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Three-dimensional (3D) printing technology, also known as
additive manufacturing (AM) or rapid prototyping (RP), is a
special technique which could fabricate 3D models using
computer-assisted design (CAD). It was firstly developed by
a Japanese doctor forty years ago and initially used in
manufacturing and industry [1]. During recent decades, with
the development of manufacturing technology and materials
science, 3D printing has also been used in some medical fields
such as dentistry, maxillofacial surgery, and neurosurgery [2].
Application of 3D printing in orthopedics is also increasingly
popular, mainly including preoperative planning, surgical
guides, personalized implants, and customized prostheses [3,
4]. Individualized surgical treatment could be easily and accu-
rately formulated under the aid of 3D printing and reduce the
operation time and postoperative complications [5-7].
Depending on its unique advantages, 3D printing will lead a
surgeon to precision medicine and provide patients with better
treatment effects at lower cost [8, 9]. At present, the Chinese
government, enterprises, universities, and institutes have
invested a lot of resources in related research including print-
ing technology, raw materials, and clinical applications and
have made important progress. For example, our center uses
3D printing technology to manufacture implants of porous
tantalum for clinical surgical treatment; in this special issue,
a great majority of the submissions come from China, which
report their latest developments in 3D printing. As the edito-
rial team, we pay attention to some recent progressive research
in 3D printing technology for orthopedic treatment. Below is a
summary of these accepted articles.

The study by L. Kong et al. reported a set of articular spacer
solutions using 3D printing technology in revision surgery for
periprosthetic joint infection (PJI) after total knee arthroplasty.
They compared the treatment effects between 3D printing
spacer and static spacer in a retrospective study and stated that
the 3D printing spacer group had less bone loss, less intraoper-
ative blood loss, and greater knee function than the static spacer
group. This technique effectively provides a new method to
make accurate and personalized spacers in PJI and lower the
rates of reinfection and complications.

The paper by Y. Du et al. evaluated the stability of the
acetabular cup with different types of bone defects in total
hip arthroplasty for developmental dysplasia of the hip
(DDH) using the finite element analysis (FEA) model. The
authors found that the diameter of the femoral ceramic head
had no significant impact on the stability of the acetabular
cup. When the uncoverage rates of the cup were less than
24.5%, the stability of the cup was satisfactory even without
the use of screws. However, when the uncoverage rates were
more than 24.5%, it was necessary to apply screws to improve
the primary stabilization of the cup. Although their study is
just based on the FEA model instead of clinical application,
the results are still beneficial to the subsequent clinical study.

L. Yuan et al. retrospectively analyzed the bony resection
accuracy during total knee arthroplasty (TKA) with patient-
specific instrumentation (PSI) produced by 3D printing tech-
nology. They conducted full-length computed tomography
(CT) for every patient and drafted detailed preoperative
plans including the bony resection thickness. PSI was manu-
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factured based on the CT data and operation plan. Each bone
resected in the operation was also measured with CT to
reconstruct the three-dimensional radiographs. The bone
resection thickness was compared between the preoperative
plan and intraoperative data to assess the resection accuracy
in different bone sites. The results of this study show that PSI
had a generally good accuracy during the femur and tibia
bone resection in TKA.

X. Liu et al. evaluated the application of mixed reality
(MixR) technology during transforaminal percutaneous
endoscopic discectomy (TPED), and optical see-through
head-mounted displays (OST-HMDs) were used to assist
operation. They compared the difference of clinical effects
between conventional TPED and MixR-assisted TPED and
found that mixed reality (MixR) technology could signifi-
cantly reduce the operation time and radiation exposure
during the total operation procedure. This technology may
be a powerful auxiliary tool for TPED but would increase
the eye fatigue because of the application of OST-HMDs.

J. Kim et al. investigated whether the postcuring process
could influence the dimensional accuracy and seating of 3D
printing dental prostheses. A study stone model was designed
and fabricated to verify this hypothesis. Results showed that
the postcuring process significantly affected the fit and
dimensional precision of 3D printing polymeric prostheses.
They suggested that seating on the stone model was a better
choice for minimizing the deformity of the dental prosthesis
and reducing adverse effects during the postcuring process.

F. Gu et al. designed a three-dimensional printed patient-
customized guiding template (3DGT) to increase the efficacy
and safety of unicompartmental knee arthroplasty (UKA).
Personalized guiding template could provide helpful assis-
tance in several procedures of operation planning, intraoper-
ative positioning, and osteotomy. This study concluded that
3DGT could shorten operation time, reduce surgical trauma,
and promote recovery.

P. Honigmann et al. presented the first inhospital 3D
printed scaphoid prosthesis using polyetheretherketone
(PEEK) biomaterial via fused filament fabrication (FFF),
one of the 3D printing technologies. The surface of this med-
ical grade PEEK prosthesis did not show “FFF stair-stepping”
phenomenon, which was usually common in the industrial
grade scaphoid prosthesis. The biocompatible and implant-
able polymers such as PEEK applied in 3D printing could
offer great potential in the treatment of complex joint
damage in the hospital environment.

M. Keller et al. reviewed the latest practical application of
3D printing in hand surgery and introduced the most com-
mon printing techniques and some materials. They provided
a useful overview of the 3D printing technology applied in
numerous aspects such as surgical guides, personalized
implants for bone defects, customized splints, and preopera-
tive plan. The authors hold the opinion that orthopedics,
especially hand surgery, will benefit from 3D printing in the
near future.

L. Cheng et al. retrospectively investigated the utilization
and feasibility of 3D printing technology for core decompres-
sion in patients with osteonecrosis of the femoral head
(ONFH). The operation process went well and consumed less
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time than traditional methods with the aid of personalized
guide plates and reduced the usage of intraoperative X-ray
fluoroscopy. The results indicated that 3D printing had
several advantages of improving efficiency, being more
convenient, and accurate positioning.

C. Zhang et al. revealed the efficacy of arthroscopy in
treating bone cysts of the foot and ankle combined with 3D
printing individualized guides. Better VAS score and AOFAS
score and less intraoperative bleeding were displayed in
patients with the assistance of 3D printing. It is concluded
that 3D printing could significantly help surgeons to fast
and smoothly establish a portal in arthroscopic ankle surgery.

J. Fu et al. reconstructed the acetabular bone defect in a
swine model to evaluate the bone ingrowth, biomechanics,
and matching degree of the 3D printed porous prosthesis.
Based on the results, the authors found that the 3D printed
porous augments showed great porosity and pore size and
had magnificent stiffness and elastic modulus. The anatomi-
cal matching extent was excellent, which could enhance the
stability of the porous prosthesis. Although this study was
conducted in minipigs, it displayed the great potential of
3D printed porous augment in the treatment of clinical
severe acetabular bone defects.

Y. Mao et al. compared the clinical effects of 3D printed
patient-specific instrumentation (PSI) with conventional sur-
gical techniques in medial open wedge high tibial osteotomy
(MOWHTO). The results of this prospective comparative
study showed that 3D printed PSI had significantly lower
correction errors in terms of mFTA and mMPTA and
demanded shorter duration and less radiation exposure.
They concluded that 3D printing technique could be recom-
mended as an effective assistant for MOWHTO in the treat-
ment of varus because of its accuracy and effectiveness.

W. Peng et al. reported an entirely anatomically
conforming pelvic prosthesis for pelvic reconstruction. Pelvic
tumor is a complex disease due to the vascular invasion of
tumor issue, and most of the patients suffering from pelvic
tumor undergo the surgery of tumor resection and hemipel-
vic replacement. The authors showed that 3D-printed pros-
thesis was of value for patients with complex pelvic tumors.
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In the article titled “Application of 3D Printing-Assisted
Articulating Spacer in Two-Stage Revision Surgery for
Periprosthetic Infection after Total Knee Arthroplasty: A
Retrospective Observational Study” [1], some of the
authors were linked to the incorrect affiliations in the affil-
iation list. The correct author affiliations are now corrected
in the author information above.
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Three-dimensional (3D) printing is spreading in hand surgery. There is an increasing number of practical applications like the
training of junior hand surgeons, patient education, preoperative planning, and 3D printing of customized casts, customized
surgical guides, implants, and prostheses. Some high-quality studies highlight the value for surgeons, but there is still a lack of
high-level evidence for improved clinical endpoints and hence actual impact on the patient’s outcome. This article provides an
overview over the latest applications of 3D printing in hand surgery and practical experience of implementing them into daily

clinical routine.

1. Introduction

Three-dimensional (3D) printing, also known as Additive
Manufacturing (AM), is a manufacturing technology which
enables the production of three-dimensional models of a
computer-designed template or data from medical imaging
technologies by specially designed printers.

In 1981, a Japanese doctor, Hideo Kodama, developed
a rapid prototyping technique, using a photosensitive resin
that was polymerized by an UV light, creating the first 3D
printing technique, an ancestor for SLA (stereolithogra-
phy). In 1986, the first patent for SLA was submitted by
Chuck Hull, and in 1988, two further 3D printing tech-
niques were developed: SLS (“selective laser sintering”, in
which powder grains are fused together locally by a laser)
and FDM (“fused deposition modelling”, 3D printing with
filaments) [1, 2].

In the following years, several additional methods were
developed, including Binder Jetting and Polyjet, which are

methods based on the inkjet printing technology, making
color printing and combination of different materials
possible [3].

3D printing was first used in the automobile, aerospace,
and consumer product industries. Along with the radical
improvements financed by these industries, new applications
have been developed for its use in the medical field. Accord-
ing to the different aspects of every medical subspecialty, the
implementation of 3D printing occurred with different pace
and intensity. The applications of 3D printing in hand sur-
gery are, compared to other subspecialties like for example
craniomacxillofacial surgery, currently limited. In orthopaedic
surgery, especially hand surgery, 3D printing enables the pro-
duction of complex anatomical forms from data such as
Computertomography (CT) images.

Current fields of application are the training of young
hand surgeons, patient education, preoperative planning
and fabrication of customized rehabilitation devices, custom-
ized surgical guiding tools, implants, and prostheses [4, 5].
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An overview over the development and current imple-
mentations of 3D printing in each field is given in the subse-
quent paragraphs.

2. Printing Techniques and Materials

The entire 3D printing process consists of the following steps:

(1) Data Acquisition. Acquisition of a 3D model of a
medical image (CT, MRI, others) in DICOM format
(Digital Imaging and Communications in Medicine)

(2) Image Processing. Segmentation of the anatomy and
transfer of DICOM into STL (stereolithography) for-
mat using a suitable software tool

(3) 3D Slicing/Printing. Slicing the STL model into sev-
eral 2D slices and printing the 3D model by layering
the slices on top of each other using a suitable print-
ing technique

(4) Postprocessing. Depending on the printing technique,
the printed 3D model needs to be finalized by remov-
ing excess material, increasing the mechanical
strength, removing the support structures, and
improving the object’s appearance

In the following table, the most common printing tech-
niques and their characteristics are listed (Table 1).

Advantages of SLA printing are the accurate surface, and
the relatively cheap price, weaknesses are the time-
consuming removal of excess material and the limited size
of the printed objects.

The SLS printing method allows the use of many different
materials, including metals and does not rely on supporting
structures. Furthermore, up to 100% density can be achieved.
However, its surface is porous, the production time is longer
due to the heating process, and the price for metal printing
can be very high.

The strengths of FDM printing are the low price, fast pro-
duction, and the possibility to print low density and, thus,
light objects. On the other hand, this method relies on sup-
porting structures needed to attach the printed object to the
printing platform, which results in more time consumed for
postprocessing to remove these supports.

The great advantages of the binder and material jetting
techniques are the possibility to print different colors and
materials in one object. BJ, unlike Polyjet, does not need
any supporting structures, but the printed objects are less
force resistant [3-5].

Of the mentioned printing methods, FDM is the most
common today. The relatively simple mechanism and afford-
able materials make it the most accessible printing process
for nonprofessionals.

3. Practical Applications in Hand Surgery

3.1. Training. The beneficial effect of 3D-printed models
within orthopaedic education is well described. Some high-
quality studies were able to highlight this effect especially
with the involvement of bones with complex anatomical
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structures like the pelvis or the spine [6-9]. In the field of
hand surgery, only very few articles on 3D printing technol-
ogy in the education of junior surgeons have been published
so far. Two reports from the same study group presented a
synthetic wrist procedural simulator (Wristsim®, Biomo-
dex™, Paris, France) based on 3D printing technology. They
were able to highlight its potential use in training of volar
plating in distal radius fractures and distal radius shortening
osteotomy but also recognized its inferiority to cadaver spec-
imen training [10, 11].

Despite the potential benefits, surgical training with
models based on 3D printing technology has not found its
way into hand surgery daily routine or even the curriculum
of hand surgery specialisation yet. From our experience, we
see the following reasons: only few clinics have the infrastruc-
ture and resources to provide every trainee with enough 3D-
printed models and implants to ensure a good learning curve.
Another reason is the complexity of the functional units: an
isolated model of the distal radius might be useful to practice
plating osteosynthesis or osteotomies. But due to the com-
plex biomechanical units of the wrist and hand, hardly any
other bone of the hand can be separated from its adjacent
structures and still serve the purpose of a useful model to
practice. The intercarpal relations are very complex and
building an adequate model takes more effort than in the pel-
vis or the spine (Figure 1).

3.2. Patient Education. Comprehension of the injury is a cor-
nerstone for a healthy patient-doctor-relationship. An ade-
quate grasp of the extent of a patient’s own lesion will help
setting realistic expectations and increase the adherence to
the proposed treatment. A tangible 1:1 model of, e.g., a frac-
ture can facilitate the achievement of this goal. In a clinical
trial on distal radius fractures, Chen et al. were able to show
that not only were patients more likely to understand their
condition and the operative plan, but the satisfaction and
usefulness of the 3D prototype was even higher among
patients than among surgeons themselves. This effect was
measured with questionnaires and compared to the routine
approach (patient education without the use of 3D-printed
models) [12].

We find patient education with 3D-printed models espe-
cially useful in settings where patients suffered a complex,
intra-articular fracture and need to understand how grave
the damage to the joint is. In these cases, the printed model
can simultaneously be used for preoperative planning.

3.3. Preoperative Planning. Numerous studies were published
on the advantages of preoperative planning using 3D-printed
models, and some were even able to highlight measurable
improvements like shorter operation time, less intraoperative
blood loss, and faster time to bony union [13, 14]. Preopera-
tive planning can be roughly divided into visualizing and
training with the help of three-dimensional models of a frac-
ture or a soft tissue defect and the preoperative conduction of
the actual surgery on a three-dimensional model including
modifying (prebending or assembling) implants, which then
are sterilized and used in the actual surgery resulting in
shorter operation time.
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F1GURE 1: 1: 1 model based on 3D-Computertomography (CT) data
of the carpal bones printed on an FDM-printer. This model allows
analysis of intracarpal relationships und surgical training.

In hand surgery research, the use of 3D-printed models
has mainly been focussed on preoperative planning in
patients with distal radius fractures or scaphoid pathologies.
Bizzotto et al. reported that the preoperative planning (espe-
cially the placement of the fixation plate and screw orienta-
tion) with the use of 3D-printed models of distal radius
fractures leads to substantial improvement in comprehen-
sion of the fracture. This effect was measured with a ques-
tionnaire to obtain feedback of the surgeon and was
particularly observed in intra-articular fractures (with gaps
or step of >2mm or with a multifragmentary fracture pat-
tern) [15].

With the conduction of a randomized controlled trial
(RCT), Kong et al. were able to show that the use of a 3D-
printed 1:1 model of a forearm with a distal radius fracture
resulted in reduced operation time, intraoperative bleeding,
and times of intraoperative fluoroscopy [16]. The exact same
three beneficial effects could be shown in another RCT on
“die-punch”-radius fractures [12].

Due to the complex three-dimensional shape of the
scaphoid, the reduction and fixation of scaphoid fractures
can be challenging. Jew et al. reported a series of four cases
where preoperative planning with a 3D-printed model of
the fracture facilitated the choice of approach, implant, and
size of the cannulated screw [17]. Sometimes, despite ade-
quate reduction and fixation, a scaphoid nonunion can
occur. In recalcitrant scaphoid nonunions, the use of a vascu-
larized osseous or osteocartilagineous graft from the medial
femoral condyle (MFC) has proven to be a safe and reliable
treatment option [18]. Some authors reported a method of
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proximal pole replacement with a vascularized osteocartilagi-
neous MFC graft using a 3D-printed model of the graft based
on CT-data from the contralateral uninjured hand. With this
method, the harvesting and shaping of the graft can be con-
ducted accurately and efficiently according to the authors
[19, 20].

In our institution, the planning of operations with 3D
printing technology is mainly used for ORIF (open reduction
with internal fixation) of dislocated intra-articular fractures
of the radius or metacarpal fractures where the placement
of single screws can be crucial (Figure 2). The models are
printed with an FDM-printer based on 3D-CT images with
high accuracy. A comparison of the dimensional accuracy
of an isosymmetric-shaped test body printed with different
technologies showed that FDM produces the highest preci-
sion (0.05 +0.005 mm) whereas SLS (0.11 +0.016 mm) and
binder jetting (0.14 + 0.02 mm) show a slightly lower but still
satisfactory accuracy for surgical use [21]. A 1:1 model
allows a more accurate assessment of the size and dislocation
of key fragments than a sole analysis of CT-scans (Figure 3).
The additional tactile and visual feedback provides valuable
information on bony step-offs and gaps. However, this effect
must not be overrated since much more factors than only
fracture size and dislocation need to be taken into account.
The relevance of single fragments varies according to
attached ligaments, and the surgeon needs to be aware in
which areas the reduction and fixation needs to be perfect
(e.g., dorsal ulnar and volar ulnar corner in distal radius frac-
tures) and in which areas minor gaps can be tolerated. This
information cannot be provided by a 3D-printed fracture
model. Furthermore, we do not see a major benefit of con-
ducting the actual procedures on 3D-printed models and
then sterilizing the implants, because most of the currently
used implants in hand surgery fit very well and rarely need
any bending or adaption which could be done prior to save
time. This stands in contrast to other surgical subspecialties
like for example craniomaxillofacial surgery where a retro-
spective survey showed that precontouring plates based on
3D-printed orbital models leads to a significant reduction
of surgery time compared to intraoperative free-hand bend-
ing (57.3 £23.4 minvs. 99.8 £28.9 min, p =0.001) in surgi-
cal repair of isolated orbital floor fractures [22]. With some
experience, the choice of implant in hand surgery is mostly
straightforward. So without having conducted an actual
study on this distinct topic, we confirm the findings of Biz-
zotto et al. who reported no change in surgical decisions
when 3D-printed models were used for the planning of ORIF
in distal radius fractures [15]. There is also still a lack of stud-
ies that correlate presurgical planning using 3D-printed
models with clinical endpoints to exhibit possible advantages
for the patient compared to conventional planning.

3.4. Customized Braces/Splints. One of the most established
applications of 3D printing technology in hand surgery is
the fabrication of casts and splints. However, still no major
widespread in hand surgery daily routine has taken place.
Currently, most implementations of this technology happen
within the framework of case series or feasibility studies. In
our opinion, this is due to the following reasons: up to now,
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FIGURE 2: (a-d) 3D-printed 1:1 model of a displaced, multifragmentary, intra-articular fracture of the proximal part of the first metacarpal
bone. The model was used to educate the patient about possible surgical treatment options and for preoperative planning.

the use of digital design software is challenging and time-
consuming; the printing process is lengthy and error-prone
and hospitals without the possibility of in-house-printing
rely on external suppliers which is costly. All in all, this effort
mostly exceeds the effort of having a conventional plaster cast
or splint built by far. A successful implementation of 3D-
printed orthotics in daily routine requires the following pre-
mises: an intuitive and purpose-oriented designing software,
a stable and fast printing process which is available around
the clock, little required postprocessing but easy adaption if
necessary, an efficient in-hospital workflow with collabora-
tion of doctors and hand therapists and redundancy of skilled
users at any level of the workflow, in case a person is unavail-
able (e.g., in the OR).

Most of the published papers on 3D-printed upper
extremity orthotics focus on the composition of materials,
the printing process, and feasibility. Up to date, no high-
quality clinical trial was able to demonstrate the noninferior-
ity or even superiority concerning wearing comfort or clinical
outcome compared to conventional plaster casts and splints.
Several in vitro [23, 24] and in vivo studies [25-29] highlight
the safety and effectiveness of customized 3D-printed fore-
arm casts. These trials indicate a good patient satisfaction
due to light, breathable and waterproof splints. In another
case series, Nam et al. highlighted the feasibility of 3D-
printed finger splints for posthand burn patients [30].

Our research group has implemented the use of 3D-
printed hand and wrist rehabilitation devices in daily routine.
Furthermore, we initiated the (up to our knowledge) first
prospective randomized clinical trial assessing the relevance,
feasibility, safety, and patient comfort of 3D-printed forearm
casts compared to conventional plaster casts in the nonoper-
ative treatment of distal radius fractures. The patients are
scanned in the outpatient clinic with a handheld device.

The data of the 3D-scan are processed and sliced using a soft-
ware (“Spentys© Point-of-Care Solution” [Spentys SA/NV,
Brussels, BE]) from a software company specializing in medi-
cal orthoses and immobilization devices. The forearm casts
(“Polycast©” [Spentys SA/NV, Brussels, BE]) are then printed
overnight and in-hospital using a 3D-printer with FDM-
technology and Polypropylene (PP) filament (Figure 4). The
postprocessing of the cast including the application of Velcro
fasteners is carried out by the investigators before putting
them on the patients. The control group is treated with con-
ventional plaster casts for immobilization by a professional
plasterer. During follow-up visits in our out-patient clinic,
the patient’s comfort is assessed at multiple times using two
questionnaires specialized for this purpose. Additionally, sev-
eral other clinical and radiological endpoints are measured.
The first patient feedbacks show a good acceptance and patient
comfort in the group with 3D-printed casts with a relatively
low price of approximately 6 US$ per cast. To reduce printing
and postprocessing time substantially, we recently started to
additionally use a DLP-(Digital Light Processing) printer
which results in a price of approximately 20 US$ per cast.

3.5. Surgical Guides. 3D-printed surgical guides are mostly
used for internal fixation of fractures or corrective osteotomy
of malunions. These customized guides are usually either
prebent/fitted on 3D-printed templates of the malunion
and later sterilized [31] or 3D-printed themselves based on
a digital model of the malunited bone [32]. The aim is to
facilitate the osteotomy based on a preoperatively planned
ideal osteotomy location and angle. The desired result is usu-
ally based on the contralateral healthy side.

Patient-specific surgical cutting guides have been
described for malunions of the distal radius [33-35], for mal-
unions of the diaphyseal area of both forearm bones (with
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FIGURE 3: (a) Dorsopalmar radiographic view of a displaced, multifragmentary, intra-articular fracture of the distal radius, and ulna of a 45-
year-old female. (b, ¢) Coronar view of the 3D-CT reconstruction and the equivalent view on the 3D-printed Polypropylene-model. (d, e)
Sagittal view (radial aspect) of the 3D-CT reconstruction and the equivalent view on the 3D-printed Polypropylene-model. (f, g) Sagittal
view (ulnar aspect) of the 3D-CT reconstruction and the equivalent view on the 3D-printed Polypropylene-model. (h, i) Axial CT-
projection and the equivalent view on the 3D-printed Polypropylene-model allowing an overview on the intra-articular key fragments of

the distal radius fracture.

custom-made fixation plates) [32], and for malunions of the
scaphoid [36]. The senior author of this article presented a
method using an acrylate Kirschner wire guide in combina-
tion with an acrylate wedge template for distal radius malu-
nions which allow to harvest a precisely suitable iliac crest
bone graft [37]. In a retrospective assessment of the early
clinical outcome, 3D-planned and guided single-cut osteo-
tomies of the forearm proved to be an accurate and reliable
method [38].

Customized 3D-printed guides have also been used for
osteosynthesis of scaphoid fractures. Yin et al. presented a
method using a 3D-printed glove-like patient-specific guid-
ing template to allow 1-shot percutaneous fixation [39]. De
Wolf et al. presented another 3D-printed targeting device
for scaphoid fractures and were able to show on cadavers that
it provides similar accuracy while significantly reducing
intraoperative radiation exposure and procedure time [40].

Most of these studies have a descriptive character and
lack a control group. A systematic review on three-
dimensional virtual planning of corrective osteotomies of
distal radius malunions identified the following issues: no
clinical study comparing the results of 3D-planning tech-
niques with conventional planning methods could be identi-
fied. While the authors highlighted the benefit of 3D-
planning, most studies used conventional two-dimensional
(2D) radiographs to assess the radiological result of the pro-
cedures. This might lead to underestimation of residual
deformities. Furthermore, a great heterogeneity of different
radius malunions was seen. The authors concluded that no
full comprehension of the added value of 3D-planning in dis-
tal radius malunion corrective osteotomy can be achieved
without randomized controlled trials [41].

3.6. Personalized Implants/Solutions for Bone Defects. Besides
orthopaedic aids like personalized splints, the trend for cus-
tomization has also gained widespread use in the production

of surgical implants. 3D printing technology is well estab-
lished in the field of plastic and reconstructive surgery, where
it is used to fabricate individualized synthetic and biologic
implants, regenerative scaffolds, and cell-specific tissues and
organs [42]. In craniofacial surgery, the use of patient-
specific implants made from polymethylmethacrylate
(PMMA) has proven to be cost-effective and applicable in
daily clinical practice [43]. Yet again in hand surgery, up to
now, there is only a hand full of case reports and feasibility
studies on this topic. The printed implants are mostly based
on scans of the contralateral healthy side.

In 2017, Kim et al. compared a 3D-printed volar locking
distal radius plate fabricated by laser sintering of titanium
alloy powder with two conventional volar locking plates. Bio-
mechanical testing showed that the 3D-printed plate had a
significantly higher strength than conventional plates, yet
the implant was not customized to the bone [44].

Other authors reported a 3D-printed (titanium) replace-
ment of a finger proximal phalanx after recurrence of a giant
cell tumor [45] or the replacement of the distal radius with
customized, uncemented 3D-printed prostheses (Metal-PE
(polyethylene)-combination with hydroxyapatite coating) in
11 patients with giant cell tumors [46]. Both report satisfac-
tional functional outcomes with short-term oncologic sal-
vage. Our own study group was able to replace parts of the
proximal phalanx in a patient with a defect-lesion of the
index finger after a chainsaw accident with a patient-
specific implant. Since an “off the shelf” implant was no
favourable option due to insufficient bone stock a patient-
specific 3D-printed partial joint replacement made of tita-
nium was used. The shaft was designed with a porous surface
to allow osteointegration (Figure 5). The patient’s range of
motion in the proximal interphalangeal joint improved from
preoperative 20° to postoperative 60°.

Carpal bones are complex in their anatomy and are at
risk for fracture nonunion or avascular necrosis. Surgical
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FIGURE 4: (a, b) 3D-scanning of the injured forearm using a tablet with an optical sensor (“Spentys© Point-of-Care Solution”, Spentys SA/NV,
Brussel, BE). (c) Virtual adjustment of the wrist position if necessary (d, e) Designing of the forearm cast (“Polycast©” [Spentys SA/NV,
Brussels, BE]) and generating an STL-file. (f) In-hospital, overnight printing using an FDM-printer with Polypropylene- (PP-) filament.
(g) Fitted customized forearm-cast with ventilation openings and Velcro-Fasteners.
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FIGURE 5: (a, b) Patient-specific 3D-printed partial joint replacement made of titanium (Xilloc Medical B.V., Sittard-Geleen, ND). (c) The
shaft was designed with porous surface to enable osteointegration. (d) Lateral radiographic view of the finger after implantation of the

patient-specific implant fitting precisely to the bone defect.

treatment with nonvascularized or vascularized bone grafts is
challenging. A prosthetic replacement of those bones could
offer an appealing alternative. Xie et al. reported a case of
patient-specific replacement of a collapsed lunate in stage IIlc
Kienbock’s disease. The implantation of a customized 3D-
printed polyethylene spacer led to a nearly full range of
motion and good pain relief 12 months after surgery [47].
The senior author of this article developed and showed the
feasibility of a scaphoid prosthesis 3D-printed of titanium
and ceramic and suggested 3D-printed Polyetheretherketon
(PEEK) for further use [48, 49].

3.7. Personalized Prosthesis for Amputations. (Partial) hand
amputations are a unique entity and more common in devel-
oping countries. Providing patients with proper prosthetic
replacement is often problematic in these areas. The feasibil-
ity of using 3D printing technology to fabricate hand pros-
theses was shown in several reports [50, 51]. Some authors
laid their focus on providing children in developing countries
and those with limited access to healthcare providers with
reasonable prosthetic hand replacements [52]. Some of
the designs were published online as open source files
(Figure 6). Alturkistani et al. presented a 3D-printed pros-
thesis design with manufacturing costs of approximately
20 USD. Functional assessment showed that the prosthesis
improved the patient’s manual handling capabilities, espe-
cially regarding grasp stability [53].

4. Practical Issues

The eventual goal of implementing 3D printing technology
in daily hospital routine is to enable mass production of cus-

tomized splints, fracture models, and surgical guides. The
workflow should be so efficient that it saves resources
compared to conventional techniques. Until now, this goal
is difficult to achieve in an in-hospital setting. According
to our experience, problems can occur at every step of
the process.

Even with intuitive and easy-to-use applications, the use
of 3D printing technology requires extensive training for
new users. Depending on the used printing technology, safety
issues with flammable or potential harmful components need
to be addressed. The workspace needs to be equipped with
sufficient room, ventilation, stable temperature, and air
humidity. Surface scanning devices need to be accessible
and charged at any time. Frequently used printers need regu-
lar maintenance. Printers with repeated malfunctions need
replacement. Software malfunctions or unexpected software
updates can lead to delay which is particularly unfavourable
if it leads to waiting time for a patient. Patients will show little
acceptance for a new technology if it means more waiting
time or additional hospital visits. The designing and slicing
of 3D-models can either be done by the healthcare profes-
sional her/himself or an outside partner (e.g., an industrial
partner specialized in 3D printing software). We recommend
an interdisciplinary workflow where every medical and non-
medical specialist plays out his strength: the course of action
is initiated by the surgeon with the request for a particular
application, a radiologist should be responsible for acquisi-
tion and formatting of image data, a medical engineer should
oversee the 3D-design process and printing and an occupa-
tional therapist should handle the fitting and postprocessing.
With third parties involved, there are issues concerning data
protection (location of the server storing patient data),
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FIGURE 6: (a—c) “Flexy Hand 27, a 3D-printed open source hand prosthesis (http://enablingthefuture.org/upper-limb-prosthetics/the-flexy-

hand/).

financial relationship, and workflow efliciency (the fewer
institutions involved the faster the process) that have to be
settled.

Prior to the commercialization of a drug or medical
device in the United States, FDA-clearance is required. To
be referred as “FDA-Approved,” the manufacturer needs to
prove substantial equivalence to a predicate device. This
means that the performance and intended use of the new
device is similar to a previously cleared device. To demon-
strate effectiveness, often clinical data are needed which can
be a considerable hurdle for manufacturers. In 2017, the
FDA published the guidance document “Technical Consider-
ations for Additive Manufactured Medical Devices” which
provides information for manufacturers when working on a
3D-printed medical device regarding regulatory and quality
assurance control [54, 55]. In Europe, the certification of
medical devices needs to follow the European Union Medical
Device Regulation (Council Regulation 2017/745 of 5 April
2017 concerning medical devices) which applies in all coun-
tries of the European union [56]. Additionally, these suprar-
egional regulations also local regulations (e.g., Non-EU
countries in Europe) need to be taken into account. We rec-
ommend not only the certification of the actual 3D-printed
products but also certification of the manufacturing process

through a third party. This will facilitate the expansion of
applications and scaling of the project once effectiveness
has been proven [57].

Postprocessing of splints or 3D-models requires special-
ized tools and can be very time-consuming. It needs to be
planned carefully so it does not prolong the patient’s outpa-
tient clinic visit. Furthermore, it is important to plan a suffi-
cient interval until the next visit of the patient to allow an
additional printing attempt in case of failure of the first print.
With FDM being the most common technology, this can
mean an additional day.

3D-scans of tissue depict a snapshot at one certain
moment of time. Increasing or decreasing soft tissue swelling,
secondary dislocation of bones or other changes needs to be
taken into account using customized splints (e.g., using PP
that can be heated and adapted) or surgical guides based on
skin or bone surface.

Another relevant potential problem is patient malcom-
pliance. Since 3D-printed splints are mostly removable, there
is an increased risk that the patient removes the splint delib-
erately during the immobilization period. This occurs less
frequently using traditional circular plaster casts.

All of the abovementioned issues cause a significant
amount of personnel and financial expenses which can
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initially be overwhelming compared to using conventional
technologies. In our opinion, the efficiency can be maximized
by conducting as many substeps as possible in-hospital, even
if it requires substantial financial investments in the begin-
ning. The workflow should be tested extensively and used
on patients only when its stability is proved to guarantee
good treatment quality.

5. Conclusion

Although the history of 3D printing technology is nearly 40
years old, its use is not yet well established in hand surgery
compared to other medical subspecialities like craniomaxil-
lofacial surgery or dentistry. Only in the last few years, inter-
est among hand surgeons and the 3D printing industry has
risen and intensive research has been initiated. Possible rea-
sons for this delay are the following: in the eyes of the indus-
try, hand surgery was not known to be a lucrative business
investment. Hand surgeons relied on conventional proven
products in their daily routine and did not see a significant
potential benefit of the 3D printing technology for their
work. With the general interest focussing more and more
on patient-specific or personalized treatment, 3D printing
became increasingly interesting for hand surgeons.

However, research on its use in hand surgery is still
scarce. Up to now, complicated digital design software,
lengthy and error-prone printing processes and expensive
hardware were factors that inhibited a major widespread of
3D printing in daily routine. The idea that one person should
be able to perform all substeps of the process, which require
profound skills in different areas, might be another reason.
For a successful implementation of 3D printing in daily
routine, we therefore recommend the involvement of dif-
ferent medical and nonmedical specialists throughout the
process. With today’s complexity of digital design software
programs, we found it to be most efficient to outsource the
digital designing to closely collaborating medical engineers.
At least with applications, where no complete automation
is possible yet. In order to increase efficiency, postproces-
sing of printed objects can be handled by hand therapists,
who often have more expertise in this area compared to
hand surgeons.

The technical foundations for future applications such as
bioprinting (replacement of tissue defects), in-hospital, or
even in-OR implant-printing on demand are mostly known
today. But due to missing clinical proof of effectiveness, gov-
ernmental regulations, and too expensive and elaborate
printing processes and materials their implementation in
daily hand surgery routine is currently far from realistic. By
simplifying workflows and reducing production costs, we
believe that in the near future 3D printing technology can
add a significant value to hand surgery.

Data Availability

Readers can access any data underlying the findings of this
research article by contacting the authors.
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Purpose. Mixed reality (MixR) technology merges the real and virtual worlds to produce new environments and visualizations; it is
being tested for numerous minimally invasive surgical procedures. This study is aimed at evaluating the use of MixR technology
using optical see-through head-mounted displays (OST-HMDs) during transforaminal percutaneous endoscopic discectomy
(TPED). Methods. Forty-four patients treated with MixR-assisted TPED through OST-HMDs were compared with matched
patients treated with conventional TPED (n =43). In the MixR-assisted TPED group, MixR technology was used to navigate the
four procedures of marking, needle insertion, foraminoplasty, and positioning of the working sheath. The clinical outcomes
were evaluated based on the numerical rating scale (NRS) scores and Oswestry Disability Index (ODI) on preoperative and
postoperative day 1 and at the last follow-up examination. The procedural times, radiation exposure, and eye fatigue were also
recorded. All patients were followed up for at least 6 months. Results. The NRS scores and ODI were significantly improved in
both groups at the last follow-up visit compared with the preoperative values (P < 0.05); these values were not statistically
different between the groups. The operation time and radiation exposure during marking, needle insertion, and total procedure
significantly decreased in the MixR-assisted TPED group compared to those in the conventional TPED group (P <0.05).
Unfortunately, the incidence of eye fatigue increased owing to the use of OST-HMDs in the MixR-assisted TPED group.
Conclusion. This study shows the utility of MixR technology for image guidance in conventional TPED. Radiation exposure is
decreased, and this technology serves as a valuable tool during the TPED procedure; however, the assistance of conventional
fluoroscopy is still required.

1. Introduction

Transforaminal percutaneous endoscopic discectomy (TPED)
is a typical minimally invasive discectomy procedure. Precise
puncture and cannulation are significant steps in TPED, and
the achievement of precise puncture and cannulation depends
on the surgeon’s experience and fluoroscopic guidance [1].
Thus, the surgical process of TPED is reported to have a steep
learning curve and involves radiation exposure [2]. Increased
radiation exposure may be associated with potential
radiation-induced adverse events [3]. Therefore, it is impor-

tant to reduce the radiation dose of practitioners to minimize
the risk of potential radiation-induced complications.

Virtual reality has proven to be feasible in TPED. It
enables precise surgical planning and improves intraopera-
tive procedures; therefore, it has the potential for application
in clinical practice [4]. Mixed reality (MixR) technology is the
merging of real and virtual worlds to create new environ-
ments and visualizations where the physical and digital
objects coexist and interact in real time [5, 6]. Optical see-
through head-mounted displays (OST-HMDs) with high res-
olution and high contrast capabilities offer real-time MixR
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visualization of radiographic images that can be projected
over the interventional site without hampering direct control
of procedural manipulations [7]. MixR devices have been
tested in image-guided minimally invasive surgical proce-
dures [6, 7]. It is speculated that MixR technology may
improve the surgical experience, shorten the operating time,
and decrease the adverse effects of TPED. Unfortunately,
MixR through OST-HMDs has not been introduced in
TPED. Herein, we attempt to introduce and determine the
utility of MixR navigation during the conventional TPED
procedure.

2. Material and Methods

2.1. Patients. This comparative study was approved by the
ethics committee of a university hospital and was conducted
in accordance with the guidelines of the Declaration of
Helsinki. Written informed consent was obtained from each
participant. From June 2018 to July 2019, 44 patients with
lumbar disc herniation, who had failed to respond to conser-
vative treatment for more than 6 weeks, were treated with
MixR-assisted TPED. Another 43 patients were selected from
a clinical database between February 2018 and June 2019,
according to their demographic characteristics and disease-
related features to ensure comparability between the two
groups; these patients were treated with conventional TPED.
The inclusion criteria were as follows: (1) radicular leg pain
due to lumbar disc herniation confirmed through magnetic
resonance imaging and (2) TPED at a single level. The exclu-
sion criteria were as follows: (1) segmental instability, (2)
lumbar spinal stenosis, (3) calcified disc herniation, (4) recur-
rent lumbar disc herniation, (5) painless weakness, and (6)
TPED at multiple levels. All patients were followed up for
at least 6 months, with an average of 12 months.

