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Preface

The continued and growing interest in computer-assisted orthopedic surgery (CAOS)
prompted us to add a new edition to the two previous volumes on this subject last edited in
2007 by J.B. Stiehl, A.M. DiGioia, and us both.

Moreover, additional developments in the field of CAOS have closed the circle from the
methods presented in our first edition in 2001 to the presently available techniques of leg axis
restoration and implant positioning by individual cutting devices, as described initially by
Portheine and coworkers in the first edition, giving us another reason to do so.

This volume is a combination of the two previous editions. On the one hand, it describes
the techniques and initial results of the new methods, which are based on CT or MRI scans of
knee joints to prepare patient-individual cutting blocs in external laboratories using the rapid
recovery protocol as well as individual implants. On the other hand, this edition illustrates the
advances in navigation systems as they »come of age« and become more precise and easier
to use.

Last but not least, we give an overview of the use of three-dimensional fluoroscopic de-
vices in the operating theater for the treatment of trauma cases — individually as well as in
combination. One chapter in the volume deals with the opportunities of modern robotics in
orthopedic surgery.

The last four chapters in particular demonstrate the evolution of computer applications,
which will revolutionize the way we perform our surgeries for the next few decades. All the
strategies demonstrated here have the same goal: to improve implant positioning along with
preservation of soft tissues so as to get better clinical results and increased implant longevity.
We hope you enjoy reading about the bases of these techniques and their current applications.

The Editors

Prof. Dr. Rolf G. Haaker

Prof. Dr. Werner Konermann
April 2013
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4 Chapter 1 - History of Computer-Assisted Surgery

O Fig. 1.1 Paired-point matching and virtual cup in a three-dimensional model of the pelvic bone using a CT-based naviga-
tion system. A revision case is shown here

When computer-assisted surgery was introduced in
the early 1990s, the interest of orthopedic specialists
was first focused on robotics. In 1995, when we
started with computer navigation for the placement
of pedicle screws at Ruhr University Bochum,
no-one could imagine that this method would gain
entry into orthopedic theaters. It involved time-
consuming planning and required preoperative
computed tomography (CT); moreover, paired-
point and surface matching during the operation
was difficult for the surgeon (8 Fig. 1.1).
Navigation started off with a bad image, because
the first problems in robotic surgery had already

occurred and enthusiasm for the new computer-
based technology was relatively low. Nevertheless,
navigation proceeded with CT-based systems
(Medivision), and the first software tools dealt with
pedicle screw placement and with performing triple
osteotomies at the pelvis.

The basis of the scientific technology was the
definition of the exact position of any corpus in
space according to a coordinate system (called a
rigid body). In our first investigations on the bio-
mechanical behavior of multisegmental spinal fu-
sions, we used an ultrasound-based system (Zebris)
for movement analysis (8 Fig. 1.2).
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B Fig. 1.2 Three-dimensional motion analysis using the
Zebris ultrasound motion detector. Motion analysis is shown
in a cadaver spine after instrumented fusion

Later, the connection of light-emitting diodes
to an infrared camera was used to define the exact
position of an object in space. In the future, electro-
magnetic markers will be used.

Initially, industry did not show much interest in
these software tools, because the implants needed
for performing a triple osteotomy were relatively
cheap and instrumented fusion of the spine was a
seldom used procedure. At the same time, Prof.
Radermacher in Aachen developed a templating
technique particularly for triple osteotomies of the
pelvis, but it too was not met with any interest from
industry (8 Fig. 1.3).

The introduction of computer-assisted surgery
in total hip and total knee replacement, however,
received a lot of attention, even from those in
industry.

However, the need to use CT with the first
navigation systems so as to gain more precise infor-
mation and the fact that the surgeon had to deal
with the surface and paired-point matching of
the case 1 day before the procedure put an end
to this type of software. The upcoming technology
introduced cinematic-based systems for navigation
in total hip arthroplasty (THA) and total knee
arthroplasty (TKA) using a database of bones
originating from the first years of CT-based naviga-
tion systems, which were compared by the com-
puter with the real situation on the operating layer.
This set-up drew the attention of a greater collective
of surgeons.

B Fig. 1.3a,b Templating with a CAD-formed Plexiglas
tool connected to the tibial cutting block of a total knee
arthroplasty system. (From Radermacher 2002)

Numerous scientific papers in highly cited
international journals pointed out the better im-
plant positioning achieved when using navigation
systems, but very few papers dealt with the better
clinical outcome of patients treated with this tech-
nology. This point and the fact that using a naviga-
tion system is a time-consuming procedure resulted
in the number of navigated TKAs not exceeding
12% of all arthroplasties performed in Germany
and 3.6% of all navigated THAs (BQS Study 2005;
Haaker et al. 2003, 2005, 2007).

Thus, Bellemans (Leuven, Belgium) pointed
out in his paper »Navigation and CAS. Is D-Day
Approaching?«: »Where are the papers that
demonstrate better clinical performance or better
survivorship for cases operated on with naviga-
tion? Where are the clinical data that confirm
that improved accuracy as obtained with naviga-
tion leads to better clinical results?« (Bellemans
2009).

On the one hand, navigation answered many
open questions concerning the range of motion in
THA, which in the last few years led to ceramic
heads with greater diameters to prevent subluxation
or impingement to the inlays. The position of the
acetabular component itself does not seem to be that
important, because placement in the so-called safe
zone of Lewinnek was not always sufficient. On the
other hand, the allegedly badly positioned cups did
not always dislocate during the first months or show
increased wear of the polyethylene inlays. Questions
on the reconstruction of leg length and offset were
increasingly raised and thus the combined antever-
sion of the stem and acetabular component became
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B Fig. 1.4 Soft tissue balancing in second-generation navi-
gation systems. The OrthoPilot® 4.0 software is shown here

the focus of surgeons who perform the »femur-first
technique« in THAs.

In TKAs, malrotation of the femoral component
and its consequences for anterior knee pain was
a hot topic for surgeons, including the question of
reconstruction within the Mikulicz line.

In the evolution of navigation systems, several
companies such as Brainlab, Medtronic, Braun-
Aesculap (OrthoPilot®), and others developed soft-
ware that addressed soft tissue balancing in TKA as
well as rotational aspects of the femoral component
(B Fig. 1.4). The unsolved problem was the defini-
tion of rotation of the tibial component. Nearly all
of the second-generation navigation systems facili-
tated soft tissue balancing.

Special software tools were developed for uni-
compartmental knee arthroplasty (UKA), shoulder
joint replacement, and intervertebral disc prosthe-
ses. Nevertheless, most surgeons did not use naviga-
tion systems because of the high time consumption
in the operating theater, the difficult software, and
the complicated workflow.

Against this backdrop, industry made a final
attempt to create more user-friendly navigation sys-
tems resulting in the introduction of iPod® naviga-
tion by Brainlab.

Several problems in joint replacement were ad-
dressed and solved with the help of navigation sys-
tems, such as range of motion in THA, or malrota-
tion of the femoral components in TKA, or the slope
in UKA. The author, with the support of CAS Erlan-

B Fig. 1.5 Navigation of the tibial cutting block in a
Uniglide® UKA

gen/Siemens, developed a navigation system to be
used with the Uniglide® UKA system (@ Fig. 1.5)
(Haaker et al. 2007).

A renaissance in templating technology was
witnessed in 2009, especially in TKAs. The produc-
er ConforMIS (known for its CAD-shaped knee
spacers) developed, under the leadership of Fritz
and coworkers, a new technique to create special
templates for UKAs and bicompartmental knee
arthroplasties based on the data of a CT scan of the
knee and a single-leg stance x-ray. In these special
cases, a custom-made prosthesis was created fitting
the individual patient. The technology did not differ
so much from the first attempts described by Rader-
macher et al., but surprisingly less criticism about
the use of CT was expressed at this time (B Fig. 1.6).

Shortly afterward, other manufacturers such as
Smith & Nephews (Visionaire), Zimmer (PSI), and
Depuy (Tru-Match) developed a templating system
based on CT or magnetic resonance imaging (MRI)
data to create single-use cutting blocks for creating
serial knee prostheses. Companies such as Medacta
(My Knee) and Symbios (Knee-Plan) from Switzer-
land also developed this new technology.

Bellemans’s comment that 2011 was the D-Day
for navigation was made because today, 10 years
after the introduction of this system, there are only
a few papers on the clinical outcome of navigated
TKAs. Nevertheless, these reports raised interest
in the even better clinical outcomes 10 years after
computer-navigated TKA in comparison to conven-
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B Fig. 1.6 A ConforMIS iDuo individual femoral cutting
block connected to the femoral bone

tional TKAs. Thus, Baumbach (Baumbach 2012)
showed a revision rate of 23% in conventional TKA
compared to 5.6% after navigated cases using the
same implant (Search Evolution; B. Braun, Aescu-
lap). The revision for both the TKA and the conven-
tionally navigated cases was due to the varus that
was seen within the 10 years after the procedure;
however, the varus for the navigated cases was a
median of 0.4°-2.9° and for the conventional cases
a median of 3.2°-5.6°. Thus, the conclusion that
exact implant positioning increases the longevity of
implants could be drawn for the first time. However,
there seems to be a special interest in computer-
assisted tools to position implants more precisely
than in conventionally handled cases.

Thus, even the robotic systems that »died« in
the first few years of the twenty-first century are
now taking on a new role in UKA (Mako Systems)
and THA (B Fig. 1.7). Numerous medical engineers
are working on the development of new, simple
navigation systems using electromagnetic markers,
load force analysis, and other tools.

In my opinion, the chapter on robotic systems
that opened in the early 1990s will not be closed
before attractive technologies are available for per-
forming TKAs within the Mikulicz line and with an
exact slope of the tibial component under the best-
balanced ligament tension using a small computer-
ized device. Especially in the United States, where
operating theater time is paid by the minute, the
technology should not waste any time at all. This is

O Fig. 1.7 A Mako System robotic arm at the 2011 AAOS
meeting in San Diego

basically why templating systems were developed,
because they allow engineers to deal with a case long
before it goes to the operating theater. Even the cost-
saving production of single-use cutting blocks is of
interest to industry. But is the surgeon really inter-
ested in a situation where an engineer decides on the
best rotation of femoral and tibial components in
TKA?I cannot imagine that this is the final solution.
Particularly in countries with diagnosis-related
group payments (DRGs), this type of TKA is too
costly to perform and the preoperative x-ray load is
too high (Ottersbach and Haaker 2005; Victor et al.
2009).

Navigation based on 3D fluoroscopy, which was
introduced in the 1990s, is a helpful tool in trauma
surgery but also in orthopedic surgery. 3D fluoros-
copy is useful for judging pedicle screw placement
after instrumented spinal fusion as well as rotation-
al aspects of femoral components in TKAs (Beck
et al. 2009). Additional features of this method
are presented in Chaps. 17 and 18 of this book
(B Fig. 1.8).

Thus, we have to wait and see how the develop-
ment of new technologies advances. I believe we
now have enough experience on hand with the
available technologies for the interested readers to
form their own opinion about this popular subspe-
cialty of orthopedic surgery.
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B Fig. 1.8 aThe Arcadis Orbic 3D fluoroscope after an instrumented spinal fusion. b Pedicle screws on a 3D fluoroscopy scan.
¢ Distraction cage in the sacroiliac joint on a 3D scan. d Kyphoplasty on a 3D scan
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The principle of individual templates was originally
introduced and developed by our team at the
Helmbholtz Institute for Biomedical Engineering, RWTH
Aachen University of Technology, Aachen, Germany,
in the early 1990s. This contribution provides a sum-
mary of these early developments and experiences

in the field of computer-assisted orthopedic surgery.
It includes an analysis of major key factors of the
general acceptance of this approach in today’s clinical
practice. The conclusion points out specific aspects

of earlier developments that could still be considered
for an optimization of current commercial implemen-
tations, and it emphasizes the limitations of the indi-
vidual template approach justifying the need for
additional complementary tools such as navigation
and robotics in computer-assisted orthopedic surgery
- depending on the specific clinical needs and appli-
cations.

