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A B S T R A C T

Background: Thus far, the hip revision surgery has been widely used and promoted, and the technology has been
constantly innovated, such as tissue engineering, 3D printing prosthesis, etc. However, traditional standardized
prosthesis, allograft, autograft, bone cement and reinforcing ring are still the main treatment methods in the
mainstream pelvic defects classification systems for hip revision. In addition, the mainstream classification sys-
tems are still mainly focus on the peri-acetabulum, but less on the large-scale complex pelvic defects that widely
affecting the regions far away from the acetabulum, which also have a significant impact on the holistic
biomechanical properties of pelvis.
Methods: After integrating the design experience of custom prostheses and the understanding of biomechanical
properties of pelvis, an innovative pelvic defects classification for custom revision was preliminarily proposed,
and was practiced in surgeries. Some typical cases were chosen for elucidation in this study, and two observers
each evaluated their CT data independently twice. Intraobserver and interobserver agreement were calculated
using the kappa statistic to evaluate the reliability. The pelvis defects were classified into five types and two
subtypes. The corresponding reconstruction principles, as the main basis to support the classification, were also
described in detail. Prosthesis position examination and Harris hip score were utilized to evaluate the clinical
outcome.
Results: The installed prostheses resulted in high concordance with preoperative position planning, significantly
improved Harris score, low postoperative complication rate and no re-revision case. In addition, The interobserver
and intraobserver agreement were both excellent.
Conclusion: The presenting revision system for complex pelvic defects utilizing 3D-printed custom prosthesis and
corresponding classification of pelvic defects can preliminarily guide patients’ grouping and prosthesis design,
and may potentially provide an innovative, feasible, and efficient basis for complex total hip arthroplasty (THA)
revision.
Translational potential statement: This study provides a novel method for prosthetic revision of peri-acetabular
pelvic defects, and is expected to systematically improve the efficiency of prosthesis design and surgery in clin-
ical practice.
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1. Introduction

The developments in THA have led to a sharp increase in the demand
for revision surgeries, which is anticipated to double by 2026 [1].
Traditional revision methods are usually unable to completely adjust its
own structure according to the details of the patient's bone defects, as a
result of which the focus shifted to 3D-printed individualized custom hip
prostheses, a flexible, efficient, precise, and innovative technology [2]. In
comparison with the traditional standardized prostheses, these individ-
ualized prostheses can flexibly modify their structure to adapt to the
bone, preserving the patient's bone stock while enhancing its compati-
bility [3]. These prostheses can even help fine-tune screw insertion ac-
cording to the patient's bone quality to further increase stability [4,5].

Despite the medical value, thus far, a targeted classification of pelvic
defects for 3D-printed custom hip revision remains unavailable. As the
two most commonly used classification systems at present, the Paprosky
and American Academy of Orthopaedic Surgeons (AAOS) classification
systems all mainly focus on the peri-acetabulum, but less on the large-
scale complex pelvic defects which widely affect the ala of ilium, supe-
rior pubic ramus, and other pelvic regions. Although these structures are
far away from the acetabulum, they still have a significant impact on the
biomechanical properties of the hip joint. In view of the fact that 3D-
printed custom prosthesis is often used in large-scale and complex THA
revision patients, the corresponding pelvic defect classification system
should focus on the whole pelvic structure and cover the above regions
far away from the acetabulum. In addition, the two classification systems
are based on the traditional revision methods, such as cages, bone graft,
standardized prosthesis and so on. With the update of revision methods
and the development of custom 3D-printed prosthesis, these current
mainstream defect classification systems can not fully meet the needs of
individualized revision. Furthermore, the Paprosky classification clas-
sifies most complex pelvic defects requiring individualized design pros-
theses into types IIIA and IIIB, similar to the AAOS classification,
suggesting that these mainstream classification systems can adequately
identify patients with such pelvic defects as a whole, but their further
classification ability is compromised [6–8].

Thus, the present study comprehensively integrated the treatments
and independent prosthesis designs from 2014 to 2019, and innovatively
proposed a pelvic defect classification system based on 3D-printed indi-
vidualized custom revision prostheses. The prosthesis design principles
under each classification were also listed in detail, both as a basis to
support this classification and to guide the specific 3D-printed prosthesis
design. The study aims to furnish preliminary guidelines and provide a
practical classification approach for the management of complex THA
custom revision.

