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Abstract

Purpose Severe acetabular bone defect is challenging in revision hip arthroplasty. In the present study, we aimed to present
new treatment options with the 3D printing technique and analyze the clinical and radiographic outcomes of 3D-printed
titanium implants for the treatment of severe acetabular bone defects in revision hip arthroplasty.

Methods A total of 35 patients with Paprosky type 3 bone defect and pelvic discontinuity (PD), who underwent hip revisions
using 3D-printed titanium implants between 2016 and 2019 at our institution, were retrospectively reviewed. Patient-specific
3D-printed titanium augments and shells (strategy A) were used in 22 type 3A and two type 3B patients. Custom 3D-printed
flanged components (strategy B) were used in 11 type 3B patients, including five PD. The clinical outcomes were evaluated
with the Harris hip score (HHS). In addition, radiographic results were analyzed by the hip centre of rotation (V-COR and
H-COR), implant failure, and survivorship.

Results The mean follow-up was 41.5 months (range, 16-62). The HHS was improved from 47.8 + 8.2 pre-operatively to
78.1+10.1 at one year follow-up and 86.4 +5.1 at the last follow-up (p <0.01). Post-operative V-COR and H-COR of the
operated side were 20.8 +2.0 mm and 30.2 + 1.6 mm compared with 51.4+4.1 mm and 33.9+9.0 mm pre-operatively
(» <0.01). The complications included one dislocation and one partial palsy of the sciatic nerve. At the latest follow-up, no
radiological component loosening or screw breakage was present.

Conclusions 3D-printed titanium implants showed satisfactory short- and mid-term clinical and radiographic outcomes. It
was an effective therapeutic regimen with a low rate of complications, providing a patient-specific and reliable strategy for
the severe acetabular bone defect in revision hip arthroplasty.

Keywords 3D printing - Titanium implant - Acetabular bone defect - Revision hip arthroplasty - Pelvic discontinuity

Introduction acetabular bone defects are usually caused by osteolysis,

infection, trauma, and adverse reaction to wear debris.

With an aging population and a trend for primary total hip
arthroplasty (THA) being performed in younger patients,
the number of THA procedures is growing rapidly in recent
years, which is accompanied by a corresponding increase in
revision THA [1, 2]. As common findings in hip revisions,
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Severe acetabular bone defects, involving Paprosky type
3A, 3B, and pelvic discontinuity (PD), are characterized by
unsupportive acetabular rim or columns, commonly with a
remarkable migration of the hip center [3]. The treatment
of severe acetabular bone defect in the revision THA pro-
cedure is challenging. Multiple therapeutic regimens have
been reported for addressing this issue, including porous
metal augments and shells, jumbo cups, structural allografts,
antiprotrusio cages, and cup-cage constructs [4—8]. How-
ever, the best surgical strategy has not been recognized, and
none of the mentioned options has provided predictable and
satisfactory long-term clinical outcomes [9-11].

More recently, with the development of 3D additive
manufacturing, a new alternative has become available to
manage severe acetabular bone defects in hip revisions [12,
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13]. In the present study, we introduced patient-specific
3D-printed titanium augments and flanged components,
manufactured with the electron beam melting (EBM) tech-
nique [14], to manage Paprosky type 3A, 3B bone defects,
and PD.

The purpose of the current study was to present the whole
treatment process with the 3D-printing technique, includ-
ing bone defect assessment, preoperative planning, strate-
gic decision-making, and the usage of 3D-printed implants
to guide the treatment of severe acetabular bone defects in
hip revisions with 3D printing technique. We also analyzed
complications and clinical and radiographic outcomes of
this technique. We hypothesized that a 3D-printed titanium
implant was an effective treatment for severe acetabular bone
defects in revision hip arthroplasty.

Material and methods
Participants

Our institutional database was retrospectively reviewed to
identify patients with acetabular bone defects, who under-
went a hip revision using 3D-printed titanium implants
between January 2016 and December 2019. Acetabular bone
defects were evaluated according to Paprosky classification
using pre-operative plain radiographs. The inclusion criteria
were set as follows: patients with Paprosky type 3A, 3B bone
defects, and PD. Exclusion criteria were set as follows: (i)
recent periprosthetic infection; (ii) acetabular defects due to
bone tumours; and (iii) less than one year of follow-up. The
study was approved by our institutional review board (IRB)
and ethical committee.

