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ABSTRACT

Background: There is a growing scientific interest in the use of three-dimensional (3D)
technologies in orthopedic surgery. Digitalization makes research in orthopedics more
accurate and quantitative. Scientific literature describes an overview of current 3D
technologies applications in orthopedics, without any emphasis on integrating available
technologies as a clinical workflow. Objective: To develop a clinical workflow integrating
3D technologies for patient-specific applications in orthopedics validated in practice by
employment of a free 3D software solution with the aim of minimizing the intervention.
Method: By exploring the applications of 3D technologies in orthopedic surgery, we
have created a clinical workflow integrating 3D technologies for patient-specific appli-
cations in orthopedics. It is validated in practice for preoperative planning of a 49-year-
old male patient who had a tibial plateau fracture of Schatzker type VI in his right leg.
The software solution we have used is Democratiz3D, from Embodi3d platform, which
allows patient-specific modeling and surgical planning. Results: By using the proposed
methodology we obtained the model of the tibial plateau fracture Schatzker type VI, as a
“solid” representation in stl type files, which represents a numerically defined geometry
of the bones fragments. It helps surgeons in planning the surgical approach. The time
from the beginning to the end of the analysis was 193 min, which is 15% lower than
times reported in similar studies. Conclusion: The planning potential of the 3D solution
is a valuable instrument for surgeons in exploring the nature of tibial plateau fractures
and the formulation of a suitable surgical plan for surface alignment, design and screw
fixation guides, strength calculations of bone fragments, and printing surgical objects.
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1. 1. INTRODUCTION

Over the very recent past there
has been a growing trend for publi-
cations related to three-dimensional
(3D) printing applied in orthopedic
surgery (1) and connected fields like
cartilage repair (2). 3D printing tech-
nology is used by orthopedic sur-
geons with great success for whole
body interventions (3). Digitaliza-
tion makes research in orthopedics
more accurate and quantitative, pro-
motes a depth of orthopedics, and
assists in better summarizing and
analysis of data (4). It allows to sim-
ulate a wide variety of tissue and
organ dynamics, which is predicted
to become valuable and versatile
clinical tools (5).

The research in mechanics of car-

tilage contact layers supports di-
agnosis and treatment planning
specific to the patient (6). Compu-
tational mechanics and constitu-
tive modeling has been consider-
ably advanced, but many challenges
still exist in 3D joint simulations (7).
There are some reservations about
the usefulness of patient-specific or-
thopedic implants, and it is neces-
sary to demonstrate the clinical ef-
ficacy of this customized technology
in future clinical trials (8).

The widespread use of current 3D
technology in hospitals is currently
limited by the high costs and the
time duration required to produce
patient-customized devices (9). At
the same time, the additive manu-
facturing industry will have to deal
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in the future with tougher medical reg-

ulations and with the adoption of inte- 3D image | o Computed tomography DICOM files with raw
grated quality control procedures for acquisition| « Magnetic resonance imaging | data for later use
patient-specific implants (10). 3D image processing: Segmentation:
Scientific literature (11, 12) describes (1) Import in Slicer 4.8.1 Identification and
an overview for the 3D technologies and (2) Conversion 'to NRRD ' classiﬁcati(?n of tissues
their current applications in orthope- 2 (3) Reconstruction Democratiz fm;i extraction c;f l:lseﬁll
dics, without any emphasis on the in- g 3D IELIOTMALION 150;aling
’ Y p & (4) Post processing with pixels/voxels of the
tegration of available technologies in a a Meshmixer analyzed component
clinical workflow. A Patient ific modeli
. . ! atient specific modelin
In particular, the reconstruction of p i &
the tibial plateau fractures can be sup- Surgical planning
ported by 3D technologies, with the aim o — —
of minimizing the intervention (13), as 5 3D design Traqsfer of spatial information A.representa.tlon through
isual and printed models are capable ' of pixels / voxels to a CAD triangles of tissues as
visua ° p . p , environment different geometric entities
to provide both tactile feedback and tan- : - — -
ible depth information about anatomic ' Virtual surgical simulations Measurements, cuts,
8 p . . ; using CAD design functions geometry changes
and pathologic states (14, 15), to obtain v —
optimal fixation results with screws (16, " Design of surgical objects Anatomlcal 1mp 1.a nts,
. . 5 instruments, devices
17), to reduce the surgical time, the blood g
%OSS and the radlatlor? equsure (18), FO % 3Dnumerical| Transfer to a finite element Environment for numerical
improve the mechanical alignment in — | simulation | analysis (FEA) simulation
total knee replacement (19, 20, 2I), to = Assioni ol "
support a patient-specific implant that < tosqstlfég&gre?a eral Properties | DEXA osteodensitometry
fits perfectly and has unlimited geo- . )
. bility (22 Application of forces and Results allow conclusions
metric mo Lty (22). . study of efforts in structures about bone strength
Orthopedic surgery planning can be
Suppo'rted by various V1rt}1a1 3D recon- 3D Objects produced from 3D digital files, by constructing thin
struction and segmentation software, printing | and successive layers of raw material
like VoXim° (23), or implemented as
OsiriX ol ( 3) B ph' . Replicas of the Patient-specific surgical Custom
an OsiriX plugin (24). But this topic re- patient's anatomy instruments/ guides implants