2. Materials and methods

Inclusion criteria: 1. Pelvic bone defect patients needing 3D-printed
custom hip revision surgery; 2. A follow-up time of no less than 12
months and with complete follow-up data available.

Exclusion criteria: 1. Patients with pelvic bone tumor before revision,
including benign and malignant tumors. 2. Refuse to carry out post-
operative follow-up, or cannot complete the follow-up due to personal
reasons. 3. Abnormal structure or function of hip joint due to other
reasons that were unrelated to revision prostheses and surgery (tumor,
immune system diseases such as ankylosing spondylitis, and central
nervous system diseases such as stroke) after operation.

Of the 44 patients who underwent 3D-printed individualized pros-
theses with the instruction of the presenting revision system, 11 patients
were excluded according to the above exclusion criteria. In view of the
large and complex workload of subsequent three-dimensional evaluation
of postoperative prostheses positions, we randomly selected 12 of the
remaining patients to elucidate the revision system described in this
study. The material of 3D-printing was titanium alloy and electron beam
melting (EBM) technology was adopted. The inner diameter of the
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printed prosthesis was about 49 mm. This study was approved by the
corresponding ethics committee and conducted in accordance with the
World Medical Association Declaration of Helsinki (JBJS 79A:1089-
98,1997). Patient confidentiality was protected according to the U.S.
Health Insurance Portability and Accountability Act (HIPAA). Informed
consent was also obtained before the experimentation for these patients.

2.1. Radiographic evaluation

Thin-slice computed tomography (CT) data of both legs were
collected before and after operation, ranging from the lumbar vertebrae
to the feet. The CT data of pelvis were reconstructed by Mimics Medical
20.0 (Materialise, Belgium) software. Observers evaluated the bone de-
fects range according to the results of 3D reconstruction, and further
classified each case into one specific category.

2.2. Description of classification system with corresponding reconstruction
principles

The pelvic defects were classified into types I–V and subtypes A–B
according to their ranges (Fig. 1). The subtype was considered null if the
bone defects did not meet the subtype A or B definition. A type and a
subtype together form a complete category.

Type I defect refers to a relatively small range of bone defects around
the acetabulum. They are not necessarily confined exactly to the
acetabular rim. Even if the defect range is beyond the acetabular rim, as
long as the ala of the ilium, superior pubic ramus, and ischial ramus are
not involved, it will still be classified as a type I defect. This is because
although the acetabulum is composed of three different structures,
namely, the ischium, pubis, and ilium, a defect inside or around the ac-
etabulum has no significant impact on the mechanical properties of these
three structures and can therefore be classified into just one type.
Conversely, once the bone defect involves the ala of the ilium, superior
pubic ramus, or ischial ramus, the designs for augments, flanges, and
screws will be fundamentally altered, necessitating a classification sys-
tem to distinguish these situations.

The reason for this classification is that type I pelvic defect has a
relatively limited range and shows satisfactory bone mass preservation.
Flange placements of the ilium and pubis are viable options. For some
patients with adequate bonemass preservation, a single acetabular cup of
pure or approximate spherical shape can be firmly fixed through
screwing to the anterior and posterior iliac spines, ischial ramus, and
superior pubic ramus (Fig. 2). As a structure with excellent bone mass,
the acetabulum rim can also provide rigid fixation by setting screws in its
preserved part [9].

Type II pelvic defects are specifically defined by the involvement of
the ischial ramus. Since the original bone mass of the ischial ramus is
relatively satisfactory, it serves as the ideal target region for fixation. The
posterior and lateral parts of the ischial tuberosity are adaptive for
flanges, especially the posterior part, which is capable of bearing rela-
tively longer screws [10]. Nevertheless, the ischium flange is considered
to be the easiest one for pulling out in triflange acetabular components,
which can be attributed to the lateralization due to gravity and the pelvic
structure, resulting in increased shear force [9].

