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Abstract

The 3D printing implants are currently being used to reconstruct various parts of the bone tumor area other than maxillofacial surgery area.
Thanks to 3D printing implants, patients can remain their anatomic function of bone through reconstruction surgery, which was impossible before
since patients became handicapped. The segmental prosthesis of the long bone needs a special design for fixation with normal bone as well as
maintaining the joints and mechanical stability. In this preliminary report one can find procedures of test surgery on volunteer patient which include
design, manufacturing process, inspection, and mechanical test procedures. The patient underwent reconstruction surgery using 3D printing metal
implant for both forearm bones. By using 3D printing metal prosthesis for reconstruction of the bone defect, surgeons were able to shorten duration
of the surgery and maintained the anatomical reconstruction for the all bones of patient’s body.
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Introduction
c¢) Third, printing implant and cutting guide using each 3D

The treatment of primary malignant bone tumors has pro- )
printer.

gressed over decades and this has led to the success of limb salvage
procedures in approximately 85% of cases [1-9]. As far as the limb d) Fourth, post-processing process.

salvage procedures are concerned, an endoprosthetic replacement ) o L ) )
e)  Fifth, processing implant’s inspection and cleaning.

has been regarded as the standard reconstruction technique af-

ter wide excision for bone sarcomas in musculoskeletal oncology

centers [10]. However, commercially available modular type of the
prosthesis is supplied only for commonly used replacements such

as the femur, tibia and humerus. As for reconstruction of uncom-

mon bones, a custom- made prosthesis was one of available surgical

options, but the problem was that it took a long time to fabricate CT and MR data Design Implant

Al

Post processing 3D printing

and it was expensive. Frankly, the 3D printing implant is applicable
to any bones of all sites. Furthermore, it requires relatively short
fabrication time and is cheaper than a conventional custom-made
implant. The manufacturing of specific 3D implant is composed of
five stages;

a)  First, obtaining the 3D model of the patient by receiving

3D Printin ;
the DICOM files (DICOM, Digital Imaging and Communications . and Inspection of Implant |

in Medicine) from the hospital. . . . .
Figure 1: Overview of customized tumor implants.

b)  Second, designing the implant and cutting guide. _ J
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This study aims to demonstrate the whole process of 3D print-
ing titanium tumor implants including implant design, manufactur-
ing, and performance evaluation. In order to deliver the outcomes,
our team would like to report a representative case of reconstruc-
tive surgery with 3D printing prosthesis for both forearm bone
while preserving the adjacent joints of the forearm (Figure 1).

Materials and Methods

Patient Information

The patient is a 40-year-old man, working at local clinic as an
office worker. He had a right hand numbness and limitation in the
range of motion of forearm rotation. He had no medical problem
and denied any medications. His right radial head was dislocated
and limited motion of elbow flexion and forearm rotation since
childhood due to uncertain accident. In addition, he had undergone
orthopedic surgery using external fixator for the right forearm 5
years ago. After the surgery, recovery and rehabilitation were done
and he used his forearm with limited forearm motion. However,
limitation of range of motion of the forearm had been getting more
severe recently and started imaging for the forearm. The forearm
rotation was possible from 45’ supination to 30’ pronation at the 1%
visit for our institute. Our team found out abnormal results of plan
radiograph, ultrasonography and MRI of right forearm soft tissue
and bone. The plain radiographs showed the large bone (radius)
defect which was assumed area of pinning site of external fixator
and slight bony erosion of ulna. The MRI showed the big soft tissue
mass which was semicircular wrap of radius and ulnar (Figure 2).

a I

Figure 2: A preoperative forearm photo of X-ray AP
view (left), A preoperative forearm photo of X-ray lateral
view (middle), A preoperative forearm photo of CT

reconstruction(right).
- /

The sono-guided core needle biopsy resulted desmoplastic fi-
broma that was locally aggressive intermediate tumor and needed
wide excision to prevent local recurrence the soft tissue tumor from
originate radius extended adjacent wrist joint. The distant metasta-
sis was not demonstrated on the bone scan and PET/CT examina-
tion. In order to maximally maintain the anatomical configuration
of both forearm bones, while preserving adjacent joints including
the wrist joint and the distal radio-ulnar joint, our team decided
to reconstruct the bone defect with 3D-printed implants. Forearm
rotation movement is very complicated interaction between both
forearm bones, and greatly limited by very slight anatomical ab-

normalities and remaining distal radius and ulnar fragment were
expected too small to fixate by conventional methods using screws
and plates. Therefore, we planned limb salvage surgery with skel-
etal reconstruction by patient-specific 3D printed radius and ulnar
implant that were designed by mirror image of both forearm bones
of the normal side. For the fixation between implants and remained
host bones, each part was designed to be customized considering
the direction of approach, safe screw trajectory, and enough fixing
force.

