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Abstract

Background Functional reconstruction after resection of
pelvic malignancies involving the acetabulum remains
challenging. Numerous reconstruction methods have been
proposed, but they are generally associated with mechan-
ical and nonmechanical complications. To improve the
function of patients with primary malignancies of the ac-
etabulum after internal hemipelvectomy and reduce
the complication rate after this procedure, we designed a
series of three-dimensionally (3D) printed, custom-made,

integrative hemipelvic endoprostheses with a porous
structure and wanted to present the early results of using
this construct to determine whether it could be considered a
reasonable reconstruction option.

Questions/purposes We performed this study to (1) eval-
uate, in a small group of patients, whether the new endo-
prosthesis restores short-term lower-limb function; (2)
identify short-term complications associated with the use
of this endoprosthesis; and (3) assess osseointegration
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between the host bone and the 3D-printed integrative
hemipelvic endoprosthesis with a porous structure.
Methods Between October 2016 and May 2017, our center
treated 26 patients with malignancies involving the acetabu-
lum. Thirteen of these patients received hemipelvic re-
placement with a 3D-printed, custom-made, integrative
endoprosthesis, six received hemipelvic replacement with a
modular endoprosthesis, four received radiotherapy, and three
received external hemipelvectomy. Resection and re-
construction with a 3D-printed, custom-made, integrative
endoprosthesis were indicated if the resection margin was the
same as that achieved in hemipelvectomy, if reconstruction
would preserve reasonable function after resection, if the pa-
tient had a good physical status and life expectancy longer than
6 months, and if the patient was willing to accept the potential
risk of a 3D-printed, custom-made, endoprosthesis. The ex-
clusion criteria were an inability to achieve a satisfactory sur-
gical margin with limb salvage, inability to preserve the
function of the limb because of tumor involvement of the sacral
nerve or sciatic nerve, and unresectable and/or widely meta-
static disease on presentation. Pain and function were evaluated
with the 10-cm VAS score (range 0 to 10; a lower score is
desirable), the 1993 version of the Musculoskeletal Tumor
Society (MSTS-93) score (range 0 to 30; a higher score is
desirable), and the Harris hip score ([HHS]; range 0 to 100;
a higher score is desirable) were evaluated preoperatively and
at a median of 27 months after reconstruction (range 24 to
31 months). The functional scores and complications were
recorded after reviewing the patients’ records. Osseointegration
was assessed with digital tomosynthesis by two senior sur-
geons. We observed the trabecular structures connected to the
implant surface to assess whether there was good
osseointegration.

Results The median preoperative VAS score, MSTS-93
score, and HHS were 5 (range 2 to 8), 14 (range 3 to 18), and
64 (range 20 to 76) points, respectively. At the latest follow-
up interval, the median VAS score, MSTS-93 score, and
HHS were 2 (range 0 to 6), 23 (range 15 to 27), and 82 (range
44 to 93) points, respectively. No deep infection, disloca-
tion, endoprosthetic breakage, aseptic loosening, or local
recurrence occurred. Two patients experienced delayed
wound healing; the wounds healed after débridement. Using
digital tomography, we found that all implants were well-
osseointegrated at the final follow-up examination.
Conclusions A 3D-printed, custom-made, integrative
hemipelvic endoprosthesis provides acceptable early out-
comes in patients undergoing pelvic reconstruction.
Osseointegration is possible, and we anticipate this will lead
to biologic stability with a longer follow-up interval. The
custom-made integrative design ensured precise implanta-
tion. Although a few patients in this study had only a short
follow-up duration, the functional results were reasonable.
We have observed no major complications so far, but this
was a very small series and we caution that these are large
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reconstructions that will certainly result in complications for
some patients. Our method uses a precise preoperative sim-
ulation and endoprosthesis design to aid the surgeon in per-
forming challenging operations. If our early results are
confirmed with more patients and longer follow-up and are
replicated at other centers, this may be a reconstruction op-
tion for patients with periacetabular malignancies.

Level of Evidence Level 1V, therapeutic study.