The reason for this classification was that although the ischium has
excellent mechanical properties, its flanges usually require high bone
quality, and its exposure can cause unnecessary tissue damage, which
collectively indicate that adding a flange on the ischium is not requisite
[11]. In addition, the contribution of the ischium to the holistic stability
of the pelvic ring is not as significant as that of the pubis; thus, for type II
patients, reconstruction of the ischium is not routine. If necessary, a
custom-made augment for ischium defects with screws through it can
provide extra stability against lateralization (Fig. 3).

The type III pelvic defect refers to a pubis-involving bone defect, with
superior pubic ramus damage being the classification criterion. The pubic
flange does not always require screws, but its presence is critical for



Figure 1. Classification of the bone defect range. A, Schematic diagram of the bone defect range in types I–V; B, definitions used in the bone defect type clas-
sification; C, schematic diagram of bone defects in subtypes A and B; D, definitions used in bone defect subtype classification.

Figure 2. Reconstruction of a type I pelvic defect.
A, preoperative radiograph; B, internal surface of the
acetabular cup prosthesis, with the red area showing
the porous surface area and the green arrow indi-
cating that the porous structure has also been added
to the internal surface of the acetabular cup, which
facilitated bone cement bonding; C, lateral surface of
the acetabular cup, with the green arrow indicating
the porous structure; D, installation diagram of the
acetabular cup prosthesis; E, 3D design diagram of the
preoperative prosthesis; F, an actual picture of the
acetabular cup, with the green arrow showing that the
porous structure has also been added to the inner side;
G, postoperative radiograph.
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preventing internal rotation of the acetabular component [9,10]. Mean-
while, loosening of the fixed screws inside the superior pubic ramus can
be critical for consequent prosthesis lateralization and may result in
failure, indicating the need for determining pubis involvement before
prosthesis design [12].

The reason for this classification was that the pubic flanges were the
second most commonly used structure after the ilium in this study. In
type III patients, the pubic flange value is compromised because of the
bone defect; however, the pubis can still be reconstructed by a custom-
made augment, and a screw can be further inserted into the residual
pubis through the augment, which can effectively prevent lateralization
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of the acetabular component as a result of the stress of gravity (Fig. 4).
Type IV represents bone defects involving the ala of the ilium. The

bone stock of the ala of the ilium, especially at the iliac spine, is usually
well preserved to some extent. Its position above the acetabular pros-
thesis also ensures that it can effectively resist the upward stress to bear
the weight of the trunk, making it a pivotal region for fixing flanges and
screws.

The reason for this classification is that with respect to the flanges on
custom prostheses, the ones on the ilium predominantly contribute to the
stability of the components. Hence, once the ala of the ilium is involved,
the setting position of the ilium flanges must be flexibly adjusted



Figure 3. Reconstruction of a type II pelvic defect. A, preoperative radiograph; B, side view of the prosthesis, with the red area showing the porous structure
surface and the red and yellow arrows showing an individualized custom ischium augment and flange respectively; C, another side view of the prosthesis, with the red
and yellow arrows showing the individualized custom ischium augment and flange, respectively; D, 3D design of a custom installation guide plate before operation,
with the violet arrow showing that the custom guide plate can precisely attach to the bone and prosthesis to assist installation; E, 3D design of the prosthesis before the
operation, with the yellow arrow showing an individualized custom ischium flange. F, back view of the prosthesis 3D design, with the yellow arrow showing an
individualized custom ischium flange and the red arrow showing that the individualized custom ischium augment can reconstruct the ischium defect; G, an actual
picture of the prosthesis; H, image of the intraoperative prosthesis installation; I, postoperative radiograph.
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according to the defect area (Fig. 5). The area of ilium flanges can be
reduced, and the number can be increased. In cases involving serious
defects, it can be difficult to choose a reasonable fixation position even if
the length of the screws required is relatively short. In such cases, in-
ternal screwing becomes the main choice for prosthesis fixation. The
paths from the acetabular cup to the iliac spines are common routes for
screwing, suggesting that if the defect involves the above regions, these
optimal screwing routes will be disturbed and adequate fixation from the
direction of the iliummay no longer be viable. In this case, the number of
screw holes in the pubic flange can be increased, the obturator hook
should be added, and the fixation of the cup toward the acetabulum bone
must also be strengthened. If necessary, inserting the screw from the
prosthesis to the sacrum is also an option.