Pre-operative planning and implant manufacture

Following a thin-slice CT scan, 3D reconstruction images of
the patient’s hemipelvis (Fig. 1B) were generated with soft-
ware (Mimics, Materialise, Belgium) by a professional engi-
neer. A life-sized model of the involved hemipelvis (Figs. 1C
and 2B) was then created by 3D printing based on the data of
3D reconstruction images, providing a visualized geometry
and accurate assessment of the acetabular bone defect. With
the computer-aided design (CAD) software (Magics, Mate-
rialise, Belgium), a digital design proposal for the implant
was created (Fig. 1D).

After the virtual proposal was confirmed by the surgeon,
prototype implants were created and utilized on the hemipel-
vis model for pre-operative trial surgery (Figs. 1E and 2C).
In general, a patient-specific augment with a hemisphere
cup (strategy A) was commonly accepted and preferred.
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However, in some complex cases of Paprosky type 3B or
PD, if augments and residual host bone could not ensure suf-
ficient stability of a hemispherical cup, a custom 3D-printed
flanged component (strategy B) was recommended. Addi-
tionally, some considerations were taken into account while
proposing, including (i) a maximal filling of the bone defect
to restore bone stock; (ii) an optimal size and location of the
component to restore the centre of rotation; and (iii) proper
number, positions, lengths, and trajectories of screws to
ensure a stable implant fixation while avoiding the risk of
neurovascular injury.

Once the surgical plan was testified feasible, the design
proposal of patient-specific implants was finalized. Then,
implants were manufactured from layered titanium alloy
(Ti6Al4V) powders with the EBM 3D printing system
(Arcam AB, Sweden) (Figs. 1F-G and 2D).

Surgical procedure

All operations were performed by a senior surgeon (XLS).
In the lateral decubitus position, an extended Hardinge
approach was used for all hips. After achieving adequate
exposure, all failed implants were carefully removed, and a
meticulous debridement was performed. Then, the residual
bone stock and defect were reassessed. If the intra-operative
situation was consistent with the pre-operative evaluation,
the predetermined plan was carried out.

In strategy A, after the osseous bed was prepared by gen-
tle reaming, the prototype augment and a trial shell with a
pre-measured size were introduced to reconfirm the bone
defect match and host bone contact (Fig. 1H-I). Then,
the patient-specific titanium augment was placed into the
defect and fixed with screws. Subsequently, a porous tita-
nium acetabular shell (3D ACT cup, AK Medical, China)
was impacted, connecting the augment with cement. At least
two dome or peripheral screws through the acetabular shell
were necessary to gain sufficient initial stability. If possi-
ble, more screws through both the shell and augment were
recommended. Finally, a polyethylene liner was used with
a large femoral head.

In strategy B, adequate exposure of the ilium, ischium,
and sometimes pubis was needed to gain a broad view of the
defect and enough surfaces for implant fixation. Meanwhile,
care must be taken to avoid damage to the sciatic nerve and the
superior gluteal neurovascular bundle. Fresh frozen femoral
head bone allografts were used to fill defects in all cases, par-
ticularly at the site of PD. Subsequently, the custom 3D-printed
flanged component was inserted and fixed to the host bone by
as many screws as possible. The polyethylene liner was then
cemented into the component with proper abduction and ante-
version angles to restore the hip center of rotation.
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Fig. 1 A 65-year-old female
with Paprosky 3A acetabular
bone defect. A Pre-operative
radiograph of bilateral hips. B
3D reconstruction images. C
Life-sized hemipelvis model. D
Digital proposal with the CAD:
a patient-specific augment with
a shell. E Pre-operative trial sur-
gery using prototype augment
and hemipelvis model. F-G
3D-printed titanium augment
and shell. H-I The prototype
augment highly matched the
defect, and the trial shell was
impacted stably. J One-month
post-operative radiograph

Femoral revisions were carried out with long cementless
stems (SL, AK Medical, China) in eight type 3A patients and
eight type 3B patients, including four PD.

All patients received prophylactic anti-infection and low-
dose anticoagulation post-operatively. Partial weight-bearing
was permitted for the first six weeks with a gradual increase
to full weight-bearing thereafter.