Introduction

Limb salvage surgery is widely used to treat primary pelvic
malignancies of the acetabulum, but functional re-
construction of hemipelvic bone defects is frequently asso-
ciated with complications [5, 24, 28, 55]. Numerous biologic
reconstruction methods have been proposed, including
iliofemoral arthrodesis or pseudarthrosis [42], massive
allografts [4], femoral-neck autografts [6], and autoclaved
autografts [48]; however, various disadvantages have been
reported for each of those approaches, including major
complications, poor functional outcomes, and no clear
benefit compared with not performing reconstruction [13,
43,44, 46, 47]. Recently, prosthetic reconstruction has been
proposed because of its initial stability, acceptable cosmesis,
and relatively rapid restoration of function [21].

Several metal endoprostheses have been developed to
substitute for the native acetabulum; these include the saddle
endoprosthesis [11, 28], ice-cream cone endoprosthesis [8,
26], modular endoprosthesis [21, 40], and custom-made
endoprosthesis [2, 27, 41]. However, the saddle endopros-
thesis and ice-cream cone endoprosthesis require sufficient
iliac bone during reconstruction. The modular endopros-
thesis and custom-made endoprosthesis commonly com-
promise long-term survival because of loosening. The major
factor associated with loosening of modular endoprostheses
is sacrificing the fit at the anchor part in order to obtain a
satisfactory acetabular location and orientation [19].
However, loosening of custom-made endoprostheses is of-
ten associated with incomplete osseointegration [2, 34, 41,
49, 51]. Therefore, alternative endoprostheses, some of
which have an osteoconductive structure and anatomy-
imitating shape, have been proposed [34, 36, 49]. Three-
dimensionally (3D) printed, custom-made, endoprostheses
with a porous structure might be an option for complicated
and irregular hemipelvic bone defects. They have been
reported to result in relatively good function and a low short-
term complication rate, but shortcomings such as incomplete
pelvic ring reconstruction or component endoprosthesis
design still exist and may lead to degeneration of the sa-
croiliac joint or endoprosthetic breakage [25, 33, 49].
Currently, to our knowledge, the application of a 3D-printed,
custom-made, endoprosthesis with an integrative design is
rare in reconstructing massive hemipelvic bone defects of

Copyright © 2020 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.



Volume 478, Number 11

A New Custom-made Hemipelvic Endoprosthesis 2489

the acetabulum [54]. Recently, we designed a series of 3D-
printed, custom-made, integrative hemipelvic endoprostheses
and used them to treat patients with primary malignancies of
the acetabulum. We wish to determine, at a minimum of 2
years, the early performance of this new device.

The purposes of this study were to (1) evaluate, in a
small group of patients, whether the new endoprosthesis
restores short-term lower-limb function; (2) identify short-
term complications associated with the use of this endo-
prosthesis; and (3) assess osseointegration between the
host bone and the 3D-printed integrative hemipelvic
endoprosthesis with a porous structure.

Patients and Methods
Patients

Between October 2016 and May 2017, our center treated 26
patients with malignancies involving the acetabulum. Thirteen
of these patients received hemipelvic replacement with a 3D-
printed, custom-made, integrative endoprosthesis, six received
hemipelvic replacement with a modular endoprosthesis, four
received radiotherapy, and three received external hemi-
pelvectomy. Resection and reconstruction with this 3D-
printed, custom-made, integrative endoprosthesis were in-
dicated if the planned resection margin would be the same as
that achieved in hemipelvectomy, if reconstruction would
preserve reasonable function after resection, if the patient had a
good physical status and life expectancy of longer than
6 months, and if the patient was willing to accept the potential
risks of the 3D-printed, custom-made, endoprosthesis. The
exclusion criteria were an inability to achieve a satisfactory
surgical margin with limb salvage, inability to preserve a
functional limb because of tumor involvement of the sacral
nerve or sciatic nerve, and patients who had unresectable
and/or widely metastatic disease on presentation. There were
six men and seven women with a median age of 46 years
(range 31 to 66 years). The median BMI was 27 kg/m? (range
18to0 34 kg/mz). Three patients had Type I + Il resection, while
10 had Type I + II + III resection (Table 1) [15].

