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Abstract

Purpose Surgical treatment of acetabular fractures with plate fixation is challenging for orthopaedic surgeons because of vari-
ations of the surface curvature and complex fracture patterns of the acetabulum. We present our experience with pre-operative
computer-assisted virtual simulation and three-dimensional (3D) printing techniques for the surgical treatment of acetabular
fractures, especially in terms of operative time and surgical outcomes.

Methods Twenty-nine patients with acetabular fractures treated with locking plates were included in this retrospective study
(conventional locking plate fixation, n =17; 3D-printing-assisted precontoured locking plate fixation, n=12). Fracture types
were classified according to the Letournel-Judet classification. Surgical duration, instrumentation time, blood loss, post-operative
fracture reduction quality, and complication rates were compared between the two surgical groups.

Results The 3D-printing group had a significantly shorter total surgical duration and instrumentation time for fractures with
posterior wall or posterior column involvement (222.75+48.12 and 35.75 +9.21 minutes, respectively; P <0.05) and signifi-
cantly shorter instrumentation time and less blood loss for fractures with anterior column involvement (43.40 £ 10.92 minutes
and 433.33 £317.28 mL, respectively; P < 0.05) than those in the control group. The post-operative radiological results (assessed
by consensus) were similar for both groups (good/fair: 14/3 vs. 11/1; P=0.622). The complication rate was lower in the 3D-
printing group than in the conventional group (16.67 vs. 29.41%).

Conclusions The 3D printing is a reliable method for treating acetabular fractures, and can reduce the surgical duration, instru-
mentation time, and blood loss.

Keywords Acetabulum fracture - Pre-operative virtual simulation - Three-dimensional (3D) printing - Precontoured

Introduction manufacturing process to precisely reconstruct an image into a

real object. It has also become widely used in clinical medi-
Three-dimensional (3D) printing was developed in the 1980s  cine and tissue engineering. Polylactic acid is commonly used
for industrial product reconstruction [1] and uses an additive  in 3D printing, with biomaterials categorized into ceramics,
polymers, and composites. The application of 3D printing in
tissue engineering is its ability to create complex geometries,
porosities, and co-cultures of multiple cells, with the incorpo-
ration of drugs, proteins, growth factors, etc. The main aim of
tissue engineering is to reconstruct functional organs from the
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fractures aims to obtain congruity of the articular surface and a
stable joint to enable weight-bearing [4]. Anatomical reduc-
tion and stable fixation are required for ensuring excellent
results, even in delayed surgery for acetabular fracture [5].
Post-traumatic arthritis is a common complication directly re-
lated to the reduction quality [6—8]. Two-dimensional (2D)
and 3D CT images are widely used for pre-operative assess-
ments (fracture pattern and classification, and surgical plan-
ning) [3, 9].

In conventional surgery for acetabular fractures, the fixa-
tion plate is intra-operatively contoured, following temporary
fixation of the fractured segments with pins or screws. This is
time-consuming and unreliable, as the reduction may some-
times become displaced. Furthermore, plate contouring may
be imprecise, resulting in sub-optimal reduction. However, a
plate precontoured according to a 1:1 scaled 3D-printed model
can be fixed, avoiding the loss of the temporary fixation, thus
saving time [10, 11].

Herein, we describe a computer-assisted virtual simulation
and 3D-printing technique for patients with acetabular frac-
tures. This study aimed to compare the outcomes between
patients treated for acetabular fractures with and without the
use of 3D-printed models.

Materials and methods

The medical records and radiographs of patients with acetabu-
lar fractures who underwent operative treatment at our hospital
between March 2014 and February 2018 were retrospectively
reviewed. Informed consent was obtained from all participants.
The study was approved by our Institutional Review Board.

The exclusion criteria were as follows: age < 18 years, met-
astatic tumor in the acetabulum, associated brain or
neurovascular injuries, ipsilateral retention of a prosthesis fol-
lowing total hip arthroplasty, and acetabular fractures treated
with column screw fixation.

A total of 29 patients were included. Patients were classi-
fied into two groups according to the treatment received: the
conventional group (treated between March 2014 and
September 2016) and 3D-printing group (treated between
October 2016 and February 2018). All patients underwent
diagnostic radiography and CT (3-mm axial slices) for de-
tailed pre-operative evaluation. Fracture types were classified
according to the Letournel-Judet classification [12].