2.1 Historical Background
and Evolution

Shortly after the introduction of three-dimensional
computed tomography (3D-CT) imaging with the
related image-processing and 3D reconstruction
techniques, the manufacturing of customized phys-
ical models of the patient’s anatomy was proposed
in the early 1980s for surgical planning as well as for
custom implants in total hip replacement or bone
tumor surgery. However, these approaches closed
only part of the loop between 3D medical image
acquisition and personalized surgical therapy. At
the same time, in industrial applications, robotic
systems were established linking a programmed
computer-based plan of a 3D trajectory or position-
ing of 3D (e.g., computer manufactured) objects in
a defined reference coordinate system within the
manufacturing process. Consequently, following
the general principles of stereotactic interventions,
the first robotic systems were proposed for stereo-
tactic neurosurgery and later for other medical
applications, too, such as radiation therapy and or-
thopedics by Hap Paul and Russ Taylor in 1989. The
first robotic implementation of total hip arthro-
plasty (THA) took place in human subjects in 1991
(Taylor et al. 1996). Surgical navigation technology

was introduced by Adams and coworkers in the late
1980s (Adams et al. 1990) using the same basic tech-
nology as for 3D reconstruction and registration,
but enabling visual feedback of an anatomical loca-
tion even on non-planned trajectories of manually
handled instruments localized by mechanical co-
ordinate measuring arms. Mechanical localizers
were later replaced by ultrasound-based and then
optical (as well as electromagnetic) tracking sys-
tems. The principle of navigation for orthopedic
surgery was introduced by Nolte et al. (1995).

The fundamental requirement for the position-
ing of screws, cuts, and implant devices in ortho-
pedic surgery is to realize a static position in the
patient’s anatomical coordinate system according to
a defined, preferably computer-based plan. In in-
dustrial environments (for carpenters, metal work-
ers, and designers), the standard solution for this
problem is to manufacture a specific template or jig
system enabling repeatable manual positioning with
high accuracy and constraining the tool or device to
be positioned to the defined location.

In 1988, Prof. Wessinghage (Bad Abbach, Ger-
many), a friend of my father’s, asked me whether
there could be a better standardization of the large
instrument sets used in total knee arthroplasty that
generated high costs and logistical problems in
clinical routine. However, the main problem of the
large instrument sets and jig systems for cutting and
drilling the implant seat for knee endoprostheses
was the missing link between the implant geometry
(implicitly included in the implant-specific cutting
blocks) on the one hand and the patients’ anatomy
and surgical plan on the other hand. Therefore,
many components were necessary for measure-
ments and trials during surgery. Taking into ac-
count the state of the art of 3D imaging and recon-
struction, I proposed to go the opposite way of
standardization, by applying state-of-the-art com-
puter-integrated planning and numerically con-
trolled (NC) manufacturing technology to provide
CT-based personalized instrumentation for each
patient using all-in-one cutting blocks for the tibial
and femoral bone preparation. Being an undergrad-
uate mechanical engineering student, the feedback
I received from experienced engineers was that
this would have many technical hurdles and be a
far-too-expensive, crazy idea ...!
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B Fig. 2.1 Early cadaver feasibility study on pedicle screw placement with individual templates: CT-based planning (upper left),
resulting plan including planned bores, critical bone surfaces (pedicles and anterior vertebral bone layer), as well as contact
areas for the custom jig (upper right). Cadaver laboratory: checking fit by haptics and visually (note the effect of transparent wet
jigs; lower left and center); x-ray check with inserted rod (lower right)

In 1991, as a young PhD student at the Helm-
holtz Institute for Biomedical Engineering in
Aachen, I had the opportunity to reexplore my
idea. I was invited by Prof. H.-W. Staudte, head
of the department for orthopedic surgery and trau-
matology at the district hospital Marienhoehe in
Wiirselen, Germany, to visit a scoliosis intervention.
He asked me whether we could develop technical
means to support the placement of pedicle screws,
which could be easily applied and handled during
surgery, in these pathological situations of high in-
terindividual variability.

We acquired a CT image dataset of a macerated
dry lumbar spine specimen, transferred it via 8«
floppy disc (3—4 CT slices per disc!) to a PDP11 and
via Kermit (9600 Baud) to a standard PC. Segmenta-
tion of bone contours was done after standard
thresholding and contour stacks were transferred

via Kermit serial data transfer interface software
and on the basis of a custom GPL script to an ICEM
DDN CAD/CAM workstation (Control Data Inc.).
The initial design of an individual template con-
sisted in a basic jig block with four contact areas on
the bilateral transverse processes and lamina arcs.
Two bores were defined in the center of the pedicles
going through the jig block (later on equipped with
metal sleeves). The area of the contact surfaces
was manually reconstructed by interpolation using
standard CAD features. NC-milling paths were gen-
erated using the ICEM DDN interfaces, post-
processed, and sent to a three-axis MAHO milling
machine. After manufacturing, the template was
manually positioned for the first time on the bone
specimen and showed an excellent fit and reposi-
tioning accuracy of the pedicle bores. Further trials
were conducted with fresh cadaver material, and
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bores in both pedicles were checked with an x-ray
image (B Fig. 2.1) (Radermacher et al. 1993a, 1993b,
1994a, 1994b, 1995, 1996a, 1996b, 1998, 1999; Rau
et al. 1995; Staudte et al. 1998). Encouraged by the
results of this feasibility study, a patent application
on the principle of individual templates was filed in
1992 (German Patent DE 4219939; Internation-
al Patent Application WO 1993/025157). We offered
this patent to different companies — to Smith &
Nephew as well as to Aesculap, 1993-1995 - who
were not interested at that time because of some
technical hurdles and the questionable commercial
applicability. Owing to the high cost of internation-
al patenting, we were only able to continue with the
German patent, which finally expired in June 2012.

After these initial proof-of-concept studies,
we focused on the development of an integrated
desktop image processing and planning system
for orthopedic surgery (DISOS). Moreover, we ana-
lyzed further clinical applications. In this context,

Prof. Staudte proposed the periacetabular triple
osteotomy according to Tonnis as another applica-
tion that needed image-based 3D planning and
intraoperative support. Major hurdles in this proce-
dure are the low case numbers leading to limited
learning curves for the surgeons as well as the high
3D complexity of the osteotomies and the reposi-
tioning of the acetabular fragment. Consequently,
the first clinical application of individual templates
supporting a periacetabular triple osteotomy was
successfully tested in 1993 (Radermacher et al.
1994a, 1994b, 1995, 1996a, 1996b, 1999; Portheine
et al. 1996). In the following years, we developed a
DISOS planning module enabling the surgeon to
plan the osteotomy intervention within 5-10 min
after receiving the CT dataset using a standard desk-
top PC. We used desktop NC-milling technology
(a three-axis milling system for about € 5,000)
adapted to the planning system. The surgeon was
able to automatically manufacture and sterilize the
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B Fig. 2.3 First concept study on robot registration with an individual template (for pedicle screw insertion) during 1993-1995.
Template-based manual registration of a PUMA 260 robot (left) and planning-based indication of the pedicle axis using a robot-

based laser pointer (right)

polycarbonate template within 60 min after elec-
tronic transfer of the CT dataset (8 Fig. 2.2)
(Portheine et al. 1997, 1998; Radermacher 1999;
Radermacher et al. 1999, 1996b). (Of note, today
standard processing times for custom jigs of com-
mercial providers using remote image processing,
planning, and generative manufacturing techniques
are up to 6 weeks and longer!)

A subsequent series of 54 triple pelvic acetabular
osteotomies (conventional vs. template based)
demonstrated the short-term clinical benefit of the
template-based procedure, while no significant
long-term differences between the two procedures
were found (Staudte et al. 1997, 1998, 2002, 2003;
Radermacher et al. 1998; Radermacher 1999;
Schiffers et al. 2000; Schkommodau et al. 2001).

The system is commercially available with the
OrthoTAIX planning unit (SurgiTAIX AG, Aachen,
Germany). Further studies on spinal applications
included a cadaver study on different design
approaches (Schkommodau et al. 2001, 2002, 2003;
Birnbaum et al. 2001). Moreover, a comparative
clinical study using a Sofamor Danek Stealth Station

Navigation System vs. individual templates showed
that there were no differences in accuracy; however,
the template technology offered significantly
shorter intraoperative set-up and operating times
(Schkommodau et al. 2000).

Furthermore, we demonstrated the use of an
individual template for the registration of a robot-
based laser pointer for positioning and orienting
pedicle screws in a laboratory study. We showed that
there was a very simple and intuitive registration of
the robot with an individual template and the sub-
sequent planning-based positioning of the laser by
the robot device (PUMA 260, Staubli) (B Fig. 2.3)
(Radermacher et al. 1996Db).

The first clinical study on individual templates
for total knee replacement surgery using an inte-
grated preoperative desktop planning and manu-
facturing system and intraoperative custom jigs in
ten cases was conducted in 2000/2001 (Portheine et
al. 2001; Portheine 2004). The resulting alignments
were all within a 3° boundary and the cut-suture
time in these first ten trials was 35-70 min (Port-
heine et al. 2001). We encountered several technical
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ufacturing of custom jigs for total knee replacement surgery.
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challenges at that time. For example, we were not
able to reach an agreement with major implant
manufacturers in order to have the CAD implant
geometry data of the state-of-the-art endoprosthe-
ses. Thus, the implant geometry was not properly
defined. As a result, 3D planning was not very effi-
cient and lacked accuracy. A multicut cutting block
for the femoral component, as is offered by some
manufacturers today, was not possible based on the
available 3D CAD implant geometry data. In view
of some of these challenges and the technical
capabilities available at the time, further develop-
ment of this application for clinical routine use was
not possible at that time. Moreover, many orthope-
dic surgeons felt that there was no relevant clinical
application of custom templates to knee replace-
ment surgery. Today, our desktop planning module

Example of an incorrect

placement:

- Penetrationof the tibial stem

- Contact with medial
collateral ligament

Interactive kinematic
simulation including
collateral ligaments

is part of the OrthoTAIX planning system (Surgi-
TAIX AG, Herzogenrath, Germany) (8 Fig. 2.4).

Further applications that were successfully
demonstrated in laboratory and cadaver trials in-
clude decompression surgery in the cervical and
lumbar spine (B Fig. 2.5), repositioning osteotomies
in spinal surgery, as well as lower limb surgery
(Radermacher et al. 1994, 1996b; Radermacher
1999).

Clinical and laboratory applications of
individual template technology: 1993-
2000 (see References)
== Spine surgery

- Pedicle screw placement (clinical study)

Dorsal Hirayabashi open-door
decompression (cadaver study)

Ventral decompression (cadaver study)
Ventral repositioning osteotomies
(laboratory study)
== Hip surgery
- Total hip surgery (laboratory concept
study)
- Intertrochanteric osteotomy (including
punction of bone cyst; lab study)
- Periacetabular repositioning osteotomy
(Tonnis; clinical study)
- Spherical periacetabular osteotomy (lab-
oratory study and first cadaver study)
== Knee surgery
- Total knee arthroplasty (clinical study)
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O Fig. 2.5a-c Open-door decompression in the cervical
spine. CT-based planning with DISOS (a): CAD-based design
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tool equipped with a copying camera to limit the cutting
depth to the frontal surface of the lamina (b). (c): Cadaver
test showing the efficient preservation of a bony hinge on
one side and of the dura on the contralateral side
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2.2 From Concept to Broad
Clinical Acceptance: Evolution

or Revolution?

Our early work on individual templates in orthope-
dic surgery has clearly laid the foundation for the
entire field of patient-specific instruments that is
expanding so rapidly now. Many clinically impor-
tant and meaningful enhancements of our concept
have been made in the intervening years. Today,
some modern jig designs utilize the shape informa-
tion of the damaged or normal cartilage portions,
thereby improving the accuracy of intraoperative
registration. In addition, by including the shape
information of combinations of articular cartilage
or subchondral bone and cortical bone, the intra-
operative registration accuracy of the jigs can be
further improved. Modern jigs also use the condylar
shape and geometry for the distal femur including
the cartilage for accurately referencing the jig dur-
ing surgery. Similarly, on the tibial side, modern
jigs now also reference the articular surface of the
medial and/or lateral tibial plateau as well as other
tibial plateau structures such as the tibial spines,
while our early concept templates were designed
to position purely on anterior bone, avoiding these
areas.

2.2.1 Breakthroughs Toward Modern

Patient-Specific Instruments

What have been the key elements for the renais-
sance and breakthrough of the individual template
approach in recent years?
Firstly, computer-assisted orthopedic surgery
(CAOS) technology such as image- and plan-
ning-guided robotics as well as navigation
created new clinical pathways that had not
been sufficiently advanced, established, or
accepted before (e.g., CT or MRI processing,
derivation of articular shapes including carti-
lage, registration, 3D planning, and computer-
assisted surgery).
Secondly, CAOS technology allowed for more
research and discussion because it offered
the possibility to systematically analyze and
quantify surgical errors and deviations from
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the optimal outcome. This in turn made sur-
geons aware of the deficiencies of conventional
techniques and of the options for technical
support.