quires further study, for the identifica-
tion of software solutions which make
the duration of the process more effi-
cient (25).

This paper is written to help the or-
thopedic surgeons and the medical en-
gineers to adopt the workflow of 3D technologies in or-
thopedic for patient-specific applications and to develop
further clinical applications.

orthopedics.

2. AIM

The purpose of this study is twofold: the first is to de-
velop a clinical workflow integrating 3D technologies
for patient-specific applications in orthopedics and the
second is to validate it for preoperative planning of a
tibial plateau fracture by employment of a free 3D soft-
ware solution with the aim of minimizing the extent of
the intervention.

3. METHOD

By exploring the applications of 3D technologies in or-
thopedic surgery, we have created a clinical workflow for
the patient-specific applications in orthopedics which
integrates 3D technologies (Figure 1), in the following se-
quence:

-3D imaging involves the use of various available tech-
niques, including the computed tomography and the
magnetic resonance imaging which can provide raw data
for the later use in 3D processing. The software solution
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Patient specific orthopedics

Figure 1. Clinical workflow integrating 3D technologies for patient-specific applications in

we have employed is Democratiz3D, from Embodizd
platform (26) which allows patient-specific modeling and
subsequent surgical planning. The data is converted to
the Nearly Raw Raster Data (NRRD) format which allows
the correction of surfaces and the removal of unneces-
sary components, after which the data is transferred to
Computer Aided Design (CAD) format.

- 3D design allows virtual surgical simulations with
the help of CAD design functions through the measure-
ments or cutting paths, adjusting geometries or even for
the processing of implants, surgical instruments, and
medical devices adapted to the patient’s anatomy.

- 3D numerical simulation using the Finite Element
Analysis environment (FEA), assigns material proper-
ties to different structures, allows the application of de-
sired forces and tracking the variation of stresses.

- 3D printing consists of building replicas of the pa-
tient’s anatomy, the manufacture of the surgical instru-
ments or custom implants. Typically, high complexity
models can be fabricated in a few hours. 3D printing
systems can use several types of materials, textures or
colors and several well-known manufacturing tech-
niques, such as: stereolithography, lamination, conden-
sation deposition and selective laser sintering. Along
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Figure 2. Schatzker fracture type VI, right leg, male, 49 years : a) DICOM image; b) RadiAnt image.

with these, there are new technologies in
the development phase, such as the electron
beam melting. Each of the shown techniques
can be employed for segmental bone defects
(27), production of anatomical models, im-
plants, surgical guides, or other various clin-
ical applications. Even if 3D printing appears
to be the “second industrial revolution” espe-
cially for orthopedic trauma surgery (28), the
technology is not still utilized at its full po-
tential in the field of orthopedics and trau-
matology (29, 30).

Our research includes a particular study
on a 49-year-old male patient who had a
tibial plateau fracture in his right leg. The pa-
tient was sent to the orthopedics department,
based on the initial clinical examination, di-
agnosis and imaging examination performed
in the emergency department. Tibia scans
were performed with an OPTIMA 580W CT.
The fracture was classified according to the
Schatzker classification as a type VI fracture.
Figure 2 shows: a) extracts from DICOM files
and b) analysis of DICOM files with RadiAnt
DICOM Viewer software, of the patient’s
fracture included in the study.

4. RESULTS

The first and most important step of the
study was to obtain accurate data from col-
lected images in the standard format DICOM
(Digital Imaging and Communications in
Medicine), which is currently provided by
conventional medical scanners. 3D image
processing with the support of Democratiz
3D platform allowed obtaining a model of
the tibial plateau fracture Schatzker type VI,
that is a “solid” representation in stl type files
(Figure 3). This means that the surface geom-
etry of the analyzed bones fragments from
fracture is known. It allows further mathe-
matical processing, such as the best matching
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Figure 3. 3D segmentation and reconstruction of the tibial plateau fracture Schatzker type
VI: a) posterior view; b) lateral view.a

Figure 4. 3D printed model of the tibial plateau fracture Schatzker type VI: a) posterior
view; b) lateral view.
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of fragments with the support bone by using various
mathematical algorithms.

