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Purpose: We sought to assess the early clinical outcome of 3D-multimodality image (3DMMI)-

based virtual surgical planning for resection and reconstruction of malignant giant pelvic tumors.

Patients and methods: In this retrospective case-control study, surgery was planned and 

performed with 3DMMI-based patient-specific instruments (PSI) in 13 patients with giant pelvic 

malignancy and without 3DMMI-based PSI in the other 13 patients. In the 3DMMI group, 

3DMMI was utilized, taking advantages of computed tomography (CT), contrast-enhanced CT 

angiography (CTA), contrast-enhanced magnetic resonance imaging (MRI), contrast-enhanced 

magnetic resonance neurography (MRN), which could reveal the whole tumor and all adjacent 

vital structures. Based on these 3DMMI, virtual surgical planning was conducted and the 

corresponding PSI was then designed. The median follow-up was 8 (3–24) months. The median 

age at operation was 37.5 (17–64) years. The mean tumor size in maximum diameter was 13.3 

cm. Surgical margins, intraoperative and postoperative complications, duration of surgery, and 

intra-operative blood loss were analyzed.

Results: In the non-3DMMI group, the margins were wide in six patients (6/13), marginal in 

four (4/13), wide-contaminated in two (2/13), and intralesional in one (1/13). In the 3DMMI 

group, the margins were wide in 10 patients (10/13), marginal in three (3/13), and there were 

no wide-contaminated or intralesional margins. The 3DMMI group achieved shorter duration of 

surgery (P=0.354) and lower intraoperative blood loss (P=0.044) than the non-3DMMI group.

Conclusion: The 3DMMI-based technique is advantageous to obtain negative surgical margin 

and decrease surgical complications related to critical structures injury for malignant giant 

pelvic tumor.

Keywords: surgical planning, 3D-multimodality image, pelvic tumor, patient-specific instru-

ments, surgical margin

Introduction
The surgical treatment of malignant pelvic bone tumors is challenging, due to the 

complex anatomy of the pelvis itself and the large size of the tumor. Before the 1980s, 

hemipelvic amputation was the main treatment for pelvic malignancies.1 Since 1978, 

Steel reported limb salvage procedure with internal pelvic resection and femoral 

head (FH) exclusion for the first time, and with the advances in imaging, surgery, 

anesthesiology, and prosthesis, limb salvage therapy was gradually being applied to 

the treatment of malignant pelvic bone tumors.1 However, the high rate of recurrence 

and complications has remained troubling.2–5 Apart from the surgeons’ technical level, 

a more important reason lies in the fact that surgeons need to build the tumor and its 
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adjacent structures in the brain with each separate image, 

such as roentgenogram, computed tomography (CT) scan, 

and magnetic resonance imaging (MRI), which may result 

in inaccurate resection and reconstruction. Since the 1990s, 

with the rapid advancement of computer technology and the 

in-depth study of image registration algorithms, image fusion 

technology, especially 3D-multimodality image (3DMMI) 

has begun to enter the field of clinical practice. It makes 

full use of the advantages of various imaging technologies 

and presents 3D images objectively in the computer, instead 

of the brain. At present, 3DMMI has been applied in the 

field of neurosurgery, but no relevant reports have been 

found in bone tumors.6 The aim of this study is to assess the 

clinical significance and early outcome of 3DMMI-based 

virtual surgical planning for resection and reconstruction of 

malignant giant pelvic tumors.

Patients and methods
This is a retrospective case-control study (Levels of Evidence: 

III). The inclusion criteria were 1) malignant pelvic bone 

tumors; 2) giant soft tissue mass; 3) maximum diameter of 

the tumor >10 cm; and 4) planned for limb salvage surgery. 