Type V refers to extensive bone defects around the acetabulum, which
should not be considered as a simple combination of the aforementioned
types.

The reason for this classification was that for type V bone defects with
a large volume, it is difficult to completely fill all defects by augments,
whichmeans that if the ilium flange can be set, the number of screw holes
should be properly increased. The length of the screws can be obviously
longer in type V, and if needed, screws from the prosthesis to the sacrum
are also reasonable considering the lack of structural stability of this type
(Fig. 6, Supplementary materials).

Subtype A specifically refers to the penetration defect in the area
confined below the ala of the ilium and above the superior pubic ramus
and ischial ramus. This area serves as the main fixation and stress
antagonistic region of the acetabular component, which means that a
penetrating defect involving it not only indicates the need for filling
augments, but also a strong demand for additional rigid fixation provided
by other surrounding structures.

Subtype A can be superimposed over any type of pelvic defect from
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types I–V, that is, on the basis of the corresponding range of bone defects,
penetrating injuries can occur around the acetabulum. The reason for this
classification is that for subtype A, as a result of the penetration, only part
of the acetabular cup and augment can be in contact with the residual
bone, while the other part directly faces the pelvic cavity, suggesting that
the range of porous surfaces can also be reduced to the corresponding
contact zone rather than the whole surface. Furthermore, special reverse
augments, which extend into the pelvic cavity and contact the residual
bone from the inside out, can also be employed in this subtype (Fig. 7,
Supplementary materials). Through confrontation between the rein-
forcement block itself and the bone, resistance to the lateralization can be
achieved. With two-way clamping of the residual bone by the main body
of the prosthesis and these reverse augments, stability can be secured
while the bone defect is filled.

Subtype B refers to bone defects with pelvic ring discontinuity. Once
the discontinuity occurs, the revision objective should not be confined to
accomplishing prosthesis fixation firmness but should also take into ac-
count a holistic improvement in the mechanical properties of the pelvic
ring.

In order to achieve symmetry of the rotation center, instead of using
the acetabular cup itself, an augment attached to the said cup was
innovatively used to connect the discontinuity, while the main body of
the acetabular cup was still freely set at the symmetrical acetabulum
center (Fig. 8, Supplementary materials). The bone reaming scope can be
appropriately expanded in subtype B to prevent weakened fixation due to
bone retention with poor quality. The pubis remarkably contributes to
the holistic stability of the pelvic ring, making internal screws with large
diameters a common choice. Inserting screws from the acetabular cup to
the sacrum can also directly transmit the stress to the spine, which can
address the compromised mechanical properties of discontinued pelvic
rings.



Figure 4. Reconstruction of a type III pelvic defect. A, preoperative CT; B, side view of the prosthesis, with the red area showing the porous structure surface and
the red arrow showing the individualized custom pubic augment; C, back view of the prosthesis, with the red arrow showing the individualized custom pubic augment;
D, 3D design diagram of the prosthesis before the operation, with the red arrow showing that the individualized custom pubic augment can reconstruct the pubic
defect; E, preoperative simulation of the 3D-printed model of the prosthesis only; F, preoperative simulation of the 3D-printed model of the installed prosthesis and
bone; G, image of the intraoperative prosthesis installation; H, postoperative CT.

Y. Hao et al. Journal of Orthopaedic Translation 31 (2021) 102–109
2.3. Statistical analysis: intraobserver and interobserver agreement

For these typical cases, the pelvic radiographs were examined by two
of the authors. Each observer classified each case into one of the cate-
gories (type þ subtype). In cases with intraobserver agreement, each
observer performed a final classification more than 8 weeks later. The
second classification was also used to evaluate interobserver agreement.
A kappa value lower than 0.40 was considered as low agreement; values
between 0.40 and 0.75 were considered as medium agreement; and
values more than 0.75 indicated high agreement [13].