2.2. 3D Virtual Model Reconstruction and Working Plan.
The patient with the diagnosis of lumbar disc herniation
confirmed using magnetic resonance imaging was posi-
tioned in the prone position on a hard sponge cushion
for the lumbar computed tomography (CT) examination
preoperatively (Figure 1(a)). While referring to the antero-
posterior radiograph, six steel balls with a diameter of
2.5mm were attached to the skin, close to the surface pro-
jections of the S1 and L2 spinous processes, both posterior
superior iliac spines, and both transverse tips of the fourth
lumbar vertebra (Figure 1(b)). The CT images were
acquired using a 64-row CT scanner (Siemens Healthi-
neers, Erlangen, Germany) set at 120kVp or 140kVp with
an adaptive tube load of 200-300 mAs, depending on the
patients’ weight and size. After the CT examination, all
markers were labeled on the skin and then removed. The
original DICOM data were input into Mimics software
version 20.0 (Interactive Medical Image Control System,
Materialise, Leuven, Belgium) and reconstructed into the
3D virtual model. The soft tissues, vertebrae, discs, nerves,
and markers were extracted and colored using the thresh-
old, mask, region growth, and other embedded tools. The
puncture target was determined from the preoperative
radiographic evaluations. If foraminoplasty was required,
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the superior articular process of the inferior lumbar verte-
bra was considered the puncture target. Otherwise, the
ruptured disc served as the puncture target. The models
of the needle and working sheath were created and placed
on the preoperative model (Figures 1(c)-1(f)).

2.3. Building a MixR Environment. The Microsoft HoloLens
using a Windows Holographic platform under the native
Windows 10 operating system was connected to a local area
wireless network [8]. The integrated 3D virtual model was
loaded into the Scene Editing System(Midivi, Changzhou,
China, https://www.midivi.cn). All elements were defined
by different colors and transparencies, aimed at optimal visu-
alization. The final 3D model was then exported and loaded
into the MixR system(Midivi, Changzhou, China, https://
www.midivi.cn) on a computer for processing and uploading
into the local network. The OST-HMD (HoloLens 2, Micro-
soft Corporation, State of Washington, USA) loaded the data
and displayed the 3D virtual model. The operators could
simultaneously visualize the 3D model, working plan, and
procedural site in a MixR environment.

2.4. MixR-Assisted TPED Technique. The patient was posi-
tioned in the prone position on a radiolucent table. During
the surgery, the 3D model was preliminarily integrated into
the corresponding patient’s body according to the external
markers (Figures 2(a) and 2(b)). Standard anteroposterior
and lateral views obtained with X-ray fluoroscopy were used
to identify the superficial positions of the anatomical struc-
tures, and the precision of matching between the virtual
model and the patient was assessed. The middle of the supe-
rior endplate and the superior facet process of the inferior
vertebra were the most valuable anatomical landmarks
(Figures 2(c) and 2(d)). If an unacceptable misalignment
(>5mm) was present, the registration procedure was further
optimized by incorporating the external and internal ana-
tomical landmarks till an acceptable misalignment (<5 mm)
was achieved [9]. Referring to the precisely matched virtual
model in the MixR environment, the spinal level, midline,
skin entry point, and puncture direction were marked on
the skin. Needle insertion, foraminoplasty, and positioning
of the working sheath were performed according to the pre-
operative plan under the guidance of MixR technology
(Figure 3). The final positions of the spinal needle and work-
ing sheath were confirmed with fluoroscopy (Figure 4). Once
the proper positioning of the working sheath was confirmed,
endoscopic discectomy was performed after removing the
OST-HMD.

2.5. Assessment of the Clinical Outcomes. For each patient, the
demographic and disease-related data was collected from the
medical records, including age, sex, body mass index (BMI),
type of disc herniation, and surgical level; these data were also
used to enroll patients into the matched conventional TPED
group. The clinical outcomes were evaluated using the Mac-
Nab standard (excellent, good, fair, or poor) at the last
follow-up examination [10]. A numerical rating scale (NRS)
was used to assess the severity of leg or back pain preopera-
tively, on postoperative day 1, and at the last follow-up
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Figure 1: Computed tomography (CT) examination and reconstruction of the three-dimensional (3D) model. (a) Flexion position during
lumbar CT examination in which the patient was positioned in the prone position on a hard sponge cushion. (b) External landmarks (red
arrows) attached to the skin around the surgical segment during the CT examination; these landmarks were used for preliminary

matching. (c-f) 3D model reconstructed from the CT data.

examination [11]. Furthermore, the Oswestry Disability
Index (ODI) was used to evaluate the disability status [12].
The minimally important clinical difference (MICD) was
defined as 3 for the NRS and 10% for the ODI. Exposure
duration, from positioning to final fluoroscopy, and proce-
dural duration, from the time of administration of local anes-
thesia to the end of the operation, were recoded and
compared between the two groups.

2.6. Radiation Dose Measurement and Data Collection. The
same surgeon performed all the procedures using a G-arm
fluoroscope (Whale Healthcare, Beijing, China). The fluoros-
copy time, tube voltage (TV), tube current (TC), and radia-
tion dose for the anteroposterior and lateral views were
directly read on G-arm fluoroscopy. The exposure duration
was recorded in minutes.

2.7. Eye Fatigue Test. The operators completed the eye fatigue
test before and after each operation. The eye fatigue test mea-
sured subjective fatigue from 0 to 7 points for tired eyes, sore

or aching eyes, irritated eyes, dry eyes, eyestrain, hot or burn-
ing eyes, blurred vision, difficulty in focusing, and visual
discomfort [13]. In addition, headache, dizziness, nausea,
and decreased concentration were evaluated.

2.8. Statistical Analysis. Statistical analysis was performed
using SPSS for Windows, version 20.0 (IBM Corp., Armonk,
NY, USA). The continuous variables are expressed as the
mean + standard deviation (SD). For all patients, the NRS
and ODI scores were compared preoperatively and postoper-
atively using paired ¢-tests. The two groups were compared
using t-tests. P < 0.05 was considered statistically significant.

3. Results

3.1. General Information. There was no significant difference
between the two groups with respect to the baseline parame-
ters, including age, sex, BMI, and types and levels of disc her-
niation. The detailed information is listed in Table 1. Surgery
was successfully completed for all patients, without dural
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FIGURE 2: Integration of the three-dimensional (3D) model in the patient’s body according to the external markers and internal anatomical
landmarks. (a, b) The 3D model is matched with the patient’s body from different directions. (c, d) Specific internal anatomical landmarks,
such as the superior facet process of dorsal vertebra and the middle of the superior endplate, are identified by fluoroscopy and are used for
matching with the 3D model.

() (d)

F1GURE 3: Four steps of the surgical procedure assisted with mixed reality technology: (a) marking; (b) needle insertion; (c) foraminoplasty;
(d) positioning of the working sheath.
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(b)
FIGURE 4: Final position of the working sheath confirmed with fluoroscopy: (a) anteroposterior radiograph; (b) lateral radiography.
TaBLE 1: Demographic and disease-related data of enrolled patients. TasBLE 2: Clinical outcomes of the two groups.
Grou MixR-assisted Conventional p MixR-assisted ~ Conventional p
b TPED group TPED group TPED group TPED group

N 44 43 Preoperative NRS

Male 24 24 0.91 Back pain 357+1.11 3.74+1.07 0.45

Female 20 19 Leg pain 6.57 £1.02 6.72+0.91 0.46
Age (years) 41.21 (17-64) 38.93 (19-62) 0.45 Preoperative ODI (%) 63.02 +9.32 62.02 +8.22 0.60

2
BMI (kg/m") 24.27 24.19 0.86 Postoperative NRS
Disc herniation Back pain 1.43+0.90 1.60 + 1.00 0.40
type
i 1.45+0. 1.70+1.2
Central 16 14 Leg paln. 5+0.98 70 3 0.31
Paracentral 20 20 098 z;’itol’eratwe oDl 10.93£5.02  9.56+£3.35 0.4
. (9
F inal 7 8
oramimna Improved NRS
Far-lateral
. Back pain 2.14+£1.25 2.14+1.44 0.99

Surgical level )

13/4 4 1 Leg pain 5.11+1.15 5.02+1.52 0.75

14/5 19 18 0.37 Improved ODI (%) 52.09 +£10.60 52.47+£9.52 0.86

L5/S1 21 24 Operation time (min) 103 +18 116 £29 0.01

TPED: transforaminal percutaneous endoscopic discectomy; MixR: mixed
reality; BMI: body mass index.

rupture, nerve root injury, infection, poor healing of the inci-
sion, or serious allergy.

The clinical outcomes are listed in Table 2. Thirty-eight
patients in the MixR-assisted TPED group and thirty-six
cases in the conventional TPED group achieved excellent
outcomes. Fair or poor outcomes were not observed at the
last follow-up examination. There was no significant differ-
ence between the two groups with respect to the NRS score
for leg or back pain, which significantly improved at 1 day
postoperatively (P < 0.05) and at the last follow-up examina-
tion (P<0.05), compared with the preoperative values.
Significant improvement was observed in the ODI at the last
follow-up visit compared with the preoperative value
(P <0.05). The NRS score and ODI did not differ signifi-
cantly between the two groups at the last follow-up examina-
tion. All patients in both groups presented with greater

TPED: transforaminal percutaneous endoscopic discectomy; MixR: mixed
reality; NRS-LP: numerical rating scale for leg pain; NRS-BP: numerical
rating scale for back pain; ODI: Oswestry Disability Index.

improvement in the NRS score and ODI than in the MICD
at the last follow-up visit compared with the preoperative
values. The mean operation time in the MixR-assisted TPED
and conventional TPED groups was 103 and 116 minutes,
respectively (P =0.01).

3.2. Fluoroscopic Data and Radiation Exposure. There was no
significant difference in the mean TV and TC between the
two groups. The durations of marking and needle insertion
were shorter in the MixR-assisted TPED group than in the
conventional TPED group (1.80 min vs. 2.75min, t =4.64,
P<0.001 and 5.39min vs. 7.88min, t=3.58, P=0.001,
respectively). Similarly, with MixR assistance, the number
of puncture attempts and radiation doses in the procedures
of marking (3.93 vs. 6.88, t =7.62, P <0.001 and 3.01 mGy
vs. 517mGy, t=7.38, P <0.001, respectively) and needle
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TaBLE 3: Radiation exposure outcomes of the two groups.
MixR-assisted ~ Conventional
TPED group TPED group
Marking
Puncture 3.93+1.88 6.88£172  <0.001
attempts
Duration (min) 1.80 £0.67 2.75+1.20 <0.001
Dose (mGy) 3.01+1.36 5.17 £1.36 <0.001
Needle insertion
Puncture 3414191 633318 <0.001
attempts
Duration (min) 5.39+2.17 7.88+4.10 0.001
Dose (mGy) 2.73+1.71 4.72+2.33 <0.001
Foraminoplasty
Puncture 6.09 +4.52 6.74+6.81 0.60
attempts
Duration (min) 7.28£5.42 7.95+7.50 0.63
Dose (mGy) 4.80+3.71 5.05+5.07 0.80
Positioning sheath
Puncture 3.81+1.42 477 +3.02 0.06
attempts
Duration (min) 4.01 +2.30 5.28 +3.73 0.06
Dose (mGy) 3.04+1.38 3.68 +2.63 0.16
Total
Puncture 17.25+4.28 24724887  <0.001
attempts
Duration (min) 18.48 +6.38 23.87 £9.64 0.003
Dose (mGy) 13.59+4.56  18.62+7.07  <0.001

TPED: transforaminal percutaneous endoscopic discectomy; MixR: mixed
reality.

insertion (3.41 vs. 6.33, t =5.21, P < 0.001 and 2.73 mGy vs.
4.72mGy, t=4.56, P <0.001) was significantly decreased.
No significant differences were found with respect to the
number of puncture attempts, duration, and radiation doses
in the procedures of foraminoplasty and positioning of the
working sheath between the two groups. With MixR assis-
tance, the total radiation dose in the TPED procedure
(13.59 mGy vs. 18.62mGy, t =3.96, P <0.001) significantly
decreased. The total number of puncture attempts and dura-
tion were obviously lower in the MixR-assisted TPED group
than in the conventional TPED group (17.25 vs. 24.72, t =
5.01, P<0.001 and 18.48min vs. 23.87 min, t=3.08, P=
0.003, respectively). The detailed information is displayed
in Table 3.

3.3. Eye Fatigue Test. In the MixR-assisted TPED group, the
eye fatigue scores were, in descending order, as follows: visual
discomfort (2.7), headache (2.7), and blurred vision (2.6). In
the conventional group, the main complaint regarding eye
fatigue was decreased concentration (0.91). A few complaints
were noted for other discomforts. We noted no significant
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differences in decreased concentration between the conven-
tional TPED group and the MixR-assisted TPED group
(P =0.46).

4. Discussion

Recently, many guided techniques and strategies aimed at
decreasing the radiation dose have been introduced [14].
MixR technology has been introduced in percutaneous
kyphoplasty for the treatment of osteoporotic vertebral com-
pression fractures. This suggests that MixR technology is
practical and advantageous in percutaneous spinal opera-
tions. Thus, we introduced MixR technology in TPED with
the aim of shortening the operating time and decreasing the
radiation dose.

Using OST-HMDs, the operators can directly visualize
the anatomical structure and virtual protruded disc. In our
study, the operators made the needle coincide with that in
the preoperative planned model; thus, the needle could reach
the target quickly and accurately. Our results revealed that
MixR assistance reduced the radiation dose and shortened
the exposure duration during the procedures of marking
and needle insertion. The number of puncture attempts and
radiation dose were significantly reduced in the MixR-
assisted TPED procedure compared to those in the conven-
tional TPED procedure.

Foraminoplasty is strongly recommended in TPED for
enlarging the intervertebral foramen near the facet joint,
especially for complicated cases [15, 16]. During foramino-
plasty, the target points need to be accurately reached
through fluoroscopy. To reach the ideal target, fluoroscopy
was routinely performed to identify the position of the
reamer and the working sheath. Thus, the radiation dose
and duration were not significantly reduced in the proce-
dures of foraminoplasty and positioning of the working
sheath in the MixR-assisted TPED group. Although the
radiation dose is reduced and operating time is shortened
with MixR technology [17], this technology still needs the
assistance of conventional fluoroscopy. We also found
greater displacement between superficial markers and ana-
tomical structures in obese patients with a BMI greater
than 30kg/m”. It is necessary to ensure that the position
of the patient during the CT scan is consistent with that
assumed in the operation. Still, obese patients may experi-
ence more puncture attempts and radiation than others.

The incorporation of MixR technology in conventional
fluoroscopy transformed the complicated surgical task into
a simplified line alignment between the planned trajectory
and working tools in multiple views, which helped surgeons
reach the target site in a shorter time [18]. To easily and
precisely match the 3D model with the anatomical spine,
markers were extracted from the reconstructed 3D model.
During the procedure of matching, the operators should
endeavor to match multiple markers. After primary match-
ing, standardized anteroposterior and lateral views were
used to position the superficial projection of the anatomical
structures, aiming the superficial projection at the 3D
model from multiple perspectives aided in increasing the
accuracy of the 3D model. We noted that the middle of
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the superior endplate and the superior facet process of the
inferior vertebra were the ideal anatomical landmarks.
Moreover, the operators should intermittently match the
holographic model with the anatomical structures and
superficial markers from multiple directions during the sur-
gical procedure. We also found that the 3D holographic
model reconstructed from flexion CT images provided
greater accuracy and practicality in the TPED procedure
than that obtained from conventional supine CT images.
Flexion CT examination was considered the necessary com-
ponent of the preoperative evaluation in patients who were
diagnosed using magnetic resonance images. Thus, an addi-
tional CT scan was not required when MixR technology
was used.

There are several potential advantages of MixR-assisted
TPED. First, the 3D model and the procedural site are con-
stantly present in the operator’s field of view. The operators
do not need to move their field of view away from the proce-
dural site to obtain image guidance information. In addition,
the change from the procedural site to the virtual model can
be easily achieved by slightly raising the head. The transition
from a classic clinical set-up to an OST-HMD display
requires less adaptation than that required in other visualiza-
tion models [19].

The introduction of MixR into TPED is aimed at not only
decreasing the radiation dose and operation time but also
reducing the operation difficulty and shortening the learning
curve of residents [4]. In addition, we found great signifi-
cance in MixR assistance in both the preoperative plan and
the guidance of surgical procedures. Meanwhile, medical
consumable material is not needed in MixR-assisted opera-
tions. Thus, the use of MixR technology cannot increase the
expenses of patients and the government. Therefore, MixR
technology has good cost-effectiveness in clinical practice
and operations.

There are several limitations. The procedural time and
radiation dose during working sheath placement may differ
among patients with disc herniation at L5/S1 or L4/L5 [4].
Unfortunately, we cannot perform subgroup analysis accord-
ing to the different levels because of the small sample size.
Moreover, users may experience discomfort and eye fatigue
when using the HoloLens for durations longer than half an
hour. In addition, at the current early stage of development
of this technology, only a few software programs of use are
available to the surgeons. Both MixR system (Midivi) and
StarAtlas 3.0 (Visual3D, Beijing, China) present the ability
to manipulate and visualize holograms [20]. As the popular-
ity of MixR technology increases, we expect that more surgi-
cally useful software will be developed [21].

5. Conclusions

This preliminary study shows the utility of MixR technology
for image guidance in conventional TPED. The radiation
exposure significantly decreased with MixR visualization
guidance, and this technology serves as a valuable tool during
the TPED procedure; however, the assistance of conventional
fluoroscopy is still required.
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Purpose. Bony resection is the primary step during total knee arthroplasty. The accuracy of bony resection was highly addressed
because it was deemed to have a good relationship with mechanical line. Patient-specific instruments (PSI) were invented to
copy the bony resection references from the preoperative surgical plan during a total knee arthroplasty (TKA); however, the
accuracy still remains controversial. This study was aimed at finding out the accuracy of the bony resection during PSI-assisted
TKA. Methods. Forty-two PSI-assisted TKAs (based on full-length leg CT images) were analyzed retrospectively. Resected bones
of every patient were given a CT scan, and three-dimensional radiographs were reconstructed. The thickness of each bony
resection was measured with the three-dimensional radiographs and recorded. The saw blade thickness (1.27 mm) was added to
the measurements, and the results represented intraoperative bone resection thickness. A comparison between intraoperative
bone resection thickness and preoperatively planned thickness was conducted. The differences were calculated, and the outliers
were defined as >3 mm. Results. The distal femoral condyle had the most accurate bone cuts with the smallest difference
(median, 1.0 mm at the distal medial femoral condyle and 0.8 mm at the distal lateral femoral condyle) and the least outliers
(none at the distal medial femoral condyle and 1 (2.4%) at the distal lateral femoral condyle). The tibial plateau came in second
(median difference, 0.8 mm at the medial tibial plateau and 1.4 mm at the lateral tibial plateau; outliers, none at the medial tibial
plateau and 1 (2.6%) at the lateral tibial plateau). Regardless of whether the threshold was set to >2 mm (14 (17.9%) at the tibial
plateau vs. 12 (14.6%) at the distal femoral condyle, p > 0.05) or >3 mm (1 (1.3%) at the tibial plateau vs. 1 (1.2%) at the distal
femoral condyle, p > 0.05), the accuracy of tibial plateau osteotomy was similar to that of the distal femoral condyle. Osteotomy
accuracy at the posterior femoral condyle and the anterior femoral condyle were the worst. Outliers were up to 6 (15.0%) at the
posterior medial femoral condyle, 5 (12.2%) at the posterior lateral femoral condyle, and 6 (15.8%) at the anterior femoral
condyle. The percentages of overcut and undercut tended to 50% in most parts except the lateral tibial plateau. At the lateral
tibial plateau, the undercut percentage was twice that of the overcut. Conclusion. The tibial plateau and the distal femoral
condyle share a similar accuracy of osteotomy with PSI. PSI have a generally good accuracy during the femur and tibia bone
resection in TKA. PSI could be a kind of user-friendly tool which can simplify TKA with good accuracy. Level of Evidence. This
is a Level IV case series with no comparison group.

1. Introduction advanced knee osteoarthritis and other severe knee diseases

[1-4]. One of the keys to a good TKA is the reconstruction
Total knee arthroplasty (TKA) has been a reliable option  of the lower extremity mechanical axis. To achieve this pur-
with excellent long-term results for patients suffering from  pose, precise bony resection and accurate prosthesis
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Excluded (n = 36)

Patients did not agree to use
A3 PSI-TKA

Excluded (n=14)

Bones from bony resection
were broken

with some software. During this process, the parameters
required for osteotomy of the knee joint would be accurately cal-
culated. PSI are produced by 3D-printing technology according
to these parameters. PSI became a favorable bridge between pre-
operative planning and the final TKA surgery, which allowed
the surgeon to copy the surgical plan to a specific patient. Thus,
its accuracy has been one of the main concerns of PSL
3D-printed PSI have been used in TKA for more than 15
years; however, its accuracy reported by the literature was not
satisfactory [11-16]. As for these results, there can be many
kinds of interpretations. Delport and Vander Sloten put for-
ward several vital points worth pondering in the letter to the
Journal of Arthroplasty [17]. Inherent to this technology was
that patients were treated with personalized surgical plans.
PSI played a role in transferring the preoperative plans to the

2
Patients with end-stage OA or RA
(n=92)
A 4
‘ Total recruited (n = 56) ’
A4
‘ Data available for analysis (n = 42) ’
FiGurk 1: Study flowchart.
TaBLE 1: Baseline characteristics of participants.

Characteristics All patients (n =42)
Sex

Male, n (%) 4 (9.5%)

Female, n (%) 38 (90.5%)
Age (years, mean + SD) 69.1+6.7
Height (meter, mean + SD) 1.6+0.1
Weight (kg, mean + SD) 66.7 +10.2
BMI (mean + SD) 26.4+34
Extension (degree, median, Q1-Q3) 8.0 (3.0-15.0)
Flexion (degree, mean + SD) 113.0+15.3
HKA (degree, mean + SD) 169.9+5.5
Alignment angle (degree, median, Q1-Q3) 9.0 (6.2-12.8)

Side
Left, n (%)
Right, n (%)

22 (52.4%)
20 (47.6%)

Diagnosis

OA, n (%) 39 (92.9%)

RA, 1 (%) 3(7.1%)
Alignment

Varus, n (%) 42 (100.0%)

Valgus, 1 (%) 0
Abbreviations: BMI=body mass index; HKA=hip-knee-ankle angle;

OA=osteoarthritis; RA=rheumatoid arthritis.

implanting are necessary. Implanting each prosthesis com-
ponent as accurately as possible has always been an essential
principle in TKA, and implant malalignment is considered a
common cause of failure [5, 6]. To improve the accuracy of
prosthesis implantation and facilitate the surgery, patient-
specific instruments (PSI) were introduced to TKA [7].

PSI are usually made based on the patient’s computer
tomography (CT) or magnetic resonance imaging (MRI) data
[8-10], which can be directly used to guide patient-specific
osteotomy during TKA. Three-dimensional (3D) models of
the patient’s anatomy are derived and developed from CT/MRI
data, and then a simulated surgery is performed on the model

patients’ anatomy during TKA. The intended output of PSI-
assisted TKA is a postoperative result which is identical to the
preoperative plan. Many researchers compared X-ray-based
postoperative results with the CT/MRI-based preoperative plan
regardless of the consensus amongst clinicians that a postoper-
ative X-ray image could not qualify as an accurate measure-
ment tool [17]. In this way, the error caused by the
measurement tool might have put the blame on PSI. Therefore,
we should be cautious with those results based on an X-ray
study. Just as Delport and Vander Sloten concluded [17], an
accurate measurement tool should be used, and the postopera-
tive result should be compared to the actual preoperative plan.

Some researchers smartly came up with a way to study
PSI accuracy without using X-ray measurement. In these
studies, the amount of bony resection was measured and
compared with planned osteotomy [18-22]. However, the
results of these studies were covered with controversy. A
study with meta-analysis has also reported controversial
results [8]. The present study is focused on this issue by eval-
uating the efficacy of PSI in copying the bony resection refer-
ence value from the surgical plan. We assume that PSI has
good accuracy in bone resection during TKA.

2. Materials and Methods

2.1. Study Population. A retrospective review of all the PSI-
assisted TKAs from January 2019 to June 2020 was
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F1GURE 2: Standard workflow of the preoperation protocol. (a) Full-leg CT scans. (b) Three-dimensional digital reconstructions of the femur
and the tibia by UG/NX 10.0 (Siemens PLM Software Ltd., Germany). (c) Simulated bone cutting. (d) Assembling components of the
prosthesis and matching them with the bones. (e) Measuring the femur and the tibia, and checking the joint alignment. (f) Designing the

PSI according to the virtual surgery. (g) Printing the PSI.

conducted. Inclusion criteria were patients suffering end-
stage osteoarthritis or rheumatoid arthritis of the knee with-
out operational contraindications and patients who agreed to
use A3 prosthesis (AK Medical, Beijing, China). However,
both the candidates whose bones from bony resection could
not be obtained integrally during TKA and those who were
added extra bone cuts after PSI-assisted bony resection were
excluded (Figure 1). We have retrospectively collected data
on 42 patients. The cohort consisted of 38 (90.5%) women
and 4 (9.5%) men. Mean age was 69.1 years (range: 54-81
years), and mean body mass index (BMI) was 26.4 kg/m*
(range: 19.2-35.6kg/m”). All the 42 cases were varus knees.
More detailed information is shown in Table 1. The data
are anonymous, and the requirement for informed consent
was therefore waived. The study protocol was approved by
the ethics committee of Peking University International Hos-
pital (YJ2017-020 and 2019-030BMR). All operations were
performed in accordance with relevant guidelines and
regulations.

2.2. Preoperative Planning and PSI Production. All patients
received an A3 posterior-stabilized prosthesis (AK Medical,
Beijing, China). Informed consent of receiving TKA by PSI
was acquired before the operation for all patients. A com-
puted tomography scan from the pelvis to the foot should
be done as soon as a patient decided to accept TKA. After-

ward, a full preoperation plan was drafted according to the
data from the CT scans, which was followed by a set of
three-dimensional- (3D-) printed PSI (Figure 2(g)). From
the CT data to the PSI, a constant group consisting of one
surgeon and two mechanical engineers would finish a preo-
peration protocol following a standard workflow (Figure 2).
A full preoperation protocol would provide the surgeon with
all the critical references needed during a TKA operation,
including the bony resection thickness, rotation alignment,
frontal alignment, sagittal alignment, and prosthesis sizes.
Before an operation, the paper version of the preoperative
plan would be printed and hung on the wall in the operation
room. During the surgery, the actual situation should be
checked. If the PSI could not match the bones, they would
be abandoned, and the conventional instruments would be
used instead.

2.3. Surgical Procedure. A medial parapatellar approach was
adopted in all TKA surgeries. After appropriate soft tissue
release, joint exposure, and scraping of the articular cartilage,
PSI components were fixed on the bone surface correctly, and
bone cuts were conducted subsequently (Figure 3). Femoral
cuts were followed by tibial cuts. The distal femoral condyle
and tibial plateau osteotomies were assisted by PSI, while
the posterior femoral condyle and anterior femoral condyle
osteotomies were performed with conventional jigs. All the
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FIGURE 3: PSI-assisted femur (a) and tibia (b) cutting. PSI were fixed correctly on the bones before cutting.

bony resections were operated with a 1.27mm thick saw
blade. All the operations were performed by the same group
of senior doctors.

2.4. Bony Resection Measurement. Bone fragments including
the distal medial femoral condyle (DMFC), the distal lateral
femoral condyle (DLFC), the posterior medial femoral con-
dyle (PMFC), the posterior lateral femoral condyle (PLFC),
the anterior femoral condyle (AFC), the medial tibial plateau
(MTP), and the lateral tibial plateau (LTP) were collected
after the completion of femoral and tibial bony resection.
The surgeon would manually compare the bone fragments
with the printed models one by one (Figure 4). In the follow-
ing steps, CT scans were used for the bone fragments to
obtain the radiological images. CT data were imported to
Mimics® 19.0 (Materialise NV, Belgium), and three-
dimensional images were reconstructed. Bony resection
amount was calculated by 3-matic® software (version 11.0,
Materialise NV, Belgium) based on 3D images imported
from Mimics® (Figures 5 and 6). All the measurements were
done by a doctor (Liang Yuan) blind to the preoperative sur-
gical plans. The difference of osteotomy was obtained by sub-
tracting the planned osteotomy amount from the actual
osteotomy amount. Negative numbers indicate inadequate
osteotomy (undercut), while positive numbers mean exces-
sive osteotomy (overcut). The magnitude of the difference
is measured in absolute value.

2.5. Statistical Analysis. Categorical variables were presented
as frequencies and percentages. Continuous variables were
summarised as either means and standard deviations or
medians with interquartile ranges. To find out potential pat-
terns of error, the proportion of outliers was compared
between femoral and tibial cuts, and a Chi-square test was
performed. All analyses were performed with the statistical

FIGURE 4: Actual cut bones (the bloody color) and 3D-printed
planned cut references (the white color).

CT scan images

Mimics®
v
[ Reconstructed 3D images ]

3-matic®

A 4

[ Calculated bony resection amount ]

FiGgure 5: Workflow of the bony resection measurement.

software packages R (http://www.R-project.org, The R Foun-
dation) and EmpowerStats (http://www.empowerstats.com,
X&Y Solutions, Inc., Boston, MA).
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(d)
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FIGURE 6: Measurement of the bony resection by 3-matic®. (a) Distal medial femoral condyle. (b) Distal lateral femoral condyle. (c) Posterior
medial femoral condyle. (d) Posterior lateral femoral condyle. (e) Anterior femoral condyle. (f) Tibial plateau.

TasBLE 2: Differences between actual bone cuts and surgical plan at each location®.

Anatomical Median, Q1-Q3 <1.0mm, n 1.1-2.0mm, n 2.1-3.0mm n Outliers,’n Undercut n Overcut, n
location (mm) (%) (%) (%) (%) (%) (%)

DMEC 1.0 (0.4-1.5) 20 (48.8%) 14 (34.1%) 7 (17.1%) 0 17 (41.5%) 24 (58.5%)
DLEC 0.8 (0.4-1.0) 28 (68.3%) 8 (19.5%) 4 (9.8%) 1(2.4%) 23 (56.1%) 18 (43.9%)
PMEC 1.0 (0.5-1.9) 21 (52.5%) 11 (27.5%) 2 (5.0%) 6 (15.0%) 19 (47.5%) 21 (52.5%)
PLEC 1.0 (0.6-1.7) 21 (51.2%) 12 (29.3%) 3 (7.3%) 5(12.2%) 21 (51.2%) 20 (48.8%)
AFC 1.6 (0.5-2.6) 13 (34.2%) 9 (23.7%) 10 (26.3%) 6 (15.8%)  19(50.0%) 19 (50.0%)
MTP 0.8 (0.3-1.6) 22 (56.4%) 12 (30.8%) 5 (12.8%) 0 21 (53.8%) 18 (46.2%)
LTP 1.4 (0.6-1.9) 18 (46.2%) 12 (30.8%) 8 (20.5%) 1 (2.6%) 26 (66.7%) 13 (33.3%)

2All the numbers in the table were calculated by absolute value except the undercut and overcut columns. *The outliers were defined as >3mm. Abbreviations:
DMEFC=distal medial femoral condyle; DLFC=distal lateral femoral condyle; PMFC=posterior medial femoral condyle; PLFC=posterior lateral femoral condyle;
AFC=anterior femoral condyle; MTP=medial tibial plateau; LTP=lateral tibial plateau.

3. Results

3.1. Characteristics of the Subjects. A total of 56 patients were
included in the study, and 14 cases were excluded because of
incomplete bone fragments. Forty-two cases were eventually
included in the data analysis. Table 1 shows the basic charac-
teristics of the subjects. The majority of the cases were female

patients (38 (90.5%)) with knee osteoarthritis (39 (92.9%)),
and their ages were relatively old (69.1 + 6.7 years). All cases
had mild to moderate genu varus deformity (median angle:
9.0 degrees).

3.2. The Differences between Actual and Planned Osteotomies.
Differences in osteotomy at different anatomical sites were
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FIGURE 8: The percentages of outliers (a), and the percentages of undercut and overcut (b) at each anatomical location.

presented in Table 2 and in Figures 7 and 8. The distal fem-
oral condyle had the most accurate bone cuts with the smal-
lest differences (median: 1.0 mm at DMFC and 0.8 mm at
DLFC) and the least outliers (none at DMFC and 1 (2.4%)
at DLFC). The tibial plateau came in second (median differ-
ence: 0.8 mm at MTP and 1.4 mm at LTP; outliers: none at
MTP and 1 (2.6%) at LTP). To further compare the distal
femur and tibial plateau, DMFC and DLFC and MTP and
LTP were summed. Regardless of whether the threshold
was set to >2mm (14 (17.9%) at the tibial plateau vs. 12
(14.6%) at the distal femoral condyle, p > 0.05) or >3 mm
(1(1.3%) at the tibial plateau vs. 1 (1.2%) at the distal femoral
condyle, p > 0.05), the accuracy of tibial plateau osteotomy
was similar to that of the distal femoral condyle. Osteotomy
accuracy at the posterior femoral condyle and the anterior
femoral condyle was the worst. Outliers were up to 6
(15.0%) at PMFC, 5 (12.2%) at PLFC, and 6 (15.8%) at
AFC. The percentages of overcut and undercut tended to be
50% in most parts except LTP. At LTP, the undercut percent-
age was twice that of overcut.

4. Discussion

This case series study mainly describes the accuracy of PSI in
replicating preoperatively programmed osteotomy with the
usage of the CT-based measuring method. With the assis-
tance of PSI, the distal femoral condyle and tibial plateau
osteotomies showed small differences with the preoperative
plan. This implied that PSI might have good accuracy in bone
cuts during TKA.

To our best knowledge, this is the first study to use CT
data to measure the bony resection amount. Previous similar
studies used the vernier caliper [18, 21, 22]. It is well known
that PSI are patient-specific cutting guides based on CT or
MRI images, and that preoperatively planned bone cuttings
are also measured from CT or MRI data [10, 16, 23]. We
assume that the error of the micrometer measurement may
be greater than that of the CT or MRI data. In this study, both
the preoperative and postoperative measurements were
based on CT data. In theory, measurements with the same
method can result in much smaller errors. In addition, the



measurement based on CT data can effectively avoid the
influence of the cartilage layer. Clinical experience tells us
that more or less cartilage remained on the surface of the
bones. When a vernier caliper was used, the measured value
must have included the cartilage layer thickness, which
would bias the research results.

Several previous studies have explored the accuracy of
PSI-assisted osteotomy [19, 21, 22, 24-26]. All of them
reported high accuracy of distal femoral condyle osteotomy.
Zambianchi et al. [24] found that the proportion of differ-
ences within +2 mm between intraoperative measured bony
resections and planned bone cuts occurred in more than
90% of the cohort for distal femoral resections. Nankivell
etal. [21] and Kievit et al. [26] reported even better accuracy,
which showed that average resection errors were less than
1 mm both medially and laterally for the distal femur. How-
ever, the accuracy of the tibial plateau osteotomy did not
seem to be so good. The percentage of osteotomy error within
+2mm on the proximal lateral tibia was less than 70%,
according to Okada et al. [25]. Levy et al. [22] also reported
a similar result, which showed that the tibial cuts had the
lowest proportion of acceptable cuts (68.9%). In this study,
we got different results. Regardless of whether the threshold
was set to >2mm (14 (17.9%) at the tibial plateau vs. 12
(14.6%) at the distal femoral condyle, p >0.05) or >3 mm
(1 (1.3%) at the tibial plateau vs. 1 (1.2%) at the distal femoral
condyle, p > 0.05), the accuracy of tibial plateau osteotomy
was similar to that of the distal femoral condyle.

In this study, we found that osteotomy tended to be
undercut at LTP. Generally, the percentages of overcut and
undercut were close to 50% in most parts except LTP. At
LTP, the undercut percentage was twice that of overcut
(Figure 8(b)). This may be attributed to the anatomical char-
acteristics of the tibial plateau. The medial side of the tibial
plateau was concave, and the lateral side was convex, and as
a consequence, the attachment point of the PSI on the outside
was easier to shift. This phenomenon was indeed observed
during the surgery. In addition, there was another possible
reason. This cohort entirely consisted of varus knees, which
were characterized by more wear of the medial cartilage
[27]. Therefore, a thicker cartilage layer remained on the lat-
eral side. If the lateral cartilage was not removed cleanly
before the PSI attached, it would easily lead to less osteotomy.
This finding reminds us to pay special attention to the pitfalls
of PSlI-assisted TKA caused by the difference between the
medial and lateral sides of the tibial plateau during the
operation.

Besides, there was another interesting finding in this
study. Compared with the distal femoral condyle and tibial
plateau, there were much more outliers at PMFC (6
(15.0%)), PLFC (5 (12.2%)), and AFC (6 (15.8%)). This
implies that the accuracy of osteotomy of the posterior fem-
oral condyle and anterior femoral condyle was much worse.
Coincidentally, the posterior femoral condyle osteotomy
and the anterior femoral condyle osteotomy were performed
with traditional metal jigs rather than the 3D-printed PSI.
This suggested that PSI accuracy might be better than tradi-
tional tools. Nevertheless, this still needs to be confirmed by
a later study that we are going to conduct next.
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This study also has several limitations. Firstly, the major-
ity of the cases in this study were female patients. Secondly,
all cases were genu varus. Therefore, the data in this study
cannot describe whether valgus knees have similar results.
We assume that valgus knees are likely to have different
results, and one previous study also suggested this [22].
Moreover, given that this was a descriptive study with no
controls, it was not able to determine whether PSI would be
superior to conventional tools in bone cuttings, although
some of the results suggested that possibility. In the end, we
should be very cautious in interpreting the results of this arti-
cle. The purpose of this study was to describe the accuracy of
the bony resection with PSI in transferring the preoperative
plan to TKA surgery. The concept of PSI accuracy cannot
be easily extended to problems related to lower limb align-
ment. Numerous factors may affect the lower limb alignment
even if a precise osteotomy is performed.

5. Conclusion

The tibial plateau and distal femoral condyle share a similar
accuracy of osteotomy with PSI. PSI have a generally good
accuracy during the femur and tibia bone resection in TKA.
PSI could be a kind of user-friendly tool which can simplify
TKA with good accuracy.
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Background. Bone cement spacers are widely used in two-stage revision surgeries for periprosthetic joint infection (PJI) after total
knee arthroplasty. Current spacer design results in insufficient release of drugs; therefore, current spacers have low efficacy. In this
study, we explored a set of alternative articular spacer using 3D printing technology. This novel spacer will increase effectiveness of
revision surgery for PJI. Methods. The spacer was designed using CAD software and constructed on site using 3D-printed silicone
mold during debridement surgery. We carried out a retrospective study among patients undergoing treatment using traditional
static and new articular spacers. Infection control rate, bone loss, difficulty of revision surgery, knee joint range of motion,
function evaluation, and subjective satisfaction of the patients in the two groups were compared. Results. Forty-two patients
undergoing knee revision surgery between Jan 2014 and Nov 2019 were included in this study. Twenty-two patients were
treated with static antibiotic cement spacers, whereas the other twenty patients were with treated with 3D printing-assisted
antibiotic loaded articulating spacers. Patients in the articular group showed significantly lower bone loss on the femur site and
tibial site compared with patients in the static group. In addition, patients in the articular group showed significantly less
operation time, intraoperative blood loss, and improved knee function and patient overall satisfaction compared with patients in
the static group. Conclusions. The 3D printing-assisted articular spacer provides satisfactory range of motion during the interim
period, prevents bone loss, facilitates second-stage reimplantation and postoperative rehabilitation, and results in low reinfection
and complication rates.