A total of 26 patients from January 2015 to June 2018 were 

identified in our center. The gender ratio was 1:1. The median 

age at operation was 37.5 (17–64) years. Biopsy was done 

before surgery, and the pathological findings included 10 

osteosarcoma, seven chondrosarcoma, four metastatic bone 

disease, three malignant giant cell bone tumors, one rhab-

domyosarcoma, and one plasmacytoma. One patient (1/26) 

had type I resection; one (1/26) had type I+II; four (4/26) 

had type I+IV; three (3/26) had type I+II+IV; nine (9/26) had 

type II; and eight (8/26) had type II+III.7

Radiographic assessment included roentgenograph, CT, 

contrast-enhanced CT angiography (CTA), contrast-enhanced 

MRI, contrast-enhanced magnetic resonance neurography 

(MRN), and whole body bone scan. Thirteen patients under-

went surgery with 3DMMI-based virtual surgical planning 

and 3D-printed patient-specific instruments (PSI), and they 

were identified as the 3DMMI group. The other 13 patients 

underwent conventional surgery with surgical planning based 

on each separate image without PSI, and they were identified 

as non-3DMMI group. Detailed information regarding each 

group is shown in Table 1.

In the 3DMMI group, 3DMMI was conducted 

through affine and diffeomorphic registration algorithm 

in open source software Advanced Normalization Tools 

(ANTs) before biopsy or upon completion of neoadjuvant 

chemotherapy. Then, the tumor and all adjacent structures 

in the  pelvis were segmented by using a level set-based 

segmentation algorithm implemented in open source 

software ITK-snap.8 After quality assurance and manual 

correction (accuracy of registration >95%, maximum 

segmentation error <2 mm compared with the raw DICOM 

data), the finished 3DMMI was loaded in Creo 2.0 (PTC, 

Needham, MA, USA) to perform virtual surgical planning. 

The whole tumor (including both the bone and the soft 

tissue components) and its adjacent edema areas, vital 

nerves, vessels, and organs were identified and evaluated 

in both 3D and sliced 2D level to avoid the unnecessary 

injuries and to improve the understanding of the whole 

surgery (Figure 1). The resection plane was determined 

by the extent of tumor edema in 3DMMI and the need 

for functional reconstruction of the pelvis. Then, the 

corresponding PSI were designed and fabricated by 

3D-printing technology to maximize the replication of 

the plan intraoperatively. 3D-printed model of the pelvis 

was also manufactured to facilitate intraoperative visual 

and haptic perception. During surgery, soft tissues were 

carefully identified and dissected according to the 3DMMI 

in cellphone (Video S1). The app used for 3DMMI was 3D 

PDF Reader 3.4 (Tech Soft 3D, Bend, OR, USA). After the 

exposure of specific bones for cutting, PSI was positioned 

and fixed on the corresponding bone surface with K-wires. 

The PSI served as mechanical support for cutting tools 

to help achieve the desired resection planes (Figure 2). 

Then, the PSI and K-wires were removed. After the 

Table 1 Patients’ characteristics

Non-3DMMI  
group

3DMMI  
group

P-value

age (years) 39.8±16.2 37.9±14.9 0.746
Male 7 (53.8) 6 (46.2)
histological type 0.707

Osteosarcoma 4 6
Chondrosarcoma 4 3
Metastatic 3 1
Malignant gCT 1 2
Plasmacytoma 0 1
Rhabdomyosarcoma 1 0

Tumor size (cm)a 13.1±2.08 13.5±1.66 0.681
Type of surgical resection 0.709

i 0 1
i+ii 1 0

i+iV 2 2

i+ii+iV 1 2
ii 6 3
ii+iii 3 5  

Note: aTumor size was recorded in maximum diameter.
Abbreviation: 3DMMi, 3D-multimodality image; gCT, giant cell tumor of bone.
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tumor resection, another pack of PSI was used for further 

reconstruction of the pelvis (Figure 3). During the whole 

process, the 3DMMI virtual plan and the 3D-printed model 

of the pelvis were repeatedly reviewed whenever necessary.

In the non-3DMMI group, the surgical plans were made 

based on each separate plain radiograph, CT and MRI. And 

these images were also repeatedly reviewed during surgery, 

whenever necessary. Surgical approach and closure for both 

groups were carried out in standard fashions. The method 

of reconstruction or whether reconstruction was performed 

following disruption of the pelvic ring was decided on a 

case by case basis. And we aimed in all patients of both 

groups to achieve wide surgical margins while maintaining 

vital anatomic structures and with consideration given to 

functional reconstruction of additional margin resection.