Clinical and radiological evaluations

Clinical and radiological evaluations were performed
preoperatively, at one, three, six and 12 months after
discharge and then one or two annually thereafter. Harris
hip score (HHS) was recorded to assess the clinical func-
tion of the hip. All patients underwent an anteroposterior
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Fig.2 A 66-year-old female
with Paprosky 3B acetabular
bone defect. A Pre-operative
radiograph. B Life-sized hemi-
pelvis model. C Pre-operative
trial surgery using custom
component prototype and
hemipelvis model. D Custom
3D-printed flanged component.
E-F One-month post-operative
radiograph and CT. G-K Two-
year post-operative radiograph
and CT

radiograph or CT scan of bilateral hips at each follow-
up. The hip centre of rotation (COR) was evaluated by
V-COR and H-COR. V-COR was measured as the verti-
cal distance between the centre of the femoral head and
the inter-teardrop line. H-COR was measured as the hori-
zontal distance between the centre of the femoral head
and the perpendicular line through the inferior point of
the teardrop (Fig. 3). Radiologic failures were defined as
a component migration of more than 5 mm, variation of
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inclination greater than 5°, progressive radiolucencies,
and hardware breakage.

Statistical analysis

The paired ¢-test was performed to analyze the difference
between pre- and post-operative HHS, V-COR, and H-COR
using SPSS software (Version 25, IBM, USA). A p<0.05
was considered statistically significant.
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Fig.3 Radiographic measurements of the hip center of rotation
(COR). V-COR: the vertical distance between the centre of the femo-
ral head and the inter-teardrop line (line A). H-COR: the horizontal
distance between the centre of the femoral head and the perpendicular
line (line B) through the inferior point of the teardrop

Results
Demographic details

A total of 35 patients, including 12 males and 23 females,
met the inclusion criteria and were finally enrolled in the
study cohort. The average age for revision surgery was
70.6 years (range, 53—83 years). The mean interval from
primary THA to revision surgery was 10.2 years (range,
6-20 years). Reasons for revision included aseptic loosening
in 27 hips, osteolysis related to metal wear debris in six hips,
and a two-stage procedure for periprosthetic infection in two
hips. In this series, the surgery was the first revision for 33
of 35 patients except for two patients with a two-stage pro-
cedure for periprosthetic infection. According to Paprosky
classification, 22 hips were type 3A, and 13 hips were type
3B, including five PD. Patient-specific titanium augments
and shells (strategy A) were used in 22 type 3A and two
type 3B patients. Custom 3D-printed flanged components
(strategy B) were used in 11 type 3B patients, including
five PD. The mean duration of postoperative follow-up was
41.5 months (range, 16—62 months). None of the patients
died or was lost during follow-up (Table 1).

Table 1 Demographics and

. Variables Value
outcomes of enrolled patients
Number of patients 35
Mean age, years (range) 70.6 (53-83)
Female/male, n 23/12
Mean interval from primary THA to revision surgery, years (range) 10.2 (6-20)
Paprosky classification, n
3A 22
3B 13, including 5 PD
Reason for revision, n
Aseptic loosening 27
Wear and osteolysis 6
Two-stage procedure for periprosthetic infection 2
Surgical strategies, n
Strategy A: 3D-printed augment with a shell 22 type 3A and 2 type 3B
Strategy B: 3D-printed flanged component 11 type 3B, including 5 PD
Femoral component revision, n 8 type 3A and 8 type 3B

HHS
Preoperative (range)

Postoperative 1-year follow-up (range)

Last follow-up (range)
p -value
Complications, n

Partial palsy of the sciatic nerve

Dislocation

47.8+8.2 (29-62)
78.1+£10.1 (56-92)
86.4+5.1 (74-95)
<0.01*

PD, pelvic discontinuity; HHS, Harris hip score

*Significant differences were observed between any two of the three HHS datasets
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Clinical and radiographic outcomes

The HHS was increased from 47.8 + 8.2 pre-operatively to
78.1+10.1 at one year follow-up and 86.4 +5.1 at the last
follow-up. Significant differences (p < 0.05) were observed
between any two of the three datasets.

The V-COR of the operated side was decreased from
51.4+4.1 mm pre-operatively to 20.8 +2.0 mm at
one year post-operative follow-up (p <0.001). Post-oper-
ative H-COR of the operated side was 30.2+ 1.6 mm com-
pared with 33.9 +9.0 mm pre-operatively (p <0.001). Both
the post-operative V-COR (19.5+ 1.2 mm) and H-COR
(31.2+ 1.7 mm) of the contralateral side were different
from those of the operated side respectively (p <0.001)
(Table 2).