1. Introduction

Total knee arthroplasty (TKA) is an effective method for
treatment of end-stage knee disorders, including osteoarthri-
tis, traumatic arthritis, and inflammatory arthritis [1, 2].
Approximately, 400,000 TKA procedures are performed in
the United States yearly [3]. However, TKA surgery is associ-
ated with periprosthetic joint infection (PJI). Primary TKA is
associated with approximately 0.5%-2.0% PJI incidence,

whereas total knee revision (TKR) surgeries are associated
with approximately 15%-20% PJI incidence [4-6].
Although new approaches for treatment of PJIs such as
debridement and implant retention (DAIR) and one-stage
revision have been proposed, two-stage revision strategy
remains the gold standard treatment for chronic PJI after
TKA [7-9]. Previous studies report that the infection control
rate after treatment using two-stage revision strategy is
approximately 80%-90% [9, 10]. The patient undergoes at


https://orcid.org/0000-0002-3179-5593
https://orcid.org/0000-0001-6241-8953
https://orcid.org/0000-0002-9552-1188
https://orcid.org/0000-0002-3136-8153
https://orcid.org/0000-0002-6432-7745
https://orcid.org/0000-0002-1002-8387
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/3948638

least two surgeries in the two-stage revision procedure. The
first surgery is carried out to remove original prosthesis,
debride the knee joint, and insert an antibiotic cement spacer
to control infection. The spacer can be replaced with a revi-
sion prothesis after inflammation elimination and infection
control.

Different temporary spacers are used in clinical practice.
In the temporary spacers, the surgeon first fills the joint cav-
ity with unshaped bone cement which is solidified during
surgery. The filling allows the knee to be fixed in a functional
position without leaving dead space thus minimizes infection
[11]. Articular spacer is used to avoid joint stiffness [12]. Hsu
et al. reports a bone cement spacer mold that simplifies and
standardizes the spacer fabrication process [13]. In addition,
alternative approaches such as use of partial original prothe-
sis [14], metal spacers [15], and various commercially avail-
able products available for clinical application have been
reported [16, 17].

Cement spacers are mainly prepared on table during
surgery. Currently, there is no consensus on an optimal
spacer. Spacer choices mainly depend on preference of the
surgeon, balance between hand manufactural convenience,
size matching, and functional performance. Most tempo-
rary bone cement spacers lack mechanical considerations
unlike mature artificial joint prostheses; therefore, they are
not conducive for knee functions. This may be an overlook
in intraoperative manufactural instructions. Predesigned
molds for spacer casting are short in size and models and
unable to adapt to severe conditions such as bone defects
and ligament insufficiency during revision surgery.

Recent advances in technology have resulted in develop-
ment of 3D printing technology. Recently, applications of 3D
printing technology in orthopaedics have steadily increased.
3D printing enables rapid prototyping based on customs of
individual patient, thus improving anatomic matching and
mechanical stability. In this study, we designed a complete
set of solutions based on rapid prototyping and 3D printing.
Further, we used the 3D-assisted solutions to construct
antibiotic-loaded bone cement spacer holders for use in
two-stage knee revision of PJI. We hypothesized that this
3D printing-assisted solution will facilitate knee revision sur-
gery and provide better clinical effects. We then compared
the preliminary outcomes after using 3D-assisted antibiotic-
loaded spacers TKR in this study with outcomes of static
bone cement spacers obtained in previous studies.

2. Materials and Methods

2.1. Design and Preparation of the Articular Spacer. A proto-
type of the bone cement spacer (Figure 1) was designed using
CAD software (OpenSCAD v2013.01, http://www.openscad
.org/). The spacer consisted of a femoral component and a
tibial component imitating the geometry of a permanent
artificial knee joint. Femoral condyles were shaped on both
sides to effectively reduce pressure on the soft tissue. The
anterior condyle was thin to reduce anterior patellar pressure
and avoid anterior patellofemoral pain. The diseased carriage
was extended, deepened, and lengthened, to help the patella
enter the carriage movement early. Therefore, it reduces the
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risk of adverse reactions such as dislocation and ringing after
surgery. Tibial side of the AP/ML ratio was designed with
reference to anatomical characteristics of the Asian race to
provide better platform coverage. Thickness of the tibial plat-
form component was adjustable according to the platform
bone deficit, and the tibial platform was tilted 5° posteriorly
to provide effective anterior stability. The tibial column was
elevated to provide effective posterior stability. Further, the
tibial platform sliding interface was designed with a deep
disc, sacrificing some range of motion for a joint stability,
reducing ligament wear during absenteeism. The platform
column was designed to match the intercondylar fossa,
allowing for restriction of the occupying apparatus, thus
providing lateral stability.

The production process of 3D printing-assisted articulat-
ing spacer was as follows. First, CT images of the contralat-
eral knee of the patient were obtained and calculated to
confirm the size of the spacer and for designing the casting
mold accurately (silicone mold, mold A). The corresponding
CAD model was selected from the digital library and resized
based on actual needs, and the file was exported in STL for-
mat. An entire set of nylon molds (mold B) was then manu-
factured using a nylon fused deposition modelling (FDM)
printer. The silicone solution and curing agent were mixed
ina 1:1 mass ratio, stirred under vacuum (100 pa) to remove
air bubbles. The solution was poured into the prepared nylon
mold (mold B) for casting. The workable time of silica gel is
about 20 minutes (at 25°C room temperature); therefore, sil-
ica gel should be injected into the nylon mold immediately
after removing air bubbles. Stirring of the solution in vacuum
should be repeated to remove bubbles if necessary. The sili-
cone was cured in a constant temperature heating oven at
60°C for about 8 hours (increasing the temperature could
reduce curing time; however, high temperatures accelerate
aging of the silicone). The silicone mold (mold A) was then
sterilized by conventional autoclaving (140°C, 60 min) and
used in surgery.

Bone cement spacer was prepared on site during surgery.
PMMA solution and fluoroscopically photographic crosslink
catalyst powder (AGC Style Company Biomet Orthopaedics
Inc., Warsaw, USA) were thoroughly mixed, injected, and
pressed into the silicone molds with special tools. The com-
posite was placed at room temperature for 8-10 minutes to
obtain the complete bone cement spacer. Spacer installation
was done during surgery.

2.2. Clinical Data Acquirement. A retrospective study was
conducted after obtaining approval from IRB. The experi-
mental design of this study is shown in Figure 2. We per-
formed a chart review using the medical record system.
Patients receiving total knee revision surgeries between
Jan 2014 and Nov 2019 were included in this study. The
inclusion criteria were (1) patients clinically or pathogeni-
cally diagnosed with PJI after TKA, (2) patients who under-
went 2-stage procedures involving use of an interim
antibiotic bone cement spacer, and (3) patients treated with
hand-made static spacer or 3D printing assistant articular
spacer. The exclusion criteria included (1) patients who
received other surgical treatments before (e.g., DAIR and
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group infection eradication rate,ROM, KSS scores, bone loss, etc

FIGURE 2: Flow chart on the design of this retrospective observational study.

amputation), (2) patients with severe bone defects (>30 mm)
and ligament insufficiency before revision surgery, (3)
patients who used other devices as interim spacers (e.g., fem-
oral component in hip prothesis) before the surgery, and (4)
patients who failed to complete a 6-month follow-up. Diag-
nosis of PJI was carried out according to recommendations

by International Consensus Meeting on Peri-prosthetic Joint
Infection (ICMPJI) in 2013 [18]. Two reviewers indepen-
dently screened and decided on inclusion of cases. A third
senior doctor made the final decision in case of disagreement.

Patient baseline characteristics, including age, gender, pri-
mary disease comorbidities, and pathogenic microorganisms
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(h)

FIGURE 3: (a, e) X-ray films of periprosthetic joint infections. (b, f) X-ray films immediately after insertion of 3D printing-assisted articulating
spacer. (¢, g) Eight weeks later, X-ray films showed no obvious bone loss. (d, h) X-ray films immediately after the second-stage revision.

were retrieved from the admission assessment form in the
medical records. Interval time between two operations, rein-
fection rates, required tibial tubercle osteotomy in revision
surgery, and operation time in second-stage surgery was
obtained by searching linked medical records using the unified
health record management system. Radiologic images before
and after surgery and images obtained from follow-ups were
acquired from the hospital picture archiving and communica-
tion system (PACS). Bone loss was defined as the distance
between original joint line and current remained bone sub-
stance. Bone loss was observed and calculated on anteropos-
terior and lateral X-ray image. Range of motion was
measured before discharge from the hospital. Knee flexion
deformity exceeding 20° or joint range of motion less than
45° was considered a serious joint mobility disorder. The
KSS score system was used to evaluate the patient knee func-
tion [19]. The Danish Health and Medicine Authority ques-
tionnaire was used for satisfactory evaluation [20]. An
overall satisfactory score above 7 showed that the patient
was satisfied with the treatment process. Data for question-
naires were obtained during clinical follow-ups or through
telephone calls.

2.3. Hospitalization Management. All patients were hospital-
ized in general wards or infectious units in our joint centre.
Preoperative evaluation, blood tests, and pathogen detection
were performed after admission. Surgical treatments were
divided into two stages. In the first stage, original infection-
related prosthesis and bone cement were removed and
cultured. Antibiotic loaded bone cement was used as the
controlled release system, either through static or articular
approach. Patients were given intravenous or oral drugs
against infections after debridement surgery until infectious
indicators, and bacterial culture was all negative. Patients
were then admitted for revision surgery; otherwise, another
debridement was performed. Patients received standard
rehabilitation schedules between two surgeries and after the
final revision.

2.4. Surgical Techniques. Debridement and revision surgeries
were performed using original incision. Original prothesis
and bone cements were removed in the 1st stage debride-
ment. Iterative irrigation was performed using 1% iodophor
solution, 3% hydrogen peroxide solution, and normal saline
after thorough debridement. Antibiotic bone cement was
formulated, plasticized, and installed into the cavity of the
joint. The antibiotic was prescribed following preoperative
pathogen culture and drug-sensitivity test. A broad-spectrum
coverage of antibiotic scheme was used for clinically con-
firmed PJI with negative culture [21]. A mixed formulation
containing 1g vancomycin, 0.8 g meropenem, 0.4 g flucona-
zole, and 0.3 g isoniazid in every 40g Heraeus bone cement
was used. A silicone tube was placed in the joint cavity for con-
tinuous drainage until an effusion less than 50 ml per day was
achieved. Static spacer was used to fill the joint cavity between
the femur and tibia. 3D printing assistant articular spacer was
casted on table using sterile silicone molds as described before.
Tibial and femoral component was installed separately using
additional adhesive cement. Details on patients who received
articular spacer are shown in Figures 3 and 4.

A 2nd revision surgery was performed after the infection
was completely controlled. The bone cement spacer was
replaced with revision joint replacement prostheses. Proper
knee alignment adjustment and soft tissue balancing were
performed during the surgery. Cavernous and inclusive bone
defects were filled with bone cement, and no-inclusive or
structural bone defects were repaired using renovation pads.
Tibial tuberosity osteotomy (TTO) was performed for stiff
knees.

2.5. Statistical Analysis. Statistical analysis was performed
using SPSS, version 20.0 (SPSS Inc., Chicago, Illinois). Nor-
mally distributed data were presented as mean + standard
deviation (SD), whereas non-normally distributed data were
presented as median + interquartile range (IQR). The paired
t-test was used to compare changes in postoperative range
of motion in each group. The unpaired -test was used to
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FIGURE 4: (a) Periprosthetic infection after TKA, abscess is about to break. (e) Installation of 3D printing-assisted articulating spacer. (b, f)
The knee joint is straightened and knee flexion is about 85° after spacer insertion. (c, g) Eight weeks later, the knee flexion is about
90°. (d, h) Flexion and straightening function of the knee joint was good after the second stage revision.

compare the KSS score, bone loss, second-stage operation
time, and intraoperative blood loss between the two groups.
The x2 test was used to compare differences in the number
of osteotomies, patellar tendon contracture, and reinfection
between the two groups.

3. Results

3.1. Patient Characteristics. A total of 48 PJI cases of patients
who received two-stage revision surgery after a comprehen-
sive review of medical records between Jan 2014 and Nov
2019 were included in this study. Six knees were excluded
as they showed severe bone defects, ligament insufficiency,

and other devices that had been used before. A total of 42
patients with infected knees were included in this study.
Out of the 42 cases, 22 patients were treated with static anti-
biotic cement spacers, whereas the other 20 patients were
treated using 3D printing-assisted articulating spacers.

The average age of patients in the static group was
67.2+10.1 years. The mean follow-up period of the static
group was 43 months (ranging 30-61 months). The aver-
age age of patients in the 3D-printed articulating group
was 65.5+11.4 years. The mean follow-up period for the
3D-printed articulating group was 18 months (ranging 8-
28 months). The primary conditions for the 42 infected
knees were osteoarthritis in 30 knees, rheumatoid arthritis
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TaBLE 1: Patient baseline data and data during follow-up time.

Gender Age Follow-up time
(F/M) (years) (months)
Static group 7/15 67.2+10.1 43 (30~61)
3D-printed 812 655+114 18 (8~28)
group
TaBLE 2: Pathogen spectrum.
Spacer type
Organism Static 3D-printed articular
group group

MSSA 9 7
Staphylococcus

. . 4 5
epidermis
MRSA 2 1
Pseudomonas ) 1
aeruginosa
Streptococcus 1 2
Aspergillus species 0 1
Other 2 1
No growth 2 2
Total 22 20

MSSA: methicillin susceptible staphylococcus aureus; MRSA: methicillin-
resistant staphylococcus aureus.

in 11 knees, and ankylosing spondylitis in 1 knee. Details
on baseline characteristics are summarized in Table 1.

Infection in most of the subjects was completely con-
trolled after single debridement, whereas two patients (one
using static spacer and the other using articular spacer)
required secondary debridement and change of spacer. All
patients recovered after the treatment cycle.

3.2. Pathogen Spectrum. Joint fluid culture showed different
sources of bacterial infection. The most common pathogens
observed in the cultures were methicillin susceptible Staphy-
lococcus aureus, which was found in 16 knees, and Staphylo-
coccus epidermidis in 9 knees. A total of 4 knees showed a
negative culture. High-throughput sequencing was used to
detect the presence of pathogenic bacteria in some cases.
Details on pathogen spectrum are shown in Table 2.

3.3. Bone Loss. Bone loss was measured using anterior-
posterior and lateral X-ray radiographs as shown in
Figure 5. Bone defect over 5 mm under joint line was consid-
ered as significant bone loss. Among the 42 knees, all 22 with
static spacers had significant bone loss, whereas only 4
patients in the articulating group showed bone loss. The
mean femoral bone loss in the static group was 9.6 mm
(range, 5-20 mm), whereas tibial bone loss in this group
was 5.5 mm (range, 0-10 mm). In the 3D-printed articulating
group, the mean femur bone loss was 1.7 mm (range, 0-
10 mm), whereas mean tibial bone loss was 1 mm (range, 0-
5mm). Bone loss in the articulating group was significantly
lower compared with bone loss in the static group (Table 3).

3.4. Second-Stage Revision. All patients received secondary
revision surgery. The average operation time for the static
group was significantly higher compared with the average
operation time for the articulating group. In addition, the
average intraoperative blood loss level of the static group
was significantly higher compared with the average blood
loss in the articulating group. The average operation time
for the static group was 119 minutes (range, 75-150 minutes),
whereas the average intraoperative blood loss was 439 ml
(range, 250-650 ml). The average operative time of the artic-
ulating group was 98 minutes (range, 65-135minutes),
whereas the average intraoperative bleeding level was
358 ml (range, 150-600 ml). Four knees in the static group
were administered with TTO due to stiff knee, whereas in
the articular group, patients did not require additional TTO.

3.5. Knee Function. The mean ROM of the knee joint was not
significantly different between the two groups. A total of 5
patients received static spacer and severe knee movement
limitation before operation. In addition, 4 patients received
articular spacer. The number of patients who received static
spacer and number of patients who received articular spacer
was not significantly different. During the interim period,
ROM of patients in the static group was almost 0 (0-8°),
whereas the average ROM of articular group reached 88°
(80°-100°). The average ROM of the static group after the
second-stage revision was significantly different from the
ROM of the articular group (p <0.05). After the second-
stage revision, average ROM in the static group was 80°
(70° ~110°), whereas the average ROM in the articular group
was 94° (80° ~115°). After a month and six months after sur-
gery, and at the last follow-up, the joint range of motion in
the articular group was significantly higher compared with
the joint range of motion of the static group (Figure 6).

The KSS score of patients in the static group was not
significantly different from KSS score of patients in the
articular group during admission. KSS clinical score, func-
tional score, and total score of patients in the articular
group during the interim period were significantly higher
compared with the scores in the static group (p <0.05).
Notably, KSS clinical score, functional score, and total
score of patients in the static group during the interim
period were 60 +6.3, 38 +3.3, and 98 + 8.7, respectively,
whereas the scores for the articular group were 75+ 11.5,
42 +3.6, and 117 £ 14.4. Further, the KSS score after the
final revision surgery in the articular was significantly
higher compared with the KSS score of the articular group
after the final revision surgery. The KSS score of the static
group after the final revision surgery was 73 +5.8, 42 + 4.6,
and 115 £ 9.9, whereas the KSS score for the articular group
after the final revision surgery was 82+3.9, 49+5.0, and
131 + 8.9. Moreover, the articular group showed higher func-
tional evaluation scores compared with functional evaluation
scores for the static group at 1 month, 6 months, and during
last follow-up. (Table 3).

3.6. Patient Satisfaction. Fifty-nine % (13/22) of patients in
the fixation group reported overall satisfaction during the
interim period, whereas in the joint group, ninety-five %
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FIGURE 5: (a, e) X-ray films immediately after static spacer insertion. (b, f) Nine weeks later, X-ray films showed bone loss. The upward
displacement of the spacer relative to the original joint line is the bone loss of the femur, and the downward displacement of the spacer
relative to the joint line is the bone loss of the tibia. (c) and (d) show the amount of bone loss in the distal femur on the anteroposterior
X-ray films. (g) and (h) show the amount of bone loss in the distal femur on lateral X-ray films.

(19/20) of patients reported overall satisfaction. The number
of patients satisfied with overall treatment in the articular
group was significantly higher compared with the number
of satisfied patients in the static group (p < 0.05). After the
final revision surgery, fifty-five % (12/22) of patients in the
static group were satisfied with overall treatment, whereas
90% (18/20) of patients in the articular group were satisfied
with overall treatment (Table 3).

4. Discussion

In this study, we designed a new articular spacer for two-
staged PJI revision using 3D printing technology. Results
from the retrospective study show that this new device
reduces technical complexity of PJI surgery, improves surgi-
cal outcomes, and enhances quality of life of patients.

The recent studies have explored approaches to improve
the design and formulation of bone cement spacer [22-24].
Currently, there are no reports on the clinical advantage of
using static spacer over articular spacer [25, 26]. Previous
studies reported that joint braking helps in preventing active
infections; therefore, treatment of infected arthritis or even
PJI should be adequately braked [27]. These findings led to
the development and wide use of fixed joint. In addition, a
variety of joint spacers are used in clinical practice to simu-
late the physiological function of the knee to achieve better
quality of life. However, due to limitations in industrial
advances, production and design of articulated spacers for
PJI treatment are poor. Previous studies do not report advan-
tages of articulated spacers over conventional spacers. In this
study, we designed a novel articulated spacer using 3D print-
ing technology which improved the quality of the product,

functionality, and strength. In addition, the spacer can be
customized to match the size of the bones of the patient. Fur-
thermore, the findings of this study reveals that the novel
articular spacer is more effective compared with the gold
standard approach.

The infection cure rate of the novel articular spacer devel-
oped in this study was not significantly different compared
with the cure rate of the fixed spacer. In addition to effective
surgical debridement and rational antibiotic formulations,
the design of the new spacer improved overall infection resis-
tance compared with the fixed spacer. The morphology of the
articulated prosthesis is designed to effectively fit and reduce
the dead space in the joint (Figure 1). The cement spacer has
a thicker carriage compared with the thin carriage design of
metal prostheses; therefore, it improves overall strength and
reduces volume of the suprapatellar pouch thus reducing
joint effusion. The amount of antibiotic bone cement used
in the preparation and installation of each articular spacer
in this study was 50-60g, which is above the 40g used in
the fixed spacer. Asians have a generally smaller body size;
therefore, increase in dosage increases overall local antibiotic
dosage for the fixed formula concentration. Moreover, the
surface area of articular spacer is larger compared with that
of static spacer of the same volume, facilitating effective
release of antibiotics.

The spectrum of pathogens cultured in this study was
similar to that reported in previous study, with high levels
of Staphylococcus aureus observed [28, 29]. Improving the
culture positivity rate of pathogenic bacteria and identifying
causative bacteria are important in improving PJI treatment
[30]. In the present study, culture-negative cases were
observed, and a broad-spectrum antibiotic formulation was
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TaBLE 3: Comparison of outcomes between the static group and 3D-printed group.
Static group (n =22) 3D-printed articular group (n = 20) p value

Interval time (wk) 13.1 (8-24) 12.8 (9-22) 0.75
Interim reinfection rate 1/22 1/20 0.95
Bone loss 22/22 4/20 0.00

Femoral bone loss(mm) 9.6 (5~20) 1.7 (0~ 10) 0.00

Tibial bone loss(mm) 5.5 (0~10) 1(0~5) 0.00
TTO surgery 4/22 0/20 0.04
Second-stage operation time(min) 119 (75~150) 98 (65~135) 0.00
Operation bleeding volume 439 (250~650) 358 (150~600) 0.02
Preoperative KSS

Clinical score 42+5.7 40+6.2 0.28

Function score 29+5.7 28+54 0.51

Total score 71+10.5 68 +11 0.35
Interim KSS

Clinical score 60 +6.3 75+11.5 0.00

Function score 38+3.3 42+3.6 0.00

Total score 98 +8.7 117 + 14.4 0.00
Postoperative KSS

Clinical score 73+5.8 82+39 0.00

Function score 42 +4.6 49+5.0 0.00

Total score 115+9.9 131+8.9 0.00
Mean ROM (degree)

Preoperative ROM 71 (30~110) 73 (23~105) 0.74

Interim ROM 1(0~8) 88 (80~100) 0.00

Postoperation ROM 80 (70~110) 94 (80~115) 0.00
Serious joint mobility disorder 5/22 4/20 0.83
Reinfection rate 1/22 1/20 0.95
Satisfaction rate 12/22 18/20 0.01

TTO: tibial tuberosity osteotomy; KSS: knee society score; ROM: range of motion.

used for controlled release. These antibiotics are predomi-
nantly time-dependent, and some antibiotics have significant
postantibiotic effects (e.g., vancomycin, meropenem, and flu-
conazole) [31, 32]. Rational administration of antibiotics is
carried out to ensure prolonged dosage at minimum inhibi-
tory concentrations. Previous study reports that amphoteri-
cin B is effective and is not easily affected by resistance in
control of fungi and can be added to formulation of con-
trolled release systems. However, amphotericin B is a
concentration-dependent drug; therefore, it is mor effective
when administered as a single high concentration dose.

X-ray analysis carried out in the interim period showed
that patients using static spacer had more pronounced bone
defects compared with patients using the articular spacer.
Severe bone defects observed in the static spacer group may
have been caused by limited knee motion and subsequent
stress masking the contact area. Bone defects in the static
group were mainly noninclusive defects occurring mainly
on the tibial plateau side and the distal femur. Bone defects
increase the cost of treatment and limit effectiveness of sec-
ondary surgical reconstruction.

The new articular spacer also provided favorable condi-
tions for 2nd-stage revision. An articulated spacer-equipped
limb maintained mobility and was less likely to develop stift
knee during the exclusion period. Therefore, surgical expo-
sure, spacer removal, clean-up, and soft tissue balancing
during the revision surgery are easier in articular spacers
compared with static spacers. Patients using the new articular
spacer showed less operative time and intraoperative bleed-
ing for phase II revisions. In addition, none of the patients
fitted with the articular spacer required a TTO osteotomy,
which is technically difficult, time consuming, and is associ-
ated with poor prognosis. Previous studies reported that
articulating spacer performs better compared with static
spacer [33-35].

Previous studies report that the function scores of static
spacer are not significantly different from function scores of
articular spacer [13, 36, 37]. However, these findings do not
report subjective feelings of patients. Use of a static spacer
and fixing the knee in an extended position lead to loss of
self-care abilities, such as wearing pants and using the toilet
as the interim period takes more than two months. The
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FIGURE 6: (a) Postoperative mean ROM, (b) Postoperative KSS clinical score, (c) postoperative KSS function score, and (d) postoperative KSS

total score (*p < 0.05).

overall satisfaction of patients using 3D printing-assisted
articular spacers was higher compared with that of the
control group. High overall satisfaction of patients can be
attributed to higher early postoperative function scores and
better joint function during the interim period.

Spacers designed in advance before surgery have a
smoother friction interface, a more stable mechanical struc-
ture, and a better interim period joint function compared
with hand-made bone cement spacers (static or articular
spacers). However, spacers designed before surgery are few
in the market. The model size of the mold of available
commercial spacer types is limited. Traditional methods of
manufacturing spacer molds are complicated and expensive,
and it is difficult to customize products for a single patient.
Use of 3D printing increases efficiency of spacer production
and reduces the cost of production.

However, use of this technique has potential risks. There
is no clinical evidence using in vivo studies to support long-
term use of bone cement cast spacers. Long-term wear of
the friction interface of PMMA material may loosen the
articular spacer and cause instability of the joints. In addi-
tion, presence of worn particles is in the human body. In
this study, the longest interim period was 4 months, and
no visible particles or osteolysis symptoms were found at
the 2nd revision. Secondly, use of self-made surgical tools
should follow local medical laws and regulations, or
approval from relevant authorities (such as FDA). Further-

more, this study had some limitations. Firstly, this is a ret-
rospective study, and clinicians were not blinded to the type
of spacer used when collecting data. Secondly, a low number
of patients were recruited to the study. In addition, the length
of follow-up time of the two groups was different. This is an
unavoidable defect in a retrospective study comparing a new
technique to a conventional one, but study shows knee func-
tions seldomly change around 12 months after TKA surgery,
and we assume that the functional outcomes are comparable
at the time point we selected. These limitations may lead to
potential bias in our results. Prospective randomized
controlled trials with a larger number of cases and longer
follow-up periods should be carried out to confirm effective-
ness of articular spacers in PJI treatment.

5. Conclusion

This study reports preliminary findings of using 3D-printed
articulating antibiotic cement spacer. The findings provide
a new method for production of effective and personalized
spacers. Articular spacer provides satisfactory range of
motion during the interim period, prevents bone loss, facili-
tates second-stage reimplantation and postoperative rehabil-
itation, and results in low reinfection and complication rates.
This technique could be considered to in a 2-stage revision
surgery.
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Recently, three-dimensional (3D) printing has become increasingly popular in the medical sector for the production of anatomical
biomodels, surgical guides, and prosthetics. With the availability of low-cost desktop 3D printers and affordable materials, the in-
house or point-of-care manufacturing of biomodels and Class IT medical devices has gained considerable attention in personalized
medicine. Another projected development in medical 3D printing for personalized treatment is the in-house production of patient-
specific implants (PSIs) for partial and total bone replacements made of medical-grade material such as polyetheretherketone
(PEEK). We present the first in-hospital 3D printed scaphoid prosthesis using medical-grade PEEK with fused filament

fabrication (FFF) 3D printing technology.

1. Introduction

Additive manufacturing, also known as three-dimensional
(3D) printing, is a growing trend in the medical field. Even
though 3D printing technology is over 30 years old. This
aspect is distinctly evident with an exponential increase in
the number of publications on 3D printing in the medical
specialties, especially in the orthopedic field [1, 2].

Medical 3D printing has entirely transformed the current
era of personalized medicine with its state-of-art usefulness
and applications. With the utilization of consumer-level
desktop 3D printers in hospitals, 3D printing offers several
medical and clinical applications including, but not limited
to, anatomical, pathological fracture, and tumor biomodels,

customized surgical tools, and prosthetic aids [3-8]. This
technology can build a 3D object by creating complex, cus-
tomized anatomical and medical structures as defined in a
computer-aided design (CAD) digital file. In a basic technical
setup, the two-dimensional (2D) Digital Imaging and Com-
munications in Medicine (DICOM) medical imaging data-
sets are converted into 3D data, which are transferred to a
3D printer. An illustration of an in-house 3D printed biomo-
del for a distal intra-articular radius fracture case, fabricated
via a fused filament fabrication (FFF) 3D printing technology
using cone-beam computed tomography (CBCT) DICOM
dataset, is shown in Figure 1 [9].

While the fabrication of biomodels is easily conceivable at
the point-of-care, the production of Class II medical devices
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F1GURE 1: In-house printed fracture model using an FFF consumer-
level desktop 3D printer (MakerBot Replicator+, MakerBot
Brooklyn, New York City, New York, USA).

such as surgical guides that come in contact with the patient’s
blood was usually outsourced to external sources. These medi-
cal devices need to be printed with certified biocompatible
materials requiring expensive professional certified 3D printers,
which were not affordable to many hospitals, and therefore,
these products were often printed externally by certified compa-
nies [2]. However, recently with the availability of in-house 3D
printing setups and affordable desktop 3D printers, the fabrica-
tion of surgical guides has slowly shifted from external service
providers to the hands of the clinicians. Another projected
development in medical 3D printing for personalized treatment
is the in-house fabrication of patient-specific implants (PSIs)
such as osteosynthesis plates and prosthesis.

With a significant change from the old mass-production
system of medical implants to the PSI production system,
3D printing has attained an essential place in the medical
implant manufacturing industry. In consideration of the
evolving technological trends in personalized medicine, we
investigated the printing feasibility of medical-grade poly-
etheretherketone (PEEK) biomaterial, especially for the pro-
duction of PSIs in a hospital environment. Our preliminary
results were promising, which contributed towards the pro-
gression of an FFF PEEK 3D printer solely designed for med-
ical PEEK applications [10]. Later in 2018, Honigmann et al.
presented the first cadaveric results of a patented 3D printed
titanium patient-specific scaphoid prosthesis [11]. This
patient-specific prosthesis was designed for cases of nonre-
constructable scaphoids because of nonunion or trauma.

More recently, the use of polymer as an alternative to
metallic biomaterials is being explored. PEEK meets the per-
fect criteria for the orthopedic field as a printable material for
PSIs [12]. It is a lightweight, biocompatible, nontoxic, and
noninflammable biomaterial exhibiting excellent mechanical
strength [13]. The osteoconductive properties of PEEK sup-
port the bone integration process [14]. Moreover, PEEK is
radiolucent in X-ray imaging with no relevant artifacts, pro-
viding computed tomography (CT) and magnetic resonance
imaging (MRI) compatibility. These inherent advantageous
characteristics of PEEK, along with the capability to print
medical-grade PEEK in a certified 3D printer, make this
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material an attractive option suitable for 3D printed PSIs at
the hospital or point-of-care manufacturing [10]. Therefore,
in this article, we present the preliminary results on the first
in-house 3D printed scaphoid prosthesis made of medical-
grade PEEK fabricated via material extrusion (FFF) 3D
printing.

2. Materials and Methods

2.1. Computer-Aided Design Modeling of the Scaphoid
Prosthesis. The anatomical department provided a Thiel con-
served wrist with no degenerative changes or posttraumatic
changes. A multislice CT scan (Biograph mCT Flow™, Sie-
mens Medical Solutions USA Inc., Malvern, USA) was used
to acquire the DICOM dataset. The DICOM files were proc-
essed in a medically certified image processing software
(Mimics®, Materialise, Leuven, Belgium) to generate a 3D
volumetric reconstruction model of the scaphoid. The native
surface of the generated 3D model was smoothened, and
mesh repairing procedures such as fixing holes were executed
in a CAD software (3DS Geomagic Freeform®, Rock Hill,
USA) (Figure 2). Finally, a curved channel was designed
inside the scaphoid 3D model in accordance with the pat-
ented design (Figure 3) [15, 16]. The CAD file of the designed
prosthesis is finally converted and saved in a standard tessel-
lation language (STL) file format.

2.2. FFF PEEK 3D Printer. The FFF 3D printer used for
fabrication of scaphoid prosthesis was an Apium M220, a
third-generation desktop printer explicitly designed for
PEEK medical additive manufacturing (Apium Additive
Technologies GmbH, Karlsruhe, Germany) (Figure 4). It is
intended to produce PSIs in a hospital environment accord-
ing to the biocompatibility standard ISO 10993 [17]. The
printer incorporates an advanced temperature management
system, which controls the temperature during the printing
process in a layer-by-layer fabrication manner. In addition,
to prevent contamination, a constant influx of hot airflow is
integrated into the printer which filters the atmosphere
around the 3D printed part during the fabrication process.
The technical specifications of the PEEK FFF 3D printer are
listed in Table 1.

2.3. PEEK Filament. Due to the physical properties of PEEK
biomaterial, FFF 3D printing is a challenge, and it usually
requires an iterative process to print the test samples [13,
18]. Therefore, from an economic perspective, the printing
feasibility of PEEK scaphoid prosthesis was initially con-
ducted with an industrial-grade 1.75mm PEEK filament
(Apium 4000 natural, Apium Additive Technologies GmbH,
Karlsruhe, Germany). Once established, a medical-grade
1.75mm diameter PEEK filament developed from Vesta-
keep® i4 G resin (Evonik Vestakeep®i4 G resin, Evonik
Industries AG, Essen, Germany) was used for the fabrication
of scaphoid prosthesis. This filament is an implant-grade
material that meets the ASTM F2026-17 guidelines—Stan-
dard specification for Polyetheretherketone (PEEK) Poly-
mers for Surgical Implant Applications [19, 20]. It is a
natural-colored, high-viscosity, and high-performance PEEK
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FIGURE 3: Design of the curved channel in the scaphoid prosthesis.

£ Apium

M220

Ficure 4: FFF PEEK 3D printer (Apium Additive Technologies
GmbH, Karlsruhe, Germany).

polymer widely used for long-term implantable medical
devices. The material is supplied either directly as a filament
on a spool or as cylindrical pellets, which is used for extrusion
(FFF) processing technologies to manufacture the PEEK fila-
ment. The medical-grade PEEK filament has a density of
1.30g/cm’, a melting temperature of ~340°C, and a glass
transition temperature of ~135-155°C. Besides, the material
is very tolerant to gamma radiation, stable against hydrolysis,
and suitable for autoclave sterilization process.

2.4. FFF PEEK 3D Printing Process Parameters. The STL file
of the scaphoid prosthesis was imported into a commercially
available slicing software (Simplify 3D version 4.0, Cincin-
nati, USA). To prevent collapse and ensure optimal printing,
temporary support structures were generated underneath the
prosthesis in this software (Figure 5(a)).

TaBLE 1: Technical specifications of the FFF PEEK 3D printer.

Parameter Technical specifications
Number of extruders 1

Nozzle diameter (mm) 0.4

Filament diameter (mm) 1.75

Print volume 132 mm x 132 mm X 120 mm

Full metal hot end with heating up to

Temperature management 540°C
system Controlled airflow temperature up
to 200°C

316L stainless steel
Apium control software
Simplify 3D

Print bed material
Machine operation software

Slicing software compatible

Finally, the STL file was digitally sliced with the respective
printing parameters to generate a g-code file (Figure 5(b)),
which was later on sent to the 3D printer software for print-
ing. The printing parameters used for the light-colored
industrial PEEK (Apium PEEK 4000, Apium Additive Tech-
nologies GmbH, Karlsruhe, Germany) were similar to the
darker medical-grade PEEK filament (Evonik Vestakeep®i4
G resin, Evonik Industries AG, Essen, Germany). The print-
ing parameters selected for the fabrication process are listed
in Table 2. To increase the adhesion between the scaphoid
prosthesis and the print bed, automatic raft generation func-
tionality integrated into the printer’s software was used.

3. Results

The total printing time for each scaphoid prosthesis was 1
hour and 52 minutes. After printing, the support structures
were manually removed, and the scuff marks were trimmed
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FI1GURE 5: Orientation of the scaphoid prosthesis on the 3D printer’s build platform in the 3D slicing software: (a) addition of support

structures; (b) g-code generation with selected printing parameters.

TABLE 2: Printing parameters selected for FFF 3D printed PEEK
scaphoid prosthesis.

Extruder

Nozzle diameter (mm) 0.4
Temperature

Extruder temperature (°C) 485
Airflow temperature ("C) 170
Layer

1st layer height (mm) 0.1
Top solid layers

Bottom solid layer
Outline/perimeter shells

Infill

Internal fill pattern Rectilinear
External fill pattern Rectilinear
Interior fill percentage 80%
Raster angle 45/-45
Support

Support infill percentage 40%
Support pillar resolution (mm) 4
Speed (mm/min)

Printing speed 1500

off from the prosthesis. The prints of the prosthesis shown in
Figure 6 were not further postprocessed. The scaphoid pros-
thesis on the left (light-colored) was printed with industrial-
grade PEEK filament (Apium 4000), while the prosthesis on
the right was printed in medical-grade implantable PEEK
biomaterial (Evonik Vestakeep®i4 G resin). No black speck
formation or discoloration (improper crystallization) was
detected in the test parts. Unlike the industrial-grade 3D
printed PEEK scaphoid prosthesis, the surface of the
medical-grade PEEK printed version did not display the clas-
sical “FFF stair-stepping” phenomenon. Moreover, the artic-
ular surfaces and the edges at the channel opening had a
smoother finish, which is mandatory to articulate with the
cartilage and guide the tendon graft in a frictionless manner.

4. Discussion

We report on the first results of a medical-grade 3D printed
patient-specific scaphoid prosthesis fabricated at the point-
of-care manufacturing. In recent years, material extrusion-
based 3D printing of PEEK has achieved a considerable
amount of attention for in-house production. The precision
of FFF 3D printers has considerably improved and is almost
equal to industrial 3D printing technologies for polymers
[21]. With the development and availability of medical-
grade PEEK filament, it is possible to use FFF 3D printing
technology for the production of patient-specific Class III
implants for various surgical applications [10]. FFF PEEK
3D printing has certain advantages over other subtractive
manufacturing processes, such as milling or injection
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(a)

43t s

(®) (c)

Ficure 6: FFF 3D printed scaphoid prosthesis made of industrial-grade (light-colored) and medical-grade (dark-colored) PEEK: (a) radial
aspect; (b) ulnar aspect; (c) proximal pole with exit orifice of the channel.

molding. In a milling process, the amount of waste genera-
tion is considerably high. Moreover, the fabrication of com-
plex structures such as the curved channel in the patented
scaphoid prosthesis is not possible. The injection molding
technique requires less material; however, the technology is
more suitable for mass production, and its use in patient-
specific or customized implant production is limited [10].