Surgical technique

All operations were performed by a single experienced trauma
surgeon. In both groups, the Kocher-Langenbeck (K-L) ap-
proach was used for posterior wall or posterior column in-
volvement. In patients with anterior column involvement,
the ilioinguinal approach was used in the conventional group
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and the modified Stoppa approach combined with a lateral
window of the ilioinguinal approach was used in the 3D-
printing group. One- or two-stage procedures were performed,
depending on the fracture pattern. The number of locking
plates and their position depended on the acetabular fracture
pattern. The posterior wall, when involved, was fixed using a
spring plate plus posterior wall buttress plate or a posterior
wall buttress plate alone, depending on the comminution of
the posterior wall fragment. When involved, the posterior and
anterior columns were fixed using posterior and anterior col-
umn plates, respectively.

In the conventional group, a thin metal template was used
to determine the shape of acetabular surface following fracture
reduction, which was used to contour the locking plate during
surgery. A commercial in situ plate bending instrument
(Depuy Synthes, Switzerland) was used for fine plate
adjustments.

In the 3D-printing group, DICOM (Digital Imaging and
Communication in Medicine) CT images were converted
and imported into a medical imaging processing software
(MIMICS, version 19, Belgium), which was used to process
the 3D-model images (Fig. 1). The virtual hemi-pelvis model
was exported in stereolithography (STL) format for 3D print-
ing, which was performed by a fused deposition modeling
apparatus (UP BOX+, Tiertime, China, or Mass Portal XD
40, Mass Portal, Latvia). The 3D-printed model was used to
decide the surgical plan (including plate number, position,
length, curvature, and screw position). Locking reconstruction
plates were precontoured prior to surgery. The screw lengths
were also measured to guide the operation (Fig. 2). In some
complicated cases, a 3D-printed model of the fractured ace-
tabulum was also acquired for pre-operative evaluation
(Fig. 3). During the actual surgery, precontoured anatomic
plates were applied in the designated position, following ana-
tomical fracture reduction. All software simulation and 3D-
printing procedures were performed by two orthopaedic sur-
geons, one of whom possessed a 3D-printing engineering
license.

Wound closure was performed after checking the hip joint
range of motion and confirming procedure adequacy by fluo-
roscopy on the iliac and obturator oblique views.

Rehabilitation was initiated one week post-operatively and
included isometric quadriceps strengthening, hip passive
range of motion, and non-weight bearing exercises until six
weeks post-operatively. Partial weight bearing (toe walking
with crutches) was permitted after the identification of partial
callus formation on radiography during the outpatient follow-
up. Full weight bearing was permitted after two months.

Outcome assessment

Surgical duration, instrumentation time, blood loss, complica-
tions, and fracture reduction quality were evaluated. Surgical
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Fig. 1 Virtual simulation of the reduction maneuver for displaced
fractured bones using MIMIC software. a Whole pelvis (white color,
non-fractured hemipelvis; green color, fractured hemipelvis). b Isolation

duration was defined as the time from skin incision to skin
closure. Instrumentation time was defined as the time to com-
plete plate fixation, including plate configuration adjustments,
screw-hole drilling, screw length measurement, and plate
locking. During the operation, blood loss was collected by a
suction tube connected to a suction bottle. The used gauze was
weighed; this amount was added to the collected blood to
estimate the total operative blood loss.

Complications analyzed included surgical site infections,
neurovascular injuries, implant failure, screw penetration into
the hip joint, traumatic arthritis, avascular necrosis of the fem-
oral head, and heterotopic ossification.

Pelvic series radiograms (standard anteroposterior, inlet,
outlet, and Judet views [iliac and obturator oblique views])
were used to determine the adequacy of the reduction and
implant placement. All patients were examined in the outpa-
tient department following their surgery. All follow-up radio-
grams were evaluated by three trauma orthopaedic surgeons,
and the discrimination of the fracture reduction was deter-
mined by consensus. The quality of the fracture reduction of

Fig. 2 Images of a posterior wall
fracture in a 63-year-old male. a
Pre-operative 3D computed
tomography demonstrates
posterior dislocation of the left
hip, comminuted fracture of the
posterior wall of the acetabulum,
and distal femur fracture. b The
3D model with two precontoured
spring plates overlapped by a
posterior wall buttress plate and
posterior column plate. ¢
Schematic diagram used as a
guide for the operation, with
numbers denoting the screw
length. d Post-operative follow-
up radiography (anteroposterior
and lateral views) at 10 months

of'the fractured hemipelvis. ¢ Determination of the midline in the sagittal
plane for mirroring the non-fractured hemipelvis. d Hemipelvis after
mirroring (red colour). e After merging to achieve an entire intact pelvis

the acetabulum was graded as good (0—2-mm displacement)
or fair (> 2-mm displacement).