Margins and diagnosis were confirmed by the final 

specimen. Neo-adjuvant and adjuvant oncological therapy 

was determined by the histological diagnosis, the stage of the 

Figure 1 each separate radiographic image and the 3DMMi of a 16-year-old boy with osteosarcoma with massive involvement.
Notes: (A) Plain film showing osteogenic lesion of the right ilium and periacetabulum. (B) 3D-CT images combined with contrast-enhanced CTa. (C) Contrast-enhanced 
MRi showing large soft tissue mass in the pelvis. (D) Contrast-enhanced MRn showing the sacral nerves and the tumor. (E) anterolateral view of 3DMMi showing the tumor 
extended from periacetabulum to kidney level with involvement of the sacrum. although pushed medially, the right external iliac vessels and ureter were free from the tumor 
due to the protection of the iliacus muscle and psoas major muscle. (F) Posterior and transverse plane of 3DMMi. Massive sacrum bone edema was noted. The right second 
and third sacral nerves (DCn) were discontinued, while the left were intact, which might indicate involvement of the nerves. This information was very useful for accurate 
preoperative planning. Psi were also designed to help the resection, according to the virtual surgical planning.
Abbreviations: 3DMMi, 3D-multimodality image; a, artery; Ba, bladder; Bo, bone, translucent; CP, cutting plane; CTa, computed tomography angiography; DCn, 
discontinued nerves; ed, edema, translucent, considered to be bone invasion; Ki, kidney; M, muscle, translucent; MRn, magnetic resonance neurography; MRi, magnetic 
resonance imaging; N, nerve; Pr, prostate; PSI, patient-specific instrument; Tu, tumor; Ur, ureter; V, vein.
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Figure 2 3DMMi-based 3D-printed Psi helped achieve precise resection.
Notes: (A) intraoperative photo showing osteotomy with Psi. (B) a 3D-printed pelvic model, derived from the 3D-multimodality images, providing intraoperative visual and 
haptic perception of the surgery. (C) The resected specimen was in high conformity with the simulated surgery, both with 3D-multimodality image-based Psi.
Abbreviations: 3DMMI, 3D-multimodality images; PSI, patient-specific instruments;

A

B

C

Figure 3 3D-multimodality image-based virtual surgical planning and 3D-printed Psi helped the reconstruction of the pelvis after tumor resection.
Notes: (A) An intraoperative photo showing PSI-guided preparation of FH graft, which was used later to fill the gaps between the prosthesis and the ilium. The PSI-1 
also facilitated the screw fixation by predrilling holes in the FH graft, combined with PSI-2 in (B). (B) 3D-multimodality image-based virtual surgical planning showing the 
reconstruction with Psi-2 and the worked Fh. Psi-2 was also used to indicate the simulated proper rotation center of the Fh. The picture in the left bottom illustrating the 
gap, between the prosthesis and the ilium, was filled by the FH graft suitably. (C–E) Intraoperative photos and postoperative plain film showing satisfactory reproduction of 
the virtual surgical planning.
Abbreviations: A, artery; Ba, bladder; FH, femoral head; N, nerve; Pro, prosthesis; Pr, prostate; PSI, patient-specific instruments; Ur, ureter; V, vein.
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tumor and the margin achieved. Prosthesis for reconstruction 

was provided by ChunLi Co. (Beijing, People’s Republic of 

China). Limited weight-bearing was allowed for ~2 months 

for postoperative patients with reconstruction performed. 

And in patients without reconstruction, immediately weight-

bearing was allowed.

Surgical margins, complications, duration of surgery, 

and intra-operative blood loss were analyzed. Data were 

expressed as median, maximum, and minimum range due to 

the small sample size. Continuous variables between groups 

were compared by the Mann–Whitney U test or independent-

sample t-test, according to the Shapiro–Wilk test. Differences 

in proportions were assessed by Fisher’s exact test. Statistical 

analysis was performed with SPSS Statistics software version 

24.0 (IBM Corporation, Armonk, NY, USA); a P-value of 

<0.05 was considered statistically significant.

This study was conducted in accordance with the Decla-

ration of Helsinki and with approval from the Ethics Com-

mittee of West China Hospital (Chengdu, People’s Republic 

of China). Written informed consent was obtained from all 

participants.