2.4. Examination of preoperative and postoperative prosthesis position
accordance

As shown in Fig. 9 (Supplementary materials), the PRT files of pre-
operative prosthesis design (including the preoperative 3D pelvic
reconstruction and corresponding 3D prosthesis structure) were im-
ported into the UG NX 9.0 software (Siemens, Germany). The most
anterior point of the pubic tubercle on both sides was manually selected
by senior doctors. Take the middle point of these two points as marker
point A. The most anterior point of the anterior-superior iliac spine on
both sides was also selected as marker points B and C. Take the plane
containing the foregoing three marker points as the reference plane (the
anterior pelvic plane, or coronal plane) [14]. Connect the marker points
B and C with a straight line. Take the middle point of the straight line as
the origin, and the straight line itself was the X axis (horizontal axis). In
the reference plane, a straight line perpendicular to the X axis through
the origin was taken as the Y axis (vertical axis). So far, a rectangular
coordinate system had been established.
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The postoperative CT data of the pelvis (including the patient's bone
and the installed prosthesis) were reconstructed using Mimics Medical
20.0 (Materialise, Belgium), exported as STL files, and further imported
into the aforementioned PRT files of preoperative prosthesis design.
Using the “point-to-point alignment” function of the software, multiple
marker points (at least 10) were selected on the two pelvises (preoper-
ative and postoperative), and they became further aligned (overlapped).
After the pelvic bone alignment, the position deviation between the
installed prosthesis and the preoperative design was shown.

Four points that were far from each other were selected on the inner
surface of the installed prosthesis’ cup. A spherical surface was deter-
mined by the four points, and the spherical center of the spherical surface
was recorded as the rotation center point of the prosthesis after opera-
tion. Because the inner surface of the cup in the preoperative prosthesis
design was a standard spherical surface, the spherical center of the cup
can be directly determined as the expected rotation center point of the
preoperative prosthesis by the UG NX 9.0 (Siemens, Germany). The po-
sition difference between the preoperative expected rotation center point
and the postoperative actual rotation center point was projected into the
aforementioned rectangular coordinate system, and the displacement in
the horizontal and vertical directions was obtained.

2.5. Evaluation of clinical outcome: hip function score, complication rate
and Re-revision

The average follow-up period of these typical cases was 2.8 years
(range, 1.1–5.9 years). Preoperative and postoperative Harris scores were
calculated [15]. T-test was utilized for statistical analysis and p < 0.05
were considered significant. Re-revision rate and postoperative



Figure 5. Reconstruction of a type IV pelvic defect. A, preoperative CT; B, diagram of the iliac bone flange, with the yellow arrows showing the custom iliac bone
flanges design; C, back view of the prosthesis, with the red area showing the porous surface area, the yellow arrows showing the custom iliac bone flanges design, and
the red arrow showing the custom iliac augment; D, side view of the prosthesis, with the red arrow showing the custom iliac augment; E, 3D design of the prosthesis
before operation, with the yellow arrows showing the custom ilium flanges design, which can avoid the defect area and ensure the best use of the remaining ilium; F,
postoperative CT.
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complications including prosthesis dislocation, aseptic loosening, peri-
prosthetic infection, nerve palsy, etc. were recorded.

3. Results

3.1. Interobserver and intraobserver agreement

The interobserver and intraobserver agreement were both promising
using the classification system proposed in the present study. The kappa
scores for intraobserver agreement were 0.901 and 0.803, and the kappa
scores for interobserver agreement was 0.797. The highest percentage of
erroneous classification was for types IV, V and subtype A (Table 1).
Table 1
Brief demographic data with results of classification for interobserver and
intraobserver agreement evaluation.

Case
Number

Gender Age Observer
Aa

Observer
Ba

Observer
Ab

Observer
Bb

1 Female 83 VA VA VA VA
2 Male 47 I I I I
3 Male 50 III III III III
4 Male 66 IVA IVA IVA VA
5 Female 60 VA V VA V
6 Male 50 III IV III III
7 Female 85 V V V V
8 Male 55 VA VA VA VA
9 Male 65 IB IB IB IB
10 Female 60 IIIA IIIA IIIA IIIA
11 Female 73 IIA IIA IIA IIA
12 Female 65 V VA VA VA

a Classification in the first time; bThe final classification 8 weeks later.
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3.2. Accordance evaluation of position between installation and
preoperative design

Postoperative examination of position coincidence indicated that the
prostheses highly corresponded with the preoperative location planning
(Table 2). The average prosthesis displacement in the horizontal and
vertical directions were 3.92 mm and 4.15 mm respectively, which
preliminarily indicated that this classification system could commend-
ably guide the design and operation of custom THA revision surgeries.
Table 2
Results of postoperative displacement of prostheses in comparison with preop-
erative design.