Virtual Surgical Simulation

Axial CT images of the forearm were CT scanner and the slices
of 0.25mm thickness. The CT images in DICOM format were then
imported into medical image analysis software (MIMICS 17.0, Ma-
terialise NV, Leuven, Belgium). The CT image data sets were then
reformatted into coronal and sagittal views in addition to the origi-
nal axial views. A gray-valued based segmentation of the CT images
excluded the soft tissue and a 3D model of the affected forearm was
generated for surgical simulation. As MR images showed the same
tumor involvement as on the CT images, the extent of the tumor
was outlined from the CT images and its volume was extracted. Af-
terwards, a 3D bone-tumor model was created. All the reformatted
2D images and 3D models were analyzed for preoperative surgical
planning. A partial forearm resection with a 10-mm safe margin
was virtually simulated. The working file of the surgical simulation
was then forwarded to the implant engineer (MEDYSSEY R&D Cen-
ter, Jaechoen, Korea).

Design of the Patient-Specific Forearm Implant

The most important considerations of tumor implant device
in orthopedic oncology surgery are to confirm strength of the part
of bone replacing and to design the connection part between the
implant and remaining bones so that the implant was easily and
firmly attached to the bone. Moreover, anatomical reconstruction
is common important issue for specific skeletons including both
forearm bones to gain maximal function. For the designing step,
cooperated with surgeon for his clinical knowledge or/else infor-
mation of surgical approach and engineer owing to his knowledge
of mechanical and structural property. The model created in Mimics
was exported to 3-Matic (Materialize, Belgium) for further process-
ing to isolate the forearm and to construct the final implant model.
3-Matic provides with a means of error corrections, where the DI-
COM data model can be checked for issues such as multiples shells
and inverted normal, such that any produced design would be fit
for digital manipulation and the final 3D printing. For the patient
with the bone tumor on the both forearm bones, the entire shaft of
the implant was basically modeled to the same size as the original
bone(Figure 3).

s B

Figure 3: CAD images of forearm from the STL files. (Ulna

and Radius).
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For the connection part between the implant and remaining
host bones, each part needed different designs according to circum-
stances of the junctions. Basically, common designs for the connec-
tion part were a metal plate for screw fixation and a cylindrical cuff
skirt to insert remaining long bone segment. The cuff skirt was a
circumferential metal plate of ring shape, which allowed a remain-
ing host bone to be inserted. The thickness of the metal plates and
cuff skirts was 3 mm and the diameter of the screw holes was 3.5
mm. For proximal shaft of radius and ulna, a complex of metal plate
and cuff skirt was used, because the host bone segment to connect
to the implant had cylindrical shape. The lengths of the cuff skirt
part were not exceeding 1 cm. While, for the distal radius and ulna,
the remaining host bone remarkably became wider toward the
distal direction. Therefore, for those distal parts, only metal plates
were used. The dorsal side of the distal radial part of the implant
has been emptied to prevent tendon abrasion and it had two screw
holes through the implant in the shape of X shape. In order to en-
hance bone incorporation, both ends of the radial and ulnar im-
plants, which contacted to host bones, had porous structure.

Implant 3d Printing and Post Processing

The final implant was printed using electron beam melting
(EBM) within an ARCAM A1l (Arcam AB, Sweden) using medical
grade titanium (Ti6Al4V-ELI per ASTM 136). The ARCAM EBM A1l
machines are based on Electron Beam Melting (EBM). During the
EBM process, the electron beam melts metal powder layer-by-layer
to build the implant. The vacuum environment in the EBM machine
maintains the chemical composition of the material and provides
an excellent environment for building parts in reactive materials
such as titanium alloys. The high power of the Electron Beam en-
sures a high rate of deposit and an even temperature distribution
within the part. The results trigger full melting of the metal pow-
der and high strength properties of the material. The EBM machine
Titanium Ti6Al4V ELI (Grade 23) is a gas-atomized powder with a
particle size between 45 and 100 microns. This limit on the mini-
mum particle size ensures safe handling of the powder. Ti6Al4V-ELI
has numerous applications in the medical industry. The biocompat-
ibility of Ti6Al4V-ELI is excellent, especially when direct contact
with tissue or bone is required. The final 3D printing implant was
cleaned ultrasonically. Subsequently, the sterilization with EO gas
was performed in the hospital (Figures 4 & 5).