Results
In the non-3DMMI group, the margin was wide in six patients 

(6/13), marginal in 4 (4/13), wide-contaminated in 2 (2/13), 

and intralesional in one (1/13). In this latter patient, intral-

esional palliative resection was performed due to unexpected 

intraoperative finding of tumor involvement of first sacral 

nerve root, fifth lumbar nerve root and sacral vessels. The 

patient died of pulmonary embolism 1 month postoperatively. 

And both wide-contaminated margins were actually wide in 

bone, but intralesional in soft tissue. In the 3DMMI group, 

all patients underwent surgery as planned. The margin was 

wide in 10 patients (10/13) and marginal in three (3/13). No 

patients had wide-contaminated or intralesional margins.

The overall mean intra-operative blood loss was 3,450 

mL (1,000–12,000), and this was significantly lower in 

3DMMI group (3,000 mL; 1,000–4,800), compared with 

the non-3DMMI group (4,200 mL, 1,200–12,000; P=0.044). 

The mean duration of surgery was shorter in 3DMMI group 

(393±92.2 minutes) when compared with the non-3DMMI 

group (433±118.0; P=0.354).

Three intraoperative complications were seen in the non-

3DMMI group: one iliac vein tear treated with ligation, one 

bladder injury treated with repair, and one sciatic nerve injury. 

In the 3DMMI group, there was only one intraoperative 

complication. It was difficult to find the unique position for 

the PSI in one patient, and more soft tissue and periosteum 

were dissected before the final match.

Postoperative complications occurred in nine patients 

(9/13) in the non-3DMMI group. Three patients experienced 

superficial infection treated with dressing. One patient 

exhibited deep infection treated by debridement, and he also 

suffered from dislocation 1 week postoperatively treated 

with open reduction. One patient with intralesional palliative 

resection had fatal pulmonary embolism and died 1 month 

after surgery. One patient with sciatic nerve injury presented 

with foot drop, which resolved 3 months later. Three patients 

experienced reduced perineal sensation, two of resolved 2 

months postoperatively and one still suffered from that in 

the 6-month follow-up. In the latter case, he also exhibited 

chronic constipation. In the 3DMMI group, seven patients 

suffered from postoperative complications. Four patients 

experienced superficial infection treated with dressing and 

two patient exhibited deep infection treated by debridement. 

And one patient exhibited reduced perineal sensation, which 

resolved 3 months postoperatively. The results are summa-

rized in Table 2.

Discussion
Malignant pelvic bone tumors are among the most 

challenging problems in orthopedic oncology.9 It’s difficult to 

achieve wide marginal resection due the complex anatomy of 

the pelvis, potentially rendering a high risk of local recurrence 

and vital structures injury. In the last decade, several studies 

have demonstrated the effectiveness of computer-assisted 

surgery (CAS), including navigation-assisted surgery and 

PSI-assisted surgery, in resection and reconstruction of 

pelvis malignancies.10–14 However, most of these reports 

were designed based on a single or two modalities of image 

with only a few anatomical structures reconstructed into 

3D images. In our study, 3DMMI taking advantages of 

CT, contrast-enhanced CTA, contrast-enhanced MRI, and 

contrast-enhanced MRN and revealing the whole tumor and 

all adjacent critical structures was utilized, for the first time, 

to aid the virtual surgical planning and 3D-printed PSI for 

malignancy of the pelvis.

Preoperative surgical evaluation of the extent of 

malignancy is the basis for limb salvage surgery. Marginal 

and intralesional resection may result in 70%–100% 

local recurrence.15,16 Consequently, accurate preoperative 

imaging assessment is vital for bone tumors.17,18 CT and 

MRI are the most effective modalities for this purpose. 

CT is superior to MRI in detection and characterization of 
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cortical involvement, which enables accurate evaluation of 

osseous involvement of bone neoplasms.19 And intravenous 

contrast administration is usually indicated to assess the 

relationship between the neoplasm and vascular bundles.19 

Due to the high resolution of soft tissue, MRI is superior to 

CT in evaluation of intramedullary, extraosseous components, 

and muscle involvement.20 MRN refers to MRI dedicated 

to peripheral nerves. It is a new technique that depicts 

neuromuscular imaging alterations directly, which is of 

high value for surgeons to visualize the consequences of 

neuromuscular pathology.21,22 However, conventional virtual 

surgical planning mostly depends on a single modality of 

image, and only a few structures are reconstructed into 

3D images. Surgeons still need to build the tumor and its 

adjacent structures subjectively with each separate image, 

which may result in inaccurate resection and reconstruction. 