Group differences in demographic and clinical parameters
were evaluated using the independent ¢ test or chi-squared test.
Group differences in the radiological results were evaluated
using the Fisher’s exact test. P values < 0.05 were considered
statistically significant. All statistical analyses were performed
using Statistical Package for the Social Sciences software
(version 22.0, USA).

Results
Demographic and clinical characteristics

The mean age, mean body mass index (BMI), and fracture
classification are summarized according to group in Table 1.
Overall, the two groups were comparable in terms of their
demographics (P> 0.05) (Table 1). Additionally, there were
no significant between-group differences in clinical
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Fig. 3 Images of acetabular
fracture of both columns
combined with pelvic iliac wing
fracture in a 23-year-old male. a
Pre-operative radiography
(anteroposterior view). b The 3D
reconstructed computed
tomography images. ¢ The 3D-
printing model prior to virtual
reduction for pre-operative
evaluation. d The 3D-printing
model following reduction by
MIMIC software, fixed with
precontoured plates (posterior
wall buttress plate, posterior
column plate extended to the iliac
wing, and anterior column plate).
e Post-operative follow-up
radiograms at 1 year (pelvic
anteroposterior, inlet, outlet, and
Judet views)

characteristics (P > 0.05; Table 1). The mean follow-up dura-
tion was 14.4 months (range 3-43 months), and no patient
was lost to follow-up.

Clinical outcomes

Table 2 summarizes the clinical outcomes. For fractures
with posterior wall or column involvement, the surgical du-
ration and instrumentation time were significantly shorter in
the 3D-printing group than in the conventional group (P <
0.05; Table 2). For fractures with anterior column involve-
ment, the instrumentation time was shorter and blood loss
was less in the 3D-printing group than in the conventional
group (P <0.05; Table 2). No other significant between-
group differences were observed.
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Discussion

For acetabular fractures, the anatomical restoration of the joint
congruity of weight-bearing domes and experienced surgeon’s
technique results in better outcomes and a lower risk of post-
traumatic arthritis [6-8, 13]. A thorough pre-operative evalu-
ation of the fracture pattern is important for management.
However, plain radiograms or axial CT scan images do not
provide an adequate assessment, as the surgeon must evaluate
deformed fracture geometry based on 2D images. Fortunately,
standardized 3D CT scanner reconstructions can increase the
accuracy of acetabular fracture classification [14]. In the pres-
ent study, acetabular fracture classification utilized the
Letournel-Judet classification system (a widely used classifi-
cation system for acetabular fractures) and was based on the
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Table 1 Demographic and
clinical characteristics Conventional group 3D-printing group P
n=17) n=12) value
Age (years), mean+ SD 38.24+16.39 36.75+£16.39 0.812%
Sex, n 0.622°
Male 14 11
Female 3 1
BMI (kg/m?), mean + SD 25.76 £3.38 26.17+£6.10 0.822%
Classification, n 0.863°
Post. wall 5 3
Post. column 0 1
Transverse 0 1
Both column 4 2
Transverse + post. wall 2 2
Post. column + post. wall 1 1
n/a, T-shaped + post. wall 4 1
n/a, both columns + post. wall 1 1
Injured side, n 0.251°
Right 8 9
Left 9 3
Post. wall involvement, n 13 8 0.683°
Post. column involvement, n 12 9 1.000°
Ant. column involvement, n 11 7 1.000°
Associated hip dislocation, n (%) 7(41.2) 7 (58.3) 0.594
Associated femoral head fracture, n (%) 4 (23.5) 2 (16.7) 1.000°
Associated pelvic injury, n (%) 2 (11.8) 2 (16.7) 1.000°
Days (from inj. to first stage op), 2.82+£2.27 3.17+2.29 0.693%
mean + SD
Days (from inj. to second stage op), 7.50£1.97 (n=6) 11.80+5.17 (n=5)  0.140%
mean £ SD
No. of post. wall spring plate, 1.000°
0 8 6
1 5 4
2 4 2
No. of post. wall buttress plate, 17 12 n/a
No. of post. column plate, n 1.000°
0 2 2
1 15 10
No. of ant. column plate, n 0.646°
0 11 6
1 4 5
2 2 1
Approach method, 7 0.471°
Kocher-Langenbeck 11 6
Kocher-Langenbeck + ant. 6 6

