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In the last 10 years, basic and clinical research in orthopaedics has developed rapidly. Understanding of orthopaedic
disorders involves not only routine diagnosis, but also the pursuit of highly efficient and accurate three-dimensional
imaging of the intra- and extra-medullary distribution, form and structure of orthopaedic disorders, thus allowing
scientific evaluation of the indications for surgery, drawing up of the best surgical plan, minimization of operative
trauma and the earliest possible restoration of limb function. Meanwhile, the most important type of basic research,
which was previously biomechanical research, has gradually become computational biomechanics based on in vitro
cadaver experiments. This review aims to summarize the research status and application prospects of digital
technology in orthopaedics, including virtual reality technology, reverse engineering and rapid prototyping techniques,
computational biomechanics, computer navigation technology and management of digitization of medical records.
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mation technology, digital technology has not only

brought about great changes in life and work generally,
but has also led to profound changes in the pattern of
medical practice. In the last 10 years, basic and clinical
research in orthopaedics has developed rapidly. Understand-
ing of orthopaedic disorders involves not only routine diag-
nosis, but also the pursuit of highly efficient and accurate
three-dimensional (3-D) imaging of the intra- and extra-
medullary distribution, form and structure of orthopaedic
disorders, thus allowing scientific evaluation of the indica-
tions for surgery, drawing up of the best surgical plan, mini-
mization of operative trauma and the earliest possible
restoration of limb function. Meanwhile, the most important
type of basic research, which was previously biomechanical
research, has gradually become computational biomechanics
based on in vitro cadaver experiments. This review aims to
summarize the research status and application prospects of
digital technology in orthopaedics.

In the current era of rapidly developing electronic infor-

The Birth of the Visible Human and
Digital Orthopaedics

n 1989, under the direction of the Board of Regents of the

National Library of Medicine (NLM), an ad hoc planning
panel was convened to provide the library with in-depth guid-
ance as to its proper role in the rapidly changing field of digital
imaging'. In August 1991, the NLM contracted with Victor
Spitzer and David Whitlock of the University of Colorado
School of Medicine (Boulder, CO, USA) to acquire appropriate
cadavers and capture the required images. On 28 November
1994, the NLM announced the availability of a digital data set of
human male anatomy. The data set, about 15 gigabytes
in size, consists of frontal radiographs, MR and CT images, and
images of anatomic serial sections of a single “normal” male
cadaver. Within only one year, this data set had been wildly used
by hundreds of groups and tens of countries®. South Korea was
the second country after the USA to develop visible human data.
The first data set of VKH (Visible Korean Human), which has
the characteristics of Eastern human males, exceeded the VHP
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(Visible Human Project) of the USA in both resolution and
accuracy’. A China Visible Human (CVH) male was created by
October 2002 and a CVH female by February 2003, making
China the third country in the world to develop a VH (Visible
Human) data set and the second country to complete a visible
human male and female pair’. In the field of orthopaedics,
a computer-assisted orthopaedics symposium (CAOS-
Symposium) was held by Bern University (Bern, Switzerland) in
1995. Computer-assisted orthopaedics surgery international
(CAOS-International) was established in 2000 and the first
international annual symposium held in 2001. Subsequently,
many countries gradually began to develop all kinds of digital
technology in the field of orthopaedics and achieved various
objectives.

Digital orthopaedics is an advanced interdisciplinary
subject combining computer information, image processing,
and medical physics technology; medical education; and
clinical and research needs. It includes digital orthopaedic
anatomy, orthopaedic simulating education, orthopaedic sur-
gical science, information storage; and remote interaction.
Digitization, the underpinning technique of the information
society, is causing an overarching and significant industrial
revolution. The inexorable trend toward blending digital tech-
nology with medicine will certainly push orthopaedic clinical
research to a new level. For presenting the research status of
digital orthopaedics, we have divided this subject into two
parts: intraoperative and preoperative/postoperative status.
The intraoperative status primarily includes computer naviga-
tion, which we have bundled with specific hardware packages
and background software. The preoperative/postoperative
status consists of preoperative digital design, postoperative
follow-up visits, remote consultation, digital anatomy and
computational biomechanical research that rely on software.