Abraham et al performed 24 navigation-aided resections of 

primary pelvic or sacral tumors.10 Despite the negative bone 

margin in all cases, two had positive margin of the soft tissue. 

Another study also demonstrated 31 negative bone margins 

with two positive soft tissue margins in 31 cases.23 They both 

performed navigation-assisted surgery based on plain CT/

MRI fusion or a single modality of image. Similarly, in our 

study, three (3/13) patients in non-3DMMI group had wide-

contaminated or intralesional margins owing to the massive 

involvement of the soft tissue mass originated from the bone 

tumor, compared with full negative margin in all patients 

from 3DMMI group. Different from simple fusion of two 

modalities of images conducted with Mimics or navigation 

system, we invented our own automatic registration and 

segmentation system based on symmetric diffeomorphic 

algorithm, nD morphological contour interpolation, grow-

cut algorithm, region-adaptive registration and Gaussian 

smoothing, which could make full use of up to four different 

modalities of images.24–28 Nearly all structures, including the 

congenital anatomy variation and tumor-related variation in 

the pelvis, could be obtained with true anatomical position 

in 3D or 2D level. With this 3DMMI, preoperative surgical 

evaluation and planning could be done easily even by less 

experienced surgeons. Moreover, our virtual surgical plans 

based on 3DMMI could even be viewed in cellphones (iOS or 

Android) instead of the computer. Surgical participants could 

study the anatomy of the specific patients carefully whenever 

and wherever they are, which might improve intraoperative 

collaboration and surgical outcomes. Positive margins might 

thus be avoided.

Due to the proximity to major neurovascular structures 

and visceral organs, the surgical complication of pelvic 

malignancy is by no means trivial. In the study by Abraham 

et al,10 two (2/24) patients suffered from iliac vein laceration 

Table 2 intraoperative issues and early outcome

Non-3DMMI group 3DMMI group P-value

surgical margin 0.275
Wide 6 10
Marginal 4 3
Wide-contaminated 2 0
intralesional 1 0
Complications

intraoperative 3 1 0.593
Vascular injury 1 0
nerves injury 1 0
Bladder injury 1 0
Poor position of Psi 0 1

Postoperative 9a 7
Wound infection 4 6 0.688
Dislocation 1 0
Pulmonary embolism 1 0
nerves injury 4a 1 0.322

Foot-drop 1 0
Reduced perineal sensation 3 1
Bowel dysfunction 1 0

Duration of surgery (minutes) 433±118.0 393±92.2 0.354
Blood loss (ml)b 4,200 (1200, 12,000) 3,000 (1,000, 4800) 0.044

Notes: aOne patient presented with both reduced perineal sensation and bowel dysfuncion. One patient suffered from both intraoperative nerves injury and postoperative 
foot-drop. One patient experienced both wound infection and dislocation. bBlood loss was expressed as median and range, due to the skewed distribution.
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during surgery, despite the use of navigation system. Holza-