The three major standard organizations that drive the
advancement and innovation in medical devices are the
ASTM International, the International Standards Organiza-
tion (ISO), and the Association for the Advancement of
Medical Instrumentation (AAMI). These organizations
develop consensus technical standards for a wide range of
materials, including PEEK [19]. Besides, the Food and Drug
Administration (FDA) has recognized some standards for
PEEK medical products. It states that by conforming to the
abovementioned technical standards, the manufacturer is
exempt from the fundamental material property submission
reports [20]. In point-of-care manufacturing, maintaining
high efficacy and manufacturing quality of the printed parts
are of paramount importance and one of the fundamental
tasks in compliance with these regulations. Therefore, specific
operational and regulatory standards should be established to
assess whether the intended 3D printed part conforms to its
clinical use. Furthermore, standard organization-based certi-
fication for quality management protocols (ISO 13485)
including a risk-based approach (ISO 14971) for the whole
process, including data conversion, modeling, 3D printing
and all post-processes should be integrated into a hospital
environment.

PEEK is suitable for orthopedic implants, which are in
direct contact with the bone. It is considered as an alternative
material in total hip arthroplasty, to avoid metal-metal debris
and to minimize the risk of particle-induced aseptic implant
loosening [22, 23]. In hand and wrist surgery, PEEK-related
complications, such as foreign body synovitis, can occur in
a total wrist arthroplasty because of the shearing forces on
the implant [24]. Our task as a research lab was to demon-
strate and illustrate the possibility of FFF PEEK 3D printing
in a hospital environment. The study results show a
smoother integration and faster production potential for in-
house PEEK PSI manufacturing. Furthermore, as FFF 3D
printed parts are anisotropic, appropriate orientation of the
scaphoid prosthesis on the 3D printer’s build platform con-
cerning its clinical use should be considered. As adhesion is

made layer by layer, the printed part will be less weak if the
force is applied 90° to the layer and much stronger if the
forces are applied along the layer direction, whereas if the
center of rotation of the scapholunate axis is oriented perpen-
dicular to the printed layers, the forces of transmission will be
in the axial direction. Therefore, we chose the specific orien-
tation of the scaphoid prosthesis for 3D printing [25]. The
suspension of the prosthesis is maintained through a fiber-
wire augmented tendon graft, which is passed through the
curved channel. A rough surface inside the channel could
lead to a better connection between the tendon and the PEEK
surface. The well-known osseointegration abilities of PEEK
into the bone might also contribute to the adhesion between
the tendon and the PEEK surface [23, 26-28].

The in-hospital production of PEEK itself by FFF 3D
printing is technically demanding and requires a lot of expe-
rience especially in the field of FFF 3D printing technology.
The printer needs meticulous inspections and maintenance
to secure a stable, reliable, and reproducible printing envi-
ronment to perfectly maintain the print parameters listed in
Table 2 during the printing process. If not maintained appro-
priately, formation of irregularities, color changes, and
delamination can potentially develop in the printed parts,
which suggest uncontrollable thermodynamically driven
changes during the printing process.

Finally, with this proof of concept, further studies regard-
ing the biomechanical properties of the postprocessed pat-
ented PEEK scaphoid prosthesis to evaluate the joint
cartilage and the channel-tendon graft interface are required.
Investigations on the wear properties of PEEK bearing
combinations in total knee arthroplasties have shown a
cross-shear dependency of PEEK when articulating on hard
surfaces such as metal. Therefore, we have the impression
that the joint cartilage-PEEK interface depends on the
smoothness of the surface of the implant, like in pyrocarbon
or titanium implants for carpal bone replacement [29-31].
These types of cartilage damage due to the surface character-
istics are underinvestigated and require further evaluation.

5. Conclusions

This proof of concept showed the possibility for the additive
manufacturing of biocompatible and implantable polymers
such as PEEK, in our case, a complex geometry with many
joint surfaces in the hospital environment.
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Objective. To study the efficacy of arthroscopy for treating symptomatic bone cysts of the foot and ankle through the follow-up of
patients and to further explore the application value of 3D printing technology in this treatment. Methods. Twenty-one
patients with symptomatic bone cysts in the foot and ankle who underwent arthroscopic surgery in our Center from
March 2010 to December 2018 were enrolled, including 11 in the experimental group and 10 in the control group. For
the control group, C-arm fluoroscopy was used intraoperatively to confirm the positioning of the cysts; for the experimental
group, a 3D model of the lesion tissue and the 3D-printed individualized guides were prepared to assist the positioning of the
cysts. Debridement of the lesion tissues was conducted under an arthroscope. Regular follow-ups were conducted. The time of
establishing arthroscopic approaches and the times of intraoperative fluoroscopy between the two groups were compared.
Significance was determined as P < 0.05. Results. The postoperative pathology of the patients confirmed the diagnosis. No
significant perioperative complications were observed in either group, and no recurrence of bone cysts was seen at the last
follow-up. The VAS scores and AOFAS scores of the two groups at the last follow-up were significantly improved compared
with the preoperative data, but there was no statistical difference between the two groups. All surgeries were performed by the
same senior surgeon. The time taken to establish the arthroscopic approaches between the two groups was statistically
significant (P < 0.001), and the times of intraoperative fluoroscopy required to establish the approach were also statistically
significant (P < 0.001). The intraoperative bleeding between the two groups was statistically significant (P < 0.01). There was 1
case in each group whose postoperative CT showed insufficient bone grafting, but no increase in cavity volume was observed
during the follow-up. Conclusion. With the assistance of the 3D printing technology for treating symptomatic bone cysts of the
ankle and foot, the surgeon can design the operation preoperatively and perform the rehearsal, which would make it easier to
establish the arthroscopic approach, better understand the anatomy, and make the operation smoother. This trial is registered
with http://www.clinicaltrials.gov NCT03152916.

1. Introduction aneurysmal bone cysts, intraosseous ganglion, etc. [1-8].

The etiology and mechanism of bone cysts have not been

Bone cysts of the extremities are tumor-like lesions, which
mainly occur in the femoral neck, the proximal femur, and
the proximal humerus, while those occurring in the foot
and ankle are relatively rare. For example, the incidence of
talar bone cysts accounts for 0.003% of the bone tumor,
and they are commonly diagnosed as simple bone cysts,

fully elucidated. Some studies have suggested that talar
bone cysts were related to the subchondral bone fissures
and the increased pressure of fluid in the subchondral
bone. Fluid pressure and osteocyte apoptosis might lead
to the growth of cysts via mechanically regulated bone
adaptation [9]. Bone cysts generally have no obvious
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symptoms. Most of its patients seek treatment due to patho-
logical fractures that lead to pain, swelling, and dysfunction.
They can be diagnosed by radiographic examination. How-
ever, in the clinic, some patients have bone cysts that demon-
strate progressive development in a short period of time, and
bone destruction is gradually aggravated. If not treated in
time, these symptomatic bone cysts can easily lead to patho-
logical fractures. Recent literature has also shown that the
destruction of subchondral bone is also an important cause
of cartilage damage, and its development can be followed
by osteoarthritis [10, 11]. Thus, patients with poor conserva-
tive treatment results should consider surgery.

Arthroscopy has the advantages of smaller trauma and
clearer vision under the arthroscope, which make it suitable
for intra-articular surgery. Besides, the incision is good-look-
ing, and the postoperative joint function recovery is fast.
Hence, arthroscopy develops rapidly in recent years and is
well received by patients. It has been widely used in foot
and ankle surgeries, such as talar osteochondral injury, bony
impingement syndrome, ankle joint arthrodesis, ankle joint
tuberculosis, and even some benign tumors of the ankle joint
[12, 13]. With the continuous advancement of endoscopic
techniques, endoscopic treatment of bone cysts has also been
reported in some literature recently [1, 4-8, 14, 15]. However,
the literature on endoscopic treatment of ankle bone cysts is
still very rare, and the validity of this new technology remains
controversial. Three-dimensional (3D) printing technology
is a hot new technology in orthopedics [16-22], which is
especially suitable for individualized precision treatment.
We have utilized the 3D printing technology in fields such
as ankle joint arthrodesis and subtalar joint arthrodesis and
have obtained significant results [17, 18]. In this study, we
followed the patients with symptomatic bone cysts of the foot
and ankle that were treated with arthroscopic technique in
recent years to estimate its application value and to further
explore the specific application value of the 3D printing tech-
nology, providing a basis for its future promotion.

2. Materials and Methods

2.1. Participants. Patients with symptomatic bone cysts in the
foot and ankle and who received surgical treatment in our
Center from March 2010 to December 2018 were followed.
Indications for surgery are the following: (1) after 6 months
of conservative treatment, there were still symptoms of bone
cysts; (2) 3D computed tomography (CT) examination indi-
cated that the bone destruction volume > 1 cm?. Case inclu-
sion criteria are the following: (1) patients who received
arthroscopic treatment for symptomatic bone cysts of the
ankle and foot, (2) complete preoperative imaging data, and
(3) bone cysts of similar size (1 cm>-3 cm®). Exclusion criteria
are the following: (1) history of previous foot and ankle sur-
gery; (2) history of ankle fracture; (3) ankle joint deformity,
abnormal alignment of the lower extremity; (4) severe osteo-
arthritis of the ankle or subtalar joint; (5) pathological find-
ings suggesting malignant bone tumors; (6) recurrence of
bone cysts after previous treatment; and (7) history of mental
illness. Twenty-one patients were followed. All cases were
unilateral. (See Table 1 for details.)
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TABLE 1: Patient data.

Experimental ~ Control group P
group (n=11) (n=10)
Sex (n)
Female 3 7
0.086
Male 8 3
Age (yr) 39.5+5.8 45.0+5.2 0.485
Location of cyst
Talus 6 5
Distal tibia 3 0.484
Calcaneus 1 2
Preoperative symptom 5} g, ¢ 1 347+13.1  0.340
duration (mo)
Pain (n) 11 10 NA

Abbreviations: NA: not applicable.

All patients were informed before surgery that there was
a risk of recurrence of bone cysts due to incomplete removal
of the lesions by arthroscopic techniques. In addition, if the
articular cartilage showed obvious damage, the second-stage
treatment of cartilage would be required. All surgeries in this
study were performed by the same senior surgeon. The study
was approved by the hospital’s ethics committee, and all
patients signed the informed consent form and agreed to be
enrolled in the study.

2.2. Preoperative Individualized Application of the 3D
Printing Technology. A 1:1 proportional model of the lesion
and individualized surgical guide were prepared for the
experimental group. The 3D CT thin-layer scan (Siemens,
Germany) of the ankle bone cyst was routinely performed,
and the CT scan slice thickness was 1 mm. The Digital Imag-
ing and Communications in Medicine (DICM) data was
extracted and imported into the Model Intestinal Microflora
in Computer Simulation (MIMICS) software to reconstruct
the 3D data of the bone cyst and its surrounding tissues.
The MIMICS-reconstructed data was imported into the 3D
design software SIEMENS NX (Siemens PLM Software, Ger-
many) to design the guide system for arthroscopy. The indi-
vidualized guides were designed according to the anatomical
landmarks to perfectly match with the bone surface, and the
center of the guide contained guide holes for the Kirschner
wire to drill (Figure 1). The data of the designed guides were
converted into STL format and imported into a 3D printer
(Model: UP BOX, Tiertime, China) for printing. Polylactic
acid (Tiertime, China) was used as a raw material to prepare
the individualized guides (Figure 1), and lesion models were
prepared. When preparing the lesion models, different colors
could be used to distinguish the lesion from the surrounding
healthy tissues, which was beneficial to improving surgical
planning. The individualized guides were sealed and steril-
ized with ethylene oxide for intraoperative use.

2.3. Operative Techniques. Nerve block anesthesia or epidural
anesthesia were conducted for all patients. Thigh tourniquets
were applied after successful anesthesia. Appropriate



BioMed Research International

(b) (c)

(d) (e)

()

Figure 1: Continued.
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FIGURE 1: Preoperative preparation of 3D-printed lesion models and individualized guide system. (a, b) Talar lesions established based on the
3D CT images before surgery; (c, d) the software was used to distinguish lesions from healthy tissues; (e) 3D-printed lesion model that could
be used for surgical planning and rehearsal; (f, g) design and preparation of individualized guides to assist in determining the position of the
Kirschner wire. (h) The location of the lesion was entered through the incision, and the bony structure was confirmed; (i) the anatomical
position was determined through the bony structure, and the cyst position was located with the guide; (j) the guide was used to assist the

accurate positioning of the Kirschner wire.

position was chosen according to the location of the bone
cyst. If it was a distal tibial bone cyst, the patient could use
the routine supine position; if it was a calcaneal bone cyst,
the lateral position should be used. In cases with the talar
bone cyst, the supine position was usually selected. In order
to facilitate the operation, the hip on the affected side was
moderately elevated to maintain the neutral position of the
lower limbs. After routine sterilization and draping, the tour-
niquet pressure was set to 300 mmHg.

The talar bone cyst was taken as an example to elucidate
the surgical procedures. After accurate positioning, 10-20 mL
saline was injected into the ankle joint cavity; the anterome-
dial and anterolateral ankle approaches were routinely estab-
lished, and the 30-degree arthroscopy (Smith & Nephew) was
placed into the joint cavity through these approaches. Careful
exploration of the joint cavity was conducted to observe
whether there was synovial hyperplasia or corresponding
articular cartilage injury; lesions would be treated if detected.
After the exploration and debridement, the traction device of
the ankle joint was removed, and the medial or lateral inci-
sion was moderately enlarged by about 3 cm. The tendon tis-

sue was pulled outward for the drill of the Kirschner wire to
drill. Care should be taken not to damage the nerves, blood
vessels, ligaments, etc., in this process. For the control group,
the surgeon did not use the 3D-printed guide and drilled the
Kirschner wire relying on C-arm fluoroscopy. For the exper-
imental group, besides previous experience, the surgeon was
assisted by the 3D-printed lesion model and guide for the
accurate positioning and drilling of the 2.0 mm Kirschner
wire. Attention should be paid to the drilling of the Kirschner
wire to avoid the articular cartilage. Then, C-arm fluoroscopy
was applied to confirm whether the Kirschner wire had
entered the lesion and whether its position met with the pre-
operative planning; otherwise, it needed to be redrilled. A
4.5mm drill was drilled into the intraosseous lesion along
the Kirschner wire to establish the arthroscopic approach.
During this process, there might be a sudden sense of falling
out, and at the same time, the fluid of the cyst was often seen.
These would confirm the entrance into the cyst. When the
cystic fluid was not obvious, a 2.7 mm arthroscope could be
used to enter the cavity for probing and adjusting the direc-
tion of operation. If the operation under the arthroscope
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FIGURE 2: Arthroscopically assisted treatment of bone cysts via different approaches.

was difficult, the diameter of the approach could be moder-
ately enlarged. The bone lesions were explored (Figure 2).
The tissue morphology of the cyst wall and the nature of
the cyst fluid under an arthroscope were observed, and the
pathological examination of the lesion tissue was conducted.
The cyst wall was scraped with a curette repeatedly to ensure
the complete removal of the lesion tissue. A burr was used to
drill the sclerotic rim of the wall. Arthrocare radiofrequency
ablation of the cystic wall was performed to prevent recur-
rence of the cystic wall lesions. The cyst wall was drilled using
a 1.2 mm Kirschner wire for the infiltration of bone marrow
to promote bony union. Finally, the bone defect was
impacted tightly with autologous cancellous bone harvested
from the iliac crest, allograft cancellous bone, or bone
cement. C-arm fluoroscopy was applied to confirm the com-
plete debridement of the cyst and satisfactory filling of the
bone defect. A drain was placed into the joint after irrigation.
The portals were closed with interrupted sutures. The plaster
cast was used to fix the ankle joint to the functional position.

For bone cysts in different locations, we used different
methods. If the bone cyst was in the talus, we chose the ante-
rior approach for arthroscopic removal; if it was in the tibia,
we performed arthroscopic removal on the anterior part of
the tibia; if it was in the calcaneus, removal was conducted
on the anterior part of the calcaneus. (Drawn by Changgui
Zhang.)

After the anesthetic effect wore off, the patients should
start toe activity and perform functional exercises under
instruction. The drainage tube was removed 24 hours post-
operatively, and the antibiotics were intravenously infused
for 48 hours. The suture was removed 2 weeks postopera-
tively, and partial weight-bearing walking was started from
4 weeks on. Perioperative complications were recorded. Reg-
ular follow-ups and corresponding imaging examinations
were performed.

2.4. Indicators. The time of surgery was recorded, including
the time taken to establish the arthroscopic approach and
the times of C-arm fluoroscopy used during the period. The
time of establishing arthroscopic approaches was the time
from the beginning of the arthroscopic approach establish-

ment to the finish. For the times of C-arm fluoroscopy, it
was defined as the times of fluoroscopy applied from the
beginning of surgery to its finish. The intraoperative blood
loss was recorded. Preoperative and postoperative VAS
scores and AOFAS scores were recorded [23, 24]. All patients
were followed at 1 month, half a year, and one year after
operation; the results of radiographic examinations before
and after operation were compared. If the postoperative
radiographs were insufficient to confirm the condition, CT
examination would be required. At the last follow-up, an
ankle joint 3D CT reconstruction was performed to confirm
the union of the bone cyst and whether there was a cyst
recurrence.

2.5. Statistical Analysis. The measuring index was statistically
analyzed by SPSS 22.0 using the mean + standard deviation,
and the indexes of the experimental group and the control
group were compared before and after the operation. If the
data conformed to the normal distribution, the ¢-test would
be used; if not, the rank sum test would be used. The enumer-
ation data was processed by the chi-squared test. P < 0.05 was
considered statistically significant.

3. Results

All 21 patients were followed for 40 + 22 (12-72) months.
The final pathological types were 15 cases of simple bone
cyst, 5 cases of aneurysmal bone cyst, and 1 case of intraoss-
eous ganglion. No patients had perioperative complications
such as infection, neurovascular injury, lower extremity
venous thrombosis, or poor wound healing. The VAS score
and AOFAS score at the last follow-up of the two groups
were significantly improved compared with preoperative
ones, but there was no statistical difference between the two
groups (Table 2). There was a statistically significant differ-
ence in the time taken to establish an arthroscopic approach
between the two groups during surgery (P < 0.001), and the
intraoperative fluoroscopy times required to establish the
approach was statistically significant (P < 0.001). The intra-
operative bleeding between the two groups was statistically
significant (P < 0.01). At the last follow-up, the radiographs
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TaBLE 2: The two groups’ comparative follow-up study.

Groups Experimental group Control group t-test
Cases (n) 11 10

Preoperative AOFAS scores (pt) 59.5+2.1 61.2+24 P=0.587
AOFAS scores at the last follow-up (pt) 94.7+0.7 925+1.3 P=0.135
Preoperative VAS scores (pt) 7.2+0.3 6.9+0.3 P=0.522
VAS scores at the last follow-up (pt) 0.4+0.2 0.5+0.2 P=0.614
Time of establishing surgical approach (seconds) 204.5+6.5 318.1+7.4 P =0.000
Intraoperative fluoroscopy times 22+0.1 3.7+£02 P=0.000
Intraoperative blood loss 145+1.1 30.5+5.8 P =0.009

Abbreviations: AOFAS: American Orthopaedic Foot and Ankle Society; VAS: visual analog scale.

and 3D CT reconstruction of the two groups confirmed the
union of the bone cyst with no recurrence (Figure 3). How-
ever, there was 1 case in each group whose postoperative
radiograph showed insufficient bone grafting at the first fol-
low-up, and the following CT confirmed the insufficiency.
However, no obvious increase in the defection area was
observed via CT at the last follow-up, and the patient did
not complain of pain and discomfort, so no special treatment
was performed.

4. Discussion

Bone cysts are common in the clinic, but they are rarely
seen in the foot and ankle. The etiology and mechanism
of bone cysts have not been fully elucidated. There may
be a unique mechanism for the formation of bone cysts
in the ankle joint. Reilingh et al. studied 66 cases of fresh
talar specimens and suggested that talar bone cysts were
associated with the subchondral bone fissures and the
increased fluid pressure; talar bone cysts were closely
related to the cartilage injuries [9]. Due to persistent
destruction, the bone cyst at the joint site is prone to lead
to pathological fracture or cause osteoarthritis secondary
to the cartilage defect [10, 11]. Therefore, surgical treat-
ment should be considered for bone cysts in joints where
symptoms persist. Since the local pain and joint function
limitation in patients with bone cysts in the foot and ankle
are often not particularly serious, if there are major surgi-
cal trauma or postoperative complications, the patient sat-
isfaction rate will be greatly reduced. Therefore, surgeons
have been exploring better minimally invasive techniques.
In the treatment of talar bone cysts, traditional surgery
generally involves osteotomy in order to clearly show the
lesions [25, 26], but such surgery is more traumatic with
prolonged postoperative recovery and may even lead to
postoperative ankle joint function limitation. In recent
years, with the improvement of arthroscopic equipment
and the increasing skill of the technique, reports on
arthroscopic treatment of the bone cysts in the foot and
ankle have been published [3-5, 7, 11, 15, 27]. For exam-
ple, Otsuka et al. debrided the calcaneal aneurysmal bone
cyst with arthroscopy and achieved good results [3]. Ogut
et al. reported treatment of posterior arthroscopy for the

talar bone cyst and showed satisfactory outcomes at the
short-term follow-up point [7]. This technique is especially
suitable for bone cysts combined with other structural
abnormalities at the posterior malleolus, such as tenosyno-
vitis of flexor pollicis longus, symptomatic triquetral bone,
and villonodular synovitis. Zhu et al. reported an anterior
arthroscopic treatment for 7 cases of talar bone cysts,
which also achieved satisfactory results in the short term
[5]. In this study, the number of cases has been increased
to 21; as for the location of cysts, in addition to the talus,
distal tibia and calcaneus were also included. The short-
term efficacy of arthroscopic treatment was quite satisfac-
tory. This technique could avoid medial malleolar osteot-
omy and articular cartilage damage. It has the advantages
of relatively safe, less traumatic, and quicker recovery.
An arthroscope can be used to more intuitively observe
the shape of the lesion; pathological examination of the
tissue obtained during surgery can be used to further con-
firm the diagnosis [28-30]. Of course, there are also defi-
ciencies in the application of this technique, such as a
learning curve for surgeons, insufficient lesion scraping,
and bone grafting.

Establishing an ideal arthroscopic approach is a critical
step in achieving good surgical results. An ideal approach
should meet the following requirements: (1) avoiding dam-
age to important structures and close to the lesion tissue for
easy operation and (2) providing clear vision to facilitate
complete removal of the lesion. In the past, the surgeon relied
on local anatomy and previous experience to drill the Kirsch-
ner wire for preliminary positioning. Then, C-arm fluoros-
copy was used to confirm whether the position of the
Kirschner wire was appropriate. In practice, this may cause
repeated fluoroscopy for adjusting the position of the Kirsch-
ner wire, which would prolong the operation time and
increases the intraoperative radiation. In recent years, 3D
printing technology has been gaining popularity in orthope-
dics and has brought new hopes to solve the above problem.
We first perform 3D reconstruction and analysis of the
lesion, design the 3D-printed guide, and then utilize the 3D
printing technology to print out the lesion models to com-
prehensively evaluate the lesions, observe the relationship
between the lesions and the adjacent tissues, design a more
scientific surgical plan and perform preoperative surgical
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FiGure 3: Typical case 1 in the experimental group. Female, 15 years old, admitted to the hospital because of left ankle pain for 1 year.
Preoperative diagnosis: pathological fracture secondary to the left talar bone cyst. (a-d) Postoperative examinations; the arrows indicated
the location of the bone cyst. (e) 3D-printed lesion model; (f) arthroscopic observation of cyst lesion, and the red arrow showed the bone
cyst; (g) the Kirschner wire was drilled through the anterior arthroscopic approach with the assistance of individualized guides, and C-arm
fluoroscopy was used to confirm that the Kirschner wire had accurately entered the talar cyst site; (h) fluoroscopy was used to confirm the
optimal filling of the bone cement; (i) no recurrence of bone cysts was seen in the 3D CT reconstruction after 18 months; (j, k) no
recurrence of bone cysts was seen in the radiographs at the last follow-up after 18 months; (1) the left ankle symptoms were relieved at the

last follow-up, and the AOFAS score was 94 points.

rehearsals to help reduce the damage of the nerves and blood
vessels, shorten the operation time, reduce intraoperative
bleeding, and achieve better surgical results. It has been
proved to be a safe and reliable new technology, which is

especially suitable for individualized surgical treatment of
difficult cases. Besides, the lesion model is particularly use-
ful for communication between surgeons and patients, so
that the patients can understand the disease and surgical
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content more clearly, which is helpful for increasing the
patient satisfaction rate [31-36]. We used polylactic acid
polymer materials for the 3D printing model and position-
ing guide plate, and the cost of materials was about RMB
300 yuan. We hope that with the development of technol-
ogy, we can further reduce the time and cost. Bone graft
after lesion debridement is a controversial topic. Some
scholars advocated that bone graft should not be per-
formed [2]. In our opinion, allogeneic bone graft is pre-
ferred. The bone strength of the defect area would not
be affected after union. Meanwhile, it can also avoid the
trauma and prolonged surgery time of the autograft [8].

5. Conclusions

Compared with conventional arthroscopy, the application of
3D printing technology in treating the bone cyst of the foot
and ankle can help the surgeon design a preoperative plan
and perform rehearsals in advance. It makes it easier for
an inexperienced surgeon to understand the anatomical
structure and facilitate a faster establishment of the arthro-
scopic portal. There are still limitations to this study. The
follow-up period is relatively short with only 12 months,
and the long-term efficacy of the patient has not been
followed. In addition, due to the small number of cases of
bone cysts in the foot and ankle, as well as the different loca-
tions of bone cysts in each group, the number of patients
included in this study is also quite small. Thus, it is difficult
to analyze the influence of different bone grafting methods
or explore the perioperative complications. Future multicen-
ter case-control studies need to be conducted to overcome
these deficiencies.
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Background. For unicompartmental knee arthroplasty (UKA), accurate alignment of the limb is crucial. This study is aimed at
investigating the efficacy and safety of a three-dimensional printed patient-customized guiding template (3DGT) for UKA.
Methods. A total of 22 patients receiving UKA were randomly divided into the 3DGT-UKA group (n =11) and traditional UKA
group (T-UKA group; n=11). In the 3DGT-UKA group, the line and angle of osteotomy were decided on a 3D image of the
limb reconstructed from imaging data; a guiding template was then designed and printed out. The patients in the T-UKA group
underwent conventional UKA. Prosthesis size, operation time, postoperative drainage, hip-knee angle (HKA), pain, and
Hospital for Special Surgery (HSS) scores were recorded at day 1, week 1, month 1, and month 3 after surgery. Results. There
was no significant difference in the size of prostheses between the preoperatively designed and actually used in the 3DGT-UKA
group (p >0.05). HKA was comparable in 3DGT-UKA and T-UKA patients. Operation time was shorter (53.6 + 6.4 minutes vs.
75.8 £ 7.1 minutes) and wound drainage was less (93.2 +3.9mL vs. 85.2 +3.0mL) in 3DGT-UKA than in T-UKA (p <0.05).
Hospital stay was shorter in the 3DGT-UKA group. The 3DGT-UKA group had a lower VAS score on day 1, week 1, and
month 1 and a higher HSS score on week 1 and month 1 after surgery. No varus/valgus deformity or prosthesis loosening was
observed in either group at the final follow-up. Conclusion. The 3D-printed patient-customized guiding template may help
decrease operation time, decrease blood loss, and improve short-term clinical outcomes in patients undergoing UKA surgery.

1. Introduction

The prevalence of osteoarthritis (OA) of the knee has
increased rapidly with the aging of the population, and it
has become a major cause of pain and disability. For medial
compartment knee osteoarthritis (MOA), unicompartmental
knee arthroplasty (UKA) has several advantages over total
knee arthroplasty (TKA), including the preservation of

almost all functions of the knee joint, lower postoperative
complications rate, and quicker postoperative functional
recovery. However, for successful UKA, accurate alignment
of the limb is crucial; even a minimal shift may decrease the
lifespan of the prosthesis and lead to a need for revision sur-
gery [1, 2]. Currently, the balance of soft tissues, the selection
of prosthesis size, the angle of osteotomy, and related lower
limb alignment are mainly decided by visual assessment of


https://orcid.org/0000-0002-3002-2468
https://orcid.org/0000-0002-5037-5412
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/7019794

BioMed Research International

Recruitment:

(i) 28 patients with diagonised MOA

Enrollment

Y

Y

Exclusion:
(i) Rheumatoid arthritis
(ii) Septic arthritis
(iii) Knee tuberculosis
(iv) Patella valgus osteotomy

Randomized allocation (n = 22)

Y

3DGT-UKA group (n=11)

T-UKA group (n=11)

Follow-up | Lost = 0

Y

Follow-up | Lost=0

Analysis:

@
(i)
(iif)
(iv)
V)

Operation time

Postoperative HKA

and month 1 after surgery)

(vi)

Volume of intraoperative blood loss

Volume of postoperative drainage
VAS score. HSS score (day 1, week 1

Prosthesis analysis only in 3DGT-UKA group

Ficure 1: Consort diagram.

the surgeon. Therefore, the experience of the surgeon is one
of the key factors for the reasonable performance of UKA.
However, individual variations between patients and the lack
of familiarity of the surgeon with the medical apparatuses
might influence the final surgical effect [3].

In recent years, there has been much research on the use
of three-dimensional (3D) digital image design and 3D-
printing technology to build personalized guiding templates
for knee surgery. A 3D-printed individualized guiding tem-
plate based on CT-MRI fusion data could greatly improve
the accuracy of estimation of the angle, the amount of osteot-
omy, the sizes of the tibial platform, and the femoral condyle
prosthesis [4-7]. The aim of this randomized clinical trial
was to investigate the efficacy and safety of the use of 3D-
printed individual patient-customized guiding templates for
assisting UKA.

2. Materials and Methods

2.1. Patients. This randomized clinical trial was performed at
the Department of Orthopedics, Nanjing First Hospital, affil-
iated to Nanjing Medical University. MOA patients requiring
UKA surgery during the period of January 2017 to December
2017 were enrolled in this study. Patients were eligible for
inclusion if they had (1) a diagnosis of MOA confirmed by
X-ray and MR, (2) intact anterior cruciate ligament, and
(3) knee varus deformity that could be corrected manually.
Patients with a history of rheumatoid arthritis, septic
arthritis, knee tuberculosis, and patella valgus osteotomy

were excluded. A total of 22 patients who met these criteria
were enrolled and randomly assigned to receive either 3D-
printed patient-customized guiding template-assisted UKA
(3DGT-UKA group) or traditional UKA (T-UKA group)
(Figure 1).

This study was approved by the Ethics Committee of
Nanjing Hospital affiliated to Nanjing Medical University.
All patients gave written informed consent for participation
in the study.

2.2. Preoperative Preparation. Preoperatively, all patients
underwent electrocardiography, routine blood examination,
and vascular ultrasonography of the lower limb. Patients with
comorbidities received appropriate specialist consultations to
rule out contraindications to surgery.

2.3. Design and Production of 3D-Printed Personalized
Guiding Template for UKA Osteotomy. Patients in the
3DGT-UKA group first underwent a double-source 64-slice
spiral CT (Siemens Sensation, Germany) full-length scan of
the lower limbs and MRI scans of the knee joints. The data
were imported into a workstation. CT data were processed
using the Mimics 17.0 software (Materialise Ltd., Leuven,
Belgium) to reconstruct a 3D model of the full length of the
lower limbs. The MRI data were processed to obtain a 3D
model of the knee joint. The two models were then merged
to obtain a 3D model of the lower limbs with the cartilage lin-
ing of the knee joints also displayed. The angle between the
hip and knee (HKA) and the mechanical axis of the femur
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FIGURE 2: (a) Front view CT image of the knee joint. (b) Top view CT image of the knee joint. (c) Side view CT image of the knee joint. (d)

Reconstructed three-dimensional model of a lower limb in full length.

and the tibia were measured using a computer-aided design
(CAD) software (Medivi, Changzhou, China). The angle
and amount of osteotomy were accurately calculated on the
reconstructed 3D model, and the posterior oblique angle
and amount of osteotomy necessary at the tibial plateau were
determined. Finally, a 3D-printed customized guiding tem-
plate was created for each patient. The template was sterilized
with plasma before use (Figures 2 and 3).

2.4. Surgical Methods. The 3rd generation Oxford prostheses
for UKA were used for all patients. All surgeries were per-
formed by the same surgical team. Surgery was performed
under general anesthesia. Patients in the 3DGT-UKA group
were in the supine position, and a tourniquet was placed at
the base of the affected limb. The hip was flexed 30° and
mildly abducted, with the calf hanging naturally down. Free
movement of the knee joint for at least 135" was ensured.
With the knee flexed at 90°, a 6-cm incision was made on
the medial side of the knee joint, extending from the distal
end of the joint line at the medial edge of the tibia up to the
medial edge of the femoral muscle. The distal femoral fat
pad was removed to expose the distal femur and the superior
tibia. The femoral condyle, intercondylar fossa, tibial plateau
epiphysis, and the soft tissue attached to the anterior side of
the platform were removed. Then, the tibial 3D-printed
patient-customized guiding template was carefully and
closely applied on the anterior aspect of the tibial plateau,
and with its guidance holes were drilled into the proximal

end of the tibia. The positioning nails were inserted, and
the 3D-printed patient-customized guiding template was
removed. Next, the manufacturer-made matching osteotomy
template (Zimmer Ltd., USA) was then positioned, and
osteotomy of the tibial plateau was carried out. After the
osteotomy, the dimensions of the cut tibial plateau and pros-
thesis were measured. The distal femur and intercondylar
fossa were then exposed. The distal femoral 3D-printed guid-
ing template was placed in position, and the drilling was car-
ried out. The distal femoral template was removed, and the
manufacturer-made posterior condylar template (Zimmer
Ltd., USA) was placed for posterior condylar osteotomy.
The bone bung was inserted into the distal femur for grind-
ing. Finally, a single condylar prosthesis of the appropriate
preoperatively determined size was then installed (Figure 4).

In the T-UKA group, the conventional single condylar
replacement method was used. Tibial osteotomy aimed at
making a downward 7° of posterior tilt in the tibial plateau.
The thickness of the tibial osteotomy was 2-3 mm less than
the depth of the deepest part of the tibial wear. Osteotomy
of the medial femoral condyle was performed by intramedul-
lary positioning. After drilling the anterior angle of the ante-
rior intercondylar fossa, the rods for intramedullary
positioning were inserted. The femoral drill guide was placed,
ensuring that the handle was parallel with the long axis of the
tibia. The kneading surface was close to each other, and the
relevant angle was adjusted. The positioning holes (diameter
of 4mm and 6 mm) were drilled and according to the
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FIGURE 3: (a) Front view of the femoral 3D-printed guiding template. (b) Side view of the femoral 3D-printed guiding template. (c) Front view
of the tibial 3D-printed guiding template. (d) Side view of the tibial 3D-printed guiding template.

position of them; the posterior femoral condyle was cut and
ground. Prostheses of appropriate sizes were then installed
into the tibia and femur.

Drainage tubes were placed in both groups after sur-
gery [8-10]. All patients routinely received antibiotics
and analgesics, as well as low-molecular-weight heparin
as an anticoagulant therapy. Passive exercises were started
24 hours after surgery. The drainage tube was removed 48
hours after surgery. Patients were encouraged to walk with
the help of a walking assistance device and to perform
stretching and contracting exercise of quadriceps. A full-
length radiograph of the affected lower limb and a positive
lateral radiograph of the knee joint were examined at 2
days postoperation, and the HKA deviation was obtained
(Figure 5). Sutures were removed 2 weeks after surgery.
The VAS scores on day 1, week 1, month 1, and month
3 after surgery, and the Hospital for Special Surgery
(HSS) scores on week 1, month 1, and month 3 after
surgery, were recorded.

2.5. Postoperative Evaluation. An outpatient follow-up for
three months was conducted to evaluate the recovery of the

patients. And all patients involved in this study completed
the postoperative follow-up. The sizes of the preoperatively
designed theoretical prosthesis and that of the actual prosthe-
sis used during the operation in the 3DGT-UKA group were
compared. The operation time, intraoperative blood loss,
postoperative drainage, and postoperative HKA were com-
pared between the two groups. VAS score on day 1, week 1,
month 1, and month 3 after surgery and HSS score on week
1, month 1, and month 3 were also compared between the
two groups. Because the operation time of patients in both
groups was within the set time (90 minutes) of a lower
extremity tourniquet, the volume of postoperative drainage
was recorded and calculated as the volume of blood loss in
the current study.

2.6. Statistical Analysis. Statistical analysis was performed
using the SPSS 22.0 statistical software (IBM Corp., Armonk,
NY, USA). The rank-sum test was performed for ranked data
in the two groups. The t-test was used for the analysis mea-
surement data and the chi-squared test for enumeration data.
Statistical significance was at p < 0.05.
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FIGURE 4: (a) Intraoperative placement of the femoral condyle 3D-printed guiding template. (b) Intraoperative placement of the tibial plateau
3D-printed guiding template. (c) Images of the femoral and tibial osteotomy. (d) Images of the installed prosthesis.

3. Results UKA (n = 11). The gender ratio, mean age, mean height, pre-

operative HSS score, and prevalence of comorbidities were
A total of 22 patients (8 males, 14 females) with mean age ~ comparable in the two groups (Table 1). In the 3DGT-UKA
60.8 + 4.8 years (age range, 52-67 years) were enrolled and  group, no significant difference was seen between the sizes of
randomized to receive either 3DGT-UKA (n=11) or T- actual prosthesis used and preoperative theoretical prosthesis
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FiGure 5: (a)
(angle between the hip and knee (B) = 2.4°).

model (p > 0.05; Table 2). There was no significant difference
between the two groups in postoperative HKA deviation
(p > 0.05; Table 3). Operation time was significantly shorter
in the 3DGT-UKA group than in the T-UKA group
(53.6 + 6.4 minutes vs. 75.8 + 7.1 minutes; p < 0.05). The vol-
ume of postoperative drainage was significantly lower in the
3DGT-UKA group than in the T-UKA group (67.5 + 3.9 mL
vs. 93.2+3.0mL; p <0.05). The mean hospitalization time
was longer in the T-UKA group than in the 3DGT-UKA
group. The VAS scores on day 1, week 1, and month 1 after
surgery were significantly lower in the 3DGT-UKA group
than in the T-UKA group (p < 0.05). And the HSS scores on
week 1 and month 1 after surgery were higher in the 3DGT-
UKA group than in the T-UKA group (p < 0.05). The HSS
scores on month 3 after surgery were comparable between
the two groups (p > 0.05; Tables 4 and 5).

Preoperative lower limb line (anglebetween thehipandknee (A)=3.5°). (b)
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(®)

Postoperative lower limb line

4. Discussion

In theory, for OA of the knee with only medial compart-
ment lesions, UKA may be a reasonable candidate by the
preservation of the anterior-posterior cruciate ligaments.
This means that most functions of the knee joint may be
retained after UKA surgery. Previous studies proved that
UKA showed significant advantages in symptom relief,
knee function recovery, and postoperative complications,
compared to TKA [8-11]. However, the long-term studies
showed that the survival of prostheses in UKA was signif-
icantly lower than TKA, which may be caused by the
inadequate surgical exposure due to the small incision
used in UKA, large errors in intraoperative extracorporeal
positioning of the lower extremity force line, and intrame-
dullary positioning of the femoral condyle [12]. It has
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TaBLE 2: Actual and theoretical values of surgical prosthesis models in the 3DGT-UKA group.