The Application and Research Methods of Digital
Technology in Assessment of Preoperative/
Postoperative Status

Virtual Reality Technology
Almost two decades ago, Satava proposed early adoption of
virtual reality (VR) as a training tool’. Computer-based train-
ing in technical skills has the potential to solve many of the
educational, economic, ethical, and patient safety issues related
to learning to perform surgery. Although full virtual reality
systems are still in development, there has been early progress
that should encourage surgeons to incorporate computer
simulation into the surgical curriculum®. In a study designed
by Andersen et al., VR training was proved to be a possible
way for young and inexperienced surgeons to achieve the basic
navigation skills necessary for performing arthroscopic sur-
gery’. Vankipuram et al. reported a virtual orthopedic drilling
simulator that produces a learning effect that transfers to real-
world drilling®.

Digital preoperative planning, assisted by post-
processing of CT or MRI images, is another kind of virtual
reality application. For doctors and patients, every second on

DigrTar TECHNOLOGY IN ORTHOPAEDICS

the operation table counts. In order to achieve the most appro-
priate approach, adequate exposure, precise replacement, suit-
able implant selection, and quick and reliable implantation, we
have to design our procedures preoperatively. For decades,
orthopaedic experts the world over have made every effort to
conduct preoperative planning. They originally based this on
attentive reading of X-ray films, manual drawing and clipping,
and more recently on digital photography, printing, clipping,
comparison of internal fixators and so on. However, these
methods cannot produce accurate preoperative designs because
of the zoom in/out phenomenon with imaging films, pincush-
ion distortion or barrel distortion of digital photos and manual
errors.

Modern preoperative planning consists of stereoscopic
views and surgical simulation. Although multislice CT has been
updated quickly because of its popularity, bundling CT image
post-processing software that can output HD-images still runs
only in the workstation. In addition, the two-dimensional (2-D)
CT images that clinicians still observe on films do not provide
optimal views and cannot be edited freely. 3-D CT reconstruc-
tion images, which generally greatly surpass X-ray films, are
limited by the differing requirements of clinicians and imaging
specialists. In 2009, Chen Yan-xi et al.’ set up a digital ortho-
paedic clinical research platform (SuperImage Orthopaedics
edition 1.0, Cybermed, Shanghai, China) which can provide
3-D reconstruction images with plotting scales, 3-D preopera-
tive free observation, 3-D measurement and virtual operation
by means of reconstructing initial CT data (Digital Imaging
and Communications in Medicine [DICOM]) (Fig 1). These
researchers established a set of variables for assessing normal
ankle anatomical structure with the SuperImage System that
involves measuring a combination of four elements, namely
spot, wire, plane and curve, in 3-D. This study provided some
data that is relevant to planning of standard anatomical reduc-
tion of injured ankles and repeat surgery after malunion'.
The measurement methods are reliable, reproducible, and easy
to apply in practice.

Hu Yong-cheng et al. integrated a method for using the
SuperImage System to measure the volume of cavitary bone
tumors by 3-D image segmentation, free profile selection,
regional filling and 3-D combined measuring techniques
(Fig. 2)". Using these key techniques, they also established a
new clinical gating system for giant cell tumors according to
treatment protocols and prognostic factors. The gating system
is an effective, reliable method that guides doctors in clinical
selection of appropriate excision and reconstruction methods.

Reverse Engineering and Rapid Prototyping Techniques

Reverse engineering originated in the 1960s. It is a type of
computer-aided design (CAD) that is based on physical mea-
surements and has been widely used in medical model struc-
turing using CT image data. Unlike other image models, the
data format of this kind of CAD model provides not only a
stereo model, but can also be used in machining and manu-
facturing. Rapid prototyping originated in the 1980s. This
molding technique involves integration of computer, digital
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Fig. 1 Reproduction (with permission) of a screenshot of Superimage orthopaedics created by Yan-xi Chen et al. showing a case with complex
middle-proximal humeral shaft fractures (OTA Type 12-C3) in which the surgical procedure implemented was strictly according to computer-
assisted preoperative planning. The postoperative X-ray images show a high consistency between the surgical procedure and the preoperative

planning.

control, and laser techniques, new material technology and so
on, and is based on the principles of discreteness and deposi-
tion. In recent years, rapid prototyping (RP) has been widely
used in medicine, especially combined with reverse engineer-
ing in computer-assisted surgery.

