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A B S T R A C T

Background: /Objective: In recent years, prostheses have been widely used for limb reconstruction after pelvic
tumour resection. However, prostheses are associated with problems leading to tumour recurrence, poor implant
matching, defects after tumour resection, and easy implant looseness or failure. To achieve a precise preoperative
design, complete tumour resection, and better anatomical structure matching and prosthesis stability, this study
used three-dimensionally (3D)-printed osteotomy guides and personalised prostheses for reconstruction after
pelvic tumour resection. This study aimed to explore the early clinical efficacy of 3D printed personalised pros-
theses for the reconstruction of bone defects after pelvic tumour resection.
Methods: A total of 20 patients (12 males, 8 females) with pelvic tumours surgically treated at our hospital be-
tween October 2014 and October 2019 were selected. There were 10 cases each of giant cell bone tumours and
osteochondrosarcomas. According to Enneking zoning, there were 11 and 9 cases with tumours located in zones I
and II, respectively. All cases were equally divided into conventional and 3D printing groups. For repair and
reconstruction, a nail rod system or a steel plate was used in the conventional group while individualised 3D-
printed prostheses were used in the 3D printing group. The surgical incision, duration of surgery, intra-
operative blood loss, and the negative rate of resection margins in postoperative tumour specimens were
examined. The follow-up focused on tumour recurrence, complications, and the Musculoskeletal Tumor Society
(MSTS) score.
Results: All cases were followed-up for 6–24 months. The average incision length, duration of surgery, amount of
intraoperative blood loss, and MSTS score of the 3D printing group were 10.0� 3.1 cm, 115.2� 25.3 min,
213.2� 104.6 mL, 23.8� 1.3, respectively, and those of the conventional group were 19.8� 8.4 cm,
156.8� 61.4 min, 361.4� 164.2 mL, and 18.3� 1.4, respectively. Histological tumour specimen examination
showed nine and three cases with negative resection margins in the 3D printing group and the conventional
group, respectively. The abovementioned indicators were significantly different between both groups (P< 0.05).
Conclusion: Applying 3D printed surgical guides and personalised prostheses for pelvic tumour resection, repair,
and reconstruction, as well as preoperative planning and design, enables more accurate tumour resections and
better prosthesis-patient matchings, possibly reducing surgical trauma, shortening the duration of surgery, and
promoting the functional recovery of patients postoperatively.
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Table 1
Clinical characteristics of patients in the convention

Case Age (years) Gender Disease course (

1 29 Male 12
2 32 Female 11
3 38 Female 21
4 21 Male 10
5 37 Female 6
6 45 Male 24
7 44 Female 12
8 27 Male 3
9 20 Female 7
10 19 Male 9
The Translation Potential of this Article: Contrary to existing studies on 3D printed personalised prostheses, this
study reports the clinical efficacy of the aforementioned technology in treating bone defects in a series of patients
who underwent pelvic tumour resection. Moreover, it presents a comprehensive comparison of this technology
with conventional procedures, thus strengthening its importance in treatment regimens for reconstructing bone
defects.
1. Introduction

Bone tumours may occur at any site. When a bone tumour is located at
a site with a complex anatomical structure, a stable and effective func-
tional reconstruction after resection is essential [1–3]. The pelvis,
featuring a complex anatomical structure, is adjacent to important
vascular nerves and pelvic organs. Conventional pelvic tumour surgery
may cause problems such as incomplete tumour resection and poor
prosthesis-patient matching, resulting in a high incidence of complica-
tions, including tumour recurrence, aseptic prosthesis loosening, and
poor surgical effects [4–7]. To address these issues, stable, effective, and
personalised treatment regimens are needed. Theoretically, implanted
individualised and conventional prostheses may be stabilised and fixed
by improving the anatomical matching between the prosthesis and the
adjacent bony structure, thus restoring the function of the affected limb.
However, conventional bone grafts, along with internal fixation or
prosthetic implants, are often prone to fixation failure and poor post-
operative function due to poor matching. With the emergence and
application of three-dimensional (3D) printing technology in orthopae-
dics as well as computer-aided pelvic tumour resection, repair, and
reconstruction, precise surgical planning and personalised porous pros-
thesis implantation may improve the accuracy of bone tumour surgical
resection. Moreover, it may also improve the compatibility between
prostheses and bone defects, and restore pelvic stability due to the
conduciveness of the porous structure to bone ingrowth [8,9]. This study
aimed to explore the application of 3D-printed personalised prostheses
for treating bone defects after pelvic tumour resection and compare this
technology with conventional surgical methods to evaluate its safety and
effectiveness.