3];?01;;}?6 I;‘/:if:ézfd 3DGT-UKA tibial prosthesis model

M S C B A AA
Theoretical value 1 10 0 4 5 2
Actual value 2 9 1 4 4 2
Test statistics 0.29 0.03 0.96 0 0.08 0
t Value/)(2 value 0.588 0.867 0.328 1.000 0.779 1.000
p value >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

M, S, G, B, A, and AA represent the prosthesis model of the femoral and tibial.

TaBLE 3: Comparison of HKA deviation in the 3DGT-UKA group
and T-UKA group.

HKA deviation

Group Number .

>+2 +1° to +2° <+l°
3DGT-UKA 11 3 5 3
T-UKA 11 4 4 3
Z value' —-0.28
p value 0.78

'Mann-Whitney U test.

been confirmed that a slight error in the alignment of the
lower limb line and a lower extremity varus increases the
need for future revision surgery in patients receiving
UKA. Meanwhile, postoperative valgus can significantly
increase lateral compartment stress and lead to accelerated
cartilage degeneration in the lateral compartment of the
knee joint [13]. Therefore, in UKA patients, detailed pre-
operative planning and precise positioning of the intraop-
erative prosthesis is crucial.

Routine analysis of radiography, CT, and MRI images
of the knee joint is difficult to accurately obtain the 3D
structure of the lower extremities, and it is also difficult
to quantitatively show the cartilage wear of the medial
compartment. It looks like the measurement error cannot
be avoided during the operation because the positioning
of the tibial plateau in T-UKA patients depends on the
extramedullary positioning rods, which is subjective. Fur-
thermore, deviations in the intramedullary positioning of
the distal femoral condyle and any other errors in the
direction of the positioning rod may lead to impingement
or unsatisfactory meniscus trajectory, as well as prolonged
operation time, increased blood loss, and the risk of intra-
operative fat embolism. Ma et al. studied the positional
differences of unicompartmental prostheses caused by the
deviation of the intramedullary positioning entrance points
in the femurs of 20 corpses and concluded that the intra-
medullary positioning rods could not accurately indicate
the actual anatomical axis of the femur, which usually
leads to a deviation with 3.2° of deflection and 2.5° of val-
gus [14]. Baldini et al. found that 10%-20% of patients
who received T-UKA had a significant deviation of the
femoral force line on the prosthetic side from the normal
[15]. Therefore, we felt that a 3D-printed individualized

guiding template based on quantitative anatomical data
and accurate preoperative CAD measurement results
would be helpful in the selection of the appropriate osteot-
omy angle and amount. In addition, there is no need for
opening of the femoral bone marrow during femoral
osteotomy with 3DGT-UKA, which helps reduce the sur-
gical exposure time, postoperative blood loss, and amount
of intraoperative instrumentation.

A 3D-printed guiding template based on CT data
alone is difficult to achieve good intraoperative fitting of
the guiding template due to it does not take into consider-
ation the cartilage tissue influence, which has been shown
to be responsible for the decrease in the accuracy of the
3D-printed guiding template [16]. Therefore, in this pres-
ent study, the CT and MRI data were merged to recon-
struct the 3D anatomy of the knee joint, which allowed
accurate calculation of the lower limb force line, angle,
and osteotomy amount. This method can help us design
an accurate 3D-printed patient-customized guiding tem-
plate during UKA surgery. Due to the refined and mini-
mally invasive design of the third-generation Oxford
knee prosthesis for UKA, the flexible meniscus pad also
reduces the risk of impingement and rotation of the pros-
thesis. Therefore, the design of the 3D-printed guiding
template in this study was based on the third-generation
Oxford UKA tool kit. We found there was no significant
statistical difference in dimensions between the preopera-
tively designed theoretical prosthesis and the actual pros-
thesis used in the 3DGT-UKA group. There was also no
significant difference in HKA between the 3DGT-UKA
and T-UKA groups, indicating the accuracy of the
3DGT-UKA surgery [17, 18].

Compared to the 3DGT-UKA group, which prosthesis
selection is based on accurate preoperative measurements
of the reconstructed 3D knee joint, leading to less errors
and rapid surgery completion [19, 20], the T-UKA group
select the prosthesis model based on preoperative radio-
graphic measurements, which is subjective and may cause
large errors. Therefore, repeated measurements are neces-
sary during surgery to select the appropriate size. In addi-
tion, the 3D-printed guiding template easily and accurately
locates the surgical osteotomy tool without slotting, which
also contributes to the decrease in operation time and
postoperative drainage volume. Also, we found the 3D-
printed guiding template can help to reduce surgical
trauma during UKA surgery and the duration of
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TaBLE 4: Comparison of surgical parameters and outcomes between the 3DGT-UKA group and the T-UKA group.

Operation time

Volume of postoperative drainage in Postoperative HKA

Group Number (min, mean + SD) 48 hours (mL, mean + SD) (°, mean + SD)

3DGT-UKA 11 75.82+6.91 85.18 +2.96 1.74+0.78

T-UKA 11 67.64 +6.41 67.55+ 3.86 1.81 £0.67

t value 2.879 12.031 -0.205

p value 0.009 0.000 0.840
TasLE 5: Comparison of postoperative VAS score and HSS score between the 3DGT-UKA group and the T-UKA group.

Grou Postoperative VAS score (mean + SD) Postoperative HSS score (mean + SD)

p Day 1 Week 1 Month 1 Month 3 Week 1 Month 1 Month 3
3DGT-UKA 4.64+0.92 2.00+0.77 0.82+0.60 0.46 £ 0.52 80.09 +£5.87 95.18 +1.40 96.46 + 1.44
T-UKA 7.64+0.92 5.70+£0.90 2.46 +0.82 0.27+£0.47 70.10 £ 5.87 93.73+1.27 96.46 +1.21
t value 7.611 10.381 5.331 0.861 3.993 2.549 0.000
p value <0.001 <0.001 <0.001 0.146 0.001 0.019 0.482

tourniquet application, which is probably related to the  Data Availability

lower VAS score on day 1 and week 1 and higher HSS
score on week 1 and month 1 after surgery in the
3DGT-UKA group.

There are also some disadvantages with 3DGT-UKA.
On the one hand, patients undergoing 3DGT-UKA need
preoperative full-length CT and MRI scans, which increase
medical costs and extra radiation exposure. On the other
hand, specialized knowledge and special hardware and soft-
ware are necessary for designing and printing an accurate
3D guiding template. All of these would increase the patient’s
economic burden. As for this study, we should also empha-
size that it has some limitations. First, since the three-
dimensional-printed guiding template for UKA is a new
technique and the exclusion criteria are very strict, there
was not much sample number. Second, we only collected
the data of short-term outcomes; maybe we should focus on
the midterm and long-term follow-up between these two
groups in the further study.

To summarize, the 3D-printed guiding template can pro-
vide useful assistance for preoperative planning, intraopera-
tive positioning, and osteotomy during UKA. It shortens
the operation time, minimizes surgical trauma, and achieves
better short-term clinical outcomes. In addition, the long-
term follow-up outcomes need further research.
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Background and Purpose. This study established an animal model of the acetabular bone defect in swine and evaluated the bone
ingrowth, biomechanics, and matching degree of the individualized three-dimensional (3D) printed porous augment. Methods.
As an acetabular bone defect model created in Bama miniswine, an augment individually fabricated by 3D print technique with
Ti6Al4V powders was implanted to repair the defect. Nine swine were divided into three groups, including the immediate
biomechanics group, 12-week biomechanics group, and 12-week histological group. The inner structural parameters of the 3D
printed porous augment were measured by scanning electron microscopy (SEM), including porosity, pore size, and trabecular
diameter. The matching degree between the postoperative augment and the designed augment was assessed by CT scanning and
3D reconstruction. In addition, biomechanical properties, such as stiffness, compressive strength, and the elastic modulus of the
3D printed porous augment, were measured by means of a mechanical testing machine. Moreover, bone ingrowth and implant
osseointegration were histomorphometrically assessed. Results. In terms of the inner structural parameters of the 3D printed
porous augment, the porosity was 55.48 + 0.61%, pore size 319.23 +25.05um, and trabecular diameter 240.10 + 23.50 ym.
Biomechanically, the stiffness was 21464.60 + 1091.69 N/mm, compressive strength 231.10 + 11.77 MPa, and elastic modulus
5.35 £ 0.23 GPa, respectively. Furthermore, the matching extent between the postoperative augment and the designed one was
up to 91.40 + 2.83%. Besides, the maximal shear strength of the 3D printed augment was 929.46 + 295.99 N immediately after
implantation, whereas the strength was 1521.93 + 98.38 N 12 weeks after surgery (p = 0.0302). The bone mineral apposition rate
(um per day) 12 weeks post operation was 3.77 + 0.93 yum/d. The percentage bone volume of new bone was 22.30 + 4.51% 12
weeks after surgery. Conclusion. The 3D printed porous Ti6Al4V augment designed in this study was well biocompatible with
bone tissue, possessed proper biomechanical features, and was anatomically well matched with the defect bone. Therefore, the
3D printed porous Ti6Al4V augment possesses great potential as an alternative for individualized treatment of severe acetabular
bone defects.

1. Introduction

Total hip arthroplasty (THA) represents one of the most suc-
cessful surgeries in the 20™ century and has been employed
for releasing pain, correcting the deformity, and improving
the function of the hip joint [1, 2]. The management of severe
acetabular bone defects in primary or revision THA remains

a challenge for surgeons, and the ideal defect reconstruction
is a critical factor for a successful THA [3]. Traditionally,
major acetabular defects in primary and revision THA have
been reconstructed by impaction bone grafting (IBG), metal
augments, and cup/cage constructs [2]. Recently, given the
improved biocompatibility and biomechanical properties of
the trabecular metal (TM), TM augments and cups are most
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commonly used and have achieved good clinical midterm out-
comes in patients. Since TM augments are mass-produced
with a unitary shape, they tend to anatomically mismatch with
acetabular bone defects, and reaming the residual bone stock
of acetabular defects is required in most cases [4-6]. There-
fore, individualized augments are needed in these cases to bet-
ter reconstruct the acetabular bone defects.

Titanium and titanium alloy are widely used to fabricate
orthopaedic prostheses and instruments for their good bio-
compatibility, high strength, and low corrosion rates [7].
Multiple studies have been conducted to optimize the micro-
structure of the Ti6Al4V alloy, and porous Ti6Al4V alloy
implants mechanically compatible with the cancellous bone
have been developed [8, 9]. Studies showed that the pore size
between 200 ym and 500 ym and a porosity of 50-75% were
optimal for bone ingrowth and osteointegration [10, 11].
Further studies examined their biocompatibility and biome-
chanical features of the alloy in vitro, in vivo, and in clinical
patients [12-14].

With the rapid development of the 3D printing technol-
ogy, the 3D printed medical models, with an advantage of
personalized treatment, are being extensively used in ortho-
paedic prostheses [15, 16]. Although a case report described
the clinical application of the 3D printed augments in the
repair of the acetabular defect [15], implant-bone integration
has not been well assessed. In a previous study, we established
a finite element analysis (FEA) model of the acetabular bone
defect, which was reconstructed by 3D printed porous
Ti6Al4V augments, and evaluated the stress distribution
and clinical safety of augments, screws, and bones [17]. Until
now, the performance of these 3D printed porous augments
in animal models has not been systemically elucidated.

In this study, we established a miniswine model of the
acetabular bone defect and implanted the 3D printed porous
augments that were anatomically compatible with the bone
defect. We further evaluated the bone ingrowth, biomechan-
ics, and matching degree of the 3D printed porous augments
in the animals.

2. Materials and Methods

2.1. Establishment and Validation of the Animal Model of the
Acetabular Bone Defect. All animal experiments in this study
were approved by the Experimental Animal Ethics Commit-
tee of the General Hospital of Chinese People’s Liberation
Army, Beijing, China. Bama miniswine (female, 14-18
months old with a body weight of 25-30kg) were used to
establish and validate the animal model of the acetabular
bone defect. The swine were routinely maintained in the
Experimental Animal Center of the General Hospital of
Chinese People’s Liberation Army. These miniswine were
divided into three groups, with three animals in each group.
Animals in group 1 were subjected to the biomechanical test
immediately after augment implantation; swine in group 2
were biomechanically tested 12 weeks after augment implan-
tation; pigs in group 3 were histologically examined 12 weeks
after augment implantation. The miniswine were kept and
fed in separate cages according to standard animal care pro-
tocols [18]. All the surgeries were performed on the right
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acetabulum of the miniswine. The anesthetic methods
included intramuscular and general anesthesia. Intramuscu-
lar anesthetics were a mixture of ketamine hydrochloride
and xylazine hydrochloride (1:1 ratio, 15-25mg/kg). The
general anesthetic was 3% pentobarbital sodium (30 mg/kg).
The vital signs (heart rate, breathing, and oxygen saturation)
of the miniswine were carefully monitored, and intravenous
fluid therapy involving glucose and lactated Ringer’s solution
was used during the operation.

At the first surgical phase of defect model establishment
(Figures 1(a)-1(d)), the operation sites were removed of hair,
shaved, disinfected, and draped. A straight 10 cm skin inci-
sion was made at the hip via the anterolateral approach.
Then, the anterosuperior wall of the acetabulum was exposed
clearly and a Paprosky IIB acetabular bone defect (an equilat-
eral triangle with sides of about 2 cm) was made as previously
reported [19]. The wound site was sutured for closure, and
the acetabular bone defect was left untreated for approxi-
mately 1 week (waiting for fabrication by the 3D printed
Ti6Al4V augment).

2.2. Design and Fabrication of the 3D Printed Porous Ti6Al4V
Augment. Computed tomography (CT) scan of the animal
pelvis was taken immediately after the establishment of the
bone defect model. The pelvis and porous Ti6Al4V augment
were three-dimensionally reconstructed on a direct metal
laser sintering (DMLS) system (EOSINT M280, Germany)
using a computer-aided design (CAD) software package
(Mimics Research 20.0, Materialise, Belgium). A medical
Ti6Al4V powder (EOS, Germany) with particles sized from
15pum to 53 ym was used. The porous augments were 3D
printed at a scanning rate of 7m/s and a power of 200 W.

The inner pore parameters were as follows: a cubic-
shaped lattice structure had a pore size of 400 ym, a strut size
of 200 ym, and a porosity of 60%. The thickness of the porous
Ti6Al4V coating was 1 mm, while the rest of the augment
was of solid Ti6Al4V. Meanwhile, the position, direction,
length, and diameter of screws and Kirschner wires (for tem-
porary intraoperative fixation of the augment) were designed
according to the residual bone stock of acetabular defects.
The length of the screw ranged between 16 mm and 20 mm.
The diameters of screws and K-wires were 4.0mm and
1.5 mm, respectively. After printing, the 3D printed porous
augments were cleaned, polished, sterilized, and then
implanted. (Figures 2(a)-2(d) and 2(f)).

2.3. Porosity and Mechanical Evaluation of the 3D Printed
Porous Augments. Printed specimens, with a diameter of
10mm and a height of 20 mm, were used for evaluation of
porosity and mechanical properties against the International
Organization for Standardization (ISO 13314:2011). The
total porosity and open porosity were measured using the
gravimetric method and Archimedes’ principle, respectively.
The pore morphology, including pore size and strut size, was
evaluated by using scanning electron microscopy (SEM,
Zeiss Supra 55, Germany). The compressive strength of the
porous Ti6Al4V augment was determined by employing a
computer-controlled mechanical testing machine (Instron-
8874, Instron, USA) at a loading speed of 1 mm/min. The
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FIGURE 1: Representative pictures showing the establishment of the acetabular bone defect model and implantation of the 3D printed porous
Ti6Al4V augment into miniswine. (a) The size of the acetabular bone defect was determined by a ruler. (b) The anterosuperior wall of the
acetabulum was exposed clearly. (c) The bone defect model was completely created (the yellow triangle). (d) The size of the osteotomized
bone was measured. (e) The 3D printed porous Ti6Al4V augment was temporarily fixed by two K-wires. (f) Two screws were inserted
into the augment screw holes.

elastic modulus of the porous Ti6Al4V augment was calcu-  2.4. Implantation of the 3D Printed Porous Ti6Al4V
lated on the linear region of the stress-strain curve. The final ~ Augment. At the second surgical phase of the 3D printed
measurements were averaged from five specimens in every  porous Ti6Al4V augment implantation (Figures 1(e) and
group. 1(f)), preoperative preparation and exposure were similar to
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FiGure 2: Continued.
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F1GURE 2: The graphical illustration of the design of the 3D printed porous Ti6Al4V augment and the micro-CT imaging of the acetabulum
along with the augment taken from miniswine 3 months after implantation. (a) The thickness of the porous Ti6Al4V coating was 1 mm, and
the rest of the augment was solid Ti6Al4V. (b) The designed length of screws was 16-20 mm. (c) The designed direction of screws. (d) The
final design of the 3D printed porous Ti6Al4V augment fixed on the acetabulum. (e) The micro-CT imaging showing bone formation
within the porous augments, and the specimen was taken 12 weeks after surgery (the inset in the upper-right corner). (f) The enlarged

photo of the 3D printed porous Ti6Al4V augment.

the first phase. The individual porous augment was placed on
the acetabular defect surface, and two 1.5 mm K-wires were
used for temporary fixation. The augment matched well with
the defect in terms of shape and size as observed by the naked
eye. Then, two screws of appropriate length were inserted
into the augment screw holes. Immediate stability of the aug-
ment was confirmed by shaking tests. The muscle tissues and
skin were sutured layer by layer. After surgery, two injections
of penicillin G (at 80 wu/time) were administered 48 hours
after the implantation and at incision dressing.

All miniswine were subjected to pelvis CT scan immedi-
ately after surgery, and the DICOM data were used for the
three-dimensional reconstruction of the augment. Then, the
matching degree was calculated in terms of the overlapping
ratio between the designed augment and the implanted one
(Figures 3(a)-3(d)).

2.5. Microcomputed Tomography. To evaluate the ingrowth
of the bone tissues around the porous Ti6Al4V augment,
specimens, prior to histological examination, were observed
under micro-CT (SkyScan 1172, Belgium) under the follow-
ing conditions: 100kV acceleration voltage at 75uA (cur-
rent). All specimens were scanned at a complete 360°
rotation, with an exposure time of 1600 ms and a resolution
of 13.75 ym.

2.6. Biomechanical Test (Push-Out Test). The push-out test
was conducted on a computer-controlled mechanical testing
machine (Instron-E3000, Instron, USA) at a loading speed of
0.5mm/min. The augment-containing bone specimen with
an intact iliac wing from a sacrificed miniswine was embed-
ded into a sensor, and the other side was a metal cone serving
as the femoral head. The ultimate shear strength was
recorded when the implanted augment started to move after
continuous loading. The structure of the mechanical testing
platform is shown in Figure 4(a).

2.7. Histological and Histomorphometric Analyses. Three
miniswine (group 3) were prepared for histological analysis.
To evaluate the bone ingrowth distance over time, fluoro-
chrome (two injections), tetracycline (25 mg/kg) and calcein
green (at 25mg/kg), were administered intramuscularly 14
and 13 days (tetracycline) and 4 and 3 days (calcein green)
before sacrificing at 12 weeks after surgery.
Augment-containing bone specimens were then fixed in
formalin, dehydrated, and then embedded. Next, they were
sectioned with a low-speed cutter (IsoMet™, Buehler, USA)
in serial sections of 300 ym and ground to a thickness of
50 um. The newly formed bone was determined by the dis-
tance between the two fluorochrome labels using an epifluor-
escent microscope (DMi8, Leica, Germany) (Figure 5(a)).
The amount of new bone and bone ingrowth to the porous



BioMed Research International

(©
100% -
96% 95%
9B% 019 o195  93%
88% 89%

80%

o 60%
&
&
o
=
g
<

= 40% |

20%

0% -

1 2 3 4 5 6 7 8 9
Pig number

I Match degree
(e)
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(blue, implanted augment; golden yellow, designed augment). (e) The matching degrees of implanted augments in individual swine, with
the mean + SD value being 91.40 +3.01% (n=9).
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FiGurek 5: Histological and histomorphometric analyses of the implanted augment 12 weeks after implantation. (a) The newly formed bone
was determined by the distance between the two fluorochrome labels (tetracycline and calcein green bands) using an epifluorescent
microscope. (b) The amount of new bone and bone ingrowth to the interior of the pores was calculated using image processing software,
presented as a percentage of the total bone-implant interface area. (c) Bone mineral apposition rate (MAR) was 3.77 +0.93 um/d (n=3;
the numbers indicate the values in three individual swine). (d) Percentage bone volume of new bone (Tb/T) 12 weeks after surgery was
22.30 +£4.51% (n = 3; the numbers indicate the values in three individual swine).

Ti6Al4V coating was calculated, by using an image process-
ing software package (Image-Pro Plus 6.0, Media Cybernet-
ics, USA), as a percentage of the total bone-implant
interface area (Figure 5(b)). The bone mineral apposition rate
(MAR) was calculated by dividing the distance between the
two fluorochrome labels by 10 days (the time interval
between the two injections of fluorochrome) and expressed

as mm per day. Tb/T referred to the ratio of the tissue bone
area to the total view area of the region of interest, which
included the new bone area and material area.

2.8. Statistical Analysis. All the analyses were performed
using SPSS for Windows (version 18.0, SPSS Inc., Chicago,
llinois, USA). Comparison of rates was made by the chi-



squared test, while numerical data were compared by using a
paired sample t-test (normal distribution and homoscedas-
ticity) or a Wilcoxon rank test. A p value less than 0.05 was
considered statistically significant.

3. Results

3.1. Porosity and Mechanical Characterization. Measurement
of porosity on the 3D printed porous Ti6Al4V augments by
using the gravimetric method and against Archimedes’ prin-
ciple revealed that total porosity and open porosity of the
samples were 55.48 + 0.61% and 49.02 + 2.22%, respectively.
The pore size and strut size measured by using SEM were
319.23 £ 25.05 ym and 240.10 £ 23.50 yum, respectively. Bio-
mechanically, the stiffness of porous augment was 21464.60
+1091.69 N/mm, compressive strength was 231.10 + 11.77
MPa, and elastic modulus was 5.35 + 0.23 GPa, respectively.

3.2. Experimental and Photographic Results. We achieved a
100% success rate with the establishment of the acetabular
bone defect, as evidenced by successful implantation, no
loosening and displacement, and good joint activity in all
the animals. However, the failure rate of the 3D printed aug-
ment implantation was 18.18% (2 of 11 swine). One swine
developed a deep infection after implantation, and the other
one had screw loosening and augment detachment from the
acetabular bone.

Micro-CT imaging was used to assess the bone ingrowth
around the porous augment. As shown in Figure 2(e), bone
formation occurred within porous augments. The three-
dimensional reconstruction of CT data showed that the indi-
vidual augment anatomically matched well with the defect,
and the degree of matching in these 9 swine was 91.40 +
3.01% (Figure 3(e)).

3.3. Push-Out Test Results. Shear strength reflects prosthetic
stability after implantation and was detected by push-out
tests. The ultimate shear strength immediately and 12 weeks
after surgery was 929.46 +295.99 N and 1521.93 £ 98.38 N,
respectively (p=0.0302) (Figure 4(b)). Since, in the actual
situation, the augment and the screws were also under the
compressive stress, the shear strength measured in this bio-
mechanical model might be representative of the ultimate
shear strength after surgery.

3.4. Histological and Histomorphometric Evaluation of Bone
Formation. Tetracycline and calcein green bands are indica-
tive of new bone formation and allow the measurement of
the mineral apposition rate during the observation period.
The bone mineral apposition rate (um per day) 12 weeks post
operation was 3.77 + 0.93 yum/d (Figure 5(c)). The percent-
age bone volume of new bone 12 weeks after surgery was
22.30 £ 4.51% (Figure 5(d)).

4. Discussion

To better repair severe acetabular bone defects, the present
work characterized the performance of the 3D printed
porous Ti6Al4V augments in an animal model. The results
in miniswine demonstrated that the augments fabricated in
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our study had good bone tissue biocompatibility and biome-
chanical properties. The postoperative CT data showed that
the 3D printed augments morphologically well matched with
the bone defect and the acetabular components.

The effects of porosity, pore size, and shape on the biolog-
ical behaviors of porous Ti6Al4V prostheses have been previ-
ously investigated [20-23]. Heinl et al. demonstrated that the
three-dimensional structures with an interconnected mean
porosity of 61.3% and a pore size of 450 ym were suitable
for tissue ingrowth and vascularization [20]. The 3D printed
porous Ti6Al4V scaffold with a total porosity of 58% and a
pore size of 500+ 50 um possessed mechanical properties
similar to human bone and promoted osseointegration and
tissue integration in animal experiments [21]. Wieding and
Wolf measured the uniaxial compression, bending, and tor-
sion strength of the porous Ti6Al4V scaffold and exhibited
that pore size of 400 ym was numerically optimal for porous
bone scaffold structures to match the elastic properties of
human bone [22]. They also showed that the cubic design
had the lowest elastic modulus and the fastest new bone for-
mation [22]. Another study investigated the influence of the
pore shape on mechanical properties and showed that the
cubic scaffold was conductive to osseointegration and tissue
integration [23].

Given that the surface of severe acetabular bone defects
was not entirely cancellous bone, the defect surface of many
revision THA patients would experience partial corticaliza-
tion due to long-term wear. Therefore, the pore parameters
in the current study were a compromise between the
mechanical and biological considerations, i.e., cubic-shaped
lattice structure, with a pore size of 400 um, a strut size of
200 um, and a porosity of 60%. After printing by direct metal
laser sintering (DMLS), the porous Ti6Al4V augments, with
a total porosity of 55.48 +0.61% and a pore size of 319.23
+25.05 ym, were used in this study. And the compressive
strength and elastic modulus of the porous Ti6Al4V aug-
ments were 231.10 + 11.77 MPa and 5.35 + 0.23 GPa, respec-
tively. These porous parameters of the 3D printed Ti6Al4V
augments were favorable for bone tissue integration, and
their mechanical properties also fit those of the human corti-
cal bone in terms of elasticity.

The ultimate goal of bone defect repair by porous prosthe-
ses is to attain osseointegration between implant and human
bone and long-term biological fixation [13, 24, 25]. Thomsen
et al. revealed that the bone-implant contact, 6 weeks after sur-
gery, was 29-41% in the femoral and tibial bone defect of rab-
bits [24]. A long-term sheep experiment by Palmquist et al.
demonstrated that the bone-implant contact, 26 weeks after
implantation, was up to 57% [25]. Ponader et al. examined
the direct contact between the bone and implant surfaces to
assess the ingrowth of osseous tissue inside the porous struc-
ture (a porosity of 61.3% and a pore size of 450 ym) and found
that the volume of newly formed bone tissue inside implants
14 days, 30 days, and 60 days after implantation was roughly
14.44%, 29.46%, and 46.31%, respectively [13]. The percentage
bone volume of new bone in our study 12 weeks after surgery
was 22.30 + 4.51%, and the bone mineral apposition rate was
3.77+£0.93 um/d, which was consistent with previously
reported findings [13, 24, 25].
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The ultimate shear strength and the minimum load that
separates bone from the augment are effective indicators of
stability of the implanted augment, since they objectively
reflect the adhesive strength between the augment and the
newly formed bone tissues. The ultimate shear strength
in our study immediately and 12 weeks after surgery was
929.46 £295.99N and 1521.93+98.38N (p=0.0302),
respectively. The body weight of the miniswine in our
study was 25-30 kg, while the mean shear strength immedi-
ately after surgery was 929.46 N (approximately 90 kg body
weight), which was three times the body weight of a minis-
wine. Consequently, the immediate stability between the
bone and the augment sufficed to support the daily activity
of miniswine. As to the volume of newly formed bone inside
the porous augment, the shear strength increased to
1521.93 N 12 weeks after the operation.

These results suggested that the 3D printed porous
Ti6Al4V augments fabricated in this study had good bone
tissue biocompatibility and biomechanical properties. In
addition, our previous study on the finite element analysis
also indicated that the periacetabular bone strength was
adequate to support the patients’ single-legged standing
immediately after surgery [17]. Moreover, the postoperative
three-dimensional reconstruction of CT data showed that
the porous augment anatomically matched well with the
acetabular bone defect.

This study had several limitations. First, only one type of
acetabular bone defect (Paprosky IIB) was created in the cur-
rent animal experiments. The Paprosky IIB type bone defect
only represents the injury of the dome region of the acetabu-
lum with the biggest shear strength, when compared to other
types of acetabular bone defects. Second, the uncontrolled
nature of the study prevented us from proving the advantages
of the 3D printed porous Ti6Al4V augments over other alter-
natives. However, the positive results in both the animal
models made us believe that the 3D printed porous Ti6Al4V
augment is an effective choice for managing severe acetabular
bone defects.

In summary, the 3D printed porous Ti6Al4V augment
presented good bone tissue biocompatibility and biomechan-
ical properties in our animal model. These augments ana-
tomically well matched with the defect bone. Therefore, the
3D printed porous Ti6Al4V augment possesses great poten-
tial as an alternative for individualized treatment of severe
acetabular bone defects.
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There has been an increasing interest and enormous applications in three-dimensional (3D) printing technology and its prosthesis,
driving many orthopaedic surgeons to solve the difficult problem of bony defects and explore new ways in surgery approach.
However, the most urgent problem is without an effective prosthesis and standard treatment strategy. In order to resolve these
problems, this study was performed to explore the use of a 3D-printed anatomically conforming pelvic prosthesis for bony
defect reconstruction following tumor resection and to describe a detailed treatment flowchart and the selection of a surgical
approach. Six patients aged 48-69 years who had undergone pelvic tumor resection underwent reconstruction using 3D-printed
anatomically conforming pelvic prostheses according to individualized bony defects between March 2016 and June 2018.
According to the Enneking and Dunham classification, two patients with region I+II tumor involvement underwent
reconstruction using the pubic tubercle-anterior superior iliac spine approach and the lateral auxiliary approach and one patient
with region II+III and three patients with region I+II+III tumor involvement underwent reconstruction using the pubic
tubercle-posterior superior iliac spine approach. The diagnoses were chondrosarcoma and massive osteolysis. After a mean
follow-up duration of 30.33 + 9.89 months (range, 18-42), all patients were alive, without evidence of local recurrence or distant
metastases. The average blood loss and blood transfusion volumes during surgery were 2500.00 + 1461.51 ml (range, 1200-5000)
and 2220.00 £ 1277.62ml (range, 800-4080), respectively. During follow-up, the mean visual analogue scale (VAS) score
decreased, and the mean Harris hip score increased. There were no signs of hip dislocation, prosthetic loosening, delayed wound
healing, or periprosthetic infection. This preliminary study suggests the clinical effectiveness of 3D-printed anatomically
conforming pelvic prostheses to reconstruct bony defects and provide anatomical support for pelvic organs. A new surgical
approach that can be used to expose and facilitate the installation of 3D-printed prostheses and a new treatment strategy are
presented. Further studies with a longer follow-up duration and larger sample size are needed to confirm these encouraging results.

grafts, such as malalignment, malrotation, nonunion, rejection,
infection, and refracture, significantly limit the application of

The pelvis is a very important component of the skeletal sys-
tem that helps stabilize and protect the organs in the pelvis.
As the three-dimensional (3D) geometry of the pelvic bone
is complex, reconstruction of pelvic bony defects following
the resection of large pelvic bone tumors poses a great chal-
lenge to orthopaedic surgeons worldwide. Historically, sur-
geons have used massive allografts or autografts in their
attempts to reconstruct these bony defects [1, 2]. However,
the many shortcomings associated with allografts or auto-

this technique [3-6].

At present, the functional and anatomical restoration of
the pelvis is the most concerning problem associated with
reconstruction. With developments in implantation tech-
niques, prosthetic reconstruction after tumor resection has
gradually been adopted by many scholars [7-11]. Several
kinds of prosthesis can be used for reconstruction, such as a
saddle endoprosthesis, [10, 12] an ice cream cone endo-
prosthesis [8, 13], and a modular hemipelvic endoprosthesis.
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Saddle and ice cream cone prostheses require a sufficient
amount of preserved iliac bone after tumor resection to sup-
port the prosthesis, and because they do not provide anatom-
ical reconstruction, they cannot reconstruct the intact pelvic
ring or transfer the biomechanical load of the lower limb,
leading to a high occurrence of prosthetic instability or loose-
ness. Meanwhile, due to its emphasis on functional recovery,
the modular hemipelvic endoprosthesis cannot protect pelvic
organs.

With the development of 3D printing techniques that can
applied to the clinic, 3D-printed prostheses have been used in
the reconstruction of bony defects following complex pelvic
bone tumor resection [14]. Moreover, 3D-printed pelvic
prostheses have been used to accurately repair bony defects
and improve pelvic function [15, 16]. However, the current
approach to using 3D-printed prostheses for pelvic recon-
struction is still lacking; because there is no standard treat-
ment strategy, an entirely anatomically conforming pelvic
prosthesis has not been reported, and there is no suitable
approach by which the pelvis can be easily exposed.

Here, we report a novel treatment strategy and an
anatomically conforming shape pelvic prosthesis for the
treatment of bony defects after pelvic tumor resection. Com-
pared with previously reported prostheses [9, 10, 13], the
prosthesis described herein has an improved anatomically
conforming shape and differs in its functional design. Our
study also focuses more on the strategies of reconstruction
than previous studies. To our knowledge, this is the first report
of an entirely anatomically conforming hemipelvic prosthesis,
a standard treatment strategy for pelvic reconstruction.

2. Materials and Methods

2.1. Clinical Data. Between March 2016 and June 2018, six
patients with pelvic tumors underwent tumor resection and
hemipelvic replacement with a 3D-printed anatomically con-
forming pelvic prosthesis in Eighth Medical Center of
Chinese PLA General Hospital. Inclusion criteria are as fol-
lows: (1) pelvic primary low-grade malignant tumors with a
good preoperative response to chemotherapy or radiother-
apy, with no damage to the external iliac vessels, femoral
nerve, sciatic nerve, or main muscles such as the gluteus max-
imus, and with no tumor metastasis; (2) large osteolytic
benign tumors; and (3) pelvic chondrosarcoma, especially
around the acetabulum. Exclusion criteria are as follows: (1)
metastases from other sites, such as the lung; (2) intolerance
to anaesthesia; and (3) malnutrition, a preoperative haemo-
globin level below 100 g/l or a plasma albumin level below
30g/l. There were four male and two female patients with a
mean age of 56.00 + 8.05 years (range, 48-69). All patients
underwent preoperative plain radiography of the pelvis, 3D
computed tomography (3D-CT) of the pelvis, magnetic res-
onance imaging (MRI) of the pelvis, and an electrical capac-
itance tomography (ECT) bone scan (Figures 1 and 2).
Needle or incisional biopsy was performed before the
operation.

We performed this study after obtaining approval from
the Institutional Human Ethical Committee of the 8th
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Medical Centre, Chinese PLA General Hospital (no
309202008061535).

2.2. Workflow Chart of the Surgical Plan. The study design
consisted of the following preoperative preparation, prosthe-
sis preparation, surgical approach, and follow-up steps
(Figure 3), which are described in detail in subsequent sub-
sections. [1] Preoperative preparation included plain radiog-
raphy of the pelvis, 3D-CT, MR, an ECT bone scan, and
needle biopsy. [2] Preoperative embolization reduces intra-
operative bleeding, making tumor resection, osteosynthesis,
and implantation of hip prostheses possible. [3] The 3D-
printed prostheses were designed and manufactured
(through CT data collection and image processing, design
of the prosthesis, 3D printing of an osteotomy guide, and
an implant simulation experiment). [4] Surgery was per-
formed through the pubic tubercle-posterior superior iliac
spine or the pubic tubercle-anterior superior iliac spine
approach and/or the lateral auxiliary approach (selected
based on the classification of bony defects), comprising
osteotomy and implantation. [5] Postoperative management
and follow-up were performed.

2.3. Data Collection and Image Processing. A set of whole pel-
vic CT scans comprising the sacrum, ilium, pubis, and
ischium was acquired with a 320-detector row CT scanner
(Philips Corporation. Japan). Axial images with a slice thick-
ness of 0.5 mm were obtained. The digital images were saved
in digital imaging and communications in medicine format
and then uploaded into a medical image control system
(Mimics 17.0 Software, Materialise Corporation, Belgium)
for 3D reconstruction and editing.

2.4. Design and Manufacture of the 3D-Printed Anatomically
Conforming Pelvic Prosthesis. From our experience in the
current study, we have developed the following consider-
ations. [1] The shape of an anatomically conforming
prosthesis should aptly fill the bony defect, provide the
biomechanical load-bearing capacity for the body, and
protect the organs in the pelvis. [2] The prosthetic sur-
face should be firmly integrated with the bone, muscle,
and tendon structure of the host, which is a key factor
for long-term success [17]. (3)The weight and elastic
modulus of the prosthesis need to be taken into consider-
ation so that the prosthesis is not bulky and to avoid
stress resulting in a shielding fracture. [4] Guidance of
the fixation screws should be effective and accurate.

To produce each of the 3D-printed anatomically con-
forming pelvis prostheses that addressed a bony defect spe-
cific to an individual, the mirror image of the hemipelvis on
the unaffected side was combined with the bony defect (as
derived from the CT images of each patient), and the pros-
thesis was then manufactured by 3D printing (Chun Li
Zheng Da Medical Instruments Corporation, Ltd., Beijing,
China, and Ai Kang Yi Cheng Medical Instruments Corpora-
tion, Ltd., Beijing, China) using titanium alloy (Ti6Al4V).

Based on the mirror image principle of 3D printing tech-
nology, each complete anatomically conforming prosthesis
consisted of an ilium, pubis, and ischium, thus protecting
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FIGURE 1: Preoperative radiography, MRI, and CT images. (a) Coronal T2-weighted perfusion MRI scan demonstrating tumor involvement in
pelvic regions I+II+III. (b) Coronal T2-weighted MRI scan demonstrating tumor involvement in pelvic regions I+II+III. (c) CT image
demonstrating tumor involvement in pelvic regions I+II+IIL. (d) X-ray image demonstrating tumor involvement in pelvic regions II+IIL
(e) Coronal T2-weighted perfusion MRI scan demonstrating tumor involvement in pelvic regions II+III. (f) Coronal T2-weighted MRI
scan demonstrating tumor involvement in pelvic regions II+III. (g) X-ray image demonstrating tumor involvement in pelvic regions I+IL
(h) CT image demonstrating tumor involvement in pelvic regions I+II.
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FIGURE 2: Preoperative electrical capacitance tomography (ECT) bone scans. (a, b) ECT image demonstrating tumor involvement in pelvic
regions II+III without distant metastases. (c, d) ECT image demonstrating tumor involvement in pelvic regions I+II without distant

metastases. (e, f) ECT image demonstrating tumor involvement.
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F1GURE 3: Workflow of a novel treatment strategy for treating pelvic bony defects with 3D-printed prostheses.
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the organs in the pelvis and reestablishing biomechanical
loads to recover pelvic function. Of course, the above compo-
nents were considered when designing the prosthesis, as well
as the extent of the bone defect after osteotomy. The obtura-
tor foramen was designed as an open ring without the
inferior pubic ramus, to facilitate installation and avoid dam-
aging the neurovascular bundle that passes through the obtu-
rator foramen. In addition, the ischial tuberosity was
designed as a polished surface, providing support and com-
fort. With no inferior ischial branch, the obturator foramen
was designed in an open-loop state that was easy to implant
and reduced the risk of injury to vital structures. The antever-
sion and abduction angles of the acetabulum exactly matched
the patient’s anatomy. There were three fixed holes at the
bottom of the acetabulum to facilitate implantation of the
total hip joint. To increase the initial postoperative stability
of the reconstruction, the fixed system of the prosthesis
included locking screw holes and universal pores.