The initial technical appeal and enthusiasm
regarding navigation and robot-assisted sur-
gery — in contrast to a simple piece of plastic
(a custom jig), the somewhat »magic« connec-
tion of the cursor showing the tip of the navi-
gated instrument on the image data display

or even the robot moving the instrument
certainly had a better appeal and fascination —
today is replaced by the pragmatism of de-
manding technical support with higher
efficiency especially regarding operating time
and costs.

The availability and quality of volumetric im-
aging (spatial resolution, fidelity of image data,
true volumetric data with volumetric acquisi-
tion) such as CT and MRI increased and the
radiation exposure associated with a standard
CT of the spine, hip, or knee decreased signifi-
cantly.

The pathways, speed, and routine use of data
transfer via intranets and the Internet have
been established and their routine use has been
broadly accepted in the medical community
too. Moreover, the generation of surgeons has
changed and today surgeons use a computer as
a standard tool for their daily work.

The structure in hospitals has also changed
and people are accepting 6 weeks between a
CT scan and an operation, which would have
been unacceptable 10-20 years ago.

The availability and broad industrial application of
enhanced rapid prototyping (generative) manufac-
turing technology such as selective laser sintering
and melting technology together with biocompati-
ble polymers have enabled the mass manufacturing
of custom devices by service providers. By contrast,
our comparative studies in the early 1990s using
early stereolithography vs. low-cost NC-milling
machines showed (bearing in mind that no biocom-
patible photopolymer was available at that time)
that the time for manufacturing of a typical custom
jig with a milling machine could be 10-15 min
(based on semifinished products) vs. 1-2 days using

a rapid prototyping machine. The costs per jig are
comparable or even lower with milling.

Today, custom jigs are used in dental implantol-
ogy, craniofacial surgery, repositioning osteotomies
of the upper and lower extremities, and hip and
knee surgery. Some of the current implementations
and applications of different providers are presented
in this book.

2.3 Conclusion and Outlook

Although important technical advances have been
achieved, some major features have still not been
implemented by most providers of custom jigs today.
The (re-)implementation of some of these features
could be one objective of further developments:
In 1994/1995, our DISOS process for the
planning and manufacturing of individual
templates provided a planning system for a
surgeon’s standard desktop PC and enabled
the surgeon to use an autoclaved custom jig
within 60 min after receiving the CT data
(B Fig. 2.2). Today, for some manufacturers, the
planning is done by technicians in Malaysia
(hopefully checked and confirmed by the
surgeon) and provided 6 weeks after the sub-
mission of the CT or MR dataset. The use of
MR data is potentially prone to errors due
to spatial distortion and should be checked
carefully on a case-by-case basis.
Since 1993, we have been using transparent
material (polycarbonate) for the custom jigs,
as this enables an easy visual check of the fit
of the contact face on bone (see B Fig. 2.1):
a wet surface of the template together with a
direct contact on the bone enables a clear view
on the bone surface.
In 1998, we introduced a mathematical ap-
proach for constraint analysis of the template
fit on bone avoiding uncertain positioning
during operation (Radermacher et al. 2000b;
Radermacher 1999). The method showed a
high sensitivity and predictability for uncertain
contact areas defined during the planning
process. More complex designs of custom jigs
also enabling the guidance of 2D and 3D mill-
ing tasks have been proposed and evaluated in
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our early work but have still not been adopted
by most providers today (Radermacher et al.
1994a; Radermacher 1999).

The use of individual templates for an easy and
fast intraoperative registration of navigation or
robot systems (see B Fig. 2.3) could be further
explored.

In the framework of the EU-Project VOEU
(Virtual Orthopaedic European University),
an Internet-based platform for education and
training of CAOS technology has been imple-
mented including specific modules (8 Fig. 2.6),
e.g., for periacetabular osteotomies with
custom jigs (Radermacher et al. 2001).

In conclusion, individual templates (custom jigs)
today are an accepted solution especially in knee
surgery and potentially useful for many other ap-
plications. However, they will not replace naviga-
tion, smart instruments, or synergistic robotics for

many other applications in traumatology and ortho-
pedic surgery.

We look forward to seeing some of our current
research in these domains (www.meditec.hia.rwth-
aachen.de) achieving the same success as the custom
jig approach we proposed more than 20 years ago.
However, one lesson learned from previous devel-
opments in computer-assisted surgery certainly is
that a critical analysis of the available technical pos-
sibilities vs. the clinical needs and surgical reality in
daily clinical routine is always recommendable. This
is one reason why it took more than 20 years from
concept to broad clinical implementation of this
technology in knee replacement surgery.
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The VISIONAIRE™ (Smith & Nephew) patient-specific
instrumentation is based on a magnetic resonance
imaging (MRI) scan of the knee and a whole-leg
standing radiogram for calculation of the axes. The
preoperative planning is based on the surgeon’s indi-
vidual preferences and can still be changed during
the planning process. The surgeon can more easily
control the whole-leg standing radiogram measure-
ments than the axes that are calculated from comput-
ed tomography (CT) or MRI data. VISIONAIRE™ instru-
ments already include the cutting slots and are fully
compatible with conventional instruments, in case
the surgeon wishes to change any parameters during
surgery.

Experience with this technique has shown a precise
fit of the instruments on the articular surfaces and

a reliable preoperative sizing of the implants. The
scientific literature available is still sparse but shows
strong evidence of reduced variability in the long-leg
axis as well as improved rotational alignment of the
implants. Despite the extra costs incurred for the
diagnostics and the disposable instruments, cost-
effectiveness is achieved if the time saved is used to
perform additional procedures.

Patient-specific instrumentation was introduced in
total knee arthroplasty (TKA) to improve implant
positioning and decrease the surgery and set-up
time in the operating room. Although still the stan-
dard of care, conventional manual instruments have
failed to achieve consistent implant positioning
(Torio et al. 2012). Navigation has been used for
several years to improve implant positioning. So far,
it has been shown that there are no differences
between conventional instruments and navigated
surgery with regards to the mean long-leg axis, but
the number of outliers of more than 3° or 5° from a
straight leg axis has been shown to be significantly
reduced by navigation (Bauwens et al. 2007; Dattani
et al. 2009). Imageless navigation was not able to
improve rotational alignment for the tibial or femo-
ral components (Cheng et al. 2011; Matziolis et al.
2007), as the manual identification of rotational
alignment landmarks during surgery can lead to
errors of up to 23° (Jerosch et al. 2002).

The VISIONAIRE™ patient-specific instru-
mentation is based on medical imaging and has
been developed to improve frontal plane and rota-

tional alignment of TKA, as well as to improve the
time and cost-efficiency of TKA surgeries.

3.1 Description of VISIONAIRE™
Technology

VISIONAIRE™ patient-specific instruments are
based on the data of an MRI of the knee joint and
a whole-leg standing radiogram. The frontal plane
alignment is based on the mechanical axis, mea-
sured off the long-leg standing x-ray, since this is
still regarded the gold standard for a successful
clinical outcome and long-term survivorship (Lom-
bardietal. 2011). The MRI consists in a sagittal two-
dimensional (2D) sequence requiring about 10 min.

The surgeon needs to provide the preferred
anatomical landmarks and principles for the com-
ponent placement. These principles are essentially
the same as for conventional surgery, e.g., up- or
downsizing in case of size mismatch, preferred rota-
tional landmark, varus-valgus alignment, thickness
of bone resection, and preferred tibial slope.

The images, MRI and whole-leg standing radio-
gram, are uploaded via the Internet and then moni-
tored for resolution quality and patient motion. The
MRI is then segmented to capture all femur/tibia
bone and cartilage. The segmented bone and carti-
lage slices are put together in a 3D model to get the
most accurate remodeling of the patient’s knee
anatomy. An engineer plans a virtual intramedul-
lary rod into the 3D model. Afterwards, the engi-
neer overlies and matches the 3D model with the
x-ray image, ensuring proper mechanical align-
ment. 3D cutting blocks are then imported and
matched to the patients’ knee anatomy to ensure a
proper fit.

An initial proposal on implant positioning
according to the above-mentioned preferences is
made by the engineer and uploaded to a website.
The surgeon receives e-mail notification to check
the preoperative planning. At this stage, the surgeon
can still decide to change any parameter. After the
surgeon’s approval, the blocks are manufactured and
shipped sterile to the hospital. The femoral patient-
specific cutting block includes all the 3D informa-
tion for component positioning: varus-valgus align-
ment, anteroposterior positioning, size, flexion,
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B Fig. 3.1 The femoral patient-specific cutting block is fixed
to the articular surface. Note the fit of the block on the artic-
ular surface

B Fig. 3.3 The 4-in-1 cutting block is applied to the pre-
drilled pin holes on the distal femoral bone cut. The VISION-
AIRE™ patient-specific femoral cutting block contains all the
information on the size, flexion, anteroposterior positioning,
and rotation of the femoral component

rotation, and all resection thicknesses. The same
applies to the tibial patient-specific cutting block:
varus-valgus alignment, anteroposterior and me-
diolateral positioning, size, slope, and rotation.

As the database for the cutting blocks consists of
MRI data, it offers a unique fit of blocks to the bone
(B Fig. 3.1, Fig. 3.2, Fig. 3.3, Fig. 3.4). Bony structures
as well as the remaining cartilage and the osteo-

O Fig. 3.2 The distal femoral cut is made. Note the drill/pin
holes on the bone surface that will receive the 4-in-1 cutting
block

O Fig. 3.4 The tibial patient-specific cutting block is fixed to
the articular surface

phytes are built into the design of the blocks to
ensure a custom fit.

The blocks are made from medical-grade nylon
by laser sintering. In contrast to milling, this ensures
a smooth surface for a perfect fit. All instruments
include size, patient name, patient side, and TKA
system name, as well as reference markings to
ensure proper fit and alignment (epicondylar axis
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and anteroposterior axis at the femur and medial
1/3 tibial tubercle at the tibia). The pin holes used
to fix the patient-specific instruments to the bone
are compatible with standard instrumentation, in
case the surgeon needs to change intraoperatively.
The blocks are sterile packed and can be sterilized
up to three times if necessary.

Currently, VISIONAIRE™ blocks are available
for the Journey BCS, TC Plus, Legion Primary,
and Genesis II total knee systems, for both cruciate
retaining and posterior stabilized implants.

3.2 Intraoperative Use

In contrast to any other patient-specific instrumen-
tation, the VISIONAIRE™ blocks are not only a pin
positioning guide for conventional cutting blocks,
but also include the cutting slots. This means that
the oscillating saw is guided by the nylon slot, and
there is no need for a change of instruments after
setting the pins.

First, the patient-specific femoral cutting block
is applied to the articular surface. The pin holes are
then drilled, beginning with the distal hole, and the
pins are placed with a hammer (B Fig. 3.1). Both
distal drill holes will receive the 4-in-1 cutting block
after the distal cut has been made. Both anterior
pins are compatible with the conventional distal
cutting block, in case there is need for additional
distal resection, e.g., if there is flexion contracture.

After the distal cut has been performed (8 Fig.
3.2), the pins of the 4-in-1 cutting block are placed
into the predrilled holes on the distal bone cut
(B Fig. 3.3). This means that the patient-specific
femoral cutting blocks contain all the information
on the size, flexion, anteroposterior positioning,
and rotation of the femoral component.

The tibial block is then applied onto the articu-
lar surface and the anteromedial tibia and the pin
holes are predrilled and the pins placed with a
hammer (B Fig. 3.4). Both anteromedial pins are
compatible with the conventional tibial cutting
block, in case additional proximal tibial resection is
needed. After the tibial cut has been made, the pins
are placed into the predrilled holes on the bone sur-
face (B Fig. 3.5). The size-specific tibial instrument
for stem preparation is slipped onto the predrilled

B Fig. 3.5 The tibial bone cut is made. Note the drill/pin
holes on the bone surface that will receive size-specific
instruments

B Fig. 3.6 The size-specific tibial instrument for stem prepa-
ration is slipped onto the predrilled pins. The VISIONAIRE™
patient-specific tibial cutting block contains all the informa-
tion on the size, slope, anteroposterior and mediolateral
positioning, and rotation of the tibial component

pins (B Fig. 3.6). This means that the patient-specif-
ic tibial cutting block contains all the information
on the size, slope, anteroposterior and mediolateral
positioning, and rotation of the tibial component.