2. Materials and methods

2.1. Study patients

A total of 20 patients (12men and 8women) with pelvic tumours who
underwent surgery at our hospital between October 2014 and October
2019 were included in this study. This study was approved by the ethics
committee of XXX (approval number: XXX) and written informed consent
was obtained from all patients. According to the Enneking pelvic zoning
system [10], tumours were located in zones I and II in 11 and 9 patients,
respectively. The average age of patients was 30.3 � 8.4 (range, 18–45)
years, and all patients underwent biopsy for pathological diagnosis pre-
operatively to confirm the nature of bone tumours.

In the conventional group, there were 10 patients, comprising 6males
al group.

months) Tumour nature

Giant cell bone tumour
Osteochondrosarcoma
Osteochondrosarcoma
Giant cell bone tumour
Giant cell bone tumour
Giant cell bone tumour
Osteochondrosarcoma
Osteochondrosarcoma
Giant cell bone tumour
Osteochondrosarcoma
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and 4 females, with an average age of 31.2 � 9.6 (range, 19–45) years.
Among these patients, five had a giant cell bone tumour, while the other
five had osteochondrosarcoma. Tumours were in zones I and II in six and
four cases, respectively. Disease courses were 3–24 months, with an
average of 11.5 � 6.5 months (Table 1).

In the 3D printing group, there were 10 cases, comprising 6 males and
4 females, with an average age of 29.4 � 7.5 (range, 20–44 years).
Among these patients, five had a giant cell bone tumour, while the other
five had osteochondrosarcoma. Tumours were in zone I and zone II in
five cases, each. Disease courses were 4–18 months, with an average of
9.7 � 3.8 months (Table 2).
2.2. Surgical method

All patients underwent tracheal intubation and surgery under general
anaesthesia. According to the position of the pelvic tumour, patients were
in a supine or a floating lateral position. Skin was routinely disinfected,
and sterile drapes were whisked. According to the location of the bone
tumour and the preoperative surgical plan, the anterior, posterior, or
anterior and posterior approach was used, and the skin and subcutaneous
tissue were cut layer by layer to expose the lesion. As the tumour should
be completely resected first and functional reconstruction should be
considered subsequently during pelvic tumour resection and recon-
struction, osteotomy levels should be > 3–5 cm from both ends of the
tumour; this can be determined by radiography, computed tomography
(CT), and magnetic resonance imaging. Normal tissues, such as those of
muscles, with a thickness of about 1 cm should be preserved around the
tumour. Intra-articular resection can be used if the tumour has not
invaded the joint; otherwise, extra-articular resection can be performed.

The abridged general view is as follows (Fig. 1):
2.3. Conventional group

For patients with tumours in zone I, tumour lesions were cut and
scraped. Allograft bones and two to three segments of the fibula were
selected according to defect size and were implanted between the L4, L5,
and ilium or between the sacrum and ilium using a nail-rod system or
steel plate and screw for fixation. For cases with tumours in zone II,
tumour lesions were also cut and scraped, and acetabular roof recon-
struction with titanium mesh cups, bone grafting or bone cement filling,
and artificial hip replacement were used to restore hip joint function.
According to the intraoperative situation, the soft tissue attachment was
reconstructed. Postoperatively, a drainage tube was placed, and the
incision was sutured layer by layer.
Tumour zone Bone defect volume (cm3) Time to last follow-up (months)

II 53.2 18
I 48.4 6
I 42.1 12
I 87.9 20
II 53.9 24
I 48.1 7
I 91.2 18
II 37.8 13
I 48.4 7
II 52.3 8
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2.4. 3D printing group