To reduce the weight of the prosthesis and promote
osteointegration, the main structure of the prosthesis body
was designed with large holes in a honeycomb-like config-
uration. The pore diameter of the prosthesis interface with
bone ranged from 400 to 450 ym and exhibited a coverage
rate of 70% and a thickness of 1.5mm. A solid structure
with a certain strength was designed on the mechanical
support portion.

Before surgery, the prosthesis was generated as a whole or
part specific for fitting the resected bone or bony defect
(Figure 4). Data collection and image processing took three
days, while 3D printing prosthesis fabrication, postproces-
sing cost one week.

2.5. 3D-Printed Osteotomy Guide and Implant Simulation
Experiment. A 3D-printed 1:1 plastic model of the pelvic
prosthesis, which was produced using the same data and
3D printing technique as the osteotomy guide, was used for
preoperative planning and as a reference during the opera-
tion. A precise and limited cutting depth of the saw blade
was set to prevent the saw from damaging the organs in the
pelvis. After a simulation of the osteotomy procedure, a sim-
ilar simulation experiment was performed for the 3D-printed
pelvic prosthesis to determine whether the 3D-printed pros-
thesis matched perfectly with the residual hemipelvic model
(Figure 5).

2.6. Surgical Approaches

2.6.1. Preoperative Preparation. Routine enemas were per-
formed twice 12 hours before the operation. After general
anaesthesia induction, the patient was placed in a lateral or
floating position.

2.6.2. Pubic Tubercle-Posterior Superior Iliac Spine (PP)
Approach. For the pubic tubercle-posterior superior iliac
spine approach, an incision 60 cm in length was made to
expose the tumor focus (Figure 6). Starting from approxi-
mately 1cm above the pubic tubercle, the incision passed
through the anterior superior iliac spine and ended at the
posterior superior iliac spine. The skin and subcutaneous tis-
sue were incised successively. The gluteus maximus muscle

and the external oblique muscle of the abdomen were
exposed. As the lateral femoral cutaneous nerve was some-
times encountered at the lateral edge of the incision, care
was taken to avoid unnecessary nerve injury. The external
oblique muscle was separated from the superficial inguinal
canal to the anterior superior iliac spine. The spermatic cord
in males or round ligament in females was separated carefully
and pulled apart with a rubber band. The anterior sheath of
the rectus abdominis muscle was cut to expose the inferior
portion of the rectus abdominis muscle. The iliacus muscle
was separated from the medial iliac wing. The retropubic
space was reached when the rectus abdominis muscle was
separated from the pubic symphysis via a transverse incision.
After opening the posterior wall of the inguinal canal (which
is formed by the internal oblique and transverse abdominal
muscles), the inferior epigastric artery was ligated. Then,
the fibers of the transverse and internal oblique muscles were
separated from the lateral half of the inguinal ligament. The
peritoneum was retracted with gauze to expose the femoral
artery, femoral nerve, and iliopsoas tendon. After protecting
the neurovascular bundle, the medial wall of the acetabulum
and the superior pubic ramus were exposed. The gluteus
maximus, gluteus medius, and gluteus minimus muscles
were peeled from the iliac spine; then, these muscles were
carefully retracted inferiorly along with muscles from the
anterior compartment of the thigh to expose. The inferior
gluteal artery and nerve were avoided to prevent damage.
After removing the joint capsule, the femoral neck was sawed
from the greater trochanter to a location 1.5cm above the
lesser trochanter. Then, the femoral head was removed.

2.6.3. Lateral Auxiliary (LA) Approach. After exposure of the
ilium and pubis as well as part of the ischium, a supplementary
incision was performed. For this supplementary posterolateral
approach, a longitudinal incision was made with a length of
20cm from the greater trochanter along the femoral shaft.
The tensor fascia lata and gluteus maximus muscles were
bluntly separated along the muscle fibers, and then, the sciatic
nerve was protected. After removing the attached muscle group
from the sciatic tubercle, the whole hemipelvis was freed.

2.6.4. Surgical Approach Selection. The tumors were classified
as follows according to the location of the tumor or bony
defect in different areas of the pelvis, using the Enneking
and Dunham classification [18]: the ilium (region I), acetab-
ulum (region II), and pubis and ischium (region III). Then,
based on our experience, the appropriate surgical approach,
as described below, was identified and implemented
(Table 1). The novel surgical approach, with the goal of resec-
tion, was defined by considering the classification of and the
extent to which the tumor invaded the pelvis.

(1) Region I resection and reconstruction (using the PA
approach): for patients with iliac tumors, the opera-
tion was performed using the following approach:
one incision from the pubic tubercle to the anterior
superior iliac spine

(2) Region II/I+II resection and reconstruction (using
the PA approach plus the lateral auxiliary approach):
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FIGURE 4: The 3D-printed pelvic prosthesis. (a) Lateral view of a prosthesis designed for the hemipelvis. (b) Anterior view of a prosthesis
designed for the hemipelvis. (c) Anterior view of a prosthesis designed for pelvic regions I+II. (d) Posterior view of a prosthesis designed
for pelvic regions I+II. (e) Illustration of the prothesis design fabricated by the electron beam melting technique with a porosity of 70%
and a pore size of 400 to 450 um. (f) Anterior view of the prosthesis designed for pelvic regions II+III.
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FIGURE 5: Preoperative planning. (a, b) Embolization was performed to prevent severe hemorrhage. (c—e) 3D-CT image of a tumor in region
II. (f-1) The designed osteotomy guide with cutting platforms or slits that matched the planned resection planes. (j-m) Implant trial. (n-p)
Drill guide on the implant for drilling the saw paths.



BioMed Research International

(d)

F1GURE 6: Skin incisions. (a) Posterior view of the pubic tubercle-posterior superior iliac spine approach and the lateral auxiliary approach. (b)
Anterior view of the pubic tubercle-posterior superior iliac spine approach and the lateral auxiliary approach. (c) Lateral view of the anterior
half of the novel approach and the lateral auxiliary approach. (d) Postoperative wound healing at the one-year follow-up.

TaBLE 1: Definition of the surgical classification and management strategy proposed for each type of resection.

Categorization pelvic involvement
RI

RIV/I+II

R II+II/T+IT+11I

Tumor location Ilium
Incision

Start point Pubic tubercle
End point Anterijor superior iliac spine
Lateral auxiliary incision No

Prosthesis component Tlium

Pubic tubercle

Anterior superior iliac spine

Acetabulum/ilium and acetabulum Acetabulum, pubis, and ischium/hemipelvis

Pubic tubercle
Posterior superior iliac spine
Yes Yes

Acetabulum/ilium and acetabulum Acetabulum, pubis and ischium/hemipelvis

for patients with acetabular tumors, the operation
was performed using the following approach: one
incision from the pubic tubercle to the anterior supe-
rior iliac spine as well as the lateral auxiliary incision

(3) Region II+III/I+II+III resection and reconstruction
(using the PP approach + the lateral auxiliary
approach)

2.6.5. Osteotomy and Prosthesis Implantation. To increase the
accuracy of osteotomy and shorten the operative time, a 3D-
printed osteotomy guide was developed. The basic principle
of the osteotomy guide was designed following the extent of
the affected hemipelvis according to the preoperative CT
and MRI patient data. The entire process of designing the
3D-printed osteotomy guide was achieved with a preopera-
tively designed location and 3D-printed cutting guides. The
3D-printing osteotomy guide was fixed at the corresponding
region of the bone surface to perform the osteotomy. Under
the assistance of the osteotomy guide, the ilium, pubis,
and/or ischium was resected. After osteotomy, the 3D-
printed anatomically conforming pelvic prosthesis that had
been adapted precisely to the bony defect of the pelvis was
firmly fixed with cancellous screws and locking screws after
drilling via a drill guide. The pubic part of the prosthesis
was fixed to the residual part of the pubis or the opposite

pubic ramus. The iliac part of the prosthesis was fixed to
the iliac crest, the sacroiliac joint, or the residual part of the
sacroiliac joint with screws. A polyethylene elevated-rim ace-
tabular liner or a restricted acetabular was cemented to the
acetabular rim of the hemipelvic prosthesis for fixation. A
cementless femoral stem and metal head were implanted
after reaming of the femoral medullary cavity (Figures 7).
The surgical field was flushed with a medical pulse irrigator
(Beijing Wanjie Medical Device Corporation, Ltd., Beijing,
China) to reduce the risk of infection.

2.7. Postoperative Management and Main Outcome
Measures. During the postoperative period, two silicone
drainage tubes were maintained until the drainage volume
was less than 50 ml in 24 hours, and second-generation ceph-
alosporin was administered intravenously for seven days.
Anticoagulation agents were administered subcutaneously
for prophylaxis against deep vein thrombosis for four weeks.
Initiation of mobilization was advised when the drainage
tubes were removed postoperatively and if there was no pain,
no symptoms of instability, and no perioperative complica-
tions. All patients underwent postoperative pelvic plain radi-
ography to assess implant orientation and implant failure,
such as loosening or fracture, every three months during
the first year postoperatively and every six months thereafter.
Functional outcome was evaluated by the Harris hip score
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FIGURE 7: Surgical steps of resection and implantation. (a) An incision was made. (b) The neurovascular bundle was protected. (c) The
hemipelvis was removed. (d) The intact hemipelvis. (e) Comparison of the intact hemipelvis and the 3D-printed hemipelvic prosthesis. (f)
Implantation of the 3D-printed hemipelvic prosthesis. (g) Fixation of the prosthesis with a drill. (h) Implantation of the total hip prosthesis.

every month during the first three months of follow-up and
every three months thereafter. Preoperative and postopera-
tive pain at rest was assessed using a visual analogue scale
(VAS) and the Musculoskeletal Tumor Society (MSTS) score
for evaluating patient activity.

2.8. Statistical Analysis. Results of VAS score, Harris hip
score, follow-up duration, MSTS-93 score, intraoperative
blood loss, volume of blood transfused, postoperative drain-
age volume and operation time were expressed as means +
SD and were analyzed with SPSS Statistics software, version
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23.0 (IBM, Armonk, New York, USA). Statistical significance
for the results of VAS score and Harris hip score was deter-
mined by paired t-test. p < 0.05 was considered statistically
significant.

3. Results

3.1. Patient Data. Data pertaining to clinical characteristics
were recorded—specifically, age, sex, symptoms, duration in
months, Enneking and Dunham classification, and diagnosis.
Clinical data are summarized in Table 2. The chief com-
plaints were persistent pain in the inguinal area and a fixed
local mass in the stomach. X-ray showed osteolytic bone
destruction, CT scan showed incomplete bony shell and
unclear boundary around the tumor, and soft tissue mass
protruded from the bony shell and showed inhomogeneous
density. MRI scan showed that the tumor had heterogeneous
intensity on T1 and T2 images in five cases, MRI signal inten-
sity of the bone marrow disappeared and had a long T1 and
long T2 signal intensity changes in one case, and the radionu-
clide concentration of tumor foci could be seen on ECT
images. According to radiology, Region I and II involvement
was found in two patients, region II and III involvement in
one patient, and regions I, II, and III involvement in three
patients.

3.2. Surgical Outcome. All operations were completed suc-
cessfully. The five patients with chondrosarcoma, character-
ized by a large soft tissue mass, underwent wide excision,
and the other patient with massive osteolysis underwent
marginal excision. Two patients underwent implantation of
the 3D-printed prosthesis via the PA approach in addition
to the LA approach; the other four patients underwent
implantation of the 3D prosthesis via the PP approach in
addition to the LA approach. The mean intraoperative blood
loss was 2500.00 + 1461.51 ml (range, 1200-5000), the aver-
age volume of blood transfused during surgery was 2220.00
+1277.62 ml (range, 800-4080), and the mean postoperative
drainage volume was 937.50 + 474.44 ml (range, 395-1730).
The mean operation time was 247.50 + 103.52 min (range,
135-420 min). Pathological evidence of the intraoperative
specimen confirmed the diagnosis from the preoperative
biopsy (Figure 8). All cases were studied by pathology corre-
lated with radiology. Among the six patients, five were diag-
nosed with chondrosarcoma, and the other was diagnosed
with massive osteolysis.

3.3. Follow-Up Data. After a mean follow-up duration of
30.33 + 9.89 months (range, 18-42), all patients were alive
and without evidence of local recurrence or distant metasta-
ses. Hip dislocation, aseptic loosening, bone resorption, peri-
prosthetic fractures (Figure 9), wound infection, and delayed
wound healing were not observed in these patients during the
short-term follow-up.

The mean preoperative VAS score was 7.167 + 1.47
(range, 5-9) one week before operation, and the mean post-
operative VAS score was 2.83 + 1.47 (range, 1-5) at the last
follow-up (t =4.914, p = 0.004). The mean preoperative Har-
ris hip score was 32.33+11.11 (range, 20-50) one week
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before operation, and the mean postoperative Harris hip
score was 58.17 + 13.92 (range, 40-78) at the last follow-up
(t=-7.289, p=0.001). The MSTS score was 19.83 +4.26
(range, 15-26) at the last follow-up. The patients were able
to walk with crutches after an average of 76.17 + 10.30 days
(range, 62-91) (Table 3, Figure 10).

4. Discussion

We establish a novel strategy on reconstruction of bony
defects after tumor resection with 3D-printed anatomically
conforming pelvic prostheses. With the use of this technology,
it will enhance accuracy in preoperative planning and the
improvement in outcomes. Herein, we discuss our experience
with a 3D-printed prosthesis and address the following: first,
how to plan the treatment strategy; second, how to design
the prosthesis; and third, how to select the surgical approach.

4.1. Planning for the Treatment Strategy. We created a flow-
chart to illustrate hypothetical management strategies. Based
on the results of our study and the flowchart of the study
design presented in Figure 3, we propose a similar process
for the selection of treatment strategy. With an effective clin-
ical flowchart, it would be beneficial to select surgical indica-
tions, simplify the corresponding treatment process, and
observe postoperative follow-up. We preliminarily identified
multiple possible contributing factors for an effective treat-
ment strategy, including preoperative preparation, tumor
classification, and postoperative management. Radiology of
data collection played an important role in preoperative
preparation.

Good outcomes begin with meticulous planning of the
therapy procedure. To ensure surgical accuracy, it is neces-
sary to collect imaging data, such as X-ray, 2D-CT, 3D-CT,
MRI, or ECT bone scan data, during the preoperative plan-
ning stage. Preoperative lung CT and whole-body isotope
bone scans were used to determine the presence of lung
and systemic metastases. Invasion of the ureteropelvic seg-
ment and important nerve tissues were assessed by preoper-
ative angiography and electromyography. We carried out
simulation and guided osteotomy according to the imaging
data collected before operation. Application of a 3D-printed
osteotomy guide achieves limited exposure and high accu-
racy and facilitates the desired osteotomy procedure, [19,
20] aiding in precise prosthesis implantation. By using an
osteotomy guide, secondary damage to adjacent vessels and
nerves can be avoided [21, 22].

It is another concern on how to reduce intraoperative
bleeding in preoperative planning. Resection of pelvic tumors
causes severe blood loss, even postoperative death [23]. Pre-
operative tumor vessel embolization can reduce intraopera-
tive bleeding. Blood loss was a major concern in this study,
and the estimated average amount of bleeding was approxi-
mately 2500 ml, the success of which was attributed not only
to the selection of surgical approach and technique but also
to the use of preoperative arterial embolization [24]. Selec-
tion of the occluding material and the interval between
embolization and surgery are keys to the success of emboliza-
tion [25]. In this study, gel foam was used as an occluding
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TaBLE 2: Demographics of patients who received a 3D-printed anatomically conforming pelvic prosthesis.

Case Age Sex Classification™ Diagnosis Symptoms Duration in months
1 48 F Region I+II Massive osteolysis Pain 24

2 57 M Region I+IT+IIT Chondrosarcoma Pain and mass 5

3 69 M Region II+I1T Chondrosarcoma Pain and mass 6

4 52 M Region I+1I Chondrosarcoma Pain and mass

5 49 M Region I+IT+IIT Chondrosarcoma Pain and mass

6 61 F Region I+II+II Chondrosarcoma Pain and mass 10

*According to the Enneking and Dunham classification [18].
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Ficure 8: Immunohistochemical pathological evidence from the intraoperative specimen confirms the preoperative diagnosis of
chondrosarcoma in a 57-year-old patient. (a) HE x40. (b) HE x100. (c) Vimentin x100. (d) S-100 x100.

material 1-6 days before operation, which was effective and
safe.

In the preoperative planning process, it is very important
to select suitable patients with appropriate indications and
exclude inappropriate patients with contraindications. A sen-
sitive response to preoperative neoadjuvant chemotherapy
and radiotherapy is very important in the treatment of pelvic
malignancies, as these types of therapy shrink the tumor vol-
ume and clear the tumor boundary [26].

Dislocation is the most common complication in the
early postoperative stage. No dislocation or loosening was
observed in our patients, which may be associated with the
strict postoperative management as shown in our flowchart.
This finding could also be attributed to acetabular compo-
nent positioning [27], soft tissue laxity around the joint
[28], and nerve injury. [29] Based on previous experience
obtained from the current study, an elevated-rim acetabular
liner, a locked hip prosthesis, braces, neutral orthopaedic
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FIGURE 9: Postoperative X-ray images. (a) Prosthesis for regions I+II+III. (b) Prosthesis for regions II+III. (c) Prosthesis for regions I+II.

TaBLE 3: Data related to the operation and follow-up of patients undergoing reconstruction following tumor resection.

Variable

Value

Operation time, mean (min)
Intra-operative blood loss, mean (ml)
Intra-operative blood transfused, mean (ml)
Post-operative drainage volume, mean (ml)
Follow-up duration

VAS (pre vs. post)

MSTS-93 score, mean

Harris score (pre vs. post)

Average time to walking

247.50 + 103.52 (range 135-420)
2500.00 + 1461.51 (range 1200-5000)
2220.00 + 1277.62 (range 800-4080)
937.50 + 474.44 (range 395-1730)
30.33 £ 9.89 months (range 18-42)
7.167 + 1.47 (range 5-9) vs. 2.83 + 1.47 (range 1-5)
19.83 +4.26 (range 15-26)
32.33+11.11 (range 20-50) vs. 58.17 + 13.92 (range 40-78)
76.17 £ 10.30 (range 62-91)

F1GURE 10: The patient could sit and stand without assistance at the
one-year follow-up.

shoes, and low branch traction were applied in order to help
prevent dislocation. The occurrence of hip dislocation was
reduced after scar tissue was formed around the hip joint.
Previous studies have shown a high risk of infection in
patients after undergoing pelvic reconstruction [30]. A med-
ical pulse irrigator and sufficient drainage were applied to
reduce the incidence of infection, and no cases of infection
occurred in our study during the follow-up period.

4.2. Designing the Prosthesis. To obtain satisfactory func-
tional results with reconstruction, restoration of the anatom-
ical integrity of the pelvic ring should be taken into account
when designing the prosthesis. Moreover, the selection of
the type and extent of pelvic resection informs prosthesis
design, including the components, shape, width, and length
of the prosthesis. In the present study, the prosthesis was
fixed to the remaining ilium (or the sacrum), pubic rami
(same side or the other side), and ischial rami by screws
through reserved holes, which allowed immediate stability
and continuity of the pelvic ring. Besides considering the
integrity of the pelvic ring, we design the ischial tubercle of
the prosthesis into a polished surface, which can improve
the comfort when sitting.
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The porous surface structure of the prothesis was designed
to reduce the incidence of prosthetic loosening, enhance bone
ingrowth, minimize stress shielding, and reduce its weight
using electron beam melting technology [17]. Previous studies
have reported that this porous structure acts as an osteocon-
ductive scaffold for bone ingrowth and applies a stimulus for
bone formation [31]. It has been suggested that porous struc-
tures with pore diameters ranging from 400 to 800 m and
high porosity (75%) are the most effective in promoting pros-
thesis osteointegration [32, 33]. Pobloth et al. reported that a
prosthesis designed in a honeycomb-like configuration could
minimize stress shielding while ensuring resistance against
mechanical failure and increased bone formation [34]. Accord-
ing to these findings, the surface of our 3D-printed prosthesis
was designed with a pore diameter of 400 yum and a porosity
of 75%. We hypothesized that compared with a smooth sur-
face, this porous structure would enable the well-vascularized
soft tissue to better reattach to the prosthesis. In practice, the
high postoperative Harris hip score in our study confirmed this
hypothesis. Furthermore, we demonstrated the achievement of
good radiographic fusion and hip function without any cases of
prosthetic loosening or fracture on X-ray at the last follow-up.

Through 3D image processing, safe and dangerous areas
of screw fixation can be strictly depicted before surgery to
improve safety [35]. A predesigned 3D printing screw hole
has been successfully used to drill holes with an accurate ori-
entation and length and to guide screws into the correct posi-
tion during surgery. The use of preoperative 3D image
processing is a safe, effective, and accurate means to avoid
the need for repeat detection of the bone defect, increasing
the operative time and reducing the incidence of secondary
damage. In our study, cement was used to seal the cap of
the screws to prevent screw withdrawal. In future research,
we plan to use locking screws and holes. Currently, preoper-
ative utilization of the 3D 1:1 prosthesis model aid in our
understanding of the operation process, shortens the opera-
tive time, and reduces the occurrence of complications.
Moreover, 3D-printed osteotomy guides have been widely
applied in bone tumor resection due to their accuracy [36].
A previous study demonstrated that the maximum error of
the 3D-printed osteotomy guide was significantly lower than
that of a free-hand osteotomy guide [22]. Under the assis-
tance of a 3D-printed osteotomy guide, intraoperative injury
to adjacent blood vessels and nerves can be avoided [21, 22].

4.3. Selecting a Surgical Approach. Optimal outcomes are
associated with the correct selection of surgical approaches
and techniques. Tumor classification is vital, as there is not
a single surgical approach that permits safe resection and
implantation. The selected approach should also be aimed
at avoiding the dissection of important muscle groups, thus
reducing the risk of injury to neurovascular bundles. There-
fore, the effective surgical approach should be selected
according to the tumor classification.

In this novel approach, it is necessary to remove the
attachment point of the muscle on the iliac crest and peel
away the iliac muscle as well as to avoid serious injury, lateral
femoral cutaneous nerve damage, bladder injury, bleeding,
extended wound closure time, infection, and other complica-
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tions. Various surgical approaches (ilioinguinal/modified
Stoppa) have been previously reported [37]. Compared with
the ilioinguinal approach and the modified Stoppa approach,
the novel approach has the following advantages: [1] the
muscles are peeled away from the bone as a sleeve together,
avoiding damage to external rotation muscles and neurovas-
cular bundles and reducing the risk of infection and [2] due
to the satisfactory exposure, it is easy to perform tumor resec-
tion and reconstruct the pelvic bony defect with less bleeding.

The volume of blood loss and operative time in this study
were partially due to the choice of surgical approach. A long
surgical time and a massive blood loss volume might increase
the incidence of postoperative infection [9, 21, 33]. Com-
pared with the approach and the modified Stoppa, our novel
approach is superior in terms of reducing the operative time
and blood loss volume, according to our preliminary evi-
dence. Further studies with larger sample sizes are needed
to confirm this hypothesis. In our patients, the average vol-
ume of blood loss and the average amount of blood trans-
fused during surgery were lower than many previous
reports in which other approaches were used [38-40]. We
attribute this reduced bleeding to the selection of the
approach. As a qualitative comparison of the operative effec-
tiveness of our approach, the surgical time in our patients was
approximately 4 hours, while Gémez-Palomo et al. reported
a surgical time of 6 hours using the ilioinguinal approach
for internal hemipelvectomy and reconstruction assisted by
3D printing technology in a patient with pelvic sarcoma [41].

4.4. Strengths and Weaknesses. To our knowledge, this study
is the first to report reconstruction of the hemipelvis using a
fully integrated, anatomically conforming hemipelvic pros-
thesis, or to propose a novel surgical approach for pelvic
tumor resection. We also present the treatment strategy.
However, this study had some limitations. (1) A comparison
group was not included because there were not enough
patients in the study, but that the sample size limited the
power and also a comparison group was not included. [2]
The relatively short follow-up duration did not account for
determining late complications in all the patients. [3] There
were several drawbacks to the study design. Specifically, large
holes in the prosthesis should be utilized according to the
anatomical origins of muscles to guarantee accurate fixation
and reconstruction of important muscles/tendons, such as
the quadriceps femoris and iliac muscles. [4] The stability
of the contralateral sacroiliac joint could be affected by the
rigid fixation method and osseointegration, a biomechanical
performance analysis was not performed in this study, and
the prosthesis design should be improved in future studies.
[5] The extensive costs associated with 3D printing, the high
requirements for the techniques and team members, and the
long manufacturing period are also limitations for the exten-
sive application of this approach.

5. Conclusions

This is the report of a detailed design for a 3D-printed ana-
tomically conforming hemipelvic prosthesis and a novel
treatment strategy in treating the pelvic tumor. In our study,
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the giant pelvic tumors were resected with large bony defects
remaining in need of reconstruction. Reconstruction was
achieved with a highly matched, 3D-printed prosthesis with
an anatomically conforming design and with surgical tech-
niques that included the novel approach and other supple-
mentary steps to reduce injury. Despite these favorable
outcomes, additional studies with long-term follow-up dura-
tions are required. Further research will be of value for
patients with complex pelvic tumors.

Data Availability

The dataset supporting the conclusions of this study is avail-
able, and we agree to share the dataset.
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Objective. To investigate the feasibility of using 3D printed personalized guide plates in core decompression procedures for the
treatment of osteonecrosis of the femoral head (ONFH). Methods. The clinical data of 8 patients undergoing femoral head core
decompression from January to December 2019 were analyzed retrospectively. Three-dimensional (3D) images of the patients
were reconstructed from the CT scan data taken preoperatively. From the data obtained, puncture position, drill hole, and depth
were evaluated, and individualized 3D puncture guide plates were designed using Mimics 21.0 software. During the operation,
the needle went through the hole of the guide plate, the depth of the drill was controlled, and the obtained bone tissues were
sent for pathological evaluation. Intraoperative X-ray and postoperative pathological results were used to evaluate the success of
the puncture. Results. The individualized guide plates used for core compression on the 8 patients were well fitted with the
anatomic structure of the puncture site, and the direction and depth of the needle insertion were consistent with the
preoperative design. The operation time was about 15-22 mins. The position of the decompression tunnel was the same as the
designed plate. The postoperative pathology showed necrotic bone tissue. There were no postoperative complications such as
infection, bleeding, and fracture. Conclusion. The 3D printed individualized guide plate can simplify core decompression and
would make this procedure more accurate, safe, and quick, in addition to obtaining necrotic tissues for pathological examination.

1. Introduction

Osteonecrosis of the femoral head (ONFH) is a destructive
bone condition most commonly affecting young and middle-
aged patients. ONFH often progresses to femoral head
collapse, which in some patients may require total hip arthro-
plasty (THA) [1-4]. Core decompression is one choice of
treatment for early-stage ONFH. Depending on the specific
condition, multiple-tunnel decompression or single-tunnel
decompression may be adopted. At present, the location of
the needle is mainly determined by C-arm fluoroscopy during
surgical operation. For young patients with small necrotic
areas, repeated fluoroscopy is needed to make the needle reach
the ideal position. In recent years, 3D printed techniques have
emerged in the field of medicine due to their high precision,
fast construction speed, and on-demand manufacture [5, 6].

Orthopedics, oncology, radiotherapy, and other disciplines
use 3D printed personalized guide plates to assist surgery
[5-7]. However, the use of this technology in the core decom-
pression procedure has been rarely reported. Recently, the
orthopedics department of Affiliated Zhongshan Hospital of
Dalian University applied the use of a 3D printed personal-
ized guide plate in core decompression for the treatment of
early-stage ONFH and achieved good clinical results.

L.1. Clinical Data. From January to December 2019, the
clinical data of eight patients with early-stage ONFH who
required core decompression were analyzed retrospectively.
The patients included 4 males and 4 females, with ages
ranging from 22 to 48 years. Their clinical symptoms
included hip pain and limited hip movement. All cases were
diagnosed as ONFH (ARCO II) by X-ray and MRI. The study
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FIGURE 1: The blue area is the necrotic area of the femoral head, and the yellow line is the location of the decompression pathway: (a)

horizontal, (b) sagittal, and (c) coronal.

(a)

FIGURE 2: The little white dots indicated by the white arrow are the metal lines: (a) horizontal and (b) coronal.

was approved by the Ethics Committee of Affiliated Zhong-
shan Hospital of Dalian University. All patients signed the
informed consent form.

1.2. Three-Dimensional Model of ONFH. CT scan data were
collected before the operation, and three metal wires were used
to mark the hip joint before the data were collected. When
taking the CT scan, patients were asked to keep their toes close
together and their legs straight. After completion of the scan,
the CT data was exported to the medical processing soft-
ware, Mimics 21.0 (Materialise, Belgium). The images were
segmented according to the gray value difference amongst the
temoral head, skin soft tissue, and the metal wire. The targeted
region was segmented with a different threshold, and the 3D
virtual model was reconstructed. The three-dimensional model
was optimized, and the osteonecrotic lesion was delineated as
the region of interest. The location and shape of the lesion
and the relationship between the lesion and the metal lines
were highlighted. (Figures 1 and 2).

1.3. Planning of the Decompression Tunnel and Design of
Personalized Guide Plates. The center point of the lesion
was used as the target point of the decompression tunnel, and

the decompression tunnel was planned from the lower part of
the greater trochanter of the femur to the center of the necrotic
area. After the decompression tunnel was determined, the
distance from the skin needlepoint to the decompression target
point was measured by the software, and the guide plate was
constructed using the software “expansion” function. Taking
the decompression tunnel as the center, 5-6 decompression
tunnels were designed parallel to it for multitunnel fine needle
core decompression. Finally, the redundant parts were
removed by the Boolean operation, and the guide plate was
customized. The surface of the guide plate in contact with the
skin was marked with a trace line on the skin surface of the
patient, to easily locate the accurate surface during surgery.

1.4. 3D Printing of the Personalized Guide Plate Model. From
Mimics 21.0 software, the guide plate model was exported as
a STL file into the 3D printing machine (Stratasys F170) for
rapid production of the guide plate. After printing the plate,
metal excesses were pruned, the plate was checked on the
patient to ensure proper fitting, and the plate surface trace
metal line and the trace line marked on the body surface were
inspected for consistency. If the comparisons align correctly,
the guide plate is sterilized and sealed at low temperature.
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(b)

FIGURE 3: (a) A marker line for the location of the metal line on the body surface; (b) a personalized guide plate designed by the software; (c)
the use of a 3D printed personalized guide plate (the blue arrow indicates the location of the marker line).

1.5. The Application of the Individualized Guide Plate in Core
Decompression. After anesthesia, the patient was placed in a
horizontal position, and the lower limbs were extended with
the toes close to each other, to mimic the same body position-
ing during CT scan. The marked line on the guide plate is
fitted on to the trace line marked on the body surface. Kirsch-
ner wire was passed through the guide tunnel in the guide
plate, and the needle was slowly penetrated through the
predetermined depth. Fluoroscopy was used to confirm the
positioning; then, the guide plate was removed. A 1 cm longi-
tudinal incision was made at the insertion of the Kirschner
wire, and trephine was drilled along the Kirschner wire.
The Kirschner wire was then pulled out, and necrotic bone
was taken out for pathological examination (Figures 3-6).

2. Results

The individualized guide plate of the 8 patients fitted prop-
erly. The position, direction, and depth of the inserted needle
were consistent with the preoperative design. All core
decompression operations were completed once, and X-ray
fluoroscopy of C-arm confirmed that all the Kirschner wires
reached the target point and that the necrotic bone tissues
were successfully removed. The operation time was 15-
22 mins. There were no postoperative complications such as
infection, bleeding, and fracture. The histopathologic diagno-
sis was necrotic bone tissue.

3. Discussion

In clinical practice, the treatment of early-stage ONFH is
relatively difficult. Core decompression is an effective
method to treat early-stage ONFH [8-11]; however, differing
results are obtained. Core decompression reduces the pres-
sure in the femoral head through the decompression tunnel,

improves the femoral head blood circulation, and at the same
time removes the necrotic bone from the focus area, leaving
out the healthy bone tissue. Therefore, the location of the
decompression tunnel is very important. If the target point
of the decompression tunnel can reach the central area of
the necrotic focus, it will be more accurate and more effective
to remove the necrotic bone. At present, clinicians use
intraoperative X-ray fluoroscopy repeatedly to adjust the
location of the needle to reach the target point. Repeated
punctures can disrupt normal bone tissue and blood
circulation within the femoral head and may exacerbate
osteonecrosis [12, 13]. Precise puncture decompression is
very necessary. At present, navigation technology is used to
assist core decompression, which can make the location of
puncture decompression more accurate and flexible, but it is
necessary to install a positioning device and adjust navigation
during the operation which increases the patient limb injury
and prolongs the surgical time, and navigation equipment is
expensive and so may decrease its usage in the clinics [14].
As 3D printing technology matures [15], existing
techniques can be used to design a 1: 1 model with a prototype
based on the patient’s CT data. Complete preoperative plan-
ning can be made, and a drill approach can be simulated with
a computer. Finally, a personalized 3D printed decompression
guide plate is made using 3D printing technology, which
improves the accuracy and efficiency of core decompression.
There are many kinds of 3D printed personalized guide
plates used during orthopedic operations [4-6]. They are
applied to the bone surface, but not to the surface of the skin,
because of the mobility of the skin and soft tissue. The
position of the guide plate changes when the body position
is changed or pulled apart. Therefore, ensuring the proper
positioning of the guide plate is the key to this kind of
operation. In this study, before CT scan, 3-4 metal wires were
fixed to the thin lateral soft tissue of the greater trochanter of
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(c)

FIGURE 4: The preoperative design and intraoperative X-ray film of the decompression tunnel in coronal view (anteroposterior view): (a) the
location of the decompression tunnel designed in the software; (b) the X-ray film of the decompression tunnel during the operation; (c) the
overlapping of (a, b), which shows the consistency of the intraoperative and preoperative design.

(a)

F1GURE 5: The preoperative design and intraoperative X-ray film of the decompression tunnel in sagittal view (lateral view): (a) the location of
the decompression tunnel designed with the software; (b) the X-ray film of the decompression tunnel during the operation.

FI1GURE 6: The bone tissue was removed through core decompression.
The red frame area is necrotic bone tissue, and the yellow frame area
is healthy cancellous bone tissue.

the femur as a body surface marker, and the range was as
wide as possible; it is important to keep the patient’s position
during preoperative CT examination consistent with that

during intraoperative core decompression, in order to ensure
that the appearance and tension of the patient’s skin and soft
tissue are as consistent as possible. The insertion point at the
lateral femur was designed to be 1cm below the greater
trochanter where the cortical bone is thickening. The
insertion point of Kirschner’s needle can easily penetrate
the cortical bone in this position, thus reducing the deviation
of the insertion point caused by sliding of Kirschner’s needle.
During surgery, the guide plate is gently attached to the trace
line marked on the skin surface in a gentle manner to avoid
deformation of the skin and soft tissue, which may lead to
change of position of the puncture tunnel. Finally, the
Kirschner wire with a sharp tip is used for the operation, to
ensure that there is no resistance when penetrating the skin
and soft tissue and also to avoid error caused by the deforma-
tion of Kirschner’s needle. For fat patients, because of the
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thicker skin and soft tissue, we often design several parallel
puncture tunnels on the guide plate that can be used during
the surgery if there is a need for adjustment. Strict design
and standard operation can ensure the accuracy of a 3D
printed personalized guide plate on the skin surface. All cases
completed in our clinics were carried out according to the
preoperation plan; the results were verified by intraoperative
X-ray fluoroscopy and postoperative histopathology.

Although modern medicine already has computer
navigation, robot, and other directional equipment [15], for
assisting core decompression surgery and for accurate drill
of the core decompression, most hospitals and patients
cannot afford the high cost of the directional equipment.
Thus, orthopedic surgeons still rely on hand punctures and
X-rays to repeatedly adjust the position. When the patient
has small necrosis focus areas or a necrosis focus positioned
in a special location, inaccurate multiple drills by the surgeon
may ensure. As a new technology, 3D printing personalized
guide plate positioning has the advantages of low price, accu-
rate positioning during surgery, and no damage to healthy
tissue, which improves surgical efficiency, making the use of
3D printing effective, and this technology overcomes the
deficiencies of the traditional surgical methods.

To sum up, digital design and 3D printing technology are
convenient for the femoral head core decompression proce-
dure. They offer accuracy, safety, affordability, and suitability
for all levels of medical institutions and is thus worthy to be
promoted for use in clinical practice.
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Purpose. The purpose of this study was to compare the accuracy and clinical outcomes of the medial open wedge high tibial
osteotomy (MOWHTO) using a three-dimensional (3D-) printed patient-specific instrumentation (PSI) with that of
conventional surgical techniques. Methods. A prospective comparative study which included 18 patients who underwent
MOWHTO using 3D-printed PSI technique (3D-printed group) and 19 patients with conventional technique was conducted
from Jan 2019 to Dec 2019. After the preoperative planning, 3D-printed PSI (cutting guide model) was used in MOWHTO for
3D-printed group, while freehand osteotomies were adopted in the conventional group. The accuracy of MOWHTO for each
method was compared using the radiological index obtained preoperatively and postoperatively, including mechanical
femorotibial angle (mFTA) and medial mechanical proximal tibial angle (mMPTA), and correction error. Regular clinical
outcomes were also compared between the 2 groups. Results. The correction errors in the 3D-printed group were significantly
lower than the conventional group (mFTA, 0.2° £ 0.6° vs. 1.2° + 1.4°, P =0.004) (mMPTA, 0.1° £ 0.4° vs. 2.2° + 1.8°, P < 0.00001
). There was a significantly shorter duration (P <0.00001) and lower radiation exposures (P <0.00001) for the osteotomy
procedure in the 3D-printed group than in the conventional group. There were significantly higher subjective IKDC scores
(P=0.009) and Lysholm scores (P =0.03) in the 3D-printed group at the 3-month follow-up, but not significantly different at
other time points. Fewer complications occurred in the 3D-printed group. Conclusions. With the assistance of the 3D-printed
patient-specific cutting guide model, a safe and feasible MOWHTO can be conducted with superior accuracy than the
conventional technique.