In one patient with Paprosky type 3B defect of strategy
A, a 2-mm cranial migration of the acetabular component
was observed on the radiograph at a one month follow-up.
Without any weight-bearing in the following two months,
the component was stabilized with osteointegration at
three month follow-up post-operatively. At the latest
follow-up, no radiological component loosening or screw
breakage was present. In the hips with PD, the acetabular
bone stock appeared to be incorporated.

Complications

Complications were recorded in two patients in the pre-
sent study. One patient had a partial palsy of the sciatic
nerve and resolved spontaneously within four weeks post-
operatively. The other patient presented with dislocation
five weeks after surgery and was treated with closed reduc-
tion, followed by transcutaneous traction for four weeks,
and no further dislocations were encountered thereafter.
No cases of deep infection, thromboembolism, or implant
failure were noted.

Table 2 Radiographic outcomes of the hip COR

Pre-opera-  Post-oper- p-value
tive ative
V-COR (operated side), mm  51.4+4.1 20.8+2.0 <0.001
V-COR (contralateral side), 194+1.2 19.5+1.2 0.341
mm
p-value <0.001 <0.001
H-COR (operated side), mm  33.9+9.0 30.2+1.6 <0.001
H-COR (contralateral side), 31.2+1.8 31.2+1.7 0.885
mm
p-value 0.111 <0.001

V-COR, the vertical distance between the COR and the inter-teardrop
line. H-COR, the horizontal distance between the COR and the per-
pendicular line through the inferior point of the teardrop
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Discussion

Hip revision with a severe acetabular bone defect is chal-
lenging, especially when major segmental bone loss or
PD is involved, in which the defect is highly variable, and
residual host bone is incapable of supporting a hemispheri-
cal cup [15, 16]. In the present study, we reported the
usage of 3D-printed titanium implants to address severe
acetabular bone defects and restore hip biomechanics in
revision hip arthroplasty. This technique showed encourag-
ing outcomes with no implant failure or major complica-
tions at a mean follow-up of 41.5 months.

Compared with traditional treatments, the new alterna-
tive with the 3D-printing technique in this article had sev-
eral advantages. First, a more accurate assessment of bone
defects was achieved pre-operatively. We believed that a
precise bone defect assessment was the crucial premise to
determine the optimal surgical strategy. According to the
3D reconstruction images generated by software, the bone
defect could be easily identified and assessed from multi-
ple views. Meanwhile, a 3D-printed life-sized hemipelvis
model was manufactured to provide more realistic insights
into the anatomy of the patient’s pelvic and the geometry
of complex bone defects.

Second, the optimal surgical strategy could be deter-
mined. It was a core issue in this article that how to choose
between two strategies for different types of severe ace-
tabular bone defects. In general, a patient-specific aug-
ment with a hemisphere shell (strategy A) was preferred
to be considered. An operative plan could be designed,
modified, and presented by 3D software on the computer.
According to the 3D simulation figures, we could evaluate
the contact area between the shell and the host bone. We
highlighted the support from the posterior stock (espe-
cially the posteroinferior part), anterior stock (especially
the anterosuperior part), and the top of the acetabulum.
If these areas were deficient and might not be restored by
augments or bone grafts, the stability of a hemispherical
cup was probably not ensured. Then custom flanged com-
ponents (strategy B) should be used. Moreover, strategy A
was not recommended for PD because the augment could
not restore the continuity of the pelvis. Once the surgeon
confirmed the preliminary plan, a trial surgery would be
performed with 3D-printed prototype implants on the life-
sized hemipelvis model. With the trial surgery, the place-
ment of implants, the stability of the component, and the
fixation of screws could be tested in advance. As a result,
the time of actual surgery and the risk of intra-operative
complications were reduced [17-19].

Third, compared with conventional treatments,
3D-printed implants could well match the patient’s
anatomy and reconstruct better hip COR. To the best of
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our knowledge, there are few reports of patient-specific
augments used for acetabular bone defects in hip revi-
sions. Compared with a conventional augment, a patient-
specific augment could better match the irregular bone
defect and avoid a mismatch between the inner diame-
ter of the augment and the outer diameter of the chosen
hemispherical shell (Fig. 1F). In our series, post-operative
radiographs showed the patient-specific implants highly
match the host bone and defects in all cases. Addition-
ally, all implants were placed in the expected positions,
which were highly consistent with pre-operative plans.
Our results were comparable with those of Weber [20]
and Durand-Hill [21], who have reported the deviation
between planned and achieved component positions by CT
scans in patients undergoing hip revisions with custom
3D-printed components.