Both femoral and tibial cutting blocks include
lines to conventionally evaluate rotation, and a long
drop rod that fits into the cutting slots is available to
check the alignment before any cuts are made.

After the bone cuts have been made, a trial
reduction is carried out and the necessary steps of
ligament balancing are performed.
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3.3 Limitations

All contraindications to the use of MRI are limita-
tions of patient-specific instrumentation: metal
implants around the knee, pacemaker, claustropho-
bia, severe obesity. Additionally, the quality of the
whole-leg standing radiogram with regard to true
anteroposterior projection and avoidance of malro-
tation needs to be addressed. If a true anteroposte-
rior whole-leg standing radiogram cannot be ob-
tained, e.g., in severe flexion contracture, separate
anteroposterior radiograms of the tibia and the
femur can be used.

3.4 Early Experience and First

Published Results

The author started using the VISIONAIRE™ pa-
tient-specific instrumentation in October 2009, and
has performed more than 150 procedures to date. In
all cases, the Genesis II PS TKA system was used.

An analysis of intraoperative findings was made
for the first 131 cases (82 males, 49 females). The
patients’ mean age was 67 years (range, 26—-88 years).
In 97 cases there was varus osteoarthritis (OA), in 7
cases patellofemoral OA, in 15 cases valgus OA,
and 11 cases were of posttraumatic or postinfection
nature. Three of these cases had a history of high
tibial osteotomy. In 12 cases a patella replacement
was performed, in 119 cases the patella was left
unreplaced. Twenty-eight cases required a lateral
patellar release (3x grade 1, 19x grade 4, 5x grade 5,
1x grade 6). A medial release was required in 37 of
the knees (13x grade 1, 6x grade 2a, 11x grade 2b,
6x grade 3, 1x grade 4) and a release of the lateral
structures was required in 17 knees (12x grade 1,
5xgrade 2). The length of surgery was 52 min on
average (range, 35-86 min).

It was always possible to find a good fit of the
femoral block; in four cases the tibial block was
abandoned because of a lack of fit to the articular
surface. All of these cases occurred during the first
30 surgeries and should be attributed to the author’s
learning curve. In all of the cases, the femoral sizing
was accurate. In 24 cases (18%), the size of the tibial
component was changed during operation (6 small-
er, 18 larger than planned). There was no need to
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change the rotation (neither tibial nor femoral) or
the tibial slope. The radiological and clinical out-
come of these patients is currently being evaluated.

3.5 Clinical Results

So far, there are only sparse reports in the literature
on the clinical or radiological outcome of TKA us-
ing patient-specific instrumentation. Nunley and
colleagues reported that conventional instrumenta-
tion and patient-specific instrumentation based on
whole-leg MRI data and aiming for the mechanical
axis (Signature, Biomet) achieved similar percent-
ages of outliers from a straight leg axis (40% and
32%) (Nunley et al. 2012b). Furthermore, patient-
specific instrumentation based on whole-leg MRI
data and aiming for the kinematic axis (Otismed)
resulted in 64% of valgus outliers from a straight leg
axis (Nunley et al. 2012b). Using the same system,
Ng and coworkers found fewer outliers from the
neutral leg axis (Ng et al. 2012).

Only one study used the VISIONAIRE™ pa-
tient-specific instrumentation that is based on a
whole-leg standing radiogram (Noble et al. 2012).
Noble and coworkers compared 15 VISIONAIRE™
patient-specific instrumentation TKAs with 14 con-
ventional TKAs using the Legion knee system. They
reported a postoperative mechanical alignment sig-
nificantly closer to zero in the VISIONAIRE™
group than in the conventional group (1.7° vs. 2.8°),
as well as significantly reduced operating time and
number of instrument trays used (Noble et al. 2012).

In a radiological evaluation of the first 100 total
knee replacements done with VISIONAIRE™, the
author evaluated the frontal plane alignment of the
whole leg (Daniilidis and Tibesku 2013). The aver-
age hip-knee-angle (HKA) changed from 175.5+5.6°
preoperatively to 178.5+1.7° postoperatively. The
rate of +3° and +5° HKA outliers was 11% and 3%,
respectively. The mechanical axis passed through
the central third of the knee in the majority of
cases (93 knees, 93%). In conclusion, the use of
VISIONAIRE™ technology was able to achieve a
neutral mechanical axis on average in patients un-
dergoing TKA.
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O Fig. 3.7 Axial MRl scan of the oxinium femoral component
of a Genesis Il TKA with measurement of the angle between
the transepicondylar axis and posterior condylar line. The
use of patient-specific instruments reduced the number of
outliers from perfect rotational alignment from 20% to 2%

3.6 Rotational Alignment

Besides the long axes, the VISIONAIRE™ system
aims at reducing outliers in the so-called short axes,
as in rotational alignment of the femoral and tibial
components. In a cadaver experiment, VISION-
AIRE™ patient-specific instrumentation achieved
a mean femoral external rotation of 1.6° (SD 2.6°%
Tibesku et al. 2012b). It was also shown that
CT-based patient-specific instrumentation can lead
to outliers in rotational alignment (Tibesku et al.
2012b).

In a recent study, the rotational alignment of
femoral components was evaluated (Heyse and
Tibesku 2012). An MRI analysis of 94 patients fol-
lowing TKA was conducted (8 Fig. 3.7). All surger-
ies were performed by the author. Of these, 46
operations were carried out using VISIONAIRE™
patient-specific instrumentation and 48 using con-
ventional instrumentation. The rotation of the fem-
oral components was determined in the MRI group
and deviations of more than 3° were considered
outliers. There were significantly more outliers in
the conventional (22.9%) group than in the patient-

specific instrumentation group (2.2%, p=0.003). In
this set-up, VISIONAIRE™ patient-specific instru-
mentation was effective in significantly reducing
outliers of optimal rotational femoral component
alignment during TKA (Heyse and Tibesku 2012).

3.7 Cost-Effectiveness

Besides the improvements in accuracy, patient-
specific instruments lead to different procedures in
the operating room and sterilization department.
The VISIONAIRE™ patient-specific instruments
eliminate as many as 22 steps associated with con-
ventional instrumentation. The number of trays
that need to be sterilized and set up before operation
can be reduced from six to two/three for a Genesis
PS knee system. This leads to an inventory reduc-
tion for hospitals and companies.

In the near future, all instruments will become
available as disposable (B Fig. 3.8). Using these
instruments, the number of trays of conventional
instruments will be reduced to only one. These
measures in turn will reduce the time needed for
surgery and OR set-up as well as the time and costs
for sterilization and clean up. On the other hand,
the cost of the procedure is increased by the addi-
tional MRI and the patient-specific instruments. So
far, reports in the literature have been inconsistent
as to whether the use of patient-specific instrumen-
tation can reduce the overall costs for a TKA (Slover
and Tibesku 2012; Nunley et al. 2012a; Watters et al.
2011). In our own study, we evaluated the benefits
of using patient-specific instrumentation in an
activity-based costing (ABC) model (Tibesku et al.
2012a). This analysis suggests that VISIONAIRE™
patient-specific instrumentation is an economically
effective method in TKA. The use of patient-specific
instrumentation can lead to incremental revenue
for the hospital, on the condition that time savings
are effectively used to perform more procedures.
The additional revenue will offset the higher costs
associated with cutting blocks and diagnostics
(Tibesku et al. 2012a).
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B Fig. 3.8 In the near future, the sterile box will include not
only the patient-specific instruments, but also size-specific
disposable 4-in-1 femoral blocks and trials. This means that
all preparation steps can be carried out with this set and
there is no need for conventional instruments

3.8 Future Outlook

In the near future, all instruments will become
available as disposable and will reduce the number
of trays of conventional instruments to only one.
The next step of individualization is the combina-
tion of more than one standard implant in the
same knee using patient-specific instrumentation,
e.g., combined medial unicompartmental and
patellofemoral arthroplasty. The final step will be
the use of patient-specific instrumentation with
patient-specific implants. Since the important
parameters of individualization of a knee replace-
ment (anatomical or kinematic) are not yet known,
this development will need more basic research in
the future.
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Proper alignment of the components aimed at accu-
rately reconstructing the mechanical leg axis has
gained crucial importance in total knee replacements.
Any deviation from the mechanical leg axis by more
than 3° varus or valgus will have a negative impact

on the outcome (Fang et al. 2009). Computer-assisted
surgery (CAS) has markedly improved the accuracy of
both component placement and reconstruction of
the mechanical leg axis (Fu et al. 2012). Nevertheless,
compromises such as extended surgery time and
enhanced complication rate, in particular owing to the
requirement that additional pins need to be placed,
have had to be accepted. These disadvantages of

CAS have been eliminated thanks to the development
of patient-matched cutting blocks and pin-positioning
guides. MyKnee® by Medacta was one of the first
systems of this type available on the international
market (Koch2010).

41 WhatIs MyKnee®?

MyKnee® is the extension of a conventional total
knee replacement system (GMK®, Global Medacta
Knee) that features patient-matched, single-use cut-
ting blocks. These cutting blocks are designed and
manufactured using three-dimensional (3D) recon-
structions of the patient’s knee joint and its corre-
sponding axes, calculated by means of computed
tomography (CT) or magnetic resonance imaging
(MRI). To create these CT or MRI images, Medacta®
provides a special protocol for taking thin-slice
scans of the knee and survey scans of the hips and
ankles. The planning stage begins after these are up-
loaded to the website. The uploaded image data are
first subjected to a quality control. A technician then
begins to plan the surgery, taking into consideration
the surgeon’s specifications. CT images are particu-
larly suited for exact planning as they allow bony
landmarks to be more accurately identified (Victor
etal. 2009). After planning is completed, the surgeon
can check and selectively modify individual param-
eters using the 3D planning tool. As soon as the plan
is confirmed, the cutting blocks go into production.
The blocks are shipped unsterilized and must there-
fore be sterilized before surgery.

DO Fig. 4.1 Preoperative check of the cutting blocks and
marking of the contact points

42 Operative Technique

The surgical access route can be selected variably
depending on the surgeon’s preference. The cutting
blocks are supplied for medial parapatellar, lateral
parapatellar, and minimally invasive access. In pa-
tients with gonarthrosis without malpositioning
or varus gonarthrosis, we prefer the medial parapa-
tellar access, but choose the lateral parapatellar ap-
proach when patients present with valgus gonar-
throsis. The access route must be specified at the
planning stage. Before surgery, the cutting blocks
are placed on the individual model (tibia/femur)
and the contact points are labeled (8 Fig. 4.1).

This step facilitates the dissection. Once the
access route has been selected, the tibia and femur
are exposed. Next, the contact points of the cutting
blocks must then be carefully freed of cartilage and
other soft tissue (B Fig. 4.2). This step is of para-
mount importance, as the blocks are created using
CT images and the calculations are exclusively
based on the bony parts. Leaving any cartilage at the
contact points could therefore lead to axis devia-
tions of several degrees.

4.2.1 Tibial Cut

We prefer the tibia-first technique; however, it is up
to the surgeon to decide whether to use the femur-
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O Fig. 4.2 Exact removal of soft tissue at the contact points

B Fig. 4.4 Verification of alignment with alignment guide

first technique. The cutting block is positioned on
the patient’s tibial plateau; note how important it is
that it be perfectly seated on the contact points.
Exact positioning results in maximal stability of the
block on the tibial plateau. Next, the cutting block
is fixed in place with two pins (8 Fig. 4.3) and the
alignment checked using a telescopic alignment rod

O Fig. 4.3 Fixation of the cutting blocks with pins

O Fig. 4.5 Comparison of resected tissue with resection
height on the bone model

(B Fig. 4.4). The resection level can also be checked
using a sickle finger. Once the positioning is satis-
factory, an oblique pin is used to give the block
additional stability for the subsequent sawing pro-
cedure. The resected tissue can be compared with
the resection level on the model (tibia/femur)
(B Fig. 4.5). Now, the oblique pin and the tibial cut-
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B Fig. 4.6 Verification of femoral distal cut with sickle finger

ting block are removed. The parallel pins are left in
situ to allow for a GMK® standard cutting block to
be attached if a postresection is needed.