Also, the 3D capabilities of the program allow the user
to manipulate and see the location of the fracture from
any plane, without subjecting the patient to awkward
manipulation while taking radiographic images. The
model can then be printed and 3D replicas of the fracture
can be obtained (Figure 4), which allow an even more de-
tailed analysis.

The use of the acquired 3D images and printed replica
of the tibial plateau fractures helps the surgeon in plan-
ning the surgical approach as follows: a) it allows a better
identification of the independent fracture fragments
(by segmenting the fracture fragments into color-coded
groups); b) to better understand the nature of the frac-
ture and to identify the difficult reductions of the frag-
ments; c) the careful reconstruction of the articular line;
d) reducing the risk of post-traumatic osteoarthritis; e)
to perform numerical simulations and study the bone
strength; f) to print replicas of the patient’s anatomy /
surgical instruments / guides / custom implants; g) to
compare with the postoperative results.

The time required to perform the entire check in the
case of the aforementioned clinical trial was 193 minutes,
which means that in the case of complex surfaces/frac-
tures, the processing is difficult and time consuming.

5. DISCUSSION

The clinical workflow integrating 3D technologies for
patient-specific applications in orthopedics developed in
this research is a synthetic document supporting strate-
gies for the customized surgical treatments, such as: pre-
operative planning, surgical simulation, patient-specific
instrumentation, implants, prosthetics, orthoses. This
study is focused on the identification of software solu-
tions and testing them in virtual segmentation and 3D
reconstruction modeling for the preoperative planning
of the tibial plateau fractures.

The DemocratizzD-based like approach (26) employed
in the study has the following characteristics: it allows
easy use and a hassle-free learning curve for the prepro-
cessing part; uses cloud processing resources; an intui-
tive modification of the parameters for the reconstruc-
tion; free scheme access for standard models; it requires
a larger number of applications to obtain a final 3D re-
construction model and therefore it implicitly requires
knowledge of operating multiple tools; testing the com-
parative reconstruction with several parameters re-
quires the resumption from the beginning of the whole
process from loading of raw data.

The analysis of the results shows that the time re-
quired for preoperative analysis requires more than 3
hours of planning. The time required for the reconstruc-
tion and analysis of 3D segmentation may be a discour-
aging factor for its current use, as this time period may
not be available in most clinical settings.

The investigated case of the tibial plateau fracture
modeling allowed the validation of the software solu-
tion for segmentation and 3D reconstruction. There are
some reservations about the length of the trial and the
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following randomized studies. It should be determined
whether the clinical outcome is worth the time.

Running the software used in the current study re-
quired relatively long time frames, and a suggestion for
the future is to identify newer versions of this software
which should reduce the time required for planning,
while increasing segmentation and cleaning processing
facilities of the images.

The results are consistent with other studies in the
literature reported by Suero et al (23), which used the
VoXim1 planning software and indicated an average
time of 227 minutes required for the planning of type C
fractures, which is higher by approximately 15% in com-
parison with our result.

However, the amount of new information obtained in
less complicated fractures may not be worth the time in-
vested in planning preoperative 3D reconstruction.

From a financial perspective, customizing surgical
treatment in 3D reconstruction of tibial plateau frac-
tures can be costly. For these reasons, the results of the
treatments should be compared when using 3D tech-
nology in conjunction with the preoperative planning
through conventional procedures. The obvious advan-
tages of this new technology can compensate for the pos-
sible high costs of the intervention (31).

Another requirement for surgeons is to acquire new
technologies in order to support the improvement of
surgical procedures implementation.

Limitations of the current study may occur mainly
because the integration of 3D technologies for ortho-
pedic modeling was tested for the phase of patient-spe-
cific modeling and the particular situation of a tibial pla-
teau fracture. There are many other situations in clinical
practice that can be explored.

6. CONCLUSION

The systematization of the 3D technology integration
approach opens new research perspectives towards the
construction of guides which allow the elimination of
any sources of error towards an easy reduction in the
most complicated tibial plateau fractures, which in this
way will enhance the optimization of patient results and
minimize surgery complications.

The planning potential of the software solution used in
this study is a valuable instrument for surgeons in ex-
ploring the nature of tibial plateau fractures and formu-
lation of a suitable surgical plan for:

«  Surface alignment-the coordinates of the points
on the fracture surfaces are described mathemat-
ically and allows preoperative simulation of the
desired alignment;

- Design and 3D printing of screw fixation guides
for tibial fracture fragments;

«  Strength calculations of bone fragments fixed by
screws;

- Establishing the optimal direction of the percus-
sive screws for fixing the bone fragments by pre-
operative simulation.