3D image in the MIMICS software. The present study results
provide further support for previous studies suggesting that
the use of a computerized virtual planning system in

n/a not applicable, cannot be classified by the Letournel-Judet classification; transverse type both column type
and 7-shaped fractures were defined as both anterior and posterior column involvement in our study, BMI body
mass index, post. posterior, ant. anterior, inj. injury, op operation, no. number, 7 patient number

*Independent  test or chi-squared test
" Fisher’s exact test

acetabular fracture surgery is a valuable tool for surgeons to
better understand the fracture pattern and formulate an appro-
priate pre-operative plan [15].

@ Springer
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Table 2 Clinical outcomes

Conventional group 3D-printing group P
n=117) n=12) value
Software time (min), mean + SD - 11.08+1.44 n/a
3D-printing time (min), mean + SD - 615.25+23.14 n/a
Post. plate precontouring time (min), - 41.67+14.64 n/a
mean + SD
Ant. plate precontouring time (min), - 23.08 £25.69 n/a
mean £+ SD
Post. wall or column involvement
Surgical duration (min), mean = SD 259.76 +46.50 222.75+48.12 0.047%
Instrumentation time (min), mean + SD 67.35+10.80 35.75+£9.21 0.001*
Blood loss (mL), mean + SD 866.47+550.33 845.83 +681.06 0.929*
Ant. column involvement
Surgical duration (min), mean + SD 274.17+80.95 199.00+50.29 0.082%
Instrumentation time (min), mean + SD 99.00£15.41 43.40+10.92 0.001*
Blood loss (mL), mean + SD 958.33+£427.10 433.33+317.28 0.036*
Post-operative X-ray film, n 0.622°
Good (0-2-mm displacement) 14 11
Fair (>2-mm displacement) 3 1
Complication, n
No 12 10
Yes 5 2
AVN of FH 0 1
Heterotopic ossification 1 0
Sciatic nerve injury 1 0
Superior gluteal artery injury 0 1
Traumatic arthritis 3 0

Post. posterior, n patient number, AVN of FH avascular necrosis of femoral head, n/a not applicable

*Independent  test or chi-squared test

® Fisher’s exact test

There are several advantages to surgical planning aided by
the use of virtual simulation and 3D-printed models. These
include a better delineation of the complex acetabular fracture
pattern, simulation of the fracture reduction, choice of plate
position and quantity, plate precontouring, and screw length
estimation on a 1:1 scale fracture model. Martelli et al. con-
cluded that the use of 3D printing in surgery can improve pre-
operative planning and accuracy, save time in the operating
room, and decrease risk and complications. However, the au-
thors also mentioned that most surgeons do not have the spe-
cific skills required to utilize the 3D software, requiring coop-
eration with outside engineers [16]. Our team included one
orthopedic surgeon with a 3D-printing engineering license
and familiarity with fracture pattern and software manage-
ment. Thus, we could handle every step ourselves.

Hu et al. also concluded that computer-assisted virtual sur-
gical procedures are useful in surgical planning [17]. Upex et
al. reported one case of an acetabular both-column fracture
treated with a plate precontoured on a 3D-printed model
[18]. Mirroring of the non-fractured acetabulum to obtain a
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“normal acetabulum” on the injured side is a simple method.
However, in cases of bilateral acetabular fractures, fracture
reduction should be performed via the manual repositioning
technique using the software; there were no such cases in the
present study. Maini et al. used 3D printing and patient-
specific precontoured plates in their pre-operative planning
for acetabular fractures [19], with fracture reduction simulated
on a 3D-printed model of the fractured acetabulum. It is our
opinion that precontouring the plate on a fracture model is
difficult. Therefore, we used the more efficient method of
precontouring the plate following software-based fracture
reduction.

Indirect reduction using anatomical plates has been widely
used for other fractures. In combined acetabular and pelvic
fractures, such a reduction is difficult. Patient-specific anatom-
ical plates precontoured using a 3D-printed model, as in the
present study, may enable indirect reduction.