Tens of RP methods have been produced since its incep-
tion'’. Some conventional techniques are flawed". Nowadays,
although models made by RP are sufficiently precise, there is
still considerable potential error. Available RP processes com-
monly used in prototyping anatomical modeling have been
summarized in published reports as follows: stereolithography
apparatus, selective laser sintering (SLS), fused deposited mod-
eling, laminated object manufacturing, multiphase jet solidifi-
cation, and 3-D printing"*™'°. Winder et al. were the first to
present a new method of producing custom titanium plates for
repair of cranial defects using RP technology and 3D CT image
data". From 1999 to 2005, more than 40 medical RP app-
lications were implemented in Europe and Asia. Currently,
state-of-the-art medical RP is used in diagnosis and treatment
in the following medical areas: cranio-maxillo-facial and
dental surgery, neurosurgery, orthopedics, orthosis and tissue
engineering'®.

Currently, reverse engineering and RP can be used for
morphological study of the skeleton', surgical planning and
its realization'*, repair of mandibular defects®, plates for

cranioplasty?”, total knee arthroplasty?, and bone tissue engi-
neering, all of which have good results***. During the past few
years, a combination of medical imaging and rapid manufac-
turing techniques has proven to be a very important develop-
ment™. Recently, polycaprolactone scaffolds fabricated by SLS
have shown great potential for replacement of skeletal tissues®.
Leijnse and Spoor have reported a two dimensional kinematic
multi tendon-string extensor apparatus model of fiber slack-
ness and tautness through interphalangeal motion that was
achieved by reverse engineering®. Hsieh et al. have reported
using RP models as a component of surgical planning of intra-
articular osteotomy”. Dhakshyani et al. provided an under-
standing of the use of RP medical models in planning of
dysplastic hip orthopaedic surgery®. in Using 30 cadaveric
knees and a RP technique, Gan et al. manufactured a naviga-
tional template for assisting with knee arthroplasty *. Schu-
macher et al. applied RP to manufacturing scaffolds for bone
tissue engineering™. Park et al. also applied RP to fabrication of
scaffolds and successfully seeded scaffolds with MG63 cells in
an in vitro study and implanted them in the tibias of rabbits in
an in vivo study’’. Chua et al. experimentally verified a func-
tionally graded scaffold model by fabricating a femur bone
segment using a SLS system”. Uklejewski et al. presented
the main results of a research project concerning a selective
laser melted prototype of a new kind of minimally invasive
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Fig. 2 Screenshot showing measurement of the volume of a cavitating bone tumor by a 3-D image segmentation technique, reproduced from

Yong-cheng Hu et al.'*

resurfacing hip arthroplasty endoprosthesis incorporating the
original multi-spiked connecting scaffold™.

Computational Biomechanics

Computational biomechanics is a new research mode in the
area of biomechanical research. In particular, it includes a
series of technologies that use efficient, convenient and fast
computational methods to analyze human physiological and
pathological mechanics. In the orthopaedic field, the finite
element method, kinematic and dynamic analyses are the most
widely used computational biomechanical analysis techniques.
The basic concept of the finite element method is subdivision
of the mathematical model into disjointed (non-overlapping)
components of simple geometry called finite elements, or ele-
ments for short. The response of each element is expressed in
terms of a finite number of degrees of freedom characterized as
the value of an unknown function, or functions, at a set of
nodal points. The response of the mathematical model is then
considered to be approximated by that of a discrete model
obtained by connecting or assembling a collection of all the
elements. The finite element method was introduced to ortho-
pedic biomechanics in 1972 for evaluating stresses in human
bones™. Since then, this method has been applied with increas-
ing frequency to stress analysis of bone and bone-prosthesis
structures, fracture fixation devices and various kinds of
tissues other than bone®.