Applying such patient-specific guidance tools can

make surgery more accurate, cost-effective, and pos-
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sibly easier in complex cases.

It can be concluded that virtual modeling with the help
of computer by creating 3D visualizations of the anatomy
and the physical production of the anatomical replicas
identical to the real organs is the revolution of the pre-
operative planning for many orthopedic procedures, of-
fering many advantages for the personalized therapy.

Author’s contribution: All authors were included in all steps of prepa-
ration this article. Editing and final proof reading was made by the
first author.

Conflict of interest: None declared

Financial support and sponsorship: Nil.

REFERENCES

L.

282

Vaishya R, Patralekh MK, Vaish A, Agarwal AK, Vijay V. Publication trends
and knowledge mapping in 3D printing in orthopedics. ] Clin Orthop Trau-
ma. 2018; 9(3): 194—201. doi:10.1016/j.jcot.2018.07.006.

Vaishya R, Patralekh MK, Vaish A. The upsurge in research and publication
on articular cartilage repair in the last 10 years. Indian ] Orthop. 2019; 53(5):
586-594. doi:10.4103/ortho.I[JOrtho_83_19.

Lal H, Patralekh MK. 3D printing and its applications in orthopedic trau-
ma: A technological marvel. ] Clin Orthop Trauma. 2018, 9(3): 260-268. doi:
10.1016/j.jcot.2018.07.02.2.

Chen YX, Zhang K, Hao YN, Hu YC. Research status and application pros-
pects of digital technology in orthopedics. ] Orthop Surg. 2012; 4(3): 131-
138. doi:10.1111/}.1757-7861.2012.00184.X.

Neal ML, Kerckhoffs R. Current progress in patient-specific model-
ing. Briefings in bioinformatics. 2010; 11(1): 111-126. doi:10.1093/bib/
bbpo49.

Ateshian GA, Henak CR, Weiss JA. Toward patient-specific articular con-
tact mechanics. Journal of Biomechanics. 2015; 48(5): 779-786. doi:10.1016/j.
jbiomech.2014.12.020.

Kazemi M, Dabiri Y, Li LP. Recent advances in computational mechan-
ics of the human knee joint. Comput Math Methods Med. 2013; 718423.
doi:10.1155/2013/718423.

Haglin JM, Eltorai AE, Gil JA, Marcaccio SE, Botero-Hincapie ], Daniels AH.
Patient-specific orthopedic implants. ] Orthop Surg. 2016; 8(4): 417-424.
doi:10.1111/0s.12282.

Martelli N, Serrano C, Van den Brink H, Pineau ], Progon P, Borget I, Bat-
ti SE. Advantages and disadvantages of 3-dimensional printing in sur-
gery: A systematic review. Surgery. 2016; 159(6): 1485-1500. d0i:10.1016/j.
surg.2015.12.017.

Martinez-Marquez D, Jokymaityte M, Mirnajafizadeh A, Carty CP, Lioyd
D, Stewart RA. Development of 18 quality control gates for additive man-
ufacturing of error free patient-specific implants. Materials, 2019; 12(19),
3110. d0i:10.3390/maI12193110.

Papagelopoulos PJ, Savvidou OD, Koutsouradis P, Chloros GD, Bolia IK, Sa-
kellariou VI, et al. Three-dimensional technologies in orthopedics. Ortho-
pedics. 2018; 41(1): 12-20. doi: 10.3928/01477447-20180109-04.

Wong KC. 3D-printed patient-specific applications in orthopedics. Orthop
Res Rev. 2016; 8: 57-66. d0i:10.2147/ORR.S99614.

Weimann A, Heinkele T, Herbort M, Schliemann B, Tetersen W, Raschke
MJ. Minimally invasive reconstruction of lateral tibial plateau fractures us-
ing the jail technique: A biomechanical study. BMC Musculoskeletal Disor-
ders. 20173; 14: 120. d0i:10.1186/1471-2474-14-120.

Mitsouras D, Liacouras P, Imanzadeh A, Giannopoulos AA, Cai T, Ku-
mamaru KK, et al. Medical 3D printing for the radiologist. Radiographics.
2015; 35(7): 1965-1988. d0i:10.1148/rg.2015140320.

Bizzotto N, Tami I, Santucci A, Adani R, Poggi P, Romani D, et al. 3D Print-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

ed replica of articular fractures for surgical planning and patient consent:
A two years multi-centric experience. 3D Printing in Medicine. 2016; 2(2):
1-6. d0i:10.1186/841205-016-0006-8.