Number Horizontal displacementa (mm) Vertical displacementb (mm)

1 �5.605 5.752
2 4.530 3.536
3 1.028 1.588
4 4.783 �8.788
5 �6.818 2.451
6 1.761 8.712
7 �0.695 1.708
8 3.396 2.163
9 �0.026 �5.380
10 8.189 0.250
11 5.550 5.553
12 4.680 �3.933

a In horizontal displacement, outward displacement is positive and inward
displacement is negative.

b in vertical displacement, downward displacement is positive and upward
displacement is negative.



Table 3
Results of clinical follow-up: Harris hip score.

pre-operation post-operation T p

39.19 � 19.05 79.78 � 8.44 �8.440 <0.001
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3.3. Evaluation of clinical outcome

As shown in Table 3, Harris scores were significantly improved after
revision (from 39.19� 19.05 to 79.78� 8.44) (p< 0.001). Furthermore,
no other complications occurred except for one case with postoperative
periprosthetic infection and one case with hip dislocation, which
received a non-surgical reduction. During the follow-up period, no pa-
tients underwent re-revision surgery.

4. Discussion

A revision surgery is bound to encounter various obstacles in com-
parison with primary prosthesis replacement surgery, whether it involves
hip, knee or shoulder: extensive osteolysis or even fracture often exists
around the prosthesis, failed prostheses are sometimes difficult to
remove, and the poor quality of the residual bone also significantly
threatens the holistic stability [16–19]. These complexities all pose se-
vere challenges to the field of hip joint revision.

The Paprosky and AAOS classification systems, as the two most
commonly used classification systems in revision THA, all mainly focus
on the peri-acetabulum, but less on the ala of ilium, superior pubic ramus,
and other pelvic regions that are far away from the acetabulum. Clinical
practice has shown that although these regions do not directly contact
with the femoral head, but are still critical for the stability of hip pros-
thesis and the biomechanical properties of the whole pelvis, which means
that the mainstream classification systemsmentioned above can, but may
not be entirely suitable for large-scale complex bone defects which need
custom revision THA. In addition, the two classification systems are
based on the traditional revision methods, such as standard prostheses,
cages, bone graft and so on. With the update of revision methods and the
development of custom 3D-printed prosthesis, these current mainstream
defect classification systems can not fully meet the needs of 3D printing
technology and custom revision. Furthermore, the Paprosky classifica-
tion classifies most complex pelvic defects requiring individualized
design prostheses into types IIIA and IIIB, similar to the AAOS classifi-
cation, indicating that their ability to further subdivide large-scale
complex bone defects can be improved.

In view of this situation, based on the experience in the design of 3D-
printed hip prostheses and understanding of pelvic biomechanics, we
preliminarly proposed a bone defect classification system for custom
revision THA with large-scale complex pelvic defects, and the corre-
sponding reconstruction principles. After that, revision surgeries using
corresponding 3D-printed custom prosthesis were further carried out
under the guidance of this classification system. Although some typical
cases were included for elucidation in this study, it is important to point
out that the classification is mainly based on our previous experience of
prosthesis design and the understanding of pelvic biomechanics, rather
than according to these cases, that is to say that this study is not a clinical
trail, but a summary and integration based on the design concept.