2.4.1. Preoperative planning and design
The 3D-printed prostheses used in this study were designed by the

authors and manufactured by Shanghai Shengshi Medical Instrument
Co., Ltd. (Shanghai, China). First, a thin-slice CT (layer thickness, 2 mm)
of the pelvis was performed. Next, the corresponding CT data were im-
ported into Mimics 19.0 software (Materialise, Leuven, Belgium) to build
a 3D model of the affected sites including the tumours (Fig. 2C–E). Ac-
cording to the size and shape of the bone defect after virtual tumour
resection, a preliminary model of a personalised filling prosthesis and
surgical guide was obtained. The 3D-printed surgical guide was made of
photosensitive resin. Prostheses matched the size of the bone defect; the
upper edge of the surgical guide matched the direction of the posterior
(or anterior) iliac superior spine, and the lower edge matched the upper
edge of prostheses (Fig. 2C–J). The interface between the prosthesis and
the bone was designed as a 3D porous structure to facilitate bone
ingrowth (Fig. 2K), and immediate stability was achieved by screw fix-
ation. Finally, personalised prostheses (Fig. 2G and H) were printed using
an electron beam melting 3D printer (Arcam, M€olndal, Sweden). The
printing material was titanium alloy (Ti6AI4V) that was sterilised under
high temperature and pressure. The size of the porous structure was
600–800 μm (Fig. 2L). The interval between surgical regimen confir-
mation and complete prosthesis construction was approximately 8
(range, 5–14) days.

2.5. Surgical process

According to the aforementioned preoperative simulation, the surgi-
cal guide was placed, and the tumor lesions were cut and scraped. The
sclerotic bone invaded by the tumor was ground with a high-speed drill
until normal bone tissue was reached. Approximately 3–5 mm of normal
cancellous bone tissue was also ground. Bone grafting was performed
first with a small amount of autologous iliac bone alone or combinedwith
the allograft bone. A 3D-printed personalised filling prosthesis was
implanted, and according to the preoperative design, screws were
implanted to fix the prosthesis and reconstruct the soft tissue attachment.
Postoperatively, a drainage tube was placed, and the incision was sutured
layer by layer.

2.6. Postoperative treatment, follow-up, and evaluation indicators

Antibiotics were routinely administered intravenously at one day
postoperatively. On the first postoperative day, patients started under-
going exercises for the affected limb and walked without weight bearing
on crutches. The weight bearing time was determined for each patient
according to the implant condition. Two to three days postoperatively,
the drainage tube was removed after the drainage volume reached <30
mL. Patients were followed-up at 1, 3, 6, and 12 months postoperatively
and once a year thereafter. The limb function score, subjective satisfac-
tion, and presence of complications or tumour recurrence were recorded
at follow-ups. The incision length, duration of surgery, intraoperative
Table 2
Clinical characteristics of patients in the three-dimensionally printing group.

Case Age (years) Gender Disease course (months) Tumour nature

1 20 Female 11 Giant cell bone tumour
2 26 Male 9 Giant cell bone tumour
3 36 Female 18 Osteochondrosarcoma
4 23 Male 8 Giant cell bone tumour
5 44 Male 12 Osteochondrosarcoma
6 35 Male 4 Giant cell bone tumour
7 30 Female 11 Giant cell bone tumour
8 31 Female 6 Osteochondrosarcoma
9 28 Male 10 Osteochondrosarcoma
10 21 Male 8 Osteochondrosarcoma
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blood loss, and the negative rate of resection margins corresponding to
the postoperative tumour specimens, which were revealed by histologi-
cally examining both groups, were recorded and compared between
groups. The Musculoskeletal Tumor Society (MSTS) scoring system was
used to evaluate postoperative limb function [11].
2.7. Statistical methods

SPSS software version 26.0 (IBM, Armonk, New York) was used for all
statistical analyses. Continuous data were analysed using a t-test with
independent samples and expressed as x � s; enumeration data were
compared by a chi-squared test. A P-value <0.05 was considered statis-
tically significant.

3. Results

All cases were followed up for 6–24 months. The average incision
length, duration of surgery, amount of intraoperative blood loss, and
MSTS score of the 3D printing group were 10.0 � 3.1 cm, 115.2 � 25.3
min, 213.2 � 104.6 mL, and 23.8 � 1.3, respectively, and those of the
conventional group were 19.8 � 8.4 cm, 156.8 � 61.4 min, 361.4 �
164.2 mL, and 18.3 � 1.4, respectively. Histological postoperative
tumour specimen examination showed that resection margins were
negative in nine and three cases in the 3D printing and conventional
groups, respectively. These aforementioned indicators were statistically
different between groups (P < 0.05) (Table 3).