4 A

Figure 4: 3D printing Machine (left : ARCAM A1 for Metal
Implant, Right : OJBECT 30 Prime for Plastic model).
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Figure 5: 3D Printing (EBM Processing).
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Performance Evaluated of the 3D printed forearm im-
plant

The mechanical testing was performed at porous shaft part,
which links the skirt with plate of titanium forearm implants using
3D printing. All mechanical testing was performed another set of
the implants which were same as the implants used in the actual
surgery. Five samples of each Ulna and Radius were subjected to
3-point bending using a 25mm displacement control per minute
and span of distance was 25mm using ASTM F382 (Metallic Bone
Plate Material Bend Test). After obtaining each test results (Max-
imum load), calculated the 3- point bending strength as shown in
the following formula; (Maximum load x distance) / 2, and com-
pared it with the experimental data of the patient’s body, specifi-
cally, ulna and radius bone. Despite the shaft part was confirmed
by the actual mechanical test, but the confirmation of the plate and
the fixed part of the plate and skirt was more necessary. Therefore,
we conducted comparative analysis with the existing commercial
with widely used trauma plate. Commercial ulna and radius trauma
plate has a thickness of about 2.0 ~ 2.5mm and usually is made of
unalloyed commercially pure titanium grade 2 to 4, the screws with
2.0 ~ 3.0mm size are used (Figure 6).

4 A

Figure 6: Mechanical testing Jig (ulna and radius part).
N J

In this case, 3D printed forearm implant was manufactured
thicker than traditional trauma plate with minimum 3mm or more.
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It is known that Ti6Al4V-ELI is used for extra strength and it defi-
nitely has superior physical properties than ordinary material. In
case of screw, we tried to increase the fixation force of bone and
plate by using a product with a diameter larger than the screw
which is normally used for forearm. Therefore, it is truly believed
that the screw pull-out after fixing it and the risk of plate and shaft
fracture are lower or at least equal to those of existing products.

Surgical procedures

abrasion. Original plan of the fixation for distal radius was using
x shaped long cancellous screws, however screw fixation from ul-
nar side to radial side was impossible in real situation. Finally, one
screw fixation from radial side to ulnar side and tension band wir-
ing were performed. After fixation of implant to remained radius
and ulna, the implant was secured and forearm rotation range was
checked if it also got improved. During the postoperative period, we
did not encounter any adverse situation (Figures 7 & 8).

4 A

Figure 7: The 3D printed titanium forearm implants.
L (radius and ulna part).

J

In the supine position, a longitudinal incision on the volar
side of forearm was performed. For radial and ulnar shaft, dissec-
tion was deepened through the plane between the brachioradialis
muscle and flexor carpi radialis muscle. Pronator teres muscle was
half-detached distally, and deep flexor muscles were preserved. By
the described surgical approach distal ulna was not reached, there-
fore, additional incision was made on dorsal side of distal ulna.
Totally four levels of osteotomy were cut with the cutting guide,
and wide excision of the tumor was performed. The 3D-printed
titanium implant was placed in the bone defect, and the fitting of
the implant with the remained radius and ulna was grossly perfect.
As planned preoperatively, four screws were inserted via premade
holes on metal plates of implants for proximal radial and ulnar
shaft for each. Since the distal ulnar remained bone was relatively
short, only two screws were used for fixation. For distal radius, the
implant has only volar side skirt for prevention of dorsal tendon

Table 1: Result of 3-point bending testing.