In comparison with the traditional standard revision prostheses, the
custom prostheses in the present study offered various unique advan-
tages. These flexible integrated designs can be employed in custom
prostheses to avoid the use of allografts, which further prevents allograft
fracture, high operation times, use of additional fixation materials, un-
necessary trauma, and disease transmission [5,8,20]. The custom pros-
theses in this study can adapt to the complex bone defect anatomy of
patients undergoing revision surgeries, which can make installation
convenient and precise and may also realize better immediate stability.
The precise individualized design of these prostheses structure helps
avoid bone reaming for prosthesis matching to the greatest extent and
preserves precious bone mass at the revision site, thereby securing
long-term stability and preserving bone stock foundation for the possible
subsequent revision [4,9]. In the present study, the porous surface was
designed on custom prostheses by 3D printing to promote bone ingrowth
for long-term fixation instead of screws, better preventing stress shield-
ing, deleterious bone remodeling, fibrous membrane formation, and even
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screw breakage and plate detachment [21,22]. In cases involving pelvic
discontinuity, with the traditional reconstruction method, the jumbo cup
requires a substantial amount of residual bone stock, and complete
restoration of the symmetrical rotation center is challenging because it
must be connected to the pelvic discontinuity site. In this study, we
innovatively used individualized integrated prostheses that connected
the discontinuity with its augments and restored the symmetrical center
with its acetabular cup main body, effectively solving the dilemma of
subtype B bone defects and maximizing postoperative joint function.
With individualized design, the prostheses in the present study could
avoid the anterior-superior and anterior-inferior quadrants of the ace-
tabulum as far as possible when setting screws, thereby protecting the
obturator nerve, obturator artery, and external iliac artery [8,23,24].
Obturator hooks can effectively resist the movement in the upper and
outer directions and are suitable for most types of patients. Therefore,
they were added in some custom prostheses in this study to provide a
secondary secure attachment, especially when the fixation from the cup
and the ilium was insufficient [6]. Using the innovative design of a
porous surface on the inner surface of the cup, a small amount of bone
cement can be used to connect the acetabular cup and the inner liner with
much better adhesion. Based on the premise of accurate preoperative
classification and individualized design, the custom acetabulum com-
ponents in the present study can even be fixed directly on the sacrum
through long screws to achieve integrated stress conduction from the
spine to the prosthesis and lower limbs, demonstrating the unique ad-
vantages of custom prostheses that traditional standard ones might not
achieve in cases involving pelvic ring discontinuity, acetabulum pene-
tration, extensive pelvic defects, and other complex revisions.

Regarding prosthesis installation position evaluation, this study
creatively utilized the postoperative pelvis CT data to display the 3D
position of prosthesis and consistently calculated the deviation between
the preoperative position planning and the postoperative actual position
using a computer software from the perspective of prosthesis design. This
method purely evaluated the role of the classification system in
increasing the accuracy of the prosthesis installation while decreasing
prosthesis displacement. In addition, some clinical outcome factors, such
as the patient's pain, abilities to walk and dress are not only related to the
prosthesis position, but also to differences in muscle condition, age, and
physique. The position evaluation method used in this study avoided
these differences and evaluated the prosthesis position more pertinently.

This study has some shortcomings. Initially, the classification system
of this study needs three-dimensional reconstruction of bone, which
makes CT a necessary examination rather than X-ray film, which is much
cheaper and simpler. The three-dimensional reconstruction does play a
positive role in the accurate planning of surgery and prosthesis design,
but it undoubtedly increases the complexity of the diagnostic process and
increases the medical cost; Secondly, although the 3D post-operative
prosthesis position evaluation method used in this study could intui-
tively elucidate the accuracy of prosthesis installation in different di-
rections, it required high skills for researchers. At the same time, it had a
great computational load on computers, resulting in a great computa-
tional burden. As a result, the data of all 33 patients were not presented in
this paper, Instead, some of them were randomly selected to illustrate the
revision system. In future research, we will complete the measurement
and calculation of the other patients in batches, and constantly improve
this system. Thirdly, for type II patients, the degree of defect is closely
related to the final prosthesis design. Since the ischium does not directly
participate in the stress conduction of the pelvic ring, when the scope of
the ischium defect is huge and it is difficult to completely fill the defect,
sometimes the defect may not be forcibly reconstructed. This means that
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type II patients can be further subdivided according to the necessity of
ischium reconstruction. However, considering the complexity of this
classification system and the difficulty of popularization, this subdivision
process has not been defined and implemented in the end.

5. Conclusion

In conclusion, the revision system for complex pelvic defects utilizing
3D-printed custom prosthesis resulted in satisfactory installation accu-
racy and excellent reliability. The classification can preliminarily guide
patients’ grouping, prosthesis design and installation, and may prelimi-
narily provide an innovative, feasible, and efficient approach for complex
THA revision surgeries.
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