Diagnoses were chondrosarcoma in six patients, fibro-
sarcoma in two, osteosarcoma in one, dedifferentiated
parosteal osteosarcoma in one, Ewing sarcoma in one, sol-
itary plasmacytoma in one, and angiosarcoma in one.
According to the Enneking staging system [16], 10 patients
with chondrosarcoma, fibrosarcoma, solitary plasmacy-
toma, or angiosarcoma had Stage IIB disease; three patients
with dedifferentiated parosteal osteosarcoma, Ewing sar-
coma, or osteosarcoma resulting in a pulmonary metastasis
had Stage III disease. Among the 13 patients in the study,
two cycles of neoadjuvant chemotherapy were administered
in one patient with an osteosarcoma (doxorubicin and cis-
platin), one with Ewing sarcoma (vincristine, doxorubicin,

cyclophosphamide/ifosfamide, and etoposide), one with
fibrosarcoma (mesna, ifosfamide, doxorubicin, and
dacarbazine), one with solitary plasmacytoma (melphalan
and prednisone), and one with angiosarcoma (mesna,
ifosfamide, doxorubicin, and dacarbazine). One patient
with fibrosarcoma received one cycle of neoadjuvant
chemotherapy (mesna, ifosfamide, doxorubicin, and
dacarbazine) (Table 1). Preoperatively, all patients un-
derwent plain radiography, 3D CT, and MRI of their
lesions (Fig. 1). Single-photon emission CT or positron
emission tomography/CT with biopsy was performed.
The scores of the 10-cm VAS, the 1993 version of the
Musculoskeletal Tumor Society (MSTS-93) scale, and
the Harris hip score (HHS) were evaluated [14, 22, 23].

This study was approved by the ethical committee of our
institution. Written informed consent to participate in this
study was obtained from all patients.

Endoprosthesis Design and Fabrication

All endoprostheses were designed by our clinical team and
fabricated by Chunli Co., Ltd. (Tongzhou, Beijing, China).
CT data were used to build virtual 3D pelvic models in
Mimics V20.0 software (Materialise Corp., Leuven,
Belgium). Afterwards, the image fusion technique in-
tegrated MRI data to build a virtual tumor model (Fig. 2).
The tumor-free bone resection margin was set as 10 mm for
chondrosarcoma and 30 mm for high-grade malignancies
such as osteosarcoma and Ewing sarcoma. We based these
margins on reports by others who reported a median tumor-
free bone resection margin of 10 mm (range 5 to 15 mm) for
chondrosarcoma [17, 36, 39, 54], whereas for patients with
high-grade sarcomas receiving no or ineffective pre-
operative treatment, a 30-mm tumor-free bone resection
margin was considered adequate. If the preoperative mo-
dality was effective, a 20-mm margin was permissible [30].
The intraoperative position of the patients and surgical ap-
proach were determined according to the tumor’s location
and tumor-free bone resection margin. Thereafter, to facili-
tate the operation, we modified the osteotomy plane in ac-
cordance with the surgical approach and tumor-free bone
resection margin. Subsequently, a preliminary endopros-
thesis was generated and modified to a more streamlined
shape, removing unnecessary anatomic prominences to help
with soft-tissue closure. Next, patient-specific instruments
were designed to fit on and fix to the tumor side of the
osteotomy plane, with 2-mm holes for inserting K-wires
along the midline. Thereafter, we designed the screw’s ori-
entation while considering the surgical approach and natural
body weight transmission to obtain easy and durable fixa-
tion. After the above procedures, the endoprosthesis design,
including the acetabular location and orientation (natural 15°
anteversion and 45° inclination), the endoprosthesis surface
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Fig. 1 (A) A preoperative plain radiograph of a 35-year-old man with an angiosarcoma in
the right ilium is shown (Patient 12). (B) A preoperative plain radiograph of 53-year-old
woman with an osteosarcoma of the left pelvis is shown (Patient 11). (C) A preoperative
plain radiograph of 46-year-old woman with a chondrosarcoma of the left ilium is shown
(Patient 9).

was modified and the structure was reinforced to reconstruct
the intact pelvic ring. The time for simulation was approx-
imately 4 hours. The sacroiliac joints were sacrificed in 10
patients and preserved in three. The pubic rami were par-
tially preserved in 10 patients and left intact in three. Five
ischia were totally resected and five were partially resected;
three were left intact.