The conventional group was followed-up for 13.3 months. Post-
operatively, there was one case each of tumour recurrence with internal
fixation loosening, internal fixation loosening, and wound infection. The
3D printing group was followed-up for 11.9 � 5.7 months, with one case
of incision infection postoperatively. This infection was relieved after
anti-infective treatment, and there were no cases of prosthetic implant
loosening or breakage.

4. Discussion

Contrary to existing studies on 3D-printed personalized prostheses,
this study reports the clinical efficacy of this technology in treating bone
defects in a series of patients who underwent pelvic tumor resection.
Moreover, this study presents a comprehensive comparison of this
technology with conventional procedures, thus strengthening its impor-
tance in treatment regimens for reconstructing bone defects [16]. In the
1980s, limb salvage surgery for bone tumours began to emerge. This
surgery included tumour resection and limb reconstruction [12]. How-
ever, when the tumour is located in the pelvis, the complexity of the
anatomical structure makes it difficult for conventional surgical tech-
niques to achieve desired outcome. The following difficulties are usually
encountered during diagnosis and treatment processes [13–15]. First, it
is difficult to identify and use tumour margins for tumour resection
planning using only two-dimensional images. Second, it is difficult to
accurately remove the tumour; as the anatomical structure of the pelvis is
complex, the technical requirements for the removal of enough tumour
Tumour zone Bone defect volume (cm3) Time to last follow-up (months)

I 60.4 8
I 42.1 24
II 38.0 12
II 97.0 16
II 43.9 9
I 58.1 7
I 78.2 18
II 39.5 10
I 49.4 6
II 52.3 9
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mass without sacrificing the normal bone structures are demanding, and
it is difficult to ensure tumour resection accuracy. Moreover, during
resection, inaccurate osteotomy will affect repair and reconstruction.
Third, pelvis repair and reconstruction is difficult. Universal prostheses
are not well-matched with bone defects after pelvic tumour resection;
therefore, it is difficult to meet the requirements for ideal repair and
reconstruction. Fourth, traditional custom-made prostheses are manu-
factured mostly through processes such as machining or casting, which
have disadvantages such as large material loss, high processing difficulty,
long preparation cycle, and high cost.

The emergence of 3D printing technology provides innovative ideas
to solve the abovementioned problems and design individualised and
precise treatment strategies for bone tumours [8,9,16]. Moreover, 3D
printing technology creates a simulation model of complex bone tu-
mours, which can improve the cognition of tumours and surrounding
anatomical structures of doctors and help formulate surgical plans and
simulate surgical operations preoperatively [16]. Surgical guides
designed and manufactured using 3D printing technology can be used to
aid bone tumour resection or assist nail placement perioperatively. This
may reduce surgical trauma, shorten surgery duration, and improve
surgical accuracy [16]. Additionally, individualised prostheses and in-
ternal implants are designed and customised through 3D printing tech-
nology for repairing and reconstructing bone defects after bone tumour
resection to ensure that the prosthesis and implant perfectly match the
bone defect site, thereby improving postoperative effects and the service
life of the prosthesis and implant [16,17].

However, studies on the clinical applications of 3D printing tech-
nology in pelvic tumour resection, repair, and reconstruction have mostly
been case reports, and there is a lack of clinical case studies comparing
3D printing technology with conventional methods. Chen et al. [18]
produced a 3D-printed model for the preoperative surgical planning of a
patient with a bone tumour in pelvic zone I, designed and 3D-printed an
iliac bone prosthesis, and used a computer navigation system to assist in
tumour resection and prosthesis installation perioperatively. The post-
operative functional recovery of the corresponding patient was satisfac-
tory. Wong et al. [19] used a 3D printingmodel to plan a surgical regimen
for a patient with a chondrosarcoma in pelvic zone II and designed and
made osteotomy and nail placement guides for intraoperative tumour
resection and prosthesis installation to repair and reconstruct bone de-
fects after tumour resection. Histological postoperative tumour specimen
examination showed negative resection margins, and the error of the
Fig. 1. The course of preopera

