairing, results in great limb function and low complica-
tion rates, and is thus a highly successful and safe approach
benefiting bone cancer patients.

Introduction

In the treatment of malignant bone tumors around joints
it is essential to perform a complete resection of tumor
segments and to strive for the functional reconstruction of the
joint (1). Various preoperative assessments such as computed
tomography (CT) and magnetic resonance imaging (MRI)
are important references for guiding surgical margins (2).
Allogeneic joint transplantations and artificial joints are both
used in joint functional reconstructions (3). One of the main
challenges for surgeons is finding an appropriate replace-
ment for large bone segment defects after tumor resection.
The establishment of a digital image inventory based on bone
analysis technology and available in a computer-assisted
navigation system will aid in matching the necessary surgical
resection margins to appropriate allogeneic bone specimens,
significantly improving the outcome of such procedures (4,5).
Accordingly, this study aims at analyzing the value of a
computer-assisted navigation system based on CT images for
bone reconstruction after malignant tumor resection in the
knee.

Patients and methods

Participant selection. Forty-five patients diagnosed with
malignant bone tumors around the knee joint, at Linyi People’s
Hospital, were continuously recruited for this study starting
October 2014 and lasting until October 2015. All the partici-
pants had limb salvage indications, an expected life expectancy
longer than 12 months, and accompanying complete clinical
data. This study was approved by the Ethics Committee of
Linyi People's Hospital. Signed written informed consents
were obtained from the patients. All participants signed
informed consent forms. In addition, none of the patients
enrolled presented knee osteoarthritis, rheumatoid diseases or
tumor metastasis. A total of 29 male and 16 female patients
participated, their average age was of 52.6+13.5 years with a
range of 38-72; 24 patients had a lesion on the left knee and
21 presented a right knee lesion. In terms of tumor location,
22 cases had a distal femur tumor, and 23 cases a proximal tibia
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Figure 1. 3D modelling of osteotomy. (A) Tumor-tagged limb tibia and matched allografts, (B) projected osteotomy line and (C) simulated allogeneic bone

pairing for internal fixation.

Figure 2. Image of the tumor osteotomy range marked on the 3D model of the upper tibia via the navigation system to guide the procedure.

tumor. According to pathology results 24 patients had osteo-
sarcoma, 16 chondrosarcoma, and 5 Ewing's sarcoma. Finally,
there were 20 patients with Enneking stage I and 25 with
stage II; and the tumor diameter range was 0.5-15.5 cm, with
an average of 7.2+3.4 cm.

Study methods. The same team participating in surgery
and nursing of the patients completed this study. X-ray, CT
and MRI examinations were performed before surgery. The
original image data were saved as Dicom files, and analyzed
with the Mimics 10.01 imported software (Materialise,
Leuven, Belgium). Six CT tumor three-dimensional images

were reconstructed and a precise osteotomy 3D solid model
site was built up via image fusion technology (Fig. 1). The
available bone marrow resources at the Xijing Hospital of the
Fourth Military Medical University were recovered. Bone
and cartilage tissues around the knee (such as upper and
lower femur, and upper and lower tibia) were scanned via a
64-slice CT. Heterogeneity information such as the length,
width, height and three-dimensional image of each specimen
was stored in the Dicom format. At the same time, articular
surface and specific bone markers were used to establish a
digital bone bank. After that, tumor CT images were compared
with the allogeneic bone and joint data to make the necessary
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Table I. Data of osteotomy range and allogeneic bone pairing comparisons.
Tumor Margin Osteotomy Pairing Registration Pairing
resection negative rate duration time error error
Group Cases length (cm) (cases, %) (min) (min) (mm) (mm)
Tumor recurrence 5 11.6+3.5 4 (80.0) 49.2+16.7 34.6+12.3 0.39+0.12 0.12+0.05
Tumor non-recurrence 40 12.2+3.9 38 (95.0) 45.6+18.2 31.9+11.5 0.34+0.11 0.10+0.04
t/y? 0.256 - 0.462 0.269 0.362 0.126
P-value 0.824 1.000 0.659 0.854 0.768 0.923

measurements and to choose an optimal bone match. Mimics
software version 16.0 (Media Cybernetics, Inc., Rockville,
MD, USA) was used to simulate cleaning, compounding the
lesion site, precisely calculating the range of tumor resection
and allogeneic bone osteotomy.

Bone tumor and allogeneic bone image data were trans-
mitted to the navigation system II-Cart (Stryker, Kalamazoo,
MI, USA). Image fusion technique was used to construct the
three-dimensional model of the surgical site and to mark the
preoperative design of the osteotomy region on the 3D solid
model (Fig. 2). The corresponding location and internal fixa-
tion position of allogeneic bone and joint were determined
according to the osteotomy range. Three to five registration
points were marked on the three-dimensional model based
on the surgical approach and exposed range. A tracker was
installed during surgery to reveal the registration points, which
matched anatomical markers with corresponding sites on the
three-dimensional model and guided the procedure. After the
registration, the tumor was resected according to the preop-
erative plan, the allogeneic bone was prepared and the bone
defect was filled based on the navigator's guidance, ensuring
the pairing of osteotomy and articular surface. The location
of internal fixation was determined via the navigation system
instructions; lower limb line and joint angle were corrected
until satisfactory.