pfel et al29 also reported 12.5% nerves palsy after periace-

tabular tumors surgery.29 In our study, six (6/13) patients in 

the non-3DMMI group experienced unexpected intraopera-

tive critical structures injury or had presentation of nerves 

injury postoperatively. The higher rate of injury may result 

from different inclusion criteria. Only patients with >10 cm 

tumor and large soft tissue mass, but no PSI or navigation 

was included. And we also recorded reduced perineal sensa-

tion (in three patients) as a nerve injury, which was excluded 

in other studies. However, in the 3DMMI group, there was 

only one (1/13) such nerve injury. The relatively satisfactory 

outcome may associate with the precise preoperative surgical 

evaluation and intraoperative review of 3DMMI, as well as 

the PSI to reproduce the surgical planning. We noted a higher 

rate of wound complication in 3DMMI group (4/13 in non-

3DMMI group, 6/13 in 3DMMI, P=0.688). However, other 

studies also reported similar rates on tumors of the pelvis and 

sacrum, which demonstrated that 3DMMI-based PSI were 

irrelevant to the wound problems.9,23,30,31

Replicating the preoperative plan accurately is also signifi-

cant in pelvic tumor surgery, in order to achieve safe surgical 

margins with less unexpected injuries. In 2004, Hüfner et al32 

first reported navigation-assisted surgery for improved bone 

resection in pelvic tumors. It has been shown that navigation-

assisted technique could help decrease intralesional resec-

tion rate from 29.0% to 8.7%, compared with traditional 

techniques.23 Nevertheless, pre-operative and intra-operative 

errors might occur with navigation-assisted surgery, especially 

in surface registration. Image-to-patient registration must be 

checked carefully before resection,33 which could be avoided 

when PSI is utilized, although PSI does require careful prepara-

tion of bone surface. Wong et al34 conducted an experimental 

study comparing navigation- and PSI-assisted surgery in 

periacetabular tumors. While both groups achieved clinically 

acceptable accuracy (mean deviation <2 mm from planned 

parameters), PSI is associated with significantly shorter time 

taken for resection and lower costs than navigation surgery. In 

this study, the cost for design and manufacture of 3D-printed 

PSI was ~2 days and 800 RMB (119 USD), which was cost-

efficient compared with the navigation instruments, similar to 

the study by Ma et al.35 And this technique also helped achieve 

shorter duration of surgery (P=0.354) and lower intraoperative 

blood loss (P=0.044) than the non-3DMMI group. However, 

we did encounter a poor position of PSI issue in one patient, 

leading to a longer time for the match and resection. Incorrect 

placement of PSI is fatal, possibly resulting in intralesional 

resection, injury of vital structures, and poor reconstruction 

condition of bone stock. PSI would fit better, and there may be 

less errors for more contoured bone surfaces.36 When placed 

in less contoured surfaces, PSI must be designed much bigger, 

which requires more intraoperative exposure and dissection. 

Nevertheless, the surgical exposure is usually extensive for 

pelvic tumors, which would be adequate for the better fit of 

the PSI and bone surfaces.

This study had several limitations. First, it was a retro-

spective non-randomized study. The number of patients was 

small and the statistical analysis was very limited. Second, it 

incorporated heterogeneous group of patients with different 

types of surgery and histological diagnosis, which may limit 

the strength of conclusions. However, the primary goal for 

this study was to assess the likelihood of achieving negative 

surgical margins with less complications utilizing 3DMMI-

based techniques, which we felt could be sufficiently studied 

even in a heterogeneous population. Third, we had a short 

follow-up in this study. Nevertheless, the focus of this study 

was not to evaluate the metastases or survival, which would 

require much longer follow-up and may not be associated 

with 3DMMI-based CAS; we aimed to evaluate the surgical 

margins, intraoperative, and postoperative complications, 

so we believe our follow-up was sufficient for our purpose. 

Fourth, due to the innate feature of 3DMMI, those invisible 

in the original images would not be displayed in 3DMMI 

either. Fifth, limited to the current technical level of CAS, 

we could not achieve accurate resection of the soft tissue 

directly, although intraoperative review of the 3DMMI may 

provide a help in an acceptable resection. Nevertheless, we 

at least made one step further toward this goal by visualizing 

all structures, including the congenital anatomy variation 

and tumor-related variation in the pelvis. Sixth, this case-

control study only proved that the 3DMMI-based virtual 

surgical planning and 3DMMI-based PSI may be superior 

to the traditional surgical plan and technique without CAS. 

However, the encouraging preliminary results endorse more 

studies on virtual surgical planning with 3DMMI, based on 

which precise resection and reconstruction with CAS might 

be achieved, within, or even beyond the pelvis.37,38

Conclusion
We developed a novel virtual surgical planning system 

for pelvic tumor surgery by assimilating each separate 

radiographic image into a single 3DMMI revealing all 

structures in the pelvis. The 3DMMI provided the basic image 

data for CAS, which may help achieve negative surgical 

margin and decrease surgical complications related to critical 

structures injury for malignant giant pelvic tumor.
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