166
tumour resection scope and prosthesis implantation position did not
exceed 4 mm. Follow-up was performed at 11 months postoperatively
and revealed that the patient's hip joint movement function was good and
that there was no tumour recurrence or prosthesis loosening. Blakeney
et al. [20] used 3D printing technology to perform surgery on a patient
with chondrosarcoma in pelvic zone III, made a 3D printing model pre-
operatively, and designed and produced a 3D printed osteotomy guide
based on the aforementioned model to aid intraoperative tumour resec-
tion. Total hip replacement was performed to restore limb function.
Postoperative histological tumor specimen examination showed negative
resection margins. The patient recovered well, was able to walk inde-
pendently without pain, and showed no signs of tumour recurrence 6
months postoperatively. Wei et al. [21] used a 3D-printed prosthesis to
repair and reconstruct a bone defect in a patient with chordoma in pelvic
zone IV after en bloc sacrum resection. One year postoperatively, the
patient was able to walk with crutches without pain, and there were no
tumour recurrences or symptoms, such as pelvic instability.

This study retrospectively analysed 10 cases each in which conven-
tional and 3D printing techniques were used for pelvic tumour resection,
repair, and reconstruction in the past 5 years and compared the effects of
both methods in the surgical treatment of pelvic tumours. In this study,
the average incision length, duration of surgery, and amount of intra-
operative blood loss were significantly less in the 3D printing group than
in the conventional group (P < 0.05), indicating the potential of 3D
printing technology for reducing surgery duration and surgical trauma.
Postoperative histological tumour specimen examination showed nega-
tive resection margins in nine and three cases in the 3D printing and
conventional groups, respectively. The rate of negative resection margins
was significantly higher in the 3D printing group than in the conven-
tional group (P < 0.05), indicating that using digital medicine and 3D
printing technology to formulate surgical plans preoperatively and using
3D printed surgical guides to aid the resection of bone tumours peri-
operatively allow more accurate and complete tumour resections. One
patient had an osteochondrosarcoma in zone I in the 3D printing group.
Postoperative histological tumour specimen examination showed posi-
tive resection margins, and positive areas were located at the sacroiliac
joint. Considering that the tumour grew close to the sacrum in this pa-
tient, tumour cells might have invaded the sacroiliac joint to grow to-
wards the sacrum; however, our surgical guide designing and planning
only covered the sacroiliac joint and did not involve the sacrum. Regular
follow-up was performed postoperatively. The MSTS score at the last
tive planning and surgery.



Fig. 2. Three-dimensionally-printed personalised prosthesis for bone defect repair and reconstruction following giant cell right iliac bone tumour resection. A.
Preoperative pelvic frontal radiography film suggested a right iliac bone tumour; B. preoperative computed tomography image; C–F. a personalised prosthesis and
surgical guide were designed preoperatively for bone defect repair and reconstruction following right iliac bone tumour resection; G-H. three-dimensionally-printed
personalised prosthesis and surgical guide; I. intraoperative image; J. postoperative pathological results suggested giant cell bone tumour; K. postoperative pelvic
frontal radiography film; L. the size of the porous structure.

Table 3
Intraoperative conditions and postoperative follow-up results.

Group Number of
cases

Surgery duration
(min)

Blood loss
(mL)

Surgical incision
length (cm)

Number of cases with negative resection margins shown
by histological examination

MSTS score at last
follow-up

3D printing
group

10 115.2 � 25.3 213.2 �
104.6

10.0 � 3.1 9 23.8 � 1.3

Conventional
group

10 156.8 � 61.4 361.4 �
164.2

19.8 � 8.4 3 18.3 � 1.4

aT/X2 value 2.868 3.489 6.053 3.132
P value 0.006 0.001 0.000 0.02 0.029

MSTS, Musculoskeletal Tumor Society
a The comparison of the above indicators between the two groups showed a statistically significant difference (P < 0.05)
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follow-up was better in the 3D printing than in the conventional group (P
< 0.05), indicating that the 3D printing surgical guide and personalised
prosthesis used for pelvic tumour resection, repair, and reconstruction
may improve postoperative functional recovery.