4.2.2 Femoral Cut

The femoral cutting block is fixed to the femur after
repeatedly checking the four contact points - two
on the anterior and two on the distal femur.
The intended resection can be checked with a sickle
finger (B Fig. 4.6). Here, too, the stability of the fixed
block provides information as to proper position-
ing. Fixation is performed with three pins. Next, the
pin holes on the 4-in-1 block, which also determine
the femoral rotation, are pre-drilled distally. The
distal cut is then performed and the extension gap
checked by means of spacers. As with a tibial cut, a
GMK® standard cutting block can be used for a
distal femoral cut in case a postresection is needed.
The distal pins for the 4-in-1 block are then set
and the block (GMK® standard cutting block) is
attached. Using a sickle finger, the anterior and pos-
terior cut can now be checked. Ligament balancing
in the flexion gap can now be performed with a spe-
cial flexion gap spacer (8 Fig. 4.7). The surgeon can

B Fig. 4.7 Verification of ligament balance with spacer

then perform a soft-tissue release or postresection
according to his or her conventional practice as
required for joint stability. Next, femoral and tibial
finishing is performed according to the GMK®
standard operative technique. The result is checked
with the trial implants. After this, the implantation
can be accomplished with or without cement.

43 The Advantages of MyKnee®

Preoperative planning enables exact positioning
of the implants as well as perfect reconstruction of
the mechanical leg axis. The CT-based version
makes exact surgical planning possible even if
metal implants had been used in previous opera-
tions. It is thus possible to perfectly plan the switch
from a semi-sled to a total knee replacement and
minimize bone loss in the process. Even in patients
who have undergone medullary nailing of the femur
or cruciate ligament reconstruction with metal
implants, this poses no obstacle.

Opening the intramedullary canal for intramed-
ullary axis alignment during femoral dissection is
no longer necessary and greatly reduces blood loss;
packed red blood cells are only required in rare
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B Tab. 4.1 Advantages of CT vs. MRI
Computed tomography

+ More affordable
+ Better demarcation of the osteophytes
+ No contraindications

+ Markedly shorter examination time

— Radiation exposure

cases. Two-thirds fewer instruments are required
than with the standard armamentarium, which in
turn means less instrument preparation time is nec-
essary and sterilization costs are cut dramatically.
The implant sizes required for surgery are known
beforehand and it is thus possible to significantly
reduce inventory.

And, last but not least, the surgery time can also
be shortened by reducing the number of operative
steps required. We see a clear advantage over pin-
positioning guides, as it is not necessary to switch
between patient-matched and standard instru-
ments. Also, there is less manipulation in this posi-
tion. The supplied 3D models of the tibia and femur
enable the surgeon to verify both the resection

B Tab. 4.2 CT radiation exposure

(mSv)
Pelvic survey radiograph 0.7-1
CT of the abdomen and 15
pelvis
CT of the pelvis 3-8
CT of the knee 0.16
CT of the ankle 0.07
Thoracic radiograph 0.01
Transatlantic flight 0.1

Average radiation exposure for Austria, 3.0 mSy;
for Germany, 2.0 mSy; for Switzerland, 4.0 mSv
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Magnetic resonance imaging

+ No radiation

— More expensive

— Contraindications

— Markedly longer examination time
— Artifacts

— Availability

plane and the resection volume. Should the surgeon
have doubts about the planning in mid-surgery,
a trouble-free switch to conventional instruments
and surgical techniques is possible at any time. An
added advantage of this surgical technique is the
steep learning curve.

44 The Disadvantages of MyKnee®

The costs of the cutting blocks and the CT/MRI are
offset, to a certain extent, by the savings mentioned
above. The preoperative logistics as well as the time
necessary to carry out the planning are worth men-
tioning. They certainly represent additional ex-
penditure in terms of time and money as compared
to conventional techniques, which should not be
underestimated. The advantages of CT vs. MRI are
listed in @ Tab. 4.1.

@ Tab. 4.2 lists the radiation exposure of CT
imaging.

4.5 Initial Results

In July 2009, the first total knee replacement with
the MyKnee® system was implanted in Switzer-
land (Balgrist Clinic). The first time we used
the MyKnee® cutting blocks was in July 2010 in the
Department for Orthopedics and Orthopedic
Surgery at the hospital »Barmherzige Schwestern«
in Vienna. Since then through December 2011, we
have implanted 250 total knee replacements by
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employing the MyKnee® technique. In 243 cases,
the mechanical leg axis measurements were within
the target range of 180°+3°. In the seven cases
outside of this range, the surgeon had intentionally
left residual varus/valgus in two cases. As intramed-
ullary drilling is obviated, packed red blood cells
were used significantly less often. In one case only
were the blocks not used, because examination with
the alignment rod showed a significant deviation
of the axis despite repeated placement of the tibia
cutting block. The surgeon was able to immediately
switch to the conventional surgical technique in
this case. In three other cases, the conventional
technique had to be used after the tibial cut since the
femoral cutting block was dropped and only one
sterile cutting block was available per patient.

4.6 Conclusion

MyKnee® is a new and innovative surgical tech-
nique with a steep learning curve. The results ob-
tained are at least consistent with the level of com-
puter-navigated versions; at the same time, surgery
times are significantly reduced and fewer surgical
instruments are needed. At a minimum, MyKnee®
mechanical leg axis reconstruction and compo-
nent placement are equally as exact. We consider
MyKnee® to be a reliable system for the implanta-
tion of total knee replacements, featuring the advan-
tage of precise preoperative computer-assisted 3D
planning by CT/MRL
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The current outcome of total knee replacement is
acceptable, but many attempts have been made to
improve the results. The demand for improvement is
high, as many goals need to be realized. Good clinical
function and longevity are based on correct position-
ing of the components in coronal, sagittal, and axial
planes as well as on soft tissue balancing in flexion
and extension, joint line reconstruction, and correct
patella tracking. Computer-assisted navigation has
resulted in improved alignment but has neither elimi-
nated outliers nor improved the clinical outcome.
Navigation during surgery is time consuming and the
intraoperative reproducibility of the landmarks varies.
Nevertheless, it is widely accepted that coronal, sagit-
tal, and axial alignment is an important factor in the
overall result in total knee replacement. Malalignment
could be related to instability, persistent pain, and
stiffness as well as — in the long term - to wear, osteol-
ysis, and loosening. The goal of patient-specific instru-
mentation (PSI) technology is to plan and control the
several degrees of alignment before or during surgery
in order to increase accuracy and improve handling as
well as logistics.

5.1 Principle

Based on preoperative magnetic resonance imaging
(MRI) of the hip, knee, and ankle, a three-dimen-
sional (3D) model of the patient’s anatomy is creat-
ed. The anatomical 3D model is used to simulate
and evaluate implant placement and to generate a
default preoperative plan. The planning software
enables the surgeon to modify this plan and to vary
the implant family, implant brand, component size,
and positioning in axial, sagittal, and coronal views.
A cartilage mapping allows the surgeon to review
the cartilage thickness. This may support the deci-
sion between implantation of a unicompartmental
knee replacement (UNI) and total knee replacement
(TKA) in certain cases. After approval of the surgi-
cal planning, disposable patient-matched pin place-
ment guides (TKA) or cutting blocks (UNI) are
manufactured for the femur and tibia to be used
during surgery. The pins that are placed intraopera-
tively with the customized guiding instruments can
be used for placement of the conventional instru-
mentation. This allows for adaptations according to

the intraoperative findings and flexibility concern-
ing the surgical technique.

5.2 Indications

The use of Zimmer® PSI is indicated for patients in
whom an implantation of a TKA or UNI is planned.
Currently, the system can be used with certain im-
plants only. In TKA these implants include Zimmer®
NexGen CR and NexGen CR-Flex fixed bearing,
Zimmer® NexGen LPS and LPS-Flex fixed bearing
and the corresponding Gender Solution implants,
as well as Zimmer® Gender Solutions NaturalKnee
Flex fixed bearing prostheses. In UNI, Zimmer®
Unicompartmental High Flex Knee System prosthe-
ses are included.

5.3 Contraindications/Constraints

Patients must be excluded from the use of Zimmer®

PSTif they suffer from an infection of the knee joint,

if metal objects are located within a distance of

150 mm from the joint line, and if patients are un-

able to undergo an MRI scan or if it is not possible

to perform MRI according to the scan protocol with
an acceptable quality. Reasons that might impede
making an MRI scan with acceptable quality are:

1. The patient is in pain or has a pathology that
makes it impossible to keep the leg still during
the entire examination, causing motion arti-
facts in the images.

2. The patient is not allowed to undergo an MRI
examination (e.g., the patient has a pacemaker,
aneurysm clips in the brain, metal objects in
the body that are not compatible with MRI).

3. The patient is too obese, which makes the use
of the appropriate coils during the MRI exami-
nation impossible.

4. The patient has certain intra- or extra-articular
deformations.

Intra-articular deformations can have two different
impacts on the PSI system. Firstly, the correct posi-
tion of the anatomical landmarks can be compro-
mised, which can have an effect on the reference
coordinate system and therefore on the correct
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placement of the implants. The impact of this should
be evaluated on a patient-by-patient basis. For ex-
ample, a deformation of the anterior trochlea can
make the femoral anteroposterior (AP) axis unreli-
able as a rotation reference, but it does not impact
other rotation references. Severely degenerated tibia
plateaus can compromise placement of the tibial
guide.

Secondly, intra-articular deformations, such as
large osteophytes within the contact area of the PSI
guide on the bone, can compromise the contact sur-
face between the bone/cartilage and the Zimmer®
PSI guide so that it is impossible to produce a set of
PSI guides according to the standard PSI design that
guarantees a sufficient and stable bone/cartilage
contact. Also, the applicability of Zimmer® PSI
should be judged on a patient-by-patient basis.
Extra-articular deformations have an impact on the
overall alignment of the entire leg. In general, extra-
articular deformations cause the knee joint to be
misaligned with respect to the mechanical axis.
Because of this, the orientation of the reference
coordinate system linked to the femur or tibia
becomes unreliable and the implant position and
orientation are compromised.

5.4 Preoperative Process

To prepare a case for PSI, a specific process flow has
to be followed. Once a patient has been selected, the
surgeon creates the case using a special online man-
agement system (OMS). A scan date for the MRI is
scheduled at a previously qualified medical imaging
center. After scanning, the images are sent to Mate-
rialise, a company that supplies the software and is
responsible for processing the images, creating the
3D models, and producing the guides. A quality
check of the images is followed by segmentation and
creation of a 3D model. Using this bone model,
simulation and evaluation of implant placement are
performed and a default preoperative plan is gener-
ated. The plan is forwarded to the surgeon, who has
to check, adjust, and finally approve the plan before
sending it back. Materialise designs a 3D pin place-
ment (TKA) or cutting guide (UNI) and, if required,
a 3D bone model of the tibia and femur using CAD
software. Subsequently, they manufacture the parts
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and ship them to Zimmer, which then forwards
them to the hospital.

The current status of the workflow can be
tracked online at any time.

5.5 Planning

The planner allows the surgeon to simulate the
placement of the implants and the corresponding
resections in TKA and UNI knee replacement sur-
gery. It provides an adapted graphical user interface
that displays the data needed to complete the pre-
operative planning by means of 2D views where
surgical parameters can be adjusted and where
measurements can be verified. A 3D view displays
the 3D anatomical bone models, the landmarks
that were used to define the default plan, the cut
bone surfaces, and the implant overlay on the bone
surfaces.

The femur and tibia planning sections provide
2D information on the position of the cut planes
and anatomical references, including the mechani-
cal axis. The 3D view displays information on ana-
tomical landmarks, on cut surfaces according to
the 2D parameters, and on the final result with the
implant in place. The femur and tibia can be viewed
independently. All bones are shown with cartilage.

5.5.1 Planning Total Knee

Replacement

In total knee replacement, after inspection of the
proposed planning, the selection and determination
of the preferred femur and tibia implant are per-
formed by viewing the 3D cut surfaces and implant
overlays. It is recommended to start with the femur
implant brand and size, since the availability of the
tibia implants depends on the selected femur im-
plant (B Fig. 5.1a-e).