1. Introduction

Medial open wedge high tibial osteotomy (MOWHTO) is
a well-established surgical procedure in dealing with early
or mild stage of knee osteoarthritis (OA), and this native
knee-preserving surgery could ensure long-lasting clinical
success (>10 years) in the overall treatments of knee OA
[1, 2]. MOWHTO is typically applied for the correction
of varus malalignment of the lower extremities in isolated
medial compartment arthritis of the knee [3-5]. If accu-
rately performed, MOWHTO has the potential to delay

or even possibly prevent the development of end-stage
OA, by shifting the weight-bearing axis toward the lateral
compartment [3, 6]; the loading is redistributed, and knee
function is thereby restored and could avert total knee
arthroplasty (TKA).

Nevertheless, the downsides of this procedure remain
notable. Except for the high rates of knotty local complica-
tions, including increased tibial slope, hinge fractures, infec-
tions, and delayed union [7, 8], the main obstacle lies in the
accuracy of performing osteotomy [9]. A successful
MOWHTO requires the angular correction to be achieved
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accurately in both the sagittal and coronal planes, making it
fairly challenging to determine the accurate osteotomy open-
ing distance with the current conventional techniques [4, 10].
The systematic review by Van den Bempt et al. [4] revealed
that the accuracy of conventional MOWHTO was below
75% in 8 out of 14 cohorts. Small errors in osteotomy posi-
tioning can lead to severe local complications such as lateral
cortex fractures [11], and minor inaccuracy of angular cor-
rection in the coronal plane hinders the long-term success
of this operation and even accelerates the progression of
OA [12]. For the small tolerance for errors and the complex-
ity for mastery, conventional MOWHTO gradually comes to
be an unfavorable alternative [13].

However, the newly developed ancillary technology in
the modality of 3D-printed patient-specific instrumentation
(PSI) may be a solution to the accuracy requirements of
HTO planning and execution [13]. This technique was ini-
tially carried out in maxillofacial surgery [14]; however, its
practicability was more adequately embodied in the later
orthopedic studies [5, 15-17]. The feasibility and proof-of-
concept study by Victor and Premanathan [17] reported
PSI for 14 cases of osteotomy around the knee yielded satis-
factory outcomes, suggesting it to be a prospective solution.
In the study by Van Genechten et al. [5], similar competent
postoperative overall results were achieved by MOWHTO
with the assistance of the 3D-printed PSI. Moreover, with a
safer and faster osteotomy, it allows orthopedists to perform
more concomitant surgeries at one time, such as meniscect-
omy and anterior cruciate ligament reconstruction (ACLR)
[18-20]. Nevertheless, despite all these desirable superiori-
ties, there was an evident scarcity of prospective comparative
studies with robust evidences to prove the clinical advantages
of PSI over conventional techniques in MOWHTO.

This study is thus designed to identify the safety, feasibil-
ity, and reliability of 3D-printed PSI for MOWHTO and to
determine whether this novel technique could achieve better
clinical outcomes and accuracy, when compared with con-
ventional MOWHTO, in terms of correcting the varus mala-
lignments in patients with isolated medial compartment OA.
The null hypothesis was that MOWHTO with PSI technique
could offer better clinical outcomes, fewer complications, and
more accurate realignment over the traditional MOWHTO.

2. Methods

2.1. Patients. 18 MOWHTO surgeries with 3D-printed PSI
technique and 19 conventional MOWHTO were conducted
between Jan 2019 and Dec 2019 at Sports Medicine Center,
Western China Hospital, Sichuan University. The study was
approved by the Health Sciences Research Ethics Board at
Sichuan University and at the local research ethics board at
each institution (ID: 2018534)

Patients were considered for inclusion if they meet the
following criteria: (1) age between 35 and 60 years old; (2)
isolated medial compartment OA, Kellgren-Lawrence grade
<III; (3) radiological evidences for varus malalignment
(varus > 6°, mechanical medial proximal tibial angle,
mMPTA < 85°); (4) ROM: flexion > 120°, loss of extension
<10°; and (5) outer bridge grade for cartilage injury < IV
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(defect area < 2.5cm?). Patients were thoroughly informed
about the pre- and postoperative radiology protocol, the
planning procedure, and the PSI surgical technique. On a
voluntary basis, for the patients who agreed to take HTO at
our medical center, either with novel PSI or conventional
technique, preoperative hip-to-ankle double-limb weight-
bearing X-ray view of the knee (anteroposterior (AP), lateral
view), whole lower limb CT scan of both sides, and MRI of
the affected knee were taken. The same imaging protocol
was repeated 3 months and 12 months after surgery to eval-
uate the angular correction in both sagittal and coronal
planes, the accuracy of hardware positioning, the condition
of the cartilage, and the healing of the osteotomy.

All included patients in both groups had completed the
prementioned radiology protocol and clinical assessments.
The demographic characteristics of the included patients
were shown in Table 1.

2.2. Preoperative Planning. With reference to the methodol-
ogy and parameters provided by Chieh-Szu et al. [21, 22],
under the guidance of a radiology engineer (B.].), by using
the DICOM (digital imaging and communication in medi-
cine) data, continuum-based tibial and fibular models from
the CT image (slice thickness: 1.5mm; image resolution:
512 x 512 pixels) were reconstructed as the intact model. A
computerized osteotomy simulation software (OsteoMaster)
was adopted to create the 3D bone anatomy virtual models of
the lower limbs (Figure 1).

After the optimal sagittal and coronal correction angles,
depth, width, height, slope, and position of the osteotomy
were determined, the PSI cutting guide model was then built
accordingly using additive layer manufacturing (3D printing)
for the accurate osteotomy in the material of hydroxyapatite.
Every osteotomy case was planned by a single investigator
(Y.X.) who was highly trained in working with 3D medical
software programs according to the protocol previously men-
tioned (Figure 1).

2.3. Surgical Procedures. Surgeries were performed by a single
senior surgeon (J.L.). Firstly, intra-articular procedures were
performed, arthroscopy was taken at each patient in the
exploration for concomitant diseases, and articular debride-
ment, free body removal, meniscectomy, or ACLR were con-
ducted if necessary.

For the PSI technique, a 10-cm vertical medial tibia skin
incision was made 2cm below the tibial articular surface;
then, the pes anserinus tendon was explored and loosen to
allow greater surgical exposure; the tibial insertion of the
superficial layer of the fibular collateral ligament (FCL) was
then released, and osseous landmarks were made for the
PSI cutting guide model positioning, fixed by saw pins. Then,
the two-planar osteotomy was performed by a swing saw
through the cutting grooves of the guide model, the wedge
shape gap was widened length by length with steel rulers
and fixed at the predetermined angle via a metal bar stabi-
lizer, then a distractor was used to maintain this interspace,
and the PSI guide model was removed. Finally, a properly
curved HTO plate was attached to the medial surface of the
tibia as closely as possible, and the locking plate was tightly
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TaBLE 1: Demographic characteristics of the two groups.

3D-printed PSI (mean + SD) Conventional (mean + SD) P value
Age, years 442+11.7 41.8+10.2 n.s
Sex (male : female) 4:14 5:14 n.s
Right : left 11:7 13:6 n.s
BMI 25.6 +3.68 25.1+3.91 n.s
ROM () 126 £11.2 121+10.3 n.s
mFTA () 1722+ 1.7 1720+ 1.9 ns
mMPTA (°) 86.3° +2.28° 83.4° +2.15° n.s
mLDFA (°) 88.9+1.86 89.4+1.57 ns
OA Kellgren-Lawrence grading (I:11:1IT) 2:8:8 4:5:10 —
Planned wedge opening (mm) 89+1.1 85+1.5 n.s
Meniscus injury (n) 7 8 n.s
ACL injury (n) 2 3 n.s

Abbreviations: 3D: three-dimensional; PSI: patient-specific instrumentation; SD: standard deviation; n.s: not significant; BMI: body mass index; ROM: range of
motion; mFTA: mechanical femorotibial angle; mMPTA: mechanical medial proximal tibial angle; mLDFA: mechanical lateral distal femoral angle; OA:

osteoarthritis; ACL: anterior cruciate ligament.

fixed by screws. Autogenous or allogenic bones were
implanted if the lateral border of the osteotomy opening
was larger than 10 mm (Figure 2).

As for conventional MOWHTO, under the guidance of
intraoperative C-arm fluoroscope, the osteotomy sites were
determined visually by the free hand of the senior surgeon
(J.L.); the same two-plane osteotomy procedures were per-
formed accordingly. The correction angle, hardware posi-
tioning, and accuracy were determined recurrently by the
C-arm fluoroscope, and the exposures of radiography were
recorded. The same criteria were applied for bone grafting.

2.4. Radiological and Arthroscopic Assessment. Radiological
measurements were performed for both groups after surgery
in the prementioned protocol (preoperatively, postopera-
tively, 3 months, and 12 months after surgery) by a single
observer (YH.M.). All angles mentioned above were mea-
sured on the double-limb full-length standing position X-
ray plain film (anteroposterior view), which is the benchmark
of the measurement of the mechanical leg axis [23]. In the
coronal plane, the mechanical femorotibial angle (mFTA,
or weight-bearing line), the mechanical medial proximal tib-
ial angle (mMPTA), and the mechanical lateral distal femoral
angle (mLDFA) were measured. Correction errors for the
mFTA and the mMPTA accounting for accuracy in the cor-
onal plane were also calculated. Special attention was paid to
correct the positioning of both legs/feet on the full-length
standing X-ray views before angle measurements were
undertaken. OA severity was scored according to the Kellg-
ren-Lawrence scale. And upon the request of the internal fix-
ation removal by patients, a concomitant arthroscopy was
performed to assess the condition of intra-articular struc-
tures (cartilage, meniscus, ligaments, etc.)

2.5. Clinical and Functional Assessment. Commonly accepted
patient-reported outcome measures including the Interna-
tional Knee Documentation Committee (IKDC) score and

Lysholm score were used to assess the patients’ subjective
knee function. The subjective IKDC score is an 18-item,
region-specific, patient-reported questionnaire containing
the domains of symptoms, function, and sports activities
[24]. The IKDC has been proven to be a valid and reliable
instrument for patients who have knee injury and disability
[25].

Intraoperative and postoperative adverse events up to 1
year were carefully documented for the assessment of tech-
nique safety. Common complications [8] including hinge
fractures, delayed union/nonunion, infection, and deep vein
thrombosis were strictly observed and duly managed. Visual
analogue scale (VAS) was used to assess the preoperative
pain and postoperative pain (24 hours, 48 hours, 1 month,
3 months, 6 months, and 12 months). The surgical duration
for osteotomy, days of hospitalization, and dose of radiation
(C-arm) were also recorded in every case. Standard follow-up
with the senior surgeon (J.L.) was provided at 1 month, 3
months, 6 months, and 12 months postoperatively.

2.6. Statistical Analysis. All statistical tests were performed in
Software Package for Social Sciences (SPSS) Statistics version
25.0. Categorical data were compared with Fisher exact tests.
Continuous data were tested for normality and compared
with either Student ¢-tests or Mann-Whitney tests depend-
ing on normality. A bivariate Spearman rank correlation
was conducted to evaluate the relation between the mMPTA
and mFTA in terms of effective correction. P values <0.05
were considered statistically significant.

3. Results

3.1. Radiological and Arthroscopic Outcomes. The postopera-
tive full-length double-limb weight-bearing X-ray was regu-
larly taken in all patients for the assessment of
postoperative mFT'A, mMPTA, and mLDFA. There were 3
patients in the 3D-printed PSI group and 4 patients in the
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F1GURE 1: Female, 43 ys, suffered from left knee varus deformity, osteoarthritis (medial compartment, K-L III), and synovial chondromatosis
(a). Preoperatively planed optimal mFTA and mMPTA were measured (b), osteotomy was simulated (c), and PSI was printed (d).

FIGURE 2: In operation, firstly, arthroscopic debridement of the synovial chondromatosis was conducted. Then, a two-planar osteotomy was
performed, the wedge shape gap was widened and fixed at the predetermined angle via a metal bar stabilizer, and the locking plate was tightly

fixed by screws. Autogenous bone grafting was implanted.

conventional group requested for the removal of the internal
fixation; all plates and screws were successfully removed, and
concomitant arthroscopies were conducted. In 1 patient of
the 3D-printed PSI group, arthroscopic results showed the
cartilage degeneration recovered from the preoperative Out-
erbridge grade III to the postoperative Outerbridge grade I
(Figure 3).

3.2. mFTA. The mFTA was corrected from a preoperative
mean angle of 172.2° + 1.7° to a postoperative mean angle
of 180.7° £ 0.7° in the 3D-printed PSI group and from a pre-
operative mean angle of 173.3°+1.7° to a postoperative
mean angle of 179.7° + 1.8° in the conventional group. The
PSI group preoperative planning for mFTA is to be corrected
to 180.5° + 0.91°. The postoperative results showed there was
a larger absolute mFTA in the 3D group than the conven-
tional group (P=0.02). The mFTA correction in the 3D-
printed PSI group was 8.5°+1.9°, which is significantly
higher than the conventional group with a correction of

6.4° +1.90° (P=0.0008) (Table 2). When compared to the
target mFTA in the preoperational planning, the 3D-
printed PSI group had a significantly smaller correction error
than the conventional group (0.2+0.6 vs. 1.2+1.4, P=
0.004) (Figure 4).

3.3. mMPTA. The mMPTA was corrected from a preopera-
tive mean angle of 86.3°+2.28° to a postoperative mean
angle of 91.2° + 0.65° in the 3D-printed PSI group and from
a preoperative mean angle of 83.4° + 2.15° to a postoperative
mean angle of 89.3° +2.13° in the conventional group. The
PSI group preoperative planning for mMPTA is to be cor-
rected to 91.3°£0.87°. The postoperative results showed
there was a larger absolute mMPTA in the 3D group than
the conventional group (P =0.0002). The mMPTA correc-
tion in the 3D-printed PSI group was 7.5° + 2.16°, which is
significantly higher than the conventional group with a cor-
rection of 5.9° +2.22° (P =0.03). When compared with the
preoperative target mMPTA, there was a significantly smaller
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LDFA: 89.5°

Second arthroscopy (K-L, I)

FiGurg 3: Full-length double-limb weight-bearing X-rays were taken for the assessment of the postoperative mFTA and mMPTA in the
prementioned case, which were totally consistent with the target angles (a). The second arthroscopic look showed the cartilage

degeneration recovered 18 months after surgery (b).

TABLE 2: Preoperative, target, and postoperative mFT A measured at
double-limb full-length standing position X-ray.

3D-printed PSI Conventional

(n=18) (n=19) P value
mFTA (%)

Correction 85+1.9 6.4+1.9 P=0.0008
angle

Correction 02406 12+14 P=0.004
error

mFTA: mechanical femorotibial angle; 3D: three-dimensional; PSI: patient-
specific instrumentation; Pyre =0.05 Pypge = 0.155 Py = 0.02.

correction error in the PSI group than in the conventional
group (0.1+0.4 vs. 2.2+1.8, P<0.00001) (Table 3)

(Figure 5).

3.4. mLDFA. All patients in both groups did not meet the sur-
gical indications for DFO. As for the preoperative and post-
operative mLDFA in 3D-printed PSI group, the mean
angles were 88.9°+1.86° and 89.0° +1.82°, respectively;
there was no significant change observed in this group. No
significant changes were observed in the conventional group
in terms of preoperative and postoperative mLDFA; the

mean angles were 89.4° + 1.57 and 88.8° £ 1.85, respectively
(Table 4).

3.5. Patient-Reported Outcomes and Clinical Outcomes. In
every case, a successful surgical procedure was conducted,
and no intraoperative complications were observed, while
the exposures of intraoperative C-arm fluoroscopy in the
PSI group (1.3 +£0.12) were significantly smaller than the
conventional group (4.1+0.57) (P <0.00001). Moreover,
there was a significantly shorter time for the osteotomy pro-
cedure in the PSI group (37.8 +7.14) than in the conven-
tional group (54.6 +11.72) (P <0.00001), and this allowed
more concomitant treatments. No significant differences
were found in the VAS scores postoperatively at each time
point (Figure 6); neither was found in hospitalization days.
There were 2 patients in the conventional group caught up
with lateral hinge fracture at the 1-month follow-up, delayed
weight-bearing and moderate rehabilitation protocols were
made for them. There were 3 patients in the conventional
group and one patient in the PSI group detected to have
intermuscular venous thrombosis by ultrasound postopera-
tively (color Doppler ultrasound examinations of the lower
extremity were performed 3 days after surgery regularly);
no special anticoagulant therapy was applied, and those
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TaBLE 3: Preoperative, target, and postoperative mMPTA measured
at double-limb full-length standing position X-ray.

3D-printed PSI Conventional P value
(n=18) (n=19)
mMPTA (°)
Correction 75422 59+22 P=0.03
angle
Correction 0.1+0.4 22+1.8 P <0.00001
error

mMPTA: mechanical medial proximal tibial angle; 3D: three-dimensional;
PSL: patient-specific instrumentation; P, =0.79; P =0.45; P
0.0002.

target post =

95 0.45

0.0002
 —

590 |

= 0.79

g A

=

g 85 -

80 -

? ! Q
o o0 173
= = g

I 3D-printed PSI
[] Conventional

FIGURE 5: Preoperative, target, and postoperative mMPTA
measured at double-limb full-length standing position X-ray.
mMPTA: mechanical medial proximal tibial angle; 3D: three-
dimensional; PSI: patient-specific instrumentation; PPTG:O.79;

P =0.45; P, = 0.0002.

target post

patients were asymptomatic at each follow-up. Minor local
infection signs were found in one PSI patient at the osteot-
omy site, which was probably caused by allogenic bone graft;

TaBLE 4: mLDFA.

3D-printed PSI (n=18) Conventional (n=19)

mLDFA (°)
Preoperative 88.9£1.86 89.4+1.57
Postoperative 89.0 £1.82 88.8+£1.85
P value n.s n.s

Abbreviations: mFTA: mechanical femorotibial angle; mMPTA: medial
mechanical proximal tibial angle; mLDFA: mechanical lateral distal
femoral angle; n.s: not significant; 3D: three-dimensional; PSI: patient-
specific instrumentation.
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FIGURE 6: VAS at preoperative, 24 h, 48 h, 1 month, 3 months, and
last follow-up after the operation. VAS: visual analogue scale
(VAS; with 0, no pain, to 100, the worst imaginable pain); 3D:
three-dimensional; PSI: patient-specific instrumentation; *P > 0.05
; Pre-o: preoperative.

the infection was controlled by antibiotics and immobiliza-
tion. One patient in the conventional group had a postoper-
ative  intra-articular infection, debridement under
arthroscopy was conducted, adequate drainage and antibiotic
therapy were also applied, and the patient fully recovered
afterwards (Table 5).

As for patient-reported functional measurements, there
were significantly higher scores observed in the 3D-printed
PSI group than the conventional group in terms of both sub-
jective IKDC score (76.6 + 7.9 vs. 69.1 + 9.6, P =0.009) and
Lysholm score (76.4 +8.9 vs. 70.4 £ 7.8, P=0.03) at the 3-
month follow-up. No significant differences regarding both
the IKDC scores and Lysholm scores were noticed between
the two groups at other times of follow-up (Figures 7 and 8).

4. Discussion

The goal of MOWHTO is to change the abnormal load of the
medial knee compartment in patients with varus deformity
and prevent the further development of osteoarthritis
[26-28]. By correcting the alignment, MOWHTO evenly
distributed the excessive load from the lower medial com-
partment to the whole articular surface [12, 28]. The gen-
eral aim was to bring the weight-bearing axis to 62.5% of
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TaBLE 5: Clinical outcomes.

3D-printed PSI Conventional P value

Feasibility

Operation time of osteotomy (min) 37.8+7.14 54.6+11.72 P <0.00001

Radiation exposures (1) 1.3£0.12 4.1+£0.57 P <0.00001

Hospitalization (d) 5.6+1.28 6.2+1.34 n.s

Bone graft 2.1+0.33 2.2+0.37 n.s
Complications (1)

Displaced (>2 mm) lateral hinge fracture 0 0 —

Undisplaced (<2 mm) lateral hinge fracture 0 2 —

Deep vein thrombosis 1 3 —

Infection 1 1 —

Hardware failure 0 0 _

Abbreviations: VAS: visual analogue score; n.s: not significant; 3D: three-dimensional; PSI: patient-specific instrumentation.
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FIGURE 7: Preoperative and postoperative Lysholm scores at 1
month, 3 months, and last follow-up. 3D: three-dimensional; PSI:
patient-specific instrumentation; pre-o: preoperative; mo: month.
*P >0.05. %Py, =0.03.
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FIGURE 8: Preoperative and postoperative subjective IKDC scores at
1 month, 3 months, and last follow-up. 3D: three-dimensional; PSI:
patient-specific instrumentation; pre-o: preoperative; mo: month.
*P >0.05. %P5, =0.009.
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the proximal tibia width [29], but more recent biomechan-
ical and clinical studies advocate a less aggressive overcor-
rection [6, 30, 31]. In this study, a 55%~60% proximal
tibial width as the target weight-bearing axis was chosen.
On the purpose of preserving a native knee joint,
MOWHTO is an effective procedure of postponing the
requirement of partial or total knee arthroplasty [7, 32]
and creates the probability of cartilage recovery. The preci-
sion of the osteotomy is one of the cornerstones for suc-
cessftul OWHTO surgery. Conventional HTO planning
and execution is commonly performed on two-
dimensional radiographs [33] (X-rays, C-arm), and in face
of deformities on both sagittal and coronal planes, the tra-
ditional technique seems to be incompetent and prone to
error [34]. Moreover, the hip-knee-ankle angle (HKA),
which is used to plan HTO, was reported to be inconsis-
tent preoperatively, intraoperatively, and postoperatively
in most cases [35, 36]; this is due to the variation in both
knee rotation and flexion under different circumstances. In
the era of precision medicine, the lack of consistency in
conventional MOWHTO is probably the biggest barrier
for this technique to become widely accepted [17].

The most important finding of this study is that this novel
3D-printed PSI technique is capable of delivering a higher
level of accuracy in angular correction than conventional
techniques. By the hand of an experienced surgeon, though
the postoperative mFTAs of the conventional HTO also
achieved the “acceptable range” (valgus from 3° to 6°)
mentioned by Hernigou et al. [37]; nevertheless, there
was a significantly shorter operation duration in the PSI
group than the conventional technique. In addition to
the improvement of accuracy and surgical duration, the
PSI technique is a safer approach with higher feasibility
for fewer complications and adverse events occurred in
the 3D-printed PSI group, and there was a lower dosage
of radiation brought by intraoperative C-arm scanning.
These merits not only allow more concomitant treatment
procedures (debridement, meniscectomy, ACLR, etc.) but
also ensure enhanced recovery after surgery. To our
knowledge, only a few studies have been reporting feasibil-
ity and accuracy outcomes about the clinical use of PSI in



BioMed Research International

osteotomy around the knee [5, 15, 17, 19, 20, 22]. In the
study by Van Genechten et al. [5], the two planar
MOWHTOs were performed in a relatively conventional
manner (freehand), while a PSI 3D-printed wedge and cast
were adopted instead of the HTO plate. Interestingly, they
also got excellent corrections outcomes; this precision was
achieved by the patient-specific wedge model fixation
rather than the osteotomy procedure itself. As such, the
accuracy of the precised MOWHTO can be achieved in
more than one way with the assistance of the PSI 3D-
printed technique. In earlier laboratory studies, the finite
element analysis (FEA) model by Chieh-Szu et al. [21]
indicated there was a significant reduction of compressive
load on the tibial plateau in their PSI osteotomy knees
when compared with conventional ones (78.8 MPa vs.
91.9 MPa, under 600-N force); it revealed the PSI tech-
nique was capable of improving the structural stability,
and this novel approach may have the potential to reduce
the incidence of hardware dislocation and hinge fractures.
In all, although the techniques of PSI and execution of
related HTOs varied greatly, the outcomes turned favour-
able for PSI 3D-printed technique in all existing studies.
However, the accuracy and clinical advantage of PSI over
the conventional surgical methodology in MOWHTO still
needs to be proven in large comparative studies with
long-term follow-up.

Moreover, the effective treatment for knee OA is not
merely about the correction of malalignment; further atten-
tion should be paid to the intra-articular illness. A visual
assessment under arthroscopy can provide a more effective
diagnosis of cartilage degeneration. In addition, treatment
for the concomitant disease of OA (such as loose body, syno-
vitis, meniscus injury, and ACLR) can also be practiced
arthroscopically. A comprehensive surgical treatment merits
further focus; we should not be limited to isolated osteotomy.
Besides, to obtain robust immediate postoperative stability
and biomechanics, autogenous bone grafting was recom-
mended in cases with the wedge opening higher than
10 mm, and a crossing screw may also be considered; thus,
enhanced recovery after surgery can be achieved.

5. Conclusion

With the assistance of 3D-printed PSI, a safe and feasible
MOWHTO can be conducted with superior accuracy than
the conventional techniques. The combination of precise
3D osteotomy cutting guide model contributed to a more
accurate translation from planning to surgery, and a shorter
operation duration created the opportunities for more con-
comitant treatments.
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The postcuring process is essential for 3-dimensional (3D) printing of photopolymer-based dental prostheses. However, the
deformation of prostheses resulting from the postcuring process has not been fully investigated. The purpose of this study was
to evaluate the effects of different postcuring methods on the fit and dimensional accuracy of 3D-printed full-arch polymeric
fixed prostheses. A study stone model with four prosthetic implant abutments was prepared. A full-arch fixed dental prosthesis
was designed, and the design was transferred to dental computer-aided manufacturing (CAM) software in which supports were
designed to the surface of the prosthesis design for 3D printing. Using a biocompatible photopolymer and a stereolithography
apparatus 3D printer, polymeric prostheses were produced (N =21). In postcuring, the printed prostheses were polymerized in
three different ways: the prosthesis alone, the prosthesis with supports, or the prosthesis on a stone model. Geometric accuracy
of 3D-printed prostheses, marginal gap, internal gap, and intermolar distance was evaluated using microscopy and digital
techniques. Kruskal-Wallis and Mann-Whitney U tests with Bonferroni correction were used for the comparison of results
among groups (¢ =0.05). In general, the mean marginal and internal gaps of cured prostheses were the smallest when the
printed prostheses were cured with seating on the stone model (P < 0.05). With regard to the adaptation accuracy, the presence
of supports during the postcuring process did not make a significant difference. Error in the intermolar distance was
significantly smaller in the model seating condition than in the other conditions (P < 0.001). Seating 3D-printed prosthesis on
the stone model reduces adverse deformation in the postcuring process, thereby enabling the fabrication of prostheses with
favorable adaptation.

1. Introduction

Interim fixed dental prostheses are usually made in clinics
with autopolymerizing acrylic resins [1, 2]. This conventional
manual methodology is still the mainstream approach in
fabricating fixed prosthodontics but is labor-intensive and
uncomfortable for patients because the direct fabrication
of prostheses is performed inside the patient’s mouth,
and heating occurs during polymerization. Because of
these drawbacks, digital scanning and computer-aided
design/computer-aided manufacturing (CAD/CAM) tech-
nologies are increasingly being used to fabricate interim
polymeric prostheses [3, 4]. The oral anatomic shape is

virtually registered using an optical scanner, and the scan
data are imported into dedicated dental CAD software,
in which the cementation space of the prosthetic crown
is set and a final prosthesis is designed [5]. The design is
then transferred to CAM software where the 3D image is
divided into 2D cross-sectional images and processed to
the polymeric prosthesis using additive manufacturing
technologies [6]. The final fabrication process is the post-
curing treatment of the printed prosthesis [6].

The 3D printing technologies have diversified treatment
procedures and have become an alternative to manual and
subtractive methods in medical and dental fields [7-10].
There are several different ways to print polymeric
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prostheses, such as stereolithography apparatus (SLA), digi-
tal light processing, fused deposition modeling, and polymer
jetting [11, 12]. The SLA printing method uses liquid photo-
polymer, and objects are built layer-by-layer using site-
specific polymerization by an ultraviolet laser [13]. For the
production of interim dental prostheses via SLA printing,
several photocurable resins are available and approved for
long-term intraoral use [6, 14]. Commonly used acrylic
resins could be cytotoxic to the human body in the uncured
state [15], but the biocompatibility significantly improves
after postcuring and cleaning in the 3D-printed objects [6,
16]. The quality of 3D-printed objects significantly varies
depending on operational parameters, fabrication workflow,
materials, and devices [16, 17]. The contemporary 3D-
printed polymers for interim dental applications exhibit low
anisotropy and appropriate properties required for the end
product [6, 14]. The mechanical and physicochemical prop-
erties of photopolymers available on the market are reported
to be comparable to those of conventional autopolymerizing
acrylic resins [6, 8].

The postcuring process increases the degree of polymer-
ization of the printed object, which affects the final mechan-
ical properties and the amount of the object’s residual
monomer [6, 14, 16]. However, postcuring can also cause
dimensional deformation in the general structure and warp-
ing in any thin areas of an object because of the inherent
change of the chemical bonds during polymerization [18].
Although the postcuring process is essential for the
photopolymer-based 3D printing of dental prostheses,
whether or not different postcuring methods affect the geo-
metric accuracy of the prosthesis has not been fully investi-
gated. The purpose of this study was to evaluate the effects
of different postcuring conditions on the geometric accuracy
of fabrication of full-arch polymeric fixed prostheses that
were created using SLA 3D printing. The adaptation of pros-
theses on abutments and dimensional deformation were
assessed by means of a marginal gap, internal gap, and inter-
molar distance. The null hypothesis was that the differences
in the postcuring methods for printed polymeric prostheses
would not affect the accuracy of their fabrication.

2. Materials and Methods

2.1. Fabrication of the Study Model and Full-Arch Polymeric
Prostheses. The overall study procedure is described in
Figure 1. The edentulous study stone model was prepared,
with four prosthetic implant abutments (FreeForm ST;
Osstem, Seoul, Korea) that were connected to implants
(USII; Osstem) placed in the canine and second premolar
areas. A virtual model was created by digitizing the surface
of the stone model using a laboratory-based scanner (IDC
S1; Amann Girrbach, Koblach, Austria) and was transferred
to a dental design software program (R2CAD; MegaGen,
Daegu, Korea), which designed a 12-unit implant-
supported fixed dental prosthesis (Figure 2). The design file
was transferred to a CAM software program for 3D printing
(Raydent Studio; Ray, Hwaseong-si, Korea), in which sup-
ports were installed on the occlusal surface of the prosthesis
design (Figure 3). Subsequently, interim acrylic prostheses
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F1GURE 1: Workflow of this study.

were produced by printing a biocompatible photopolymer
(Raydent C&B; Ray) in a SLA 3D printer (Meg-Printer IIj
MegaGen) with a layering thickness of 50 um and with a
wavelength of 405 nm (Table 1). The printed prostheses were
then rinsed thoroughly under running water and spray dried
at room temperature according to the manufacturer’s
instructions.

2.2. Postcuring Process of 3D-Printed Prostheses. In the post-
curing procedure, the printed prostheses were polymerized
in an ultraviolet curing unit of the 3D printer for 15 minutes
with a wavelength of 395nm and radiation power at
60 mW/cm”. Three different methods were used for the post-
curing procedure (n=7 in each group; N =21) (Figure 4):
prosthesis alone (P group), prosthesis with supports (PS
group), and prosthesis on the stone model (PM group). In
the P group, supports were removed from the printed pros-
thesis using a cutter, and postcuring was performed. In the
PS group, the prosthesis was cured without removing the
supports. In the PM group, supports were removed, and the
printed prosthesis was seated on the prosthetic abutments
of a stone model, and then, the postcuring was performed.
For random sampling, the printed prostheses were allocated
to each group consecutively in the order of fabrication. All
3D printing and postcuring processes were performed by a
single operator (D.H.L.).

2.3. Evaluation of Fabrication Accuracy of Prostheses. The
geometric accuracy of 3D-printed prostheses was evaluated
using a vertical marginal gap, internal gap, and intermolar
distance. For the marginal gap assessment, the cured prosthe-
sis was passively fitted on the stone model, and the model
with prosthesis was positioned perpendicular to the table of
the stereomicroscope (EGVM-452M; EG Tech, Seoul, Korea)
using utility wax. The midbuccal and lingual margin areas in
all abutments were then imaged three times at a magnifica-
tion of 60x with the stereomicroscope, and each value was
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FIGURE 2: Design of implant-supported full-arch fixed dental prosthesis.

FIGURE 3: Insertion of support structures into the prosthesis design for the 3D printing procedure.

TaBLE 1: Composition of photopolymer used*.

Component CAS No. %
o, '-[(1-Methylethylidene)di-4,1-phenylene]bis[w-[(2-methyl-1-oxo0-2-propenyl)oxy] poly(oxy-1,2-ethanediyl) ~ 41637-38-1 20~35
7,7,9(or 7,9,9)-Trimethyl-4,13-dioxo-3,14-dioxa-5,12-diazahexadecane-1,16-diyl 2-methyl-2-propenoate 72869-86-4 20~28
2-Methyl-2-propenoic acid 1,2-ethanediylbis(oxy-2,1-ethanediyl) ester 109-16-0 20~25
Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide 162881-26-7 1~10
Rutile (TiO,) 1317-80-2 0.1~5
*Manufacturer’s information.

determined by averaging three measurements. The measure-  mann  SmartScan; AICON 3D  Systems GmbH,

ment value was defined as the vertical marginal discrepancy
that was vertical marginal misfit measured parallel to the
path of draw of the prosthesis [19]. For the internal gap
assessment, a triple-scan technique was used, with three dig-
ital scans taken using a structured light scanner (Breuck-

Braunschweig, Germany) [5]. The first scan was of the cured
prosthesis alone, the second was of the study model, and the
third was of the prosthesis on the study model. The data of
the three scans were delivered to an image analysis software
program (Geomagic DesignX; 3D Systems, Rock Hill, SC,
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FIGURE 4: Postcuring methods: (a) prosthesis alone, (b) prosthesis with supports, and (c) prosthesis on the stone model.

()

(b)

(c)

F1Gurk 5: The triple scan technique for assessing the internal gap of the 3D-printed prosthesis: (a) image matching of scans, (b) measurement
plane formation, and (c) cross-sectional image in the abutment area.

USA), where the three scan images were merged using an
area-designated best-fit image matching (Figure 5(a)) [20].
The image alignment to the closest fit with the corresponding
images was enabled using an iterative closest point (ICP)
algorithm [21]. The cross-sectional line images were bucco-
lingually obtained at the midpoint of the abutment
(Figure 5(b)), and the internal gap, the perpendicular dis-
tances from the external surface of the abutment to the inter-
nal surface of the prosthesis, was measured at the center
points of the buccal, lingual, and occlusal aspects
(Figure 5(c)). For the intermolar distance assessment, a vir-
tual cross-sectional plane passing through two central fossae
of the first molars on both sides was created, and the distance
between the most external points of the buccal surfaces of the
left and right first molars was measured and compared with
that of the prosthesis design image using the image analysis
software program. All measurements for evaluating the accu-
racy of 3D-printed prostheses were carried out by a single
examiner blinded to the research objective.

2.4. Statistical Analysis. All outcome variable data were
reported as mean + standard deviation. The Kruskal-Wallis
test was used for the comparison of the results among groups
that used different postcuring methods using the IBM Statis-
tical Package for the Social Sciences (SPSS) v25.0 for Win-
dows (IBM Corp., Chicago, IL, USA). The statistical
significance level was set at 0.05. The Mann-Whitney U test

with Bonferroni correction was used for post hoc analyses
(x=0.017).

3. Results

Table 2 presents the results of fit and dimensional discrep-
ancy of the 3D-printed acrylic prostheses at each measure-
ment point. In general, the PM group showed the lowest
mean discrepancy, followed by the PS and P groups. The
PS and P groups showed no significant difference in any mea-
surement outcome. The highest discrepancy was found in the
measurements of the occlusal area, especially in the P group.
Figure 6 shows images of the marginal gap in the different
postcuring groups. The PM group exhibited significantly
smaller marginal gaps than the other groups. Figure 7 shows
the outlines of the molars of 3D-printed prostheses and the
design image in the cross-sectional view. Again, the discrep-
ancy of intermolar distance was the smallest in the PM group.

4. Discussion

This study was designed to find a postcuring method that
minimizes the adverse dimensional change for 3D-printed
polymeric prostheses. The results showed that the adaptation
and dimension of cured prostheses were most accurate when
the printed prostheses were cured with seating on the stone
model. Thus, the null hypothesis that the differences in the
postcuring methods for printed polymeric prostheses would
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TaBLE 2: Discrepancy values (mean * standard deviation; ym) of 3D-printed polymeric fixed prostheses fabricated by different postcuring

methods.
Area Postcuring methods P
Prosthesis alone Prosthesis with supports Prosthesis on the stone model

Margin, buccal 274.4 + 64.4° 233.0 +40.3% 91.8+27.4° 0.008
Axial, buccal 122.1+51.6 125.4+47.8 94.7 £ 64.5 0.468
Occlusal 332.8+70.7% 311.7 +58.2° 126.3 +£27.3° 0.009
Axial, lingual 138.6 +46.7% 134.3 +£28.4° 64.4+22.2° 0.019
Margin, lingual 256.4 +46.2% 196.8 +38.7% 89.0 +26.7° 0.004
Intermolar 115.4 +25.3% 105.9 +12.9° 392+17.7° 0.008

Different superscript lowercase letters indicate significant differences within a row (a = 0.05).

FIGURE 6: Microscopic image for marginal gap measurement: (a) prosthesis alone, (b) prosthesis with supports, and (c) prosthesis on the

stone model.

FI1GURE 7: Evaluation of discrepancy of the intermolar distance between 3D-printed and design image of prosthesis.

not affect the accuracy of their fabrication was rejected. The
mean marginal gap of prostheses in the PM group was lower
than 120 ym, which was in a clinically acceptable range. The
error in the intermolar distance was significantly smaller in
the PM group than the other groups of postcuring without
the model. Leaving the supports did not significantly
decrease the dimensional error that happened in the postcur-
ing process.

During the printing process, each layer is briefly exposed
to curing light and partially solidified. This incomplete poly-

merization is needed to allow fusion between layers [22].
After the printing process, postcuring is performed to achieve
the maximum strength and full density of the material [23].
Chemically, the polymerization of resin material is the
increase of the conversion degree, which is a chemical struc-
ture change from carbon double bonds (C=C) to carbon sin-
gle (C-C) bonds [24]. The change in chemical structure
inevitably involves a dimensional change of the object
[23, 25]. Accordingly, the amount of deformation in post-
curing could be affected by the change in the conversion



degree. The findings of the present study showed that
deformation during postcuring could be minimized when
the 3D-printed prosthesis was seated on the abutments
of the stone model, leading to markedly low misfit and
dimensional error. This might happen because the under-
lying abutments played the role of mechanical guides that
blocked unwanted deformation. Therefore, it is recom-
mended that 3D-printed prostheses are placed on the
abutments of the model during the postcuring process.
This method may help fabricate prostheses that are closely
fitted to abutments in the mouth, in addition to less
cement leakage, less need for occlusal adjustment, and bet-
ter performance of the prosthesis in the long term [26].
The novelty of this study is that it is the first to investigate
the impact of postcuring methods on dimensional accuracy
in the 3D printing of full-arch polymeric fixed prostheses.
Although the design of this study was controlled, there are
several limitations derived from its in vitro nature. Compre-
hensive clinical studies including tooth-supported and
implant-supported conditions are necessary, and the clinical
marginal and internal fit of prostheses needs to be assessed to
confirm the findings of the present study. In addition, the
deformation phenomenon that occurs during the postcuring
process should be evaluated using different 3D printing
methods, such as digital light processing, fused deposition
modeling, and polymer jetting. Photopolymers are composed
of oligomers, monomers, and photoinitiators, and the curing
of photopolymers is affected by wavelength, power of light,
and radiation time. Thus, further studies on materials and
curing setting are needed to optimize the postcuring process.