At present, the main method of orthopaedic finite
element analysis is to use an original medical imaging data set
to construct a 3-D geometrical surface model. Next, appropri-
ate material properties are given to the model, after which
biomechanical analysis of bone, joint, soft tissue, fracture fixa-
tion devices and bone-prosthesis can be performed using finite
element analysis software, such as ANSYS (ANSYS, Canons-
burg, PA, USA) and ABAQUS (SIMULIA, Paris, France). In
addition, kinematic and dynamic analysis of human bone can
establish musculoskeletal models for simulating the coordi-
nated motion of bone and muscle by the use of various systems
and software.

A critical issue encountered in the finite element method
is generation of the finite element model. Whereas in other
engineering applications models are typically built in a CAD
environment and then imported into finite element software,
in biomedical engineering a different approach is adopted.
Medical image scans are converted into CAD data to generate a
finite element model of anatomical sites. In general, CAD
models can be generated from CT, micro-CT or NMR scans by
following two distinct approaches: geometry-based and voxel-
based. The former method defines a geometric model com-
prised of curves and surfaces that is finally discretized into finite
elements®®. The strength of the geometry-based approach lies
in its capacity to create smooth surfaces and hence simulate any
kind of interface. The voxel-based approach is more diffuse than
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the geometry-based one and relies on the principle that each
group of voxels (the base unit of 3-D imaging) is directly
converted into hexahedral elements®®*. Commonly used finite
element modeling software such as Simpleware (Simpleware,
Exeter, UK) and MIMICS (Materialise, Leuven, Belgium) are a
combination of geometry-based and voxel-based approaches.
DICOM imaging data are processed digitally to subdivide target
tissue, following which the pixel based three-dimensional target
area is filled by a tetrahedral element to generate a 3-D recon-
structed model that can be analyzed by the finite element
method. In kinematics and dynamics simulating research, the
reconstructed three-dimensional model is combined with
motion capture data that are acquired by an optical tracking
system. The two main types of software are ADAMS (MD],
Ann Arbor, M1, USA) and LifeMod (MSC Software, Santa Ana,
CA, USA).

The early orthopaedic computational biomechanical
models were basically 2-D and too simple to simulate the
asymmetry and irregular shapes of entities such as complex
joints. With the development of computational biomechanical
technology, it is possible to construct 3-D models from the
simple to the complex. These models are not only precise in
geometric structure, but also take cartilage, tendons, ligaments
and other soft tissues into account. In recent years, the com-
putational biomechanics research pattern has been widely used
in the areas of the spine®, pelvis*, limbs*?, ankle'’, and so on.
Some good research results have been achieved. Computa-
tional biomechanics is supplemental to, and an extension of,
traditional experimental anatomic research. In addition to dif-
ficulties with obtaining suitable cadaver specimens, problems
with traditional cadaver study include deformation of cadaver
soft tissues and drying out of the cadavers, which create
inconvenience and adversely affect the science, reliability and
repeatability of such biomechanical research. Computational
biomechanics constructs 3-D models of human bones and
joints efficiently and conveniently. The resulting models simu-
late human physiological characteristics more accurately than
do cadaver specimens and provide large samples for various
biomechanical dynamic simulating experiments. Computer
simulation allows extensive study of the mechanisms of bone
and joint trauma, pathogenesis of bone diseases, assessment
and selection of optimal fracture fixation devices and the best
positions in which to place them. Computational biomechan-
ics will be one of the most important basic research methods in
the orthopaedic field in the future.

Application of Digital Technology to
Surgical Procedures
he term computer-assisted surgery (CAS) was proposed by
Sohn and Robins 20 years ago®. In the 1990s CAS trans-
formed into CAOS when orthopedists began to implement
navigated techniques in spine surgery. During that decade,
using a primary navigational framework, stereotactic naviga-
tion in neurosurgery had provided clear 3-D reconstruction
images of brain tissue leading to accurate, minimally invasive
surgery. The first application of CAS in orthopaedic and
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trauma surgery was for placement of lumbar pedicle screws®.
So far, computer-assisted navigation technology in ortho-
paedics has been mainly concentrated in two pioneering fields,
namely medical robots and clinical visualization technology.
The ROBODOC system, a typical medical robot developed by
Professor Taylor in the USA, was first used in 1992 in a total hip
arthroplasty.* Using clinical visualization, surgeons can
acquire visual surgical images or real time feedback from the
screen.