The femoral planning consists of three 2D
views, each aligned with one of the anatomical
planes and the femoral mechanical axis. In the coro-
nal view, which is vertically aligned, the distal resec-
tion depth and varus/valgus angle can be adjusted.
The axial view of the femur is aligned horizontally
with the epicondylar line. Posterior resection and
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B Fig. 5.1a-e Display for planning total knee replacement. The default preoperative plan can be modified with respect to
the different parameters in the coronal, axial, and sagittal view (a). The 3D model on the right can be rotated horizontally and
vertically. It shows the implant with cut surfaces from the different perspectives (a, b, c) or the implant covered by the bone
(d). Several views can be selected: implant with cut surfaces, the cut surfaces only, the implant covered by the bone without
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the correct resection depth that influences the flexion gap. Looking on the tibia from above (e) helps determine the proper
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B Fig. 5.2a-d Femoral and tibial pin guide for total knee replacement (a, ¢) can be mounted on the bone model (b, d), which
helps find the right position when starting with the technique. A secure and unique fit can be demonstrated and verified

external rotation can be planned in this view. It is
possible to change the external rotation reference
from the epicondylar line to the posterior condyles
or the Whiteside line. In the sagittal view, adjust-
ment of the flexion/extension angle and the anteri-
or/posterior position of the anterior cut is possible.
The sagittal view includes a notch warning if the
calculated exit of the saw blade does not exit the
bone anteriorly and the notched area is larger than
1 mm?.

A gap balancing feature gives an approximate
estimation of the distance between the femoral dis-
tal cut plane and the tibial proximal cut plane in
both flexion and extension. This provides addition-
al information for the femoral and tibial resection,
and thus a minimum resection depth is necessary to
fit in the components depending on their thickness.
Furthermore, it gives an idea of the required amount
of mediolateral balancing of the flexion and exten-
sion gap.

The tibial planning consists of two 2D views,
each aligned with one of the anatomical planes and
the tibia anatomical axis. This results in a coronal
and a sagittal view. In the coronal view, the distal
resection depth and the varus/valgus angle can be
adjusted. The sagittal view allows for planning of the
posterior slope angle.

The 3D view displays the femur and tibia to-
gether or independently. The view can be rotated
horizontally and vertically. It shows the implant
with cut surfaces, the cut surfaces only, the implant
covered by the bone without cut surfaces, or the
bone model only with the landmarks.

In addition, this view allows for media/lateral
placement of the femoral component when viewing
the implant overlay.

A separate implant move mode for the tibia
facilitates and improves the sizing, coverage, and
rotation of the tibial component. Looking from
above onto the semitransparent tibial component
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B Fig. 5.4a-b Femoral (a) and tibial (b) cutting guide for unicompartmental replacement mounted on the bone model.

Windows facilitate the verification of the bone contact

and the cut surface, the implant position can be
changed in anterior/posterior and medial/lateral
direction and it can be rotated. The overhang of the
component is highlighted and can be detected.
After the planning is approved, 3D pin place-
ment guides are designed using CAD software and
subsequently manufactured (8 Fig. 5.2a-d).

5.5.2 Planning Unicompartmental
Knee Replacement

A cartilage color map represents the cartilage
thickness reconstructed from MRI. The thickness
and areal distribution of cartilage helps to verify the
correct indication for the UNI. For each UNI case,
the surgeon has the option of evaluating a preopera-
tive TKA case as well.

3D cutting guides are produced for UNI (@ Fig.
5.4a,b).

5.6 Surgical Technique

The planning of UNI (B Fig. 5.3a—e) is similar to that
of TKA. For UNI, the estimated implant size is
based on an anteroposterior measurement, which is
made with the symmetry axis through the implant,
keeping in mind that a gap of 2 mm should be pres-
ent between the anterior border of the implant and
the anterior border of the distal cutting plane.

In the coronal view of the femur, only the distal
resection depth has to be evaluated; in the sagittal
view, only the flexion/extension angle.

For the tibia, the size and thickness of the poly-
ethylene can be chosen. The thickness of the poly-
ethylene influences the varus/valgus angle that is
indicated. Coronal and sagittal views of the tibia
allow changes to be made in the proximal resection
depth, in the sagittal resection shift, and in the pos-
terior slope.

For UNI, the implant move mode is also avail-
able for the femoral component. The implant posi-
tion can be adjusted by rotation and translation in a
medial/lateral direction.

5.6.1 Total Knee Replacement

The individual pin placement guides have to be ster-
ilized in advance. The conventional instrument
set for the chosen TKA can be used, and it can be
reduced significantly since all the instruments for
intra- and extramedullary alignment including the
sizing guides are not needed.

The PSI technique can be employed with con-
ventional and minimally invasive approaches. It
is recommended to use it in conjunction with the
femur-first technique.

After exposure of the knee, the femoral pin
guide can be positioned. Osteophytes should not
be removed because the shape of the pin guide is
adapted to them and therefore they can be impor-
tant for the correct placement of the instrument.
The guide is captured by the anterior ridge of the
femur. The epicondylar axis and anterior/posterior
axis reference lines on the pin guide can be used
to assess alignment. It may be helpful to apply the
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guide to the optionally included femoral bone
model to check the correct position. By applying
pressure to the guide in a posterior and lateral direc-
tion, a secure fit is achieved and the four pin holes
can be drilled. After positioning the two anterior
pins, the pin guide can be removed and the standard
distal cutting block can be applied. The amount of
medial and lateral resection can be estimated and,
if useful, modified by changing the position of the
cutting block proximally or distally by 2 or 4 mm.
This can be the case if, for example, a relevant exten-
sion deficiency were to become obvious during
examination of the knee under anesthesia. After the
distal cut is performed, it can be helpful to replace
the femoral pin guide in order to relocate the distal
drill holes that are usually covered up by the cut.
Using the guide, the distal pins can be placed and
the 4-in-1 finishing guide can be applied. For cor-
rect placement, the medial/lateral position has to
be adjusted as usual. The four cuts can be made
after securing the cutting block and removing all
pins (B Fig. 5.5a-c).

After removal of the menisci and the anterior
cruciate ligament, the tibial pin guide can be posi-
tioned. This should be done without removing
any osteophytes before for the same reason as in
the femoral preparation. Proper placement of the
tibial guide might require removal of soft tissue,
in particular anteriorly. The posterior medial hook
has to go over the posterior ridge of the tibia. The
mechanical axis and proximal resection reference
lines marked on the pin guide can be used to assess
alignment. Like the femoral side, mounting the
tibial guide on the bone model can help to find
the correct position. The anterior lateral and medial
pin holes can be drilled and pinned, while the two
proximal pin holes will be drilled without placing
the pins. The pin guide has to then be removed by
lifting the medial hook. To do this without shifting
the pins, it may be necessary to remove the anterior
medial and occasionally also the anterior lateral pin,
which have to be replaced to apply the tibial cutting
guide. The alignment can be checked with the tibial
alignment rod that should be parallel with respect
to the tibial shaft. Resection depth and posterior
slope can be assessed and modified as per the sur-
geon’s discretion according to the conventional
operative technique. After performing the proximal

tibial cut, the tibial sizing plate can be put in place
guided by the proximal pins that can be located in
the drill holes using the tibial guide, if they are cov-
ered. Rotation and coverage of the tibial sizing plate
can be modified at this stage. Among the different
types of tibial plates, the selected one should be fixed
and surgery can proceed following the standard
operative technique (B Fig. 5.5d-f).

5.6.2 Unicompartmental Knee
Replacement

The standard instrument set for the Zimmer® Uni-
compartmental High Flex Knee System can be re-
duced by removing the instruments for intra- and
extramedullary alignment and the sizing guides
and it must be complemented by the sterilized indi-
vidual cutting guides. The UNI PSI technique can
be performed with standard and minimally invasive
approaches. Removal of the medial meniscus, at
least anteriorly, should be performed in order to
have exposure to the anterior portion of the medial
plateau. Osteophytes should be left in place since the
cutting guide is shaped according to the patient’s
bone and proper fit can rely on individual osteo-
phytic formations. It might be necessary to remove
some soft tissue for correct placement of the cutting
guide. The guide is positioned on the medial tibial
plateau by pressing it downward and posteriorly.
A unique and stable fit must be verified as must con-
tact with the bone. Contact can be checked through
two windows and around the contact surface of the
guide. The cutting block is then fixed with two
screws. An additional pin is placed through the hole
in the sagittal cut slot. Alignment can be checked
with a rod mounted onto the guide. It should be
parallel with the tibial crest in the frontal plane. First
the proximal cut and then the sagittal cut should be
performed. Both cuts will be stopped by the pin in
the cut slot. After removal of the screws, pin, and
cutting block, it might be necessary to complete the
cut (B Fig. 5.6a,b).

The femoral cutting guide is positioned on the
medial femoral condyle with the knee in 45° flexion.
A unique and stable fit has to be verified, as well
as bone contact using the windows. In full exten-
sion after inserting a tension guide between the
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O Fig. 5.5a-f The correct fit of the femoral (a) and tibial (d) pin guide in TKA is demonstrated intraoperatively. The anchored
pins guide the standard instruments for the different cuts: distal femoral cutting instrument (b), 4-in-1 femoral cutting guide
(c), and tibial resection (e). The trial implants demonstrate the correct size, orientation, and alignment (f)

femoral cutting block and the tibial cut, the cut-
ting guide should be fixed by two screws. After re-
moving the tension guide, the distal rotation pin
cylinder can be drilled in slight flexion. In extension
with the tension guide in place again, the distal
femoral cut can then be performed. Subsequently,
the cutting guide is removed and the femoral
finishing guide of the planned size is placed
and aligned over the predrilled hole and secured
with a pin. Adjustment of femoral rotation can be

made by rotating the finishing guide around
this pin. The posterior surface of the femoral finish-
ing guide should be parallel to the tibial cut. An un-
derhang of 2-3 mm is visible when the component
is sized properly. After fixation of the finishing
guide, femoral preparation can be made according
to the standard surgical technique. Overall align-
ment can be checked using a spacer block of the
desired polyethylene thickness and the full-leg
drop-down rod.
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O Fig. 5.6a-d In unicompartmental replacement, the cutting blocks are fixed on the tibial side first (a) followed by the tibial
cuts (b). The femoral cutting block guides (c) the distal cut and placement of the finishing guide. Correct alignment and siz-
ing of the UNI can be checked with the trial components (d)

Ifalignment is correct, the planned tibia size can
be verified using the corresponding tibial spacer.
The implantation is completed by following the
standard surgical technique (B Fig. 5.6¢,d).

5.7 Initial Experience

At our institute, 32 total and 4 unicompartmental
knee arthroplasties have been performed to date
using the Zimmer® PSI technique. The patients
suffered from disabling generalized primary osteo-
arthritis (TKA) or isolated medial osteoarthritis
(UNI) with failed nonoperative treatment. The in-
dications for PSI were the ability and willing-
ness to undergo preoperative MRI and the accep-
tance of the relatively new technology. Exclusion
criteria for PSI were metallic hardware within
150 mm of the knee. No other exclusion criteria
were applied compared to conventionally operated
patients.

In all selected patients, the MRI was performed
according to the standard protocol. In three cases it
had to be repeated because the patients changed po-
sition during the investigation resulting in motion
artifacts. In four cases, the MRI revealed minor
artifacts within 150 mm of the knee joint line, which
could be neglected. In all cases, uploading of MRI
images, preparing the files, segmentation, presurgi-
cal planning, designing, and manufacturing the
guides as well as shipment were carried out in time
and surgery could be performed as scheduled.

For all TKA cases, a Zimmer® NexGen CR-Flex
fixed bearing knee system, and for all UNI cases the
Zimmer® Unicompartmental High Flex Knee
System could be planned appropriately and sub-
sequently implanted. In certain cases, to support the
indication for a unicompartmental replacement,
cartilage mapping was used. In all the procedures,
the pin placement guides and cutting guides had a
stable and unique fit. Positioning of the tibial guides
in TKA required more training when starting with
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B Fig. 5.7a-c Postoperative radiographs — anteroposterior
(a), lateral (b), and anteroposterior (c) long-leg - of a TKA im-
planted using the PSI technique. The radiographs demon-
strate the correct alignment

the system. Placing the guide on the tibia bone
model before definitive in situ positioning was help-
ful in these cases. In one case, femoral rotation
seemed to be too large and was checked using the
standard instruments. Comparison of the two
methods revealed no difference and surgery was
completed using the PSI technique. In four cases,
distal resection of the femur was carried out more
proximally (3x2 mm, 1x4 mm) than planned be-
cause the extension deficiency of the knee was
measured under anesthesia. A more distal tibial
resection became necessary in five cases owing to a
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combined gap tightness in extension and flexion.
Correction of tibial and femoral resection in this
plane was needed less frequently after applying the
gap balancing feature. In one case the tibial size had
to be reduced intraoperatively in comparison to the
preoperative planning. On the femoral side, no
changes in varus/valgus orientation, extension/flex-
ion, rotation (referenced to the epicondylar line),
and anterior/posterior shifting became necessary.
No femoral notching could be observed. During
preparation of the tibia, the varus/valgus orienta-
tion and posterior slope were derived exactly with-
out any divergence from the guides.