Recent literature has reported that Paprosky type 3A ace-
tabular bone defects can also be treated by jumbo cups [6].
However, jumbo cup revision does not restore bone stock
and more host bone will be removed when reaming the oval
acetabulum to form a large hemisphere. Additionally, as the
cup diameter increases, the hip COR shifts superiorly and
laterally, leading to a variation of offset and an increased
risk of dislocation [22, 23]. The issue of COR deviation has
also been reported in using conventional cages for Paprosky
type 3B defects and PD [10]. Compared with these treat-
ments without the 3D printing technique, our results showed
that both the postoperative V-COR and H-COR of the oper-
ated side were very close to those of the contralateral side
(less than 2 mm on average), demonstrating that 3D-printed
implants could reconstruct better hip COR.

Forth, 3D-printed titanium implants had better biomechan-
ics and capacity for bone ingrowth. In our present study, severe
Paprosky type 3B bone defect and PD were the most challeng-
ing scenarios, in which augments with a hemispherical shell
could not yield a stable reconstruction. Antiprotrusio cages
are widely reported for treating these problems [9]. However,
there is no bone ingrowth in the cage, leading to high failure
rates in mid- and long-term follow-ups [10, 24]. Therefore,
antiprotrusio cages are only suitable for elderly patients with
low activities [9]. Recently, the cup-cages have been increas-
ingly reported to treat Paprosky type 3B defect and PD [8,
11, 25]. Nevertheless, the flanges of the cage have no bone
ingrowth, and the success of the cup-cage construct relies on
how much bony ingrowth is into the cup itself. If the cup can
not span the defect or be fixed stably with multiple screws,
the cup-cage construct is still likely to fail. However, in our
study, this challenging issue was well resolved by a custom
3D-printed flanged component, which was able to span huge
bone defects and obtain initial stability with multiple iliac and
ischial screws [19, 26]. Manufactured by EBM 3D printing
technology, the custom titanium flanged components were
characterized by high porosity, low modulus of elasticity,

and high friction coefficient, providing better primary sta-
bility, improved physiological stress transfer, and favorable
bone ingrowth [14, 27, 28]. In our series, 11 type 3B patients,
including five PD, were treated with EBM-produced flanged
components. All the components had radiological osseointe-
gration, and there was no implant loosening or failure on the
radiographs at the last follow-up.

Compared with previous literature using custom
3D-printed implants for severe acetabular bone defects in
hip revisions [13, 19, 29, 30], the present study showed
better clinical and functional results with fewer complica-
tions. There were several reasons. First, the proportion of
PD was low in our series. Second, most patients underwent
the operation as the first revision surgery without muscle
injury, superior gluteal nerve injury, or abductor insuffi-
ciency secondary to repeated hip surgery. Third, 16 of 35
patients underwent a concomitant femoral revision, which
helped restore combined anteversion, leg length, and hip
offset. Therefore, the dislocation rate was low. Moreover, we
highlighted the importance of multiple-screw fixation to pro-
vide initial implant instability. We recommended introducing
screws as much as possible, preferably in the direction of
load transfer. However, care must be taken to avoid injury to
the superior gluteal neurovascular pedicle and sciatic nerve.
Finally, abundant bone allografts were highly recommended
to fill the defect and improve osseointegration.

There are some limitations in this study, including the
relatively small sample size and retrospective design. A fur-
ther limitation is that the mean follow-up of 41.5 months is
relatively short. Longer follow-up remains to be performed
to better reveal long-term clinical outcomes, complications,
and survivorship. Besides, another drawback of a 3D-printed
implant is that several additional weeks are required from
design to manufacture. Moreover, its overall cost is higher
than other techniques.

Conclusions

This study demonstrated that the 3D-printed titanium
implant was an effective treatment for severe acetabular bone
defects in hip revision. This technique provided satisfactory
clinical and radiographic outcomes, a low complication rate,
and a high survival rate of implants with short- and mid-term
follow-ups. However, long-term outcomes still need to be
examined.
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