Systems that involve different kinds of surgical planning
methods include volumetric image-based navigation, fluoro-
scopic navigation, and imageless navigation. The aims of CAS
are to make the surgery more simple, precise and innovative;
achieving this necessitates the training of operators®. Currently,
most of these systems use standard personal computers or
laptops. Already, many systems have been modified to reflect
feedback by users. The actual time for placement of trackers and
registration of landmarks is of the order of 10 minutes or less for
experienced users of ACL (Vancouver, Canada) software®,

Although navigation systems may improve the accuracy
of some orthopaedic surgery, our evaluation of it should incor-
porate an understanding of the systemic errors of navigation
software and the accuracy of this mode. In recent years, there
have been many reports of navigation in orthopaedics. Benum
et al. reported using a computer-based guiding device in three
hip arthroplasties in two patients with osteopetrosis*’. Wu et al.
presented a series of cases in which they used intraoperative
stealth navigation to treat periarticular tumors®*. Levine ef al.
reported on the clinical success of digital templating using the
Advanced Case Plan (Stryker Imaging, Flower Mound, TX,
USA) system in primary total hip arthroplasty (THA) and total
knee arthroplasty (TKA)*. Nakamura efal. compared the
results and complications of robotic-assisted and hand-
rasping stem implantation techniques in 146 primary THAs on
130 patients. They showed that there was significantly more
stress shielding of the proximal femur in the hand-rasping
group and that the postoperative limb lengths of the robotic-
milling group had significantly less variance than those of the
hand-rasping group™. Ryan ef al. compared the values mea-
sured by an imageless computer navigation system with those
measured using postoperative CT scans in 26 THAs of 25
patients; they showed that the imageless computer navigation
system was more accurate’’. Zhu et al. studied 436 patients
(477 hips) undergoing primary THA with the aid of an image-
less computer navigation system and reported that intraopera-
tive measurement of pelvic tilt improved the accuracy of cup
position®®. Kumar et al. evaluated the efficacy of the Stryker
imageless navigation system in guiding cup placement in 56
patients undergoing primary THAs and found that the navi-
gation system was more accurate than conventional freehand™.
Kalteis et al. used intra-operative computer-assisted navigation
to measure the orientation of the native acetabular plane as
defined by the transverse acetabular ligament and the posterior
labrum in 39 hips™. Dastane ef al. used computer navigation in
82 patients to reconstruct the hip offset and to compare hip
offset changes to quantitative changes in the hip cup center of
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rotation. Olsen et al. reviewed the first 100 Birmingham hip
resurfacings performed in 94 prospectively followed patients
and found that the use of imageless computer navigation to
reduce technical errors may reduce the incidence of femoral
neck fractures in the short-term®. However, the radiographic
sequelae of neck thinning, stem radiolucencies, and stem
migration still occurred. Olsen ef al. investigated the accuracy
of placement of the femoral components using imageless navi-
gation in 100 consecutive Birmingham hip resurfacings and
reported that such navigation may afford the surgeon a reliable
and accurate method of placement of the femoral compo-
nents”. Bailey et al. performed 37 hip resurfacing procedures
using an imageless computer navigation system. They stated
that computer navigation may reduce the risk of component
malpositioning and femoral neck notching®. Schnurr er al.
retrospectively analyzed 60 hip surface replacements and
found that a navigation device improved the implant position
with high accuracy; however, the procedure took 15 minutes
longer than conventional implantation®. Leung et al. reported
that the major obstacles to general and wider applications are
the inability to track individual fracture fragments, no navi-
gated real-time fracture reduction, and the lack of an objective
assessment method for cost-effectiveness®. In 32 femoral hip
resurfacing components implanted on embalmed human
femora using an image-free navigation device, Schnurr et al.
demonstrated high accuracy concerning the varus-valgus
angle; however, they found that the software calculation of
the proposed implant position was inaccurate and needs
improvement®.