5. Conclusions

Within the limitations of this study, the postcuring process
affects the fit and dimensional accuracy of 3D-printed poly-
meric prostheses. Seating of the prosthesis on the stone
model is recommended to minimize the deformity of the
prosthesis during the postcuring process.
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In the article titled “Prime-Boost Vaccination Using
Chemokine-Fused gp120 DNA and HIV Envelope Peptides
Activates Both Immediate and Long-Term Memory Cellular
Responses in Rhesus Macaques” [1] (published when the
journal was titled Journal of Biomedicine and Biotechnology),
as raised on PubPeer, there is duplication of panels in
Figure 2 [2].

Figure 2(e) is the same as Figure 2(i).

Figure 2(f) is the same as Figure 2(i), though Figure 2(f)
has a blue block in the top right of the dot plot. Figure 2(g) is
the same as Figure 2(k).

Figures 2(e)-2(g) were directly above Figures 2(i)-2(k) in
the figure. Dr. Jagannadha Sastry reexamined the original
data with the third author Hong He who conducted the assay
and data analysis and found that this error was introduced
when copying data from FlowJo to PowerPoint. The authors
provided a corrected figure redone by Dr. He, as shown
below:
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FiGure 2: The immunization strategy elicited mucosal long-term memory T cell immune responses. Production of IFN-? by CD3"CD4" or
CD3"CD8" memory T cells isolated from the colon was analyzed in the vaccinated macaques one year after final peptide-cocktail boost.
Lamina propria lymphocytes (LPL) from colon biopsy samples were stimulated with peptide-mix or mitogens for 6h. Both untreated
(control) and stimulated cells were stained for surface markers, followed by fixation, permeabilization, and intracellular staining of IFN-2.
Live cells were identified by gating on Aqua-negative cells. The cells gated on CD3"CD4" and CD3"CD8" were further separated as the
memory population according to the expression of CD95 (data not shown). The percentage values indicate the population of IFN-
?—producing CD3" CD95"CD4" or CD3" CD95"CD8" lymphocytes.
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In the article titled “Combined Industrial Wastewater Treat-
ment in Anaerobic Bioreactor Post-treated in Constructed
Wetland” [1], there were typographical errors and errors in
the figures. These have been corrected in the revised version
shown below:

(1) The abstract was revised for typographical errors
(2) Language corrections were made in the text
(3) The objectives of the study were clearly mentioned

(4) All acronyms were spelled out when used for the first
time

(5) Corrections were made to the captions of Figures 1 to
10, to aid clear understanding of the plots

(6) Table 2 was deleted as its values were repeated in
Table 3 and hence section 3.1 was also deleted

(7) A separate Discussion section was added

(8) An additional article was cited as reference 42 [2] and
the previous references 42-49 became references 43-50

The corrected article is as follows.
Abstract
Constructed Wetland (CW), containing monoculture of

Arundo donax L., was investigated for the post-treatment of
effluent from Anaerobic Bioreactor (ABR) treating combined

industrial wastewater. Different dilutions of combined indus-
trial wastewater (20, 40, 60, and 80% v/v) and original waste-
water were fed into the ABR as pretreatment. ABR effluent
was post-treated by the laboratory scale CW. The removal
efficiencies of Chemical Oxygen Demand (COD), Biochemi-
cal Oxygen Demand (BOD), Total Suspended Solids (TSS),
nitrates and ammonia were 80%, 78-82%, 91.7%, 88-92%
and 100%, respectively, for original industrial wastewater
treated in ABR. ABR was found eflicient in the removal of
the metals Ni, Pb and Cd with removal efficiencies in the
order of Cd (2.7%) >Ni (79%) >Pb (85%). Post-treatment
of the ABR-treated eftfluent was carried out in lab scale CW
planted with A. donax L. CW was effective in removal of
COD and various heavy metals present in ABR effluents.
Post-treatment in CW resulted in reducing the metal con-
centrations of Ni, Pb and Cd to 1.95mg/L, 0mg/L and
0.004 mg/L, respectively, which were within the limits of
permissible water quality standards for industrial effluents.
The treatment strategy was effective and sustainable to
treat combined industrial wastewater.

1. Introduction

Pakistan’s current population of 180 million is expected to
grow to about 221 million by the year end 2025 [1]. In
Pakistan and other developing countries, water pollution is
a major threat to the livelihood of people [2]. Heavy metal
contamination of aquatic and terrestrial ecosystems is a
major environmental problem. Each pollution problem calls
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for specific optimal and cost-effective solutions; if one tech-
nology proves less effective or ineffective, another takes its
place. It is indispensable to treat industrial wastewaters for
their subsequent use for irrigation, drinking and other pur-
poses. In addition, due to an increased scarcity of clean water,
there is a need for appropriate management of available
water resources [3]. Factors like profound demographic
changes, economic changes and the global energy crisis are
compelling the implementation of low-cost natural treat-
ment systems for domestic and industrial wastewaters [1].

In recent years, wastewater treatment strategies have
shifted to one of the most promising methods, i.e. biological
anaerobic treatment with the adoption of high rate anaerobic
systems like up-flow anaerobic sludge blanket (UASB) reac-
tor and other related treatment systems. The outstanding
characteristics of high-rate Anaerobic Bioreactors (ABR)
include anaerobic microorganisms capable of aggregation,
low operational and maintenance costs, energy recovery in
the form of biogas, low energy consumption and low pro-
duction of digested sludge [4-7]. In developing countries like
India, Brazil and Colombia, where financial resources are
generally scarce due to high energy costs, the process is
familiar as one of the most feasible methods for wastewater
treatment. Despite several modifications, the quality of
ABR-treated effluent hardly ever meets the discharge stan-
dards [6, 8]. Lettinga and co-researchers applied ABR pro-
cess for municipal wastewater treatment since the early
1980s [9-13] and reported that about 70% chemical oxygen
demand (COD) removal can be achieved under warm
climates [6, 14, 15]. Since its inception, wider hype has been
gained by this process [16, 17]. ABR-treated effluents can be
employed for irrigation of various crops. However, such type
of effluent may be high in COD, biological oxygen demand
(BOD) and coliforms [18]. Thus, additional post-treatment
strategy is mandatory for ABR-treated effluents if further
use is desired [19-21].

CW wastewater treatment systems are engineered struc-
tures specifically designed for treating wastewater by opti-
mizing the physical, chemical and biological processes that
occur in natural wetland ecosystems [1, 18, 22-24]. CW is
known as green technology, which uses plants for the
removal of contaminants from a specified area, and the pro-
cess is known as phytoremediation [25]. CW is a low cost or
economical on-site wastewater treatment technology which
is not only effective but also aesthetically pleasing. Since
1980, the utilization of the CW for the treatment of variety
of wastewater has quickly become widespread. The amount
of nutrients removed by plants and stored in their tissues is
highly relative, which depends on the plant type, biomass
and nutrient concentration in tissues [26].

The plant species, media like sand and gravel of specific
ratio and size and containers are the foundation materials
for CW. There are two major types of CW: subsurface flow-
ing water (SSF) CW and free water surface (FWS) flowing
CW. A variety of macrophytes are used in CW and the most
common are floating macrophytes (i.e. Lemna spp or Eich-
hornia crassipes), submerged macrophytes (i.e. Elodea cana-
diensis) and rooted emergent macrophytes (i.e. Phragmites
australis and Typha anguistifolia). The plants roots create a
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conducive environment for microbial growth and in winter
the plant litter acts as an insulator. CW is an attached-
growth biological reactor, which tender higher pollutant
removal efficiency through physical, chemical and biological
mechanisms. The common removal mechanisms associated
with wetlands include sedimentation, coagulation, adsorp-
tion, filtration, biological uptake and microbial transforma-
tion [3, 24, 27].

CW technology is well-known at present, but it is not well
documented for treating specific industrial effluents [28-30]
and it can be used for polishing effluents of anaerobic biore-
actors. A variety of post-treatment configurations based on
various combinations with ABR have been studied; ABR
followed by final polishing units (FPU) or polishing pond
(PP) is a common process used in India, Colombia and Brazil
due to its simplicity in operation [6, 31-33]. The implemen-
tation of low-cost, simple mitigation measures is required
for the timely control and sustainable management of pollu-
tion problems in developing countries. The objective of this
study was to evaluate the performance of ABR for the treat-
ment of combined industrial wastewater followed by post-
treatment in CW planted with A. donax.

2. Materials and Methods

2.1. Collection of Wastewater and Treatment. The industrial
wastewater was collected from a combined drain at Hattar
Industrial Estate (HIE), Hattar, Pakistan as grab samples. A
number of industries are operating in HIE, like steel rerolling,
paper recycling, ghee, food, beverages and cement. The phys-
icochemical parameters like pH, turbidity and electric con-
ductivity (EC) were determined onsite using portable pH,
EC and turbidity analyzer, while the rest were analyzed in
the laboratory within 24h. As a treatment strategy and to
avoid toxic effects of the pollutants, various dilutions (with
distilled water) of wastewater included 20, 40, 60 and 80%
(v/v) to feed into ABR, after which original wastewater was
also treated in ABR and then CW.

2.2. ABR Experimental Set- up. This research work was car-
ried out in the Bioremediation Laboratory of COMSATS
Institute of Information Technology, Abbottabad, Pakistan.
In this study, ABR was used as primary treatment step. A
lab scale ABR was operated in up-flow mode with biomass
retention as shown in Figure 1. The reactor is made of Per-
spex with a working volume of 5 L. The influent was pumped
into ABR using a peristaltic pump from the influent vessel to
the reactor (Figure 1). The flow rate was adjusted according
to results of a startup study. A recycling pump was used
to mix the influent (substrate) and sludge (biocatalyst)
and to decrease possible substrate inhibition. The ratio of
recycle flow to the influent flow was set at about 2.5-3.
Bioreactor start up was carried out by feeding synthetic
wastewater and nutrient solution at various Organic Load-
ing Rate (OLR) and COD by using organic compounds at
a fixed Hydraulic Retention Time (HRT) but increasing
OLR, and at a fixed OLR but decreasing HRT. The ABR
reactor in the Department of Environmental Sciences,
COMSATS, Abbottabad was used for various types of
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FIGURE 1: Schematic diagram of a lab scale anaerobic bioreactor
with its dimensions.

the wastewater treatments in the past. Different wastewa-
ters like domestic, industrial, municipal wastewater were
treated through this ABR.

Inoculum was collected from the anaerobic methano-
genic reactor in COMSATS Institute of Information and
Technology Abbottabad, operating in the same laboratory.
Its total solids (TS) and volatile solids (VS) were 115.6g/L
and 33.61 g/L, respectively, with VS/TS ratio of 0.25. The
ABR reactor was fed with synthetic wastewater in order to
enrich the sludge and for acclimatization of bacteria to the
new substrates.

The reactor was fed on a daily basis with freshly prepared
synthetic influent containing NaHCO; (as a source of inor-
ganic carbon for the growth of bacteria), MgCl,, KH,PO,,
(1g/L each), (NH,),SO, (0.24 g/L) and trace element solution
(Iml/L). The trace element solution contained Na,-EDTA
(5g/L), NaOH (11g/L), CaCL,2H,0 (11g/L), FeCl,-4H,0
(3.58 g/L), MnCl,.2H,0 (2.5 g/1), ZnCl, (1.06 g/L), CoCl,.6H,O
(0.5g/L), (NH',);Mo0,0,,4H,0 (0.5g/L) and CuCl,2H,0
(0.14g/L). Sucrose is used as source of COD, the starting
COD feeding to the ABR reactor was 200 mg/L and, then
increased up to 3000 mg/L. The influent was flushed with
argon gas for five minutes to create anoxic conditions. The
ABR reactor was operated at 20°C, operating at a different
HRT (hydraulic retention time) and Organic Loading Rates
in order to analyze the process performance.

2.3. Experimental Set-up. The lab scale experimental CW
consisted of two independent rectangular basins (length:
120 cm, width: 90 cm, depth: 40 cm). The basins were filled
with gravel, sand and soil from bottom to top with one layer
of each as shown in Figure 2. Each basin had a 10% slope and
was equipped with a nozzle outlet to discharge the treated

0
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InﬂowS_0 “
0.3m

Water < . K ¥ Soil, sand,
025m : [ 09m and gravels
1.2

I m 1

Arundo donax
0.6 m
Outflow

FIGURE 2: Schematic diagram of a laboratory scale CW for the
treatment of combined industrial wastewater.

TasLE 1: Dimensions and operating conditions of experimental CW.

Dimensions of CW

Length 1.2m
Width 0.9m
Total height 0.6 m
Total container volume 0.432m’
Water depth 0.3m
Substrate depth 0.25m
Plant name Arundo donax L (Giant reed)
No. of rhizome/m? 3
Operational conditions
OLR 538 kg/ha/d
HRT 3 days
Hydraulic load rate (HLR) 862 m>/ha/d

effluent. The CW was planted with A. donax (6 shoots/m?)
taken from the botanical garden of the institute.

An unplanted bed served as a control. Treated effluents
were collected directly from the lab scale experimental plant.
The operational conditions of the experimental set up of CW
are shown in Table 1. All plants, sand and gravel were prop-
erly washed before planting into CW system.

Pollutant removal rates (%) were calculated according to
the following equation:

R (%) =[1-(Cf/Ci)] x 100 (1)

Where: R is the removal rate, Ci is the concentration
(mg/L) of the considered parameter in the untreated WW
(influent), Cf is the concentration (mg/L) of the considered
parameter in the treatment bed eftluent.

2.4. Analytical Procedures. Raw and treated samples were
analyzed for their BOD, COD, EC, pH, turbidity etc., accord-
ing to the standard methods [34]. For COD determination
closed reflux, colorimetric method included digestion at
150°C for 2h in COD vials followed by spectrophotometer
reading at 530 nm [34]. The pH was measured using a digital
pH meter (HANNA, HI 991003 Sensor) while total dissolved
solids (TDS) and conductivity were determined by HANNA,
HI9835 Microprocessor. Heavy metals were analyzed
through atomic absorption spectrophotometer. At least three
readings were taken for each parameter each time and then
the mean value was calculated.
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TaBLE 2: The performance of ABR in treating combined industrial effluents.
Influent/raw wastewater ABR effluent % removal
Parameters o o o o Original o o o o Original 0 0 N 0 Original
20% 40% 60% 80% WW 20% 40% 60% 80% WW 20% 40% 60% 80% WW
pH 81 848 86 876 10.2 7.89 831 852 8.66 8.41 —_ - — — —
Conductivity (us) 627 646 645 676 702 654 616 645 687 702 - - - — —
TDS 378 330 344 394 411 339 324 334 357 365 10 2 3 9 11
VS 712 812 780 1333 1400 83 85 93 215 115 88 895 88 838 91.7
TS 600 520 1050 1160 1960 45 863 1639 972 305 92 835 86 90 84
COD 70 189 284 379 474 42 54 121 159 297 40 47.8 573 58.04 37.34
BOD 233 254 509 77 84.8 185 416 51 102 18.5 82 80 80 81 78
Nitrates 24 59 83 98 145 1.8 61 923 89 16 92.5 89.6 88.8 90.9 88.9
Ammonia 17 23 45 57 82 2.1 2.1 4.5 8 10 87.6 90.8 90 859 87.8
Lead 0.131 0.653 1.335 1.851 2.337 0.558 0.653 1.222 2.109 2.703 64 278 846 74 2.7
Nickle 117225 315 271 403 0.079 0.015 0.035 0.074 1.014 92.1 934 87 79 79
Cadmium 026 .026 .021 .009 .048 0.009 0.009 0.007 0.001 0.007 654 654 66.7 88.9 85.4
2.5. Statistical Analysis. Collected data were analyzed by = ;gg ] r 100
descriptive statistics and arithmetic averages of percent go 280 r %0
removal were calculated using Microsoft Excel XP version = iﬁlgt OS—o ® ® - 80 &
2010 and Origin Lab 8. £ 220:: L 70 £
£ 200 L 60 §
. o & 180 1 &——9 L 5
3. Results and Discussion £ 1601 _— [ 50 8
< 140 / rooA
3.1. Pretreatment of Combined Industrial Wastewater in § 1204 ¢ - 40 ‘2
ABR. The ABR was fed with combined industrial wastewater 3 lggz - 30 é’
for treatment at retention time of 12h. The treated effluent g 601 20 9
characteristics and percent removal efficiency are showed = 407
in Table 2.
The results describe the performance of the ABR for the 20 40 60 80 100
treatment of combined industrial wastewater, as the concen- ABR effluent % dilutions
trations of COD before pretreatment were 70, 189, 284, 379 m CODeffl & CODrem
and 474 mg/L, respectively, for 20, 40, 60 and 80% dilutions, B BODefll -~ BODrem

and original wastewater. After pre-treatment with ABR, the
COD was reduced to 42, 54, 121, 159, 297 mg/L with 40.0,
40.8, 57.3, 58.0, 37.3% removal efficiency, respectively. The
results in Figure 3 show the maximum COD removal
efficiency for the 80% dilution of the wastewater through
ABR. The ABR also reduced the BOD concentrations of the
dilutions in 78 to 82%, as shown in Figure 3. The BOD con-
centration reduced from 23.3, 25.4, 50.9, 77.0 and 84.8 mg/L
to 18.5, 4.16, 5.1, 10.2 and 18.5, respectively. It was observed
from the results that ABR showed excellent removal effi-
ciency for BOD.

Total solids were tremendously removed by 84% with the
corresponding concentration of 1960mg/L for original
wastewater. The concentration of NO,-N was reduced from
24, 59, 83, 98, 145 to 1.8, 6.1, 9.23, 8.9, and 16 mg/L for 20,
40, 60, 80% dilutions and original wastewater. ABR showed
88 to 92% removal efficiency for the NO;-Nitrogen as shown
in Figure 4.

Similarly, the removal efficiency of NH,-N was 87.6, 90.8,
90, 85.9 and 87.8% for the four different dilutions 20, 40, 60,
80% and original wastewater, respectively, as shown in
Figure 4. The concentrations of NH,- N of 17, 23, 45, 57

FiGUrg 3: CODefll and BODefll concentration (mg/L), CODrem
and BODrem efficiency (%) of a lab scale ABR reactor for
combined industrial wastewater.

and 82mg/L were reduced to 2.1, 2.1, 4.5, 8 and 10 mg/L.
On the other hand, Pb, Ni and Cd removal by reactor was
2.7%, 79% and 85.4% for real industrial wastewater. Heavy
metal removal was found in the order Cd > Ni > Pb as shown
in Figure 5.

3.2. Post Treatment of ABR Effluent with CW. The pre-
treated effluent was then further treated by CW for 30 days
for each dilution. The results for FWS CW eftluent are shown
in Figures 6-10 with pollutant removal efficiency.

The results of treatment in CW showed efficient removal
efficiency for COD, BOD, TS, nitrates, ammonia and metals
like Pb, Ni and Cd. The residual concentrations of COD
and BOD were 64.3, 66.7, 67, 76.4, 82.4 and 78.4, 76, 80.3,
80.3 and 78.4 mg/L, respectively, for the corresponding dilu-
tions of 20, 40, 60, 80% and original WW as shown in
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FIGURE 5: Removal efficiency of Pb, Ni and Cd by ABR.

Figures 6 and 7. The CW showed the highest COD removal
efficiency of 82.4% for original WW, but at the same dilution
the BOD was reduced to 78.4%. Nitrates and ammonia
removal efficiency was found to be 95, 82, 86, 72, 75% for
the respective concentrations of 1.8, 6.1, 9.23, 8.9 and
16 mg/L of the corresponding four different dilutions and
original pre-treated effluent. Ammonia removal was not sat-
isfactory compared to other parameters and the highest
removal efficiency was 70.1% by CW.

3.3. Discussion. Previous workers observed that the treatment
of complex industrial wastewater reduced the efficiency of
the ABR [35], as also observed in the present study. However,
ABR showed promising results regarding treatment of BOD
in the present work. During anaerobic digestion of organic
matter, biochemical reactions take place which are affected
by heavy metal presence [35]. It is clear from the results that
soluble heavy metals rapidly decreased at the initial concen-
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F1GURE 7: Comparison of ABR and CW for BOD removal.

trations. It depends on which chemical form the heavy metal
exists in. The most common and important form of heavy
metals are precipitation (as sulfides, carbonates and hydrox-
ides), sorption on to solid form (inhibitory effect of heavy
metals on anaerobic sludge) [36]. Ni could be bound in all
forms. So it was clear that high initial concentrations were
tolerated by the ABR sludge and thus showed the satisfactory
removal of heavy metals.

However, the residual concentration of organic (BOD
and COD) and heavy metals in the anaerobic reactor effluent
usually exceeds the maximum permissible level prescribed by
the effluent discharge standards of most developing countries
[20, 37-38]. From this standpoint, post-treatment of anaero-
bic effluent is necessary to reduce these contaminants to the
required level [39].

CW normally improves the dissolved oxygen (DO) in
wetland. The introduction of excess organic matter may
result in depletion of oxygen from an aquatic system.
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Prolonged exposure to low dissolved oxygen levels (<5.0-
6.0 mg/L) may not directly kill an organism, but will increase
its susceptibility to other environmental stresses. Exposure to
<30% saturation (<2.0 mg/L oxygen) for one to four days kills
most of the biota in a system. If oxygen-requiring organisms
perish, the remaining organisms will be air-breathing insects
and anaerobic (not requiring oxygen) bacteria [40]. If all oxy-
gen is depleted, aerobic (oxygen-consuming) decomposition
ceases. So, treating pollutants in wetlands may help to increase
DO, which is consumed by the other aerobes. In this experi-
ment during the post-treatment by CW the DO increased to
8.8 mg/L.

Industrial wastewater was previously treated in two-stage
constructed wetland [41] planted with Typha latifolia and
Phragmites australis. For tannery wastewater, CW may be
an interesting treatment option. Two-stage series of horizon-
tal subsurface flow CW with Phragmites australis (UP series)
and Typha latifolia (UT series) provided high removal of
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organics from tannery wastewater, up to 88% of BOD,

(from an inlet of 420 to 1000 mg/L) and 92% of COD (from
an inlet of 808 to 24vx49 mg/L) and of other contaminants,
such as nitrogen, operating at hydraulic retention times of
2, 5 and 7 days. Overall mass removals of up to 1294kg
COD/ha/d and 529 kg BOD 5)/ha/d were achieved for a load-
ing ranging from 242 to 1925kg COD/ha/d and from 126 to
900kg BOD 5y/ha/d. Plants were resilient to the conditions
imposed, however P. australis exceeded T. latifolia in terms
of propagation [41].

In the present study, A. donax was used in the CW for
post-treatment, which showed an efficient performance for
the further removal of pollutants from the ABR pre-treated
effluent. The results confirmed that effluent showed traces
of heavy metals Ni and Cd with the corresponding ABR
treated wastewater at almost all the levels of dilutions of 20,
40, 60, 80% and original wastewater. CW showed the maxi-
mum removal efficiency for Ni and Cd as depicted in
Figures 9 and 10, respectively. CW post-treatment of Pb
was not satisfactory in reduction of its concentration. Using
the San Joaquin Marsh constructed wetlands, the removal
efficiencies for four heavy metal elements Cd, Cu, Pb and
Zn were evaluated. It was found that the effluent metal con-
centrations were not substantially lower than the influent.
The removal efficiencies of 23.9%, 10.6%, and 17.6% were
found for Cd, Cu, and Zn, respectively. No significant reduc-
tion was observed for concentrations of Pb [43].

The removal of metals and metalloids from contami-
nated waters was investigated in constructed wetlands. Metal
removal rates in wetlands depend on the type of element
(Hg>Mn>Fe %4 Cd>Pb %4 Cr>Zn % Cu>Al>Ni> As),
their ionic forms, substrate conditions, season, and plant
species. Standardized procedures and data are lacking for
efficiently comparing properties of plants and substrates.
The study depicted the relative treatment efficiency index
(RTEI) to quantify treatment impacts on metal removal in
constructed wetlands [44].

Various mechanisms, including sedimentation, filtration,
chemical precipitation, adsorption, microbial interactions
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and uptake by vegetation have been attributed with the
removal of metals within CW. Specifically, the major pro-
cesses that are responsible for metal removal in CW are
binding to sediments and soils, precipitation as insoluble
salts and uptake by plants and bacteria [45]. In CW, sub-
strate interactions remove most metals from contaminated
water [46]. The anoxic condition of wetland soil helps create
an environment for immobilization of heavy metals in the
highly reduced sulfite or metallic form [47]. Wetland plants
adsorb and accumulate metals in tissues, which can play
important role in CW pollutant treatment efficiency [48].
Phytoremediation, using vegetation to remove, detoxify, or
stabilize heavy metal pollutants, is an accepted tool for
cleaning polluted soils and waters [49]. Research has also
shown that metal storage in sediment is influenced by
vegetation. Concentrations of metals were significantly
higher in the vegetated sediments than in the non-
vegetated sediments [50].

4. Conclusion

This paper presented the evaluation results on removal effi-
ciencies for COD, BOD, nitrates, TS, and heavy metals (Cd,
Ni, Pb) in ABR and post-treated by a lab scale Arundo donax
based CW. It was clearly observed that post-treatment
accomplished efficient removal of the COD, BOD, TS, Nij,
and Cd. The efficiency of both the treatment systems was
not very satisfactory for Pb removal. Because of the positive
effects of vegetation on metal removal efficiency, CWs
containing A. donax is recommended for HIE combined
wastewater treatment.
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Background. The purpose of this study was to establish the finite element analysis (FEA) model of acetabular bone defect in Crowe
type II or IIT developmental dysplasia of the hip (DDH), which could evaluate the stability of the acetabular cup with different types
of bone defects, different diameters of femoral ceramic heads, and the use of screws and analyze the stress distribution of screws.
Methods. The FEA model was based on the CT scan of a female patient without any acetabular bone defect. The model of
acetabular bone defect in total hip arthroplasty for Crowe II or III DDH was made by the increasing superolateral bone defect
area of the acetabular cup. Point A was located in the most medial part of the acetabular bone defect. A 52 mm PINNACLE cup
with POROCOAT Porous coating was implanted, and two screws (the lengths were 25 mm and 40 mm) were implanted to fix
the acetabular cup. The stability of the acetabular cup and the von Mises stress of point A and screws were analyzed by a single-
legged stance loading applied in 1948 N (normal working). The different diameters of the femoral ceramic head (28 mm, 32 mm,
and 36 mm) were also analyzed. Results. The von Mises stress of point A was gradually increased with the increasing uncoverage
values. When the uncoverage values exceeded 24.5%, the von Mises stress of point A without screws increased significantly,
leading to instability of the cup. Screws could effectively reduce the von Mises stress of point A with uncoverage values of more
than 24.5%. However, the peak von Mises stress in the screws with the uncoverage values that exceeded 24.5% was considerably
increased. The diameter of the femoral ceramic head had no significant effect on the von Mises stress and the stability of the
acetabular cup. Conclusions. We recommend that uncoverage values of less than 24.5% with or without screw is safe for patients
with Crowe II or III DDH.

1. Introduction

Total hip arthroplasty (THA) is one of the most successful
surgeries in the 20™ century; a gradually increasing amount
of patients with developmental dysplasia of the hip (DDH)
received THA to release pain and improve function [1-3].
Despite their surgical complexity, DDH patients had also
notably low rates of revision and obtained durable clinical
results [2, 4-7]. During THA surgery, an obvious superolat-
eral bone defect has been reported to be frequently observed
above the surface of the acetabular cup at the level of the
true acetabulum, especially in patients with Crowe II or III
DDH [7, 8].

It has been recommended that the acetabular cup
uncoverage should not exceed 30% of its overall surface [9].
If the uncoverage was more than 30%, a structural bone graft-
ing may be needed [10-12]. However, all of these decisions
were made which depended on the intraoperative judgment
of surgeons. There is no previous publication reporting the
specific value of uncoverage in THA of DDH patients.

The aim of this current study was to establish a finite
element analysis (FEA) model of acetabular bone defect in
THA for Crowe II or III DDH, in which the acetabular cup
was positioned at the anatomical center of rotation of the
hip without grafting. Then, the stability of the acetabular
cup with different types of bone defects, different diameters
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of femoral ceramic heads, the use of screws, and the stress
distribution of screws were analyzed.

2. Materials and Methods

The FEA model was based on the geometry of a human
pelvis, obtained from the CT scan of a female patient (body-
weight: 50 kg) without any acetabular bone defect, who signed
an informed consent for this study. The three-dimensional
model of the pelvis was restored using Mimics Research 20.0
(Materialise, Belgium). The STL date of the pelvis was used
to conduct the reverse engineering reconstruction using
Geomagic 2012 (Geomagic, America), which includes seg-
mentation, smoothing, polishing, denoising, and other image
processing of the model. Then, this solid model was generated
into IGES three-dimensional image. We followed the methods
of Fu et al. [13].

According to the actual size of the patient’s acetabulum
and femur, acetabular and femoral prostheses were assem-
bled using Solidworks 2014 (Dassault, France). The acetabu-
lar cup was a 52mm PINNACLE cup with POROCOAT
Porous coating (DePuy, America); cup inclination of 40
degrees and anteversion of 20 degrees were preset using a
coordinate system linked with the pelvis. The ceramic liner
(DePuy, America) and size 9 LCU femoral prosthesis (Link,
Germany) with 28 mm/32 mm/36 mm femoral ceramic head
of different diameters (Link, Germany) were implanted.
When the diameter of the femoral ceramic head was
36mm, two screws (the lengths were 25mm and 40 mm,
and the diameter was 6.5mm) were implanted to fix the
acetabular cup.

The solid model was imported into Ansys Workbench
16.2 (Ansys, America), and Boolean operation was per-
formed. Mesh generation was made after setting up all the
material properties and interfaces. The mesh size was set as
1 mm using an automatic mesh technique, as validated in a
previous study [14]. Element type was chosen as Solid 187.
The material properties used in the model are presented in
Table 1. The friction coefficient between the cup and the bone
was 0.8. And the friction coeflicient between the ceramic liner
and the femoral ceramic head was 0.06 [15].

The model of acetabular bone defect in THA for Crowe II
or III DDH was made as shown in Figures 1(a) and 1(b).
Figure 1(a) shows the sector defect, which was identified by
extending the arc (defined as arc eAf) formed by the bone-
prosthesis border within superolateral bone defect to the
edge which was defined by arc eCf, and the arc AC was the
longest distance from the sector defect [7, 16]. The straight
line ef went through the hip center of rotation (HCOR).
The surface area of the defect gradually increased by the
length of the arc AC, and the angle a denoted the central
angle of the uncovered portion above the cup as shown in
Figure 1(b).

A resultant equivalent load (single-legged stance loading)
was applied without taking account of muscles around the
hip joint. The peak force measurements for the unilateral
hip joint were reported in the majority of literature showing
1948 N for normal working [17, 18]. Fixed constraint bound-
ary conditions were assumed at the sacroiliac joint and pubic
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TaBLE 1: Mechanical properties of materials used in FEA mode.

Elastic Poisson’s
Components Materials modulus ratio
(MPa)
Cortical bone Cortical bone 17300 0.265
Cancellous bone Cancellous bone 400 0.2
Screws
Acetabular component Titanium alloy 110600 0.326
Femoral prosthesis
Ceramic liner Ceramics 350000 0.22

Femoral ceramic head

symphysis (Figure 1(c)). The femur was constrained in all
directions at the middiaphysis, and the simulated vertical
reaction load was applied from the bottom of the femur at
1948 N (Figure 1(d)). Figure 1 shows the general layout used
for these FEA models and the details of components, inter-
faces, load, and constraint boundary. The main analysis was
the effect of bone defect, femoral ceramic head, and screw
on the stability of the acetabular cup.

3. Results

3.1. The Effect of Different Bone Defects and Femoral Ceramic
Head on the Stability of the Acetabular Cup. According to the
result of FEA, the diameter of the femoral ceramic head had
no significant effect on the von Mises stress of point A and
the stability of the acetabular cup. The von Mises stress of
point A was gradually increased with the increasing length
of the arc AC (uncoverage). When the length of the arc AC
exceeded 20 mm (uncoverage > 24.5%, angle « > 44.0%), the
von Mises stress of point A improved significantly, leading
to prosthesis instability (Figure 2).

3.2. The Effect of Screws on the Stability of the Acetabular Cup.
When the diameter of the femoral ceramic head was set on
36mm and two screws were inserted into the acetabular
cup, the von Mises stress of point A with two screws was
12.44 MPa (without screw: 32.98 MPa) on the condition that
the length of arc AC was 24 mm (uncoverage: 29.4%, angle «:
52.8%) and the acetabular cup with two screws had no sign of
instability (Figure 3).

3.3. Stress Distribution of the Screw for Fixing an Acetabular
Cup. The peak von Mises stress of the two screws was located
in the upper 1/3 of the two screws, which was 18.83 MPa
(0 mm), 19.06 MPa (4 mm), 19.71 MPa (8 mm), 21.29 MPa
(12mm), 23.42MPa (16mm), 62.12MPa (20mm), and
62.09 MPa (24 mm), respectively. As the he length of the
arc AC increased, the peak von Mises was gradually moved
down along the screw (Figure 4).

4. Discussion

This current study of a three-dimensional FEA model of ace-
tabular bone defect in THA for Crowe II or III DDH was
constructed from CT scan date and used to analyze the effect
of bone defect, femoral ceramic head, and screws on the
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F1GURE 1: (a) The model of acetabular bone defect in total hip arthroplasty for Crowe II or III DDH. (b) The uncoverage area gradually
increased by the length of the arc AC, and the angle & denoted the central angle of the uncovered portion above the cup. Angle & was
formed by the crossing of line OA and OC. (c) Fixed constraint boundary conditions were assumed at the sacroiliac joint and pubic
symphysis. (d) Simulated vertical reaction load was applied from the bottom of the femur.

stability of the acetabular cup. The results showed that the
diameter of the femoral ceramic head had no significant
effect on the von Mises stress and the stability of the acetab-
ular cup; the acetabular cup primary stability can be achieved
with uncoverage values of less than 24.5% (angle a: 44°) with-
out a screw. Screws could effectively reduce the von Mises
stress of point A with uncoverage values of more than
24.5%. However, the peak von Mises stress in the screws con-
siderably increased.

In Crowe II or III DDH, the superolateral acetabular defi-
ciency prevents placement of a standard cup to inadequate
coverage [16]. Special techniques including high hip center
and bone graft may be necessary to address inadequate osse-
ous coverage of the acetabular cup. There is no standard high
hip center technique to guide the process of acetabular recon-
struction, which leads to the variable clinical outcomes
resulting from the high hip center technique. In addition, it
remains unclear to what extent the high hip center technique
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F1GURE 2: The von Mises stress of point A without screw. (a) The length of arc AC was 0 mm with a 36 mm femoral ceramic head. (b) 4 mm.
(c) 8mm. (d) 12 mm. (e) 16 mm. (f) 20 mm. (g) 24 mm. (h) Relationship between the von Mises stress of point A (MPa) and the length of arc

AC with different diameters of the femoral ceramic head.

Stress of point A (MPa)

0 +— s ——T— T —

0 4 8 12 16 20 24 Arc AC (mm)
0 4.9 9.8 14.7 19.6 24.5 29.4 Uncoverage (%)
0 8.8 17.6 264 35.2 44.0 528 a(°)

—— With screws

—— Without screws

FIGURE 3: Relationship between the von Mises stress of point A
(MPa) and the length of arc AC with and without screw.

restores the normal hip biomechanics [19]. Structural bone
grafting with the acetabular cup at the level of the true acetab-
ulum was another alternative to reconstruct the defect in
DDH patients [20-22]. However, when coverage of the cup
by the autograft did not exceed 50%, there will be a high risk
of failure in the acetabular cup. And the absorption and col-
lapse of structural bone grafting were also other causes for the
failure of structural bone grafting. Therefore, the optimal
acetabular cup position is at the level of the true acetabulum
that restored the HCOR, the limb-length discrepancy (LLD),
and muscle tension around the hip.

Xu et al. [7] measured the three-dimensional coverage
postoperatively in 35 patients (45 hips) with Crowe II or III
DDH, in which the acetabular cup was positioned at the ana-
tomical center of rotation of the hip. Their research results
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FIGURE 4: The stress distribution of the screw for fixing an acetabular cup: (a) 0mm; (b) 4 mm; (c) 8 mm; (d) 12mm; (e) 16 mm; (f)

20 mm; (g) 24 mm.

showed that the postoperative three-dimensional coverage
was 85.74% and the height of the uncovered (the length of
the arc AC in our study) is a useful parameter to determine
the three-dimensional coverage during surgery.

Tikhilov et al. [12] utilized a mathematical computer
model based on the FEA and the mechanical experiment to
estimate the critical values of uncoverage enabling safe pri-
mary fixation of the acetabular cup in arthroplasty patients
with DDH. According to their results, cup prosthesis primary
stability can be achieved with uncoverage values of less than
15-25% without screw fixation and can reach approximately
35% with two-screw fixation. In our study, a possibility of
mounting an acetabular cup with uncoverage within 24.5%
(the length of arc AC: 20mm, angle a: 44°) was demon-
strated. This study was consistent with most previous studies
that the minimal acetabular cup uncoverage should not
exceed 30% of its surface [9-11, 23].

Tikhilov et al. suggested that if extreme uncoverage
values of greater than 35% of the acetabular cup were
observed, screw fixation did not improve reliable primary
stabilization [12]. In our study, the von Mises stress of point
A with two screws was considerably decreased on the condi-
tion that the length of arc AC was 20 mm (uncoverage:
24.5%, angle a: 44°) compared with that without screw.
The use of screws can effectively reduce the stress of point
A and improve reliable primary stabilization of the cup.
However, the peak von Mises stress in the screws for fixing
the acetabular cup with the length of arc AC exceeding
20 mm (uncoverage > 24.5%, angle « > 44.0°) was consider-
ably increased.

There are some limitations. This study investigated an
ideal model and simulated acetabular bone defect in THA
for Crowe II or III DDH which does not necessarily mimic

actual THA surgical environments and the real-life stresses.
Additionally, the angle @ may not be accurate on the X-ray
given complex acetabular bone defects for Crowe II or III
DDH. The intraoperative measuring or CT scan may better
guide patients with early weight-bearing exercises. We
believe our mode may provide a surgical guidance to sur-
geons while performing THA for patients with Crowe II
or III DDH.

5. Conclusions

We recommend that uncoverage values of less than 24.5%
(angle o < 44°) with or without a screw are safe for patients
with Crowe II or III DDH, in which the acetabular cup was
positioned on the anatomical center of rotation of the hip.
The use of screws can effectively improve the reliable primary
stabilization of the cup when the uncoverage values are more
than 24.5%.
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