Four types of endoprosthesis were designed (Fig. 3). The
endoprosthesis connected the residual ilium or sacrum to a
flat porous surface and was fixed with cancellous screws.
Meanwhile, the endoprosthesis connected the residual ace-
tabulum with a semi-porous acetabulum (in three patients)
and the residual pubic ramus was connected with the stem
ora “cap-like” structure (in 10). Reconstruction of the ischial
ramus was determined based on whether the ischial tubercle
was preserved. Features of the preliminarily designed
endoprosthesis, including minimization of the iliac wing
and removal of the ischial spine and posterior iliac spines,
were simplified. The endoprosthesis was composed of solid
and porous structures. A continuous “arc-like” supporting
structure extended along an arcuate line connecting other
solid structures such as screw holes, the acetabulum, and
pubic ramus. The porous structure had a pore size of 600 pm
and porosity of 70%. Suture holes for muscle reconstruction
were made along the endoprosthesis crest.

The endoprosthesis was fabricated using the electron
beam melting technique (ARCAM Q10plus, Mdlndal,
Sweden); meanwhile, the patient-specific instruments and
plastic endoprosthesis models were fabricated using the
stereolithography appearance technique (UnionTech Lite
450HD, Shanghai, China) (Fig. 4A). The design proce-
dures took 2 days. 3D-printing fabrication, post-processing,
and delivery took 3, 2, and 3 days, respectively. Additionally,
the design and manufacture of the endoprosthesis and
patient-specific instruments, including the femoral endo-
prosthesis, cost approximately USD 7000.

Surgical Techniques

All operations were performed by the same senior surgeon
(CT). The lateral position and combined posterior iliac
and Smith-Petersen approaches, with or without an
ilioinguinal approach, were mostly used. All of the tumors
were resected en bloc. Intraoperatively, the origins of the
muscles surrounding the hip joint were preserved,
whenever possible. Soft tissue was removed according
to a preoperative simulation to expose enough of the bone
surface to seat the patient-specific instruments. Because
of the preoperative simulation and careful surgical

Fig. 2 Preoperative simulation was performed; the pelvic model (white), osteotomy plane (green), resected specimen (purple), and
tumor (red) are shown. (A) This image shows involvement of the right sacroiliac joint and no involvement of the right pubic ramus.
(B) This image shows involvement of the left pubic ramus and no involvement of the sacroiliac joint. (C) This image shows no

involvement of the left sacroiliac joint and left pubic ramus.
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Fig. 3 Four types of endoprosthesis designs for different hemipelvic bone defects are shown. (A)
This image shows the Type 1 endoprosthesis design for a bone defect in which the sacroiliac joint
was sacrificed and the pubis was partially preserved. (B) This image shows the Type 2 endo-
prosthesis design for a bone defect in which the sacroiliac joint was sacrificed and the pubis was
totally preserved. (C) This image shows the Type 3 endoprosthesis design for a bone defect in
which the preserved sacroiliac joint was preserved and the pubis was partially preserved. (D) This
image shows the Type 4 endoprosthesis design for a bone defect with a preserved sacroiliac joint
and totally preserved pubis. A color image accompanies the online version of this article.

planning, this exposure for placing the cutting guides did wound was soaked in 10% povidone-iodine for 3 minutes
not extend the amount of bone or soft-tissue dissection. and another pulsatile lavage was performed with 3 L of
Osteotomies were performed after the patient-specific isotonic sodium chloride solution. Although we do not
instruments were stabilized with K-wires (Fig. 4B). A have evidence that this is effective or beneficial, we prefer
plastic implant trial was used to confirm the perfect fit to use this approach to possibly reduce the likelihood of a
before pulsatile lavage was performed. Thereafter, the wound infection.