Linden et al. measured the differences between the intra-
operative stored rotation data of the femoral component and
the postoperative rotation on CT in 20 navigated TKAs and
showed that the (virtual) individual rotational position of the
femoral components using a CAOS system is significantly
different from the position on a postoperative CT scan®. Zhang
et al. compared computer-assisted-navigation and conven-
tional total knee arthroplasties in the alignment of knee pros-
theses. Computer-assisted navigation consistently provided
coronal plane alignment within 3° of the mechanical axis, which
was significantly better than the alignment obtained with con-
ventional total knee arthroplasty®’. Herndndez-Vaquero ef al.
studied the accuracy of computer navigation in TKA of knees
with severe deformities®. They stated that positioning of the
femoral and tibial components was more accurate in the group
treated with surgical navigation than in those with a conven-
tional jig-based technique. Babazadeh etal. assessed 115
patients to define the role of CAS in maintaining the level of the
joint in primary knee joint replacement®. They found no sig-
nificant differences between computer-assisted and conven-
tional surgery in terms of maintaining the joint line. Kim et al.
reported two successful cases of navigation-assisted TKA for
severe right knee osteoarthritis retaining a femoral intramed-
ullary nail, and left knee osteoarthritis retaining a distal femoral
plate®. Meuffels et al. assessed the effects of computer-assisted
reconstruction surgery versus conventional operating tech-
niques for anterior or posterior cruciate ligament deficient

DigrTar TECHNOLOGY IN ORTHOPAEDICS

knees, including four randomized controlled trials (266 partici-
pants). They concluded that a favorable effect of CAS for cru-
ciate ligament reconstructions of the knee compared with
conventional reconstructions could neither be demonstrated
nor refuted”. In conclusion, there is still some controversy
about the actual clinical utility of computer navigation technol-
ogy. With the development and upgrading of software and
hardware, it is believed that computer navigation technology
will undergo further refinement and achieve wider application.

Management of Digitization Medical Record Material
he High Performance Computing and Communications
Program (HPCC) is a multiagency federal initiative under

the leadership of the White House Office of Science and

Technology Policy, established by the High Performance Com-

puting Act of 1991 in the USA®. The HPCC program, a mul-

tiagency federal effort to advance the state of computing and
communications and to provide a technologic platform on
which to build a National Information Infrastructure, supports
the development of high-speed computers, high-speed tele-
communications, related software and algorithms, education
and training, and information infrastructure technology and
applications®. Picture archiving and communication systems
(PACS) include collection, digitization, storage, management,
high-speed transmission, reappearance, and information inte-
gration of medical images. The aim is for PACS to establish
regional and cross regional networks and then cover all of
society. Because of differences between various medical equip-
ment manufacturers in image formats, it has not been possible
to transfer medical information freely among different kinds of
systems during the development of PACS and medical imaging
informatics. To solve this problem, the American College of

Radiology and National Electrical Manufacturers Association

have set up a new standard format: DICOM. Provided ortho-

pedists set up their own data base in the DICOM format,

they can retrieve, observe and measure digital images in 3-D

and compare preoperative and postoperative images. They can

also improve the clinical flow-ons and their own experience.

Prospects

n the 21st century, developments in digital orthopaedics will

make available new opportunities. Digitization in ortho-
paedics can not only provide more efficient, accurate, scientific
and objective methods for understanding disease, but also help
surgeons to summarize, plan surgical procedures and realize
digital remote interaction of information. Digital techniques
in orthopaedics have set a new standard and a novel pathway
for scientific and clinical work and provided a technological
basis for carrying out large sample, prospective and multi-
center randomized controlled trials. Digitalization makes
research in orthopaedics more accurate and quantitative, pro-
motes a depth of orthopaedics, and assists in better summa-
rizing and analysis of data. Digital techniques in orthopaedics
should be basic skills for good doctors in the 21st century.
Further development of digital orthopaedic technology also
depends on more extensive and close cooperation between
medical and information technology.
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