Intraoperative gap balancing could be per-
formed according to the standard surgical tech-
nique without significant difficulties. No method-
associated or general complication was observed
intraoperatively.

Postoperative evaluation included measure-
ment of the clinical and radiological outcome using
our standard procedure. For clinical evaluation, the
Oxford Knee Score, SF 12, UCLA Activity Score,
and range of motion (ROM) were recorded. Radio-
logical analysis was performed using standard an-
teroposterior and lateral as well as anteroposterior
long-leg radiographs.

The outcome so far has revealed good clinical
results. Joint stability was achieved in all cases.
The minimum ROM at the time of discharge from
hospital was at least 90°. Radiological results showed
correct alignment in all cases. The overall mechani-
cal axis (line between the center of the femoral head
and the center of the proximal surface of the talar
dome) passed through the central third of the knee
in all cases. The overall hip-knee-ankle angle was
always between 179°and 181° (+1°), the femoral and
tibial component angle (angle between the femoral
component and the femoral mechanical axis and
between the tibial component and the tibial me-
chanical axis) was between 89° and 91° (8 Fig.5.7a,b
and @ Fig. 5.8a,b).
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B Fig. 5.8a-c Postoperative radiographs of UNI performed
with PSI. The indented alignment has been achieved

5.8 Discussion

Patient-specific instrumentation using the PSI tech-
nology is based on the proven method of mechani-
cal alignment in total and unicompartmental knee
arthroplasty. Although alignment is not the only
target and does not guarantee better clinical
outcome and survivorship (Parratte et al. 2012;
Matziolis et al. 2007), it has a significant influence

on the results (Sikorski 2008). Neutral alignment is
currently the subject of controversial discussion
(Bellemans et al. 2012) and kinematic alignment
(Dossett et al. 2012) is considered as an alternative
procedure. Nevertheless, there is no evidence at
present that alignment other than neutral should be
recommended.

A remarkable advantage of the PSI technique is
the ability to perform accurate preoperative
planning, which refers to the bone resection and the
type, size, and positioning of the implants. A selec-
tion of different implants, which have been proven
in clinical practice over years, are available and can
be adapted with respect to size, orientation, and
variants to the individual anatomy. Our first experi-
ence has revealed that the surgical planning and
technique are easy to handle and have a steep but
short learning curve. Alignment could be achieved
in the comparatively small group of patients using
the available technology. However, further studies
are necessary to compare alignment with the stan-
dard procedure and to assess patient satisfaction
and functional outcome. As in other studies
(Nunley et al. 2012; Watters et al. 2011), we have
some evidence that operative time can be reduced
with PSI as can the cost for processing the operative
equipment.

Experience with PSI is still limited (Myer et al.
2012; Nunley et al. 2012a,b; Watters et al. 2011).
When evaluating this new method it should be
borne in mind that it is still in the early stages
of development. Further development opportuni-
ties should be exploited before a final assessment
is made. In particular, the current direct compari-
son with navigation makes little sense, since the
latter has been developed over a period of more
than 10 years. Possibly, a combination of the two
methods is an option for the future. Disadvantages
of navigation, such as the relatively high time-
consuming procedure and the intra- and interindi-
vidual variations associated with the detection of
landmarks and placement of the pins, could poten-
tially be overcome. The current disadvantage
of the PSI technique that intraoperative bone
resection can be adapted to the soft tissue condi-
tions only to a limited degree might be compensat-
ed for by complementary navigation steps in the
future.
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This chapter describes the basic rationale and surgical
technique with uni-, bi-, or tricompartmental patient-
specific knee arthroplasty using the second genera-
tion of ConforMIS™ implants. The patient-specific
implants and instruments are designed and manufac-
tured based on data from preoperative computed
tomography (CT). The disposable patient-specific
cutting jigs are fabricated with consideration of the
anatomical and biomechanical axes of the knee,
thereby resulting in efficient prenavigation of bony
cuts without the need for an additional navigation
system. For all types of resurfacing implants, the surgi-
cal technique comprises cartilage removal, knee
balancing for determination of the optimal tibial
resection, femoral and tibial preparation, trialing, and
cementing of the implants. The use of personalized
three-dimensional image-derived resurfacing im-
plants, as well as individualized single-use instrumen-
tation, has the potential to restore almost normal knee
anatomy and kinematics and might therefore change
the common surgical practice of knee arthroplasty.

Introduction to Individualized
Knee Arthroplasty

6.1

The rationale of using patient-specific knee arthro-
plasty systems is based on the principle of fitting the
knee implant to the patient’s individual anatomy
and pathology and not adjusting the patient’s bony
structures to the implant, which is the case in most
standard knee replacement surgeries. The use of
individualized implants and patient-specific cutting
guides is thought to overcome some of the main
problems of current standard knee arthroplasty
such as abnormal knee kinematics, residual knee
pain, reduced activity levels, and low patient satis-
faction, among others (Banks et al. 2003; Bourne
et al. 2010; Lezko et al. 2011; Noble et al. 2005).
The strive to generate individual knee arthro-
plasties was born from the observation that knee
anatomy is strongly variable and that standard sym-
metrical knee implants cannot exactly restore the
patient’s knee surface morphology and natural knee
kinematics in most of the cases, despite different
sizes of implants being provided. Several anatomical
and radiological studies show a high gender-specif-
ic variation in femur condyle sizes and radii from

medial to lateral, including variability of the epicon-
dylar axis, the trochlea surface morphology, and the
tibia plateau geometry (Hernigou etal. 1991; Howell
et al. 2010; Li et al. 2012; Luo et al. 2004; Tan et al.
2007). Moreover, there is also a very high interindi-
vidual variability of these structures, resulting in
considerable differences in knee kinematics (Belle-
mans et al. 2005). Knee kinematics itself is very
complex and the knee’s motion sequence comprises
a roll-slide mechanism during flexion and exten-
sion, including a final rotational movement at the
end of the movement cycle (Flandry and Hommel
2011). Changes of the anatomical landmarks during
knee arthroplasty are likely to result in changes of
the interplay between the osseous and soft tissue
structures involved, which may lead to pathologi-
cally altered knee kinematics (Fitzpatrick et al. 2012;
Howell et al. 2012; Steinbruck et al. 2011). In this
respect, current implant designs for partial and total
knee replacement have several major limitations, as
these implants do not resemble the patients indi-
vidual anatomy accurately, which results in asso-
ciated problems. Examples of significant implant
design flaws include: early failure rates of tibia
plateaus of narrow total knee arthroplasty (TKA)
designs in obese patients as compared to wider im-
plant designs (Berend et al. 2005); mismatch of the
tibial plateau with overhang or subsidence of the
underlying bone; symmetric femoral components
with increased edge-loading and subsequent com-
ponent failure; or oversized femoral components
resulting in patellofemoral impingement. Differ-
ences in the bony anatomy between male and female
knees have been well documented, in that men have
larger femurs than women (van den Heever et al.
2012). Although these characteristics have been ad-
dressed in the current gender-specific TKA designs
on the market, several other interindividual differ-
ences including rotation differences of the trochlea
relative to the epicondylar axis are not dealt with.
Other TKA types were designed to change knee
kinematics intentionally, such as single-radius
implant designs for higher flexion performance
(Borrione et al. 2011; Cook et al. 2012; Wolterbeek
etal. 2012). However, such designs deal with altered
knee kinematics and the potential risk for instability
in deep flexion (Catani et al. 2011). In summary,
individualized patient-specific implants can address
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the shortcomings of current off-the-shelf TKA im-
plants and are able to increase osseous implant
coverage. Therefore, this chapter presents and
discusses a novel surgical technique that utilizes
the second generation (G2) of patient-specific uni-,
bi-, or tricompartmental resurfacing implants along
with patient-specific personalized jigs for the treat-
ment of different stages of osteoarthritis (OA).

Indications and
Contraindications: Which Knee
Implant for Which Patient?

6.2

The choice of which implant is best suited for the
patient should always be an individual decision
made by the patient together with their physician
based on a rationale considering several factors
including the extent and distribution of cartilage
wear, underlying disease [OA, rheumatoid arthritis
(RA) etc.], age, weight, activity level, and attitude
toward potential revision surgery, among others.
Therefore a thorough history of the patient’s knee
pain has to be taken, including evaluation for ante-
rior knee pain, or nickel allergy, among others.
Furthermore, a detailed physical examination is
required that includes assessment of any knee liga-
ment instability, patella pain, or maltracking. The
diagnostic work-up generally includes standard an-
terior—posterior (AP) and lateral radiographs of the
knee, a skyline view of the patella, as well as full
weight-bearing long-leg radiographs for assessment
of the mechanical knee axis. When the decision
for a knee replacement has been made, it should be
initially determined whether a partial knee arthro-
plasty (PKA) or a TKA is most suited to treat the
patients’ knee pathology. Generally, PKAs are less
invasive than TKA surgeries with faster initial
recovery, and usually OA patients are selected who
are under 60 years of age with stable knees and less
than 10° axis deformity (varus, valgus, flexion
contracture) (Pennington et al. 2003). Depending
on whether a unicompartmental (medial or lateral)
or a bicompartmental joint (medial and retropatel-
lar, or lateral and retropatellar) disease is prevalent,
a unicompartmental or bicompartmental PKA is
chosen. In cases where the choice of the most suit-
able implant is not entirely clear, magnetic reso-
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nance imaging (MRI) of the knee joint might be
a helpful additional diagnostic tool for decision
making. In some radiology centers, CT scans with
injection of intra-articular contrast agents can be
alternatively employed.

Having determined the type of desired implant,
usually the decision is made whether an individual-
ized knee implant or a standard knee replacement
system should be chosen. Currently, contraindica-
tions for individualized knee arthroplasty using
the ConforMIS™ system are infection, medial or
lateral knee instability, insufficiency of the anterior
cruciate ligament (iUni/iDuo) or posterior cruciate
ligament (iTotal), >15° axis deformity (iTotal), and
>10° fixed varus/valgus deformity (iUni/iDuo).
Relative contraindications for partial knee replace-
ments include RA, tricompartmental OA, and a
body mass index of over 35.

Once patient and surgeon decide for individual-
ized knee replacement surgery, an x-ray CT scan of
the knee is performed for the design and fabrication
of patient-specific implants and instruments, with
the whole process taking 6 weeks until the implanta-
tion kit is delivered (8 Fig. 6.1).

6.3 Preoperative Planning

and iView® Technology

The ConforMIS™ image-to-implant technology is
based on the fabrication of patient-specific knee
implants and instruments on the basis of CT images,
with additional radiation exposure. Along with in-
struments and implants, prenavigational patient-
specific iView® planning images are provided for
all types of implants, including unicompartmental
(B Fig. 6.2a; iUni® G2), bicompartmental (@ Fig.
6.2b; iDuo® G2), or tricompartmental (@ Fig. 6.2c;
iTotal® G2) knee resurfacing systems. For the
unicompartmental (B Fig. 6.2a; iUni® G2) knee
replacement systems, iView images indicate any
osteophytes in green and red, with the red
osteophytes marking osteophytes that must be re-
moved for correct positioning of the iJig® patient-
specific instrumentation (8 Fig. 6.2a, left images).
Additionally, information on the requested poste-
rior condyle cut, tibial cut slope, and anterior cortex
cut is provided, as well as the projected positioning




56 Chapter 6 - The Individual-Template System Combined with Individual Endoprosthesis

Implant Request 6 Weeks

3D Image Processing
Implant & iJig Design
Manufacturing Process

Delivery of Implantation Kit

_—e—

O Fig. 6.1 Patient-specific knee arthroplasty organizational diagram. Once patient and surgeon have agreed to a patient-
specific knee arthroplasty, the patient is referred to the radiology department for a CT scan of the knee to be treated, and the
surgeon sends an implant request form to ConforMIS™, indicating patient data, implant requested, and scheduled surgery date.
Upon receipt of the CT scan, images are processed and individualized implants and instruments are designed and fabricated
within a 6-week timeframe. Implants and instruments are delivered thereafter in a convenient implantation kit (»lunchbox«)

implants for the femur and tibia (B Fig. 6.2a). Simi-
larly, iView images for the bicompartmental knee
resurfacing system (B Fig. 6.2b; iDuo® G2) indicate
any disturbing osteophytes in red (8 Fig. 6.2b, left
images), correct positioning of the femoral and
tibial iJig® patient-specific cutting guides, data on
the desired posterior condylar cut, tibial cut slope,
and anterior cortex cut, as well as the targeted femo-
ral and tibial implant positioning (8 Fig. 6.2b). The
second generation of iView® (2.0) for the iTotal® G2
(B Fig. 6.2¢) indicates tibial and femoral positioning
of the iJig® cutting blocks, proposed distal and AP
femoral cuts, proposed tibial bone resection and
slope, as well as projected femoral and tibial implant
positioning (B Fig. 6.2c). Notably, this prenavigation
system allows for additional intraoperative confir-
mation of the projected bone cuts and facilitation
of correct positioning of iUni® G2, iDuo® G2, or
iTotal® G2 implants. The respective surgical tech-
niques are outlined in the following paragraphs.