Fig. 4 (A) The endoprosthesis model and prosthesis are exhibited, and the pubic stem part of the model was removed. (B)
Intraoperative osteotomy was performed with the aid of patient-specific instruments. (C) The endoprosthesis was implanted
precisely; the constrained acetabular liner can be observed. A color image accompanies the online version of this article.
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During reconstruction, trabecular bone of the sacrum
was completely exposed with a rongeur. The definitive
endoprosthesis was integrally inserted, and the fixation
sequence was different in various situations. Sacral or iliac
fixation was usually performed first; thereafter, the entire
pelvis was reduced, and the endoprosthesis was fixed to the
residual pelvis by inserting a screw into the pubic ramus.
However, if there was sufficient pubic ramus remaining, a
stem on the endoprosthesis was designed and inserted first,
followed by sacral or iliac fixation. The endoprosthesis was
finally affixed to the ischium (if it was preserved). After
establishing rigid fixation, we cemented a constrained ac-
etabular liner (5° to 10° over natural anteversion) into the
prosthetic acetabulum, and the corresponding proximal
femoral head and neck components were implanted with
proper periacetabular muscle tension (Fig. 4C). No soft-
tissue restraints were used in our series. Pulsatile lavage
with 10% povidone-iodine and another pulsatile lavage
with 3 L of isotonic sodium chloride solution were un-
dertaken again, followed by autografting with bone chips
in a slurry from the femoral head at the bone-implant
interfaces. Then, preserved muscles and their origins such
as the rectus femoris, sartorius, iliopsoas, and gluteus were
reconstructed and sutured to the endoprosthesis with a
nonabsorbable suture (Ethibond™ Size 2; Johnson &
Johnson, Ltd., New Brunswick, NJ, USA). In patients in
whom most of the muscles were resected, soft tissue was
reconstructed tightly with a nonabsorbable suture. Because
the endoprosthesis had a low profile by design, we did not
use rotational or free flaps in these patients. There was
sufficient tissue to close the wound tightly and reduce dead
space without them.

During surgery, RO resection and planned recon-
struction were achieved in all patients. The median in-
traoperative time and blood loss were 260 minutes (range
170 to 540 minutes) and 2600 ml (range 900 to 8200 ml),
respectively.

Postoperative Management

Postoperatively, the limb was positioned in neutral rota-
tion, 15° to 25° of abduction, 15° of hip flexion, and 15° of
knee flexion, and maintained with an anti-rotation orthosis
device. Within 3 days, overall hip muscle strength was
evaluated with two tests. The first test was active hip sta-
bility by moving the hip into 15° to 25° of abduction, 60° of
hip flexion, and 90° of knee flexion. The second test was
active knee extension with the hip in 15° to 25° of ab-
duction, 20° to 30° of hip flexion, and 30° to 45° of knee
flexion.

When the patients were able to perform both tests easily,
they were believed to have satisfactory hip joint stability
and good strength of the knee muscle in extension, and they

were qualified for early rehabilitation. During the first week
postoperatively, the training included these two tests to
reinforce the strength and balance of the hip muscles in
internal and external rotation. During the next week,
standing hip flexion with no weight-bearing of the affected
limb was encouraged. At 2 weeks postoperatively, patients
were encouraged to gradually increase weight-bearing on
the affected limb from 10 kg until weight-bearing was
equal to that of the contralateral side, and this process
usually lasted for 2 weeks. Four weeks postoperatively, the
patients progressed to hip abduction, adduction and ex-
tension training, and ambulation with walking aids.

Patients who had difficulty finishing one or two of the
tests were believed to have poor hip stability or lack muscle
strength. Their hips were immobilized in a pelvic-thigh
brace (15° to 25° of abduction, 15° of hip flexion, and 15°
of knee flexion). The two tests were performed on a bed as
daily trainings in the first 2 to 3 weeks. Thereafter, standing
hip flexion with no weight-bearing on the affected limb was
permitted. Four to 6 weeks postoperatively, gradually in-
creased weight-bearing from 10 kg to full weight-bearing
was applied. Hip abduction, adduction, and extension
exercises were implemented, and ambulation with walking
aids was undertaken from 6 to 8 weeks postoperatively.

In the first 3 months, the patient’s sleeping position was
restricted to the supine position, with pillows placed be-
tween the legs. Thereafter, all patients were encouraged to
walk without crutches and told to start cross-leg and squat
training, which lasted for 1 week.

All patients underwent evaluations including a physical
examination and plain radiography of the pelvis before
discharge and monthly during the first 3 months post-
operatively and every 3 months thereafter (Fig. SA-C). CT
of the pelvis was performed before discharge and yearly
postoperatively. The same chemotherapy regimens were
administered to patients who received preoperative che-
motherapy. No patient in this series underwent post-
operative radiotherapy. At a median follow-up interval of
27 months (range 24 to 31 months), no patient was lost to
follow-up, 11 patients had no evidence of disease, and two
patients were alive with disease. Of the two patients who
are currently alive with disease, one patient with Ewing
sarcoma is receiving targeted therapy with Apatinib
(500 mg, qd) owing to ineffective chemotherapy and cur-
rently has stable disease. One patient with a dediffer-
entiated parosteal osteosarcoma is alive with a pulmonary
metastasis but refused further treatment.