Follow-up indicators. The success rate of osteotomy and
pairing, average osteotomy time, pairing time, mean error of
anatomical registration point, average error of tumor resection
and allogeneic bone pairing were all calculated. Postoperative
complications, tumor recurrence and survival rates, allogeneic
bone healing time and knee joint functionality MSTS scores
were evaluated after surgery.

Statistical analysis. The SPSS 20.0 statistical software (SPSS
Inc., Chicago, IL, USA) was used for statistical analysis. Data
were expressed as mean + standard deviation (SD), compar-
ison between groups was tested via independent sample t-test,
and results were expressed as number or percentages (%).
Comparison between groups was done via > test or Fisher's
exact test. P<0.05 was considered to indicate a statistically
significant diference.

Results

All patients underwent a successful osteotomy and allogeneic
bone pairing. The osteotomy time ranged from 25 to 72 min

with an average of 46.8+12.3 min, and the pairing time ranged
from 18 to 45 min with an average of 32.5+9.8 min. The
intraoperative anatomical registration points were satisfactorily
paired with the virtual 3D CT images. The registration
error ranged from 0.16 to 0.58 mm, with an average of only
0.36+0.09 mm. The tumor resection area and allogeneic
osteoarticular osteotomy region were satisfactorily paired
with an error ranging from 0.05 to 0.36 mm or 0.11+0.03 mm
on average. There were no unequal limb or joint deformities
after operation. The postoperative follow-up was carried
out for 8.5 to 22.5 months, with a mean of 11.6+3.9 months.
While 5 cases (11.1%) had tumor recurrence, the survival rate
during the follow-up period was 95.6% (43/45). There were no
statistically significant differences in the length of resection, the
size of incision margin, the osteotomy or matching durations
or the registration or pairing errors between the allogeneic
bone and the target defect (p>0.05) (Table I). Additionally,
the healing time of allogeneic and host bones ranged from
3.6 to 8.2 months with an average of 5.5+1.2 months, there
were no flexible internal fixations, fractures or joint collapses.
The knee joint functionality MSTS score ranged from
18.2 to 28.9 points (with an average of 25.5+6.6 points) until
the end of the follow-up period.

Discussion

The common complications of limb salvage surgery are pros-
thesis loosening, dislocation, allogeneic nonunion, rejection
reaction, internal fixation fracture and infection (6). Allogeneic
bone graft implantation increases the biomechanical strength
compared with prosthesis (7), and also provides good articular
surfaces and muscle, ligament and joint capsule attachment
points (8). In general, a shorter time to bone healing means
there is a higher probability of better stability and functionality
of the joint (9). Many studies have proved that this method
has better short-term and long-term clinical results and fewer
complications (10,11). Our study results are no exception.

The right selection of an allogeneic bone joint, espe-
cially the structure of the bone graft material is key to the
success of the surgery. We took advantage of an established
comprehensive digital bone bank library, combined with
preoperative computer-simulated tumor resection and residual
joint defect correction ranges, to choose the best pairing bone
segment. The 3D information obtained by processing CT
images of the bone defects aided in skeletal bone dressing
and calculating the location and direction of internal fixa-
tion parameters. Intraoperative, real-time monitoring and the
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use of a computer-assisted navigation system allow surgeons
to improve operation accuracy, accomplishing individual
reconstruction requirements (12,13). This study also analyzed
data comparing parameters of tumor resection length, margin
of incision, osteotomy and pairing durations, registration
and pairing errors between allogeneic bone and bone defect
in a group of patients who presented tumor recurrences and
another that did not. The differences among groups were not
statistically significant, suggesting that the computer-assisted
navigation system for tumor resection, allogeneic bone pairing
and joint reconstruction is not a technical factor affecting the
tumor recurrence rate in the long run. The tumor biological
characteristics and individual differences probably account for
recurrence rate differences among patients (14), the specific
mechanism remains to be analyzed.

China has established dozens of standardized bone banks,
where the sources, preparation and preservation methods of
allogeneic bones are guaranteed (15,16). The technology of
computer-assisted navigation has been well tested in neuro-
surgery, oral and maxillofacial deformity correction, artificial
joint selection, prosthesis implantation and other medical
practices (17,18).

The evaluation of the cases reviewed in this study show
that a computer-assisted navigation system for bone recon-
struction after malignant bone tumor resection results in a
high osteotomy accuracy and pairing success rate, achieves
appropriate post-reconstruction posterior limb function levels,
carries only a small risk of complications, and is therefore a
safe and effective approach. Due to the small sample size and
the less than desirable follow-up period of our study, further
clinical studies are needed to validate our results.
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