Inadvertent intra-articular screw penetration can lead to
wearing of the hip joint cartilage and pain during motion
and weight bearing, and is an important cause of poor clinical
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outcomes despite accurate fracture reduction and fixation. The
obturator oblique and iliac oblique/outlet views afford the
most accurate position of an anterior column acetabular screw
[20]. The 3D navigation-guide percutaneous screw provides a
safe and effective method in most pelvi-acetabular fractures
[21]. However, the implant itself may mask a penetrating
screw, or ambiguous fluoroscopy images may render it diffi-
cult to precisely determine the screw condition. Pre-operative
screw position and length can be determined on a 3D model to
help prevent screw penetration into the hip joint, as in the
present study. We could acquire accurate information regard-
ing the correct screw direction and required screw length.
However, it should be noted that although we recorded every
screw length measured from precontour plates fixed onto the
3D models, we did not compare the screw length discrepancy
between the simulation and actual surgery.

In the present study, the total surgical time was significantly
shorter in the 3D-printing group than in the conventional
group for patients with posterior wall or posterior column
involvement. This difference is mainly attributed to the use
of a precontoured plate, which significantly decreased the in-
strumentation time. A biomechanical study revealed fixation
using a reconstruction plate, and compression screws placed
lateral to the screws may address acetabular posterior wall
fracture in a more appropriate manner than techniques using
only plates or screws [22]. Fixation with a single spring plate
is not stable for large posterior wall fractures. A spring plate
overlapped by a posterior wall buttress plate is known to im-
prove fixation strength [23, 24]. However, buttress plates are
difficult to bend to a precise curvature during an operation;
designing precontoured plates using 3D-printed models is eas-
ier and significantly shortens the instrumentation time. In the
present study, the mean time to precontour a posterior plate
was more than that for an anterior plate. Precontouring the
posterior plate to match the posterior acetabulum wall is dif-
ficult because of the double curvature made by the posterior
acetabulum and ischial tuberosity. Precontouring the anterior
plate is relatively easy, as the only curvature is the curvature of
the anterior column.

We used an ilioinguinal approach to expose the fracture site
and contour the plate intra-operatively in the conventional
surgery group for cases with anterior column involvement
(anterior column, transverse type, both columns, and 7-shaped
fractures). This resulted in considerable soft tissue dissection
and haemorrhage. In the 3D-printing group, we used a
precontoured anterior column plate and a minimally invasive
method. This resulted in less blood loss and reduced instru-
mentation time. Although the surgical duration was shorter in
the 3D-printing group than in the conventional, the difference
failed to reach significance.

Unique customized anatomical plates can be contoured
using a 3D-printing method. Further, the fit of the plate during
the operation indicates the reduction quality. However, in the

present study, there were no significant group differences in
the post-operative radiographic results. Both groups had sat-
isfactory results, even though the procedure was accom-
plished more efficiently in the 3D-printing group.

The complications observed in our study population (trau-
matic arthritis of the hip, sciatic nerve injury, heterotopic os-
sification, avascular necrosis of the femoral head, and superior
gluteal artery injury) were either related to the injury or the
surgical technique. No complications were secondary to the
use of 3D printing or the precontoured plate technique.

The present study has some limitations. First, some fracture
patterns cannot be classified by the Letournel-Judet classifica-
tion system; several studies have explored the possibility of a
more comprehensive system [25]. Second, the measurement
of post-operative residual displacement may be more accurate
on CT scans than on plain radiograms. However, in the health
care system of our country, most medical expenses are paid by
the National Health Insurance, and are strictly controlled by
the medial claims review system. Although pre-operative CT
examinations are allowed for complex fractures, routine post-
operative CT examinations are not indicated for follow-up.
Since we relied on plain radiograms, we attempted to mini-
mize inter-observer bias by ensuring that three trauma sur-
geons reviewed all post-operative radiograms. Third, the dis-
persion in the follow-up duration (3-43 months) may intro-
duce a bias effect in the observed complications. Finally, the
study was retrospective in nature, with a relatively small sam-
ple size due to the rarity of acetabular fractures. This may limit
the reliability and generalizability of our results.

Thus, our study demonstrates that virtual simulation and
3D-printing techniques are useful, especially for fractures in-
volving the posterior column of the acetabulum. Further pro-
spective randomized-controlled blinded trials with long-term
follow-up may provide further insights into the role of these
techniques in the management of acetabular fractures.
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