Primary and Secondary Study Endpoints
Our primary endpoint of interest was pain and function.

Pain at rest was assessed according to the 10-cm VAS score
(a lower score is desirable); the MSTS-93 score and HHS
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Fig. 5 Postoperative radiographic examinations are shown. (A) This postoperative plain
radiograph shows precise reconstruction with a Type 2 endoprosthesis. (B) This post-
operative plain radiograph shows precise reconstruction with a Type 3 endoprosthesis. (C)
This postoperative plain radiograph shows precise reconstruction with a Type 4 endo-
prosthesis. (D) This digital tomosynthesis image shows good osseointegration.

were assessed through a review of patient records per-
formed by a surgeon (YW) who was not involved in the
patient’s care [14, 22, 23]. The MSTS-93 is a limb-specific
assessment based on six categories (pain, function, emo-
tional acceptance, supports, walking ability, and gait)
specific to the entire lower limb. Each category is scored
from 0 to 5, with a total score from 0 to 30 (a higher score is
desirable). The HHS is scored from 0 to 100 (a higher score
indicates better function). The VAS, MSTS-93, and HHS
were administered preoperatively and at the most-recent
follow-up examination. The duration of continuous walk-
ing was recorded. Gait and the patient’s ability to cross
their legs and squat were evaluated.

Our secondary endpoint was complications. Complications
including infection, local recurrence, dislocation, aseptic
loosening, endoprosthetic breakage, and delayed wound
healing were assessed by a surgeon who was not involved in
the patient’s care through reviewing the patient’s records.

Our third endpoint was osseointegration. Digital tomo-
synthesis (Sonialvision Safire II, Shimadzu, Kyoto, Japan)
was performed every 3 months postoperatively (Fig. 5D).
Two senior surgeons (LM and CT) independently evaluated
digital tomosynthesis scans of the pelvis at the most-recent
follow-up evaluation. We observed the trabecular structures
connected to the implant surface to assess whether there was
good osseointegration.

@@,Wolters Kluwer

Statistical Analysis

The statistical analyses were performed using IBM SPSS
Statistics software, version 25 (IBM SPSS, Armonk, NY,
USA). Non-parametric preoperative and postoperative
data including the VAS score, MSTS-93 score, and
HHS were compared using Wilcoxon’s signed-rank test.
A p value < 0.05 was considered statistically significant.

Results
Pain and Function

The VAS score improved from a median of 5 points (range
2 to 8) preoperatively to 2 points (range 0 to 6, difference of
medians, 3 points; p = 0.002) at the most-recent follow-up
examination. The MSTS-93 score improved from a median
of 14 points (range 3 to 18) preoperatively to 23 points
(range 15 to 27, difference of medians, 9 points; p=0.001)
at the most-recent follow-up examination. The median
scores of the six categories of the MSTS-93 scale (pain,
function, emotional acceptance, supports, walking ability,
and gait) at the latest follow-up examination were 4 (range
2 to 5), 4 (range 2 to 4), 4 (range 3 to 5), 4 (range 2 to 5), 4
(range 3 to 5), and 4 (range 2 to 4) points, respectively. The
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HHS improved from a median of 64 points (range 20 to 76)
preoperatively to 82 points (range 45 to 93, difference of
medians, 18 points; p = 0.001) at the most-recent follow-
up. Patients in our series could walk continuously for a
median duration of 1 hour (range 0.5 to 2 hours). Nine of
the 13 patients did not use support and four used a cane
when walking. An obvious limp was observed in four of
the 13 patients, while there was a slight limp in two. All
patients could sit cross-legged and had good squatting
function.

Complications

We did not observe any surgical complications, infection,
local recurrence, dislocation, nerve palsy, and vascular
incidents in this small series; two of the 13 patients expe-
rienced delayed wound healing. Both patients underwent
two débridement and closure procedures; after 1 month,
their wounds healed.

Osseointegration

All implants were well-osseointegrated at the final follow-
up examination.