4 A

Figure 8: Images of the surgery process.
N J

Result
The Mechanical Property Test Results

The mean maximum load was 14.18kN + 0.94 kN and 3-point
bending strength was 184.8kN £23.3 for ulna part. As for radius
part, the mean maximum load was 19.27kN + 1.29 kN and 3-point
bending strength was 250.5kN + 25.2. It is known that the average
of the 3-point bending strength of the previous bone test data is
31.3 kN for men and 15.5 kN for women [11]. As a result of the
experiment of 3D printed forearms, ulna part was about 5.9 times
higher, whereas radius part was about 8 times higher than the
aforementioned average scale. Mechanical testing results show that
in all examples, despite shaft part is simply bent in ulna and radius
part, shaft part is broken in one case of ulna (Table 1).

Testing Specimen of Ulna Maximum Load (k N)

3-Point Bending Strength (k Nmm)

Failure Mode

#1 15.12 226.8 shaft were bent
#2 13.41 167.7 shaft were breakage
#3 13.95 174.4 shaft were bent
#4 13.02 162.7 shaft were bent
#5 15.41 192.6 shaft were bent
Average 14.18 184.8 -
Stdev 0.94 23.3 -

Testing Specimen of Radius Maximum Load (k N)

3-Point Bending Strength (k Nmm)

Failure Mode

#1 19.29 289.4 shaft were bent
#2 18.91 236.4 shaft were bent
#3 19.12 239.1 shaft were bent
#4 17.51 218.9 shaft were bent
#5 21.51 268.9 shaft were bent
Average 19.27 250.5 -
Stdev 1.29 25.2 -
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The clinical results

Fortunately, there were no adverse postoperative conditions
occurred. Intravenous antibiotics were administered for one week.
The suction drain was removed for one week postoperatively, when
the drainage was less than 5 cc. The antibiotic was switched to oral
form for another week. After suture removal without wound com-
plications two weeks postoperatively, the patient was allowed el-
bow and wrist motion in tolerable range. By the last follow-up at 12
months, potential complications, such as implant subluxation had
not occurred. There was no pain around the surgical site. However,
the range of motion of forearm rotation was similar to that before

surgery and did not improve further (Figure 9).
~ ™

Figure 9: Images of Postoperative at the 12-Months.

. J
Discussion

Throughout this study, we reconstruct 3D model using CT data
of forearm tumor of the patient and simulated virtual surgery to
set a safe margins of resection tumor. Then, we designed a method
to stably fixation the modified 3D model with the existing bone
and the 3D printed forearm implant. In addition, the final design
was printed with 3D printing using Ti6Al4V-ELI material. Then,
we verified the mechanical strength of the 3D printing implants.
Finally, the patient was operated with the confirmed actual 3D
printing forearm implants. Medical applications for 3D printing are
expanding rapidly and about to revolutionize health care. [12-14]
An application of the custom-made implant has many advantages
in orthopedic oncology. A personalized implant can be made for
every affected bone, regardless of the bone and tumor size. The
perfect fit for the target patient results in more functional and
anatomic reconstruction, and surgery can be performed without
intraoperative fluoroscopicimaging. The duration of surgery
time for reconstruction has been reduced in a gargantuan scale
via personalized implant, and manufacturing period can also be
reduced significantly.

In our patient, surgery was performed 2 weeks after the
histologic diagnosis. Moreover, a 3D-printed custom-made implant
is less costly than a traditional custom-made implant. Although 3D
printer Patient-customized implants have many advantages, they
have not yet been clinically proven for many years. As a result, there

is insufficient verified performance as in the case of conventional
commercial implants. However, in this study, we tried to compare
the 3-point strength with the bone experimental data at least for
shafts. One can find that this case report has some limitations. First,
follow-up period was relatively shorter than usual. However, short
term of follow-up was inevitable because limb salvage with 3D
printed custom- made implant was a novel reconstruction option
and the experience of this type of surgery needed to be announced
and shared, since the authors thought that this case report of
3D-printed forearm implant surgery would use the longest follow-

up.

Second, the hypothesis that long-term stability was achieved
with soft tissue scarring on the mesh style implant surface could
not be proved histologically in this report. Despite of absence of
histologic analysis for peri-implant scarring due to ethical consid-
eration, the special pain of the implanted the forearm can be moved
was thought a collateral evidence for the hypothesis. In conclusion,
3D printing technology makes it possible to generate a patient-spe-
cific, biomechanically acceptable implant that can be fitted precise-
ly to patient after tumor resection in orthopedic oncology.
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