Huang H, Hsieh MF, Zhang G, Ouyang H, Zeng C, Yan B, et al. Improved ac-
curacy of 3D-printed navigational template during complicated tibial pla-
teau fracture surgery. Australas Phys Eng Sci Med. 2015; 38(1): 109-117. doi:
10.1007/813246-015-0330-0.

Huang H, Zhang G, Ouyang H, Yang Y, Wu Z, Xu J, et al. Internal fixation
surgery planning for complex tibial plateau fracture based on digital design
and 3D printing. ] South Med Univ. 2015; 35(2): 218-222. PMID: 25736116.
Giannetti S, Bizzotto N, Stancati A, Santuci A. Minimally invasive fixa-
tion in tibial plateau fractures using an pre-operative and intra-opera-
tive real size 3D printing. Injury. 2017; 48(3): 784-788. doi: 10.1016/j.inju-
ry.2016.11.015.

Gemalmaz HC, Sariyilmaz K, Ozkunt O, Sungur M, Kaya I, Dikici F. Post-
operative mechanical alignment analysis of total knee replacement pa-
tients operated with 3D printed patient-specific instruments: a pro-
spective cohort study. Acta Orthop Traumatol Turc. 2019; 53(5): 323-328.
doi:10.1016/j.a0tt.2019.02.001.

Cucchi D, Menon A, Aliprandi A, Soncini G, Zanini B, Ragone V, et al. Pa-
tient-specific instrumentation affects rotational alignment of the femo-
ral component in total knee arthroplasty: A prospective randomized con-
trolled trial. ] Orthop Surg. 2019; 11(1): 75-81. doi: 10.1111/0s.12420.

Vaishya R, Vijay V, Birla VP, Agarwal AK. Computerized tomography based
“patient-specific blocks” improve postoperative mechanical alignment in
primary total knee arthroplasty. World Journal of Orthopedics. 2016; 7(7):
426-433. doi:10.5312/WjoN7.i7.426.

Javaid M, Haleem A. Additive manufacturing applications in orthope-
dics: a review. | Clin Orthop Trauma. 2018; 9(3): 202-206. doi: 10.1016/j.
jcot.2018.04.008.

Suero EM, Hufner T, Stubig T, Krettek C, Citak M. Use of a virtual 3D soft-
ware for planning of tibial plateau fracture reconstruction. Injury. 2010,
41(6): 589-591. d0i:10.1016/j.injury.2009.10.053.

Ribeiro ], Alves V, Silva S, Campos J. A 3D computed tomography based tool
for orthopedic surgery planning. Published in: Developments in Medical
Image Processing and Computational Vision. Springer International Pub-
lishing. Editors: Joao Manuel R. S. Tavares, Renato Natal Jorge, 2015: 121-
138.

Moldovan F, Bataga T. Use of a virtual 3D software for planning of tibial
plateau fracture reconstruction and personalization of the surgical treat-
ment. Acta Marisiensis. Seria Medica. 2020; 66(S3): 41.

Embodi3D. The Biomedical 3D Printing Community. Available at URL:
https://www.embodizd.com/democratiz3D/. (Accessed: 11.10.2020).
Tetsworth K, Block S, Glatt V. Putting 3D modelling and 3D printing into
practice: virtual surgery and preoperative planning to reconstruct com-
plex post-traumatic skeletal deformities and defects. SICOT J. 2017; 3, 16.
doi:10.1051/sicotj/2016043.

Lal H, Patralekh MK. 3D printing and its applications in orthopedic trau-
ma: A technological marvel. ] Clin Orthop Trauma. 2018; 9(3): 260-268.
doi:10.1016/j.jcot.2018.07.022.

Mishra A, Verma T, Vaish A, Vaish R, Vaishya R, Maini L. Virtual preopera-
tive planning and 3D printing are valuable for the management of complex
orthopedic trauma. Chin | Traumatol. 2019; 22(6), 350-355. doi:10.1016/j.
cjtee.2019.07.006.

Vaishya R, Vijay V, Vaish A, Agarwal AK. Computed tomography based 3D
printed patient-specific blocks for total knee replacement. ] Clin Orthop
Trauma. 2018; 9(3): 254-259. doi:10.1016/j.jcot.2018.07.013.

Tack P, Victor ], Gemmel P, Annemans L. 3D-printing techniques in a medi-
cal setting: a systematic literature review. BioMed Eng OnLine. 2016; 15: 115.

d0i:10.1186/512938-016-0236-4.

ORIGINAL PAPER / ACTA INFORM MED. 2020 DEC 28(4): 278-282