Discussion

Endoprostheses are believed by some surgeons to be pref-
erable to leaving the hip flail for reconstruction of defects
after resections of hemipelvic tumors of bone involving the
acetabulum [9, 12, 13, 18, 21, 32, 35, 42-44]. Patients have
been reported to ambulate after endoprosthetic replacement
with or without support and perform some activities of daily
living; however, complications such as infection, disloca-
tion, aseptic loosening, and endoprosthetic breakage were
common, which limited its further application (Table 2) [2,
3,7,8,10, 25,27, 28, 38, 41, 45, 49, 51, 52]. A novel 3D-
printed, custom-made, integrative hemipelvic endopros-
thesis with a porous structure and integrative design that
conforms to the patient’s anatomy might reduce the com-
plication rate. We found function was acceptable and there
was a low incidence of complications and good osseointe-
gration with the use of such an endoprosthesis in our small
series of patients.

Limitations
This study had a number of limitations. First, the oncologic

outcome was not evaluated because our cohort of 13
patients was too small and diverse with respect to diagnosis

to assess this outcome. Second, a selection bias might have
existed in this study. However, the patients were fully in-
formed of the advantages and disadvantages of various
reconstruction methods including no reconstruction, a
modular hemipelvic endoprosthesis, and a 3D-printed
hemipelvic endoprosthesis, and chose this option, so even
if bias existed, these results are from a preliminary analysis
of the endoprosthesis in the short term. Third, osseointe-
gration was assessed by surgeons, which might result
in assessment bias. We tried to mitigate this by having
two surgeons assess the radiographies independently.
Additionally, during the follow-up period, pain relief, im-
proved walking ability, and stability of the endoprosthesis
without migration were observed, indicating good osseoin-
tegration. Hence, the influence of assessment bias was not
severe. Fourth, our follow-up period was short, and un-
known drawbacks might occur in the long term. We will
need to follow these patients over a longer period to see
whether the generally good results we observed will en-
dure over time. Finally, although our series is one of the
largest studies on 3D-printed, custom-made, integrative
hemipelvic prosthetic replacement, because there were so
few patients, it is impossible to estimate how frequently
complications will occur. Given the magnitude of these
reconstructions, we expect complications will occur as
more of these implants are used. Larger multicenter
studies are needed to compare this approach with other
types of reconstruction.

Pain and Function

The VAS score, MSTS-93 score, and HHS improved post-
operatively compared with at the initial presentation in all
our patients. Compared with previous studies that
demonstrated a mean MSTS score with or without re-
construction ranging from 11 to 22, the function we ob-
served was acceptable (Table 2) [2, 7, 9, 12, 21, 25, 35, 36,
41,43-45,49,51, 52]. We believe the reasons are as follows:
first, the patient-specific instruments that were fixed to the
tumor side diminished the normal disruption of muscle and
allowed early rehabilitation. Second, an intact pelvic ring
reconstructed by the 3D-printed, custom-made, endopros-
thesis offered 3D stability of the hip and pelvis, which is
more reliable than only longitudinal weight-transmission
reconstruction. Third, the origins of the muscles around
the hip were carefully reconstructed with nonabsorbable
sutures, providing durability for further rehabilitation.
Fourth, the personalized rehabilitation plan was performed
according to an early functional evaluation. In patients with
good early restoration of function, early rehabilitation may
facilitate functional recovery. For patients with poor early
restoration of function, a longer bedrest period was adopted
to allow scar tissue to adhere tightly and to stabilize the hip
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[3, 10, 50, 54]. Consequently, our patients’ function re-
covered. However, as might be expected from such large
resections and reconstructions, some patients had important
functional limitations. The most obvious of these were limp
and restricted hip mobility; even limb-length discrepancy
was diminished by reconstructing the acetabulum in situ.
Obvious limp and restricted hip mobility occurred in four
patients because of massive muscle removal, especially of
the gluteus muscles, even though soft-tissue reconstruction
and personalized rehabilitation were performed carefully.