When applying 3D-printed personalised prostheses for the repair and
reconstruction of bone defects after pelvic tumour resection, the
following observations were made. First, in cases of bone tumour
resection, repair, and reconstruction in pelvic zone I, it should be
considered that the bone tumour is located in the ilium, adjacent to the
sacrum. The bone defect after resection will affect pelvic ring continuity
and normal load conduction. For such bone defects, an effective,
matched, and firm repair and reconstruction enable patients to move
early postoperatively, avoid spine and lower limb deformities, and
restore good lower limb functions. The 3D-printed iliac bone prosthesis is
designed according to the shape and size of the bone defect and is highly
matched with it. The aforementioned iliac bone reserves one to three
sacral nail channels and multiple iliac bone nail channels, allowing the
firm fixation of the prosthesis and the reconstruction of the continuity of
the pelvic ring and normal load conduction. Furthermore, the 3D-printed
iliac bone reserves holes on the edges of the prosthesis, allowing muscle
reattachment. The interface between the prosthesis and the bone must be
167
designed as a porous 3D structure that allows bone ingrowth (Fig. 2 CG).
Second, during bone tumour resection, repair, and reconstruction in
pelvic zone II, bone tumours were in the acetabulum and surrounding
areas. Tumour resection in this area often causes acetabular bone defects
and requires the reconstruction of a stable and functional hip joint.
Conventional treatment for such bone defects uses a titanium mesh cup
for acetabular roof reconstruction and bone graft or bone cement filling,
and artificial hip replacement to restore hip joint function; moreover,
prostheses are not well-matched with bone defects using conventional
treatment. The shape and size of 3D-printed prostheses in this area are
highly matched with bone defects. The acetabular cup contains fixed
anteversion and abduction angles. The proximal part of the acetabular
cup is close to the iliac osteotomy surface, and 1–2 sacral nail channels
and/or multiple iliac nail channels are reserved, while the distal part of
the acetabular cup is a hook-like structure fixed to the obturator at the
end proximal to the acetabulum; multiple nail channels of pubic/ischial
branches may be reserved in the distal part. These designs are conducive
to stabilizing and fixing the prosthesis (Fig. 3 ①-⑫). The interface be-
tween the prosthesis and the bone needs to be designed as a 3D porous
structure to facilitate bone ingrowth. After the 3D-printed prosthesis is
stabilised and fixed, the femoral stem is implanted, the artificial hip joint



Fig. 3. Design of a personalised prosthesis for bone defect repair and reconstruction following right hip bone tumour resection. 1–3) Preoperative pelvic frontal
radiography and computed tomography findings suggested right hip bone tumour; 2) postoperative pathological results suggested giant cell bone tumour; 4) post-
operative pathological results suggested giant cell bone tumour; 5–9) A personalised prosthesis and surgical guide were designed preoperatively for bone defect repair
and reconstruction following right iliac bone tumour resection. 10, 11) A personalised prosthesis and surgical guide were designed preoperatively for bone defect
repair and reconstruction following right iliac bone tumour resection; 12) Bone defect following right hip bone tumour resection and three-dimensional printing of
personalised prosthesis model.
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is installed, and the soft tissue attachment is reconstructed according to
the total hip replacement procedure.

This study has certain limitations. First, as this study was retrospec-
tive with few clinical cases, selection bias may exist. Second, the cases
included in this study only involved pelvic tumours in pelvic zones I and
II; however, the bone tumours in zones III, IV, and mixed zones were not
included; furthermore, the follow-up time was short. Third, the time of
the clinical use of 3D-printed metal prostheses was short, and most
studies on the clinical use of 3D-printed prostheses are exploratory thus
far. The cost, manpower, and time expenditure are higher than those of
standard prostheses and are not suitable for emergency surgery. Further
clinical studies including more bone tumour cases and involving various
pelvis regions are warranted.

5. Conclusion

Applying 3D-printed surgical guides and personalised prostheses in
patients undergoing pelvic tumour resection, repair, and reconstruction
and preoperative planning and design allows more accurate tumour
resection and better prosthesis-patient matching, potentially reducing
surgical trauma, shortening surgery duration, and promoting post-
operative functional recovery.
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