Complications

We did not observe any surgical complications; two of our
13 patients experienced delayed wound healing. However,
this was a very small series, and we know that as more of
these large reconstructions are performed, complications
will occur. The most commonly reported reasons for failure
of endoprosthesis reconstruction were infection (0% to
30%), recurrence (0% to 33%), and hip dislocation (0% to
20%)[2,8,10,21,25,27,29,38,41,45,49, 52]. To reduce
deep infection, four procedures were carefully performed
during the design and perioperative periods. First, the
endoprosthesis had a streamlined shape and porous sur-
face, allowing close contact and ingrowth of soft tissue to
reduce dead space. Second, on the premise of en bloc re-
section, patient-specific-instruments attached to the tumor
side allowed for minimized surgical exposure to prevent
infection. Further, preoperative simulation and intra-
operative assistance from patient-specific instruments di-
minished the operation time. Additionally, the wound was
flushed repeatedly with pulsed lavage and soaked in
povidone-iodine, although we cannot prove this helped
reduce infections in our patients. To minimize local re-
currence, precise surgical planning, simulation, and
implementation were performed. Additionally, de-
termining the tumor-free bone resection margin is impor-
tant for en bloc resection. Previous studies reported a
median tumor-free bone resection margin of 10 mm (range
5 to 15 mm) in patients with chondrosarcoma [17, 36, 39,
54]. Meanwhile, for patients with high-grade sarcomas
who received no or ineffective preoperative treatment, a
30-mm tumor-free bone resection margin is considered
adequate, and if the preoperative modality is effective, a
20-mm margin is permissible [30]. Therefore, in our
series, a 30-mm tumor-free bone resection margin was used
for high-grade sarcomas and a 10-mm margin was used for
chondrosarcomas. None of our patients had local re-
currence; however, with a larger group of patients and a
longer follow-up duration, this might change. To reduce
the occurrence of hip dislocation, we adopted a carefully
designed acetabular orientation, precise resection and re-
construction procedures, a constrained acetabular liner

with increased anteversion during implantation, and proper
muscle and soft-tissue tension. Endoprosthetic breakage
usually results from a modular design, relatively low
strength, and poor osseointegration [10, 41, 45]. The con-
tinuous solid structure inside the endoprosthesis including
the arcuate-line support, acetabulum, screw holes, and
pubis reinforce the supporting structure to ensure the
overall strength of the endoprosthesis. Additionally, in
terms of biomechanical transmission, osseointegration
between the endoprosthesis and the host bone can disperse
stress.

Osseointegration

All implants osseointegrated. Osseointegration is essential
for the long-term survival of an endoprosthesis; otherwise,
aseptic loosening is inevitable [10, 25, 27, 41, 52]. To
avoid inadequate osseointegration, an osteoconductive
structure, enhanced initial stability, and timely load bearing
were used in our series. The endoprosthesis design should
focus on the porous structure between the implant-bone
interface, and the contact area should be enlarged in the
pubic connection by the stem or a “cap-like” structure [1].
We believe trabecular bone should be exposed during
surgery, and an autograft from the femoral head should be
applied near the implant-bone connection. Adequate initial
stability should be achieved with an anatomy-conforming
endoprosthesis and well-positioned screws [53]. Suitable
weight-bearing exercise may promote osteogenesis; nev-
ertheless, early, excessive weight-bearing should be avoi-
ded. Digital tomosynthesis was used in this study to
evaluate osseointegration after hemipelvic endoprosthesis
reconstruction. This technique is known to provide good
radiographic views of the bone-implant interface and per-
iprosthetic cancellous bone [20, 31, 37]. However, some-
times, high-quality images cannot be obtained, considering
the irregular shape of a hemipelvic endoprosthesis [20]. To
solve this problem, patients were repositioned to ensure the
bone-implant interfaces were vertical to the examination
platform during radiography.

Conclusions

In our small group of 13 patients who had 3D-printed,
custom-made, integrative hemipelvic endoprostheses, we
observed acceptable early results using custom 3D-designed
hemipelvic reconstruction with osteointegrative potential.
We hope that over time, osseointegration between the
endoprosthesis and host bone will result in long-term bi-
ologic stability of the implant. The custom-made integrative
design facilitates precise implantation during surgery. Our
functional results, assessed by MSTS-93 scores and HHS,
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were acceptable and we had a low incidence of compli-
cations, but this was a very small series. We caution that
these are reconstructions are complex and will result in
complications over time and with further experience.
However, we think there are advantages to this approach
to a difficult reconstructive problem. If similar results can
be obtained by us and others with larger numbers of
patients and longer follow-up, this may be a reasonable
reconstruction option for tumors of the acetabulum.
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