6.4 Individual Unicompartmental

Knee Arthroplasty: iUni® G2

A major reason why unicompartmental knee ar-
throplasty is used in only a small percentage of

patients with unicompartmental knee OA is that it
is technically more demanding than TKA, with a
surgical technique that is considered to be less
reproducible (Fitz 2009). To overcome these limita-
tions the iUni® G2 implant is designed for medial
or lateral tibiofemoral compartment repair, using
completely patient-specific implants and a set
of patient-specific, disposable, and prenavigated
cutting instruments (iJigs®; ConforMIS™). Design
features of the iUni® G2 implant comprise an
anatomically shaped femoral component that
minimizes the need for bone removal and
matching the anatomy of the tibial component for
100% cortical bone support that facilitates accurate
fit. The iJigs are produced in such way that they fit
the condyles in only one position that considers the
biomechanical and anatomical axes from the CT
scan, allowing for efficient prenavigation of cut
planes without the need for a separate navigation
system or an intramedullary alignment guide.

The surgical approach comprises a midline
skin incision, a short medial (or lateral) parapatellar
arthrotomy, and meniscus removal under protec-
tion of the collateral ligaments. The surgical tech-
nique includes the steps of cartilage and osteophyte
removal, knee balancing, positioning of the tibial
iJig®, tibial resection, positioning of the femoral
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O Fig. 6.2a-c Preoperative »navigation« using iView® patient-specific planning images. For all individual knee arthro-
plasties, iView patient-specific planning images are provided, indicating the positioning of cutting guides and implants for
the femur and tibia (a-c). For the unicompartmental (a; iUni®) and the bicompartmental (b; iDuo®) knee replacement
systems, iView images indicate any osteophytes in green and red, with the osteophytes in red indicating those that need to
be removed for correct positioning of the ilig® patient-specific instrumentation. Additionally, information on the requested
posterior condyle cut (a, b), tibial cut slope (a, b), and anterior cortex cut (b) is provided. c The iView 2.0 for the iTotal® G2 in-
dicates tibial and femoral iJig® positioning, proposed distal and anteroposterior (AP) femoral cuts, proposed tibial bone re-
section and slope, as well as projected femoral and tibial implant positioning
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O Fig. 6.3a-f Patient-specific unicondylar knee arthroplasty: ConforMIS™ iUni® G2. Preoperative AP (a) and lateral (b) ra-
diographs indicate osteoarthritic changes in the medial compartment of the right knee of a 53-year-old female patient be-
fore medial iUni® G2 knee arthroplasty was scheduled. Examples of a patient-specific instrumentation kit including balancer
chips, cutting guides, preparation set, and drill bits are depicted in c. An individual iUni® G2 implant is shown in d including
a tibial component with a 6-mm polyethylene insert and a femoral component. Postoperative AP (e) and lateral (f) radio-
graphs indicate correct implant positioning postoperatively without any implant overhang or subsidence (e, f)

iJig®, posterior condyle cut, final preparation of the
femur and tibia, and final cementing of implants, as
described in more detail elsewhere (Fitz 2009).
Briefly, the linea terminalis of the femur is marked
with the knee in extension, remaining cartilage in
the compartment is removed with a curette, along
with all osteophytes that might influence ligament
tensioning and iJig® positioning. Balancer chips are
then inserted in the compartment with 1-mm incre-
mental thickness from A to D that exactly match
the bony tibial surface, and knee laxity is tested in
20° knee flexion for ideal ligament tensioning,
which is usually 1 mm medial and 2-3 mm lateral.
The tibial iJig® cutting block is then attached to
the optimal balancer chip (usually B or C) for per-
formance of exact sagittal and horizontal tibial cuts,
and an extramedullary rod allows for additional
control of the varus/valgus axis and tibial slope. The
bony tibial cut usually matches the individualized
instrument for final tibial preparation exactly. Then,
for femoral preparation, the knee is brought to 90°
of flexion, and the femoral iJig® is correctly posi-
tioned to the femoral condyle, and subsequently
drilled and pinned. Following this, an L-guide is
attached to the femoral iJig® that represents the
amount of bone to be removed and facilitates ideal

posterior condyle resection, which is usually
3-5 mm including saw blade, as indicated in the
respective iView® planning images (B Fig. 6.2a).
Completion of the femoral preparation includes
preparation of an anterior groove with a 5-mm burr
for the anterior corner of the femoral component
that usually submerges the subchondral bone by
3.5 mm, as well as placement of 10-13 drill holes
of 2 mm for improved cement interdigitation. Then
the femoral trial component is inserted and the
balancing is verified throughout the range of motion
(ROM) using an 8-mm (orange) or a 10-mm tibial
spacer block (blue) to prevent tightness and over-
correction (B Fig. 6.3c). The 8-mm spacer block
corresponds to the 6-mm polyethylene insert
together with the 2-mm tibial tray. When no more
bony resection is necessary, the tibial plateau is
finally prepared with a tibial template that covers
the tibial cortex and facilitates drilling of two holes
and deepening of an inset with a chisel for the
cementation peg of the tibial component. Then the
original tibial tray and femoral trial components are
used to verify the final implant fit and insert size,
before the original components are implanted.
Therefore, the tibial component is cemented first,
then the original inlay is inserted and the femoral
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component is cemented, before all excess cement is
removed and the knee is brought into 45° of flexion
for cement hardening. Thereafter, closure of the
arthrotomy and wound is performed in a standard
fashion. Postoperative x-rays indicate the correct
positioning of the final implant (8 Fig. 6.3¢/f).

6.5 Individual Bicompartmental

Knee Arthroplasty: iDuo® G2

The clinical impact of degenerative changes of the
patellofemoral joint in uni- and bicompartmental
knee OA is controversially discussed (Breeman et al.
2011). In cases where a patellofemoral joint pain is
clinically evident in bicompartmental OA, a bicom-
partmental knee resurfacing might be considered
advantageous (Tria 2010). In this context, patients
with one intact tibiofemoral knee compartment
might be good candidates for treatment with a pa-
tient-specific bicompartmental knee arthroplasty-
type ConforMIS™ iDuo G2. Such an approach has
the advantage of resurfacing large areas of cartilage
degeneration, while retaining the cruciate ligaments
and therefore allowing for more normal knee kine-
matics. To close the gap between unicondylar knee
arthroplasties and TKA in the care of bicompart-
mental OA, the iDuo® G2 implant is designed for
medial or lateral tibiofemoral and retropatellar
compartment repair, using individualized Jigs® and
implants. Design features of the iDuo® G2 implant
comprise a precise anatomical fit to ensure ROM
without impingement or overhang, complete corti-
cal rim coverage to avoid tibial component loosen-
ing or subsidence, and an anatomically shaped
femoral component for maximum bone preserva-
tion. Similar to the iUni G2®, the iJigs® for the
iDuo® G2 are manufactured such that they fit the
condyles in only one position, facilitating efficient
prenavigation of cut planes with consideration of
the mechanical knee axis.

As mentioned previously for the iUni® G2, the
surgical technique for the iDuo® G2 comprises
a midline skin incision, parapatellar arthrotomy,
meniscus and osteophyte removal, cartilage removal
in the areas designated in the accompanying i View®,
balancing the knee, positioning of tibial iJig® and
tibial resection, positioning of the femorotrochlear
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iJig® and anterior and posterior condyle cut, final
preparation of femur and tibia, and final cementing
of the implants. In cases where patella resurfacing is
intended, a spherical dome polyethylene patella im-
plantation kit is provided.

The surgical steps include, briefly, marking
of the linea terminalis of the femur along with the
area of cartilage removal according to the iView®
planning images. Cartilage remains in this area are
removed with scalpel and curette, as well as all inter-
fering osteophytes for iJig® positioning. Following
knee balancing using incrementally sized balancing
chips (A-D), the tibial iJig® cutting guide is fixed to
the ideal balancer chip for accurate tibial bone cuts,
with resected bone matching the tibial preparation
guide exactly for confirmation. Then, the femoral
iJig® is correctly placed to the femoral condyle and
trochlea, and subsequently drilled and pinned,
before the anterior and posterior femoral bone cuts
are performed as planned in the respective iView®
(B Fig. 6.2b). Femoral preparation is completed by
preparing an anterior deepening recess of 3-4 mm,
smoothening of bony edges, and placing several
drill holes for cement interdigitation. Subsequently,
the femoral trial component is inserted and the
correct knee balancing is verified using the 8- or
10-mm spacer blocks. Final tibial preparation com-
prises drilling and preparation of a deepening
for the pegs of the tibial tray, using the anatomical
tibial preparation guide. The trial femur compo-
nent, the trial inserts, and the original tibial tray are
used to verify implant fit and insert choice, before
the final components are implanted. Cementation is
usually performed for the tibial plateau first,
followed by the insertion of the final tibial plateau
and cementation of the femoral component, using
standard techniques. Following cement polymeriza-
tion in 45° of knee flexion, the arthrotomy and
wound are sutured closed using standard tech-
niques. Postoperative x-rays indicate the accurate
positioning of the final components with correct
patella tracking (8 Fig. 6.4e-g).
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O Fig. 6.4a-g Patient-specific bicondylar knee arthroplasty: ConforMIS™ iDuo® G2. Preoperative AP (a) and lateral (b)
radiographs indicate osteoarthritic changes in the medial and to some extent in the retropatellar compartment of the left
knee of a 56-year-old female patient, before medial and retropatellar iDuo® G2 knee resurfacing was scheduled. As this
patient had a nickel allergy, the implant was surface-coated with titanium-nitride (TiN) hard coatings preoperatively,
accounting for the »golden« appearance of the femoral (c) and TIBIAL component (d) before implantation. e Skyline-view
radiographs of the patella indicate correct patella tracking postoperatively. Postoperative AP (f) and lateral (g) radiographs
indicate correct implant positioning and cementation postoperatively without implant overhang or subsidence (f, g)

6.6 Individual Tricompartmental

Knee Arthroplasty: iTotal® G2

Once tricompartmental OA is diagnosed and con-
servative treatment options fail, TKA surgery is usu-
ally offered. Although standard TKA survivorship
is excellent, it has recently become apparent that
patient satisfaction is not as good as we thought it
was (Bourne et al. 2010). The reasons for dissatisfac-
tion with standard TKA are very diverse and range
from early implant failures due to leg misalignment,
polyethylene wear, or engineering flaws, residual
pain due to inappropriate component size and fit,
malrotation of components, and functional com-
promises due to decreased range of motion, mal-
tracking of the patella, or ligamentous imbalance
that results in abnormal knee kinematics (Bonnin et
al. 2010; Wylde et al. 2007). Recent surveys indicate
that one in five patients is not satisfied with their
TKA surgery (Bourne et al. 2006). To overcome
these limitations, patient-specific iTotal® G2 was
designed to fit exactly the patient’s anatomy, in that
the femoral component is shaped like the patient’s
knee restoring the patient’s natural condylar curves
(J-curves) from the medial to the lateral side. The

tibial component matches the tibial plateau size
exactly, as well as the femoral component, along
with individual condylar spacing using different
tibial plateaus medially and laterally, reduced resec-
tion of bone, and maximum coverage of the cortical
bone resulting in large contact areas and low contact
stresses (www.conformis.com). The surgical steps
for performing iTotal® G2 consist in distal femoral
resection, tibial resection, balancing and femoral
preparation, tibial preparation, and final implant
positioning. Patella resurfacing is also possible
using oval dome-shaped polyethylene patellae of
different sizes.

The surgical procedure is facilitated by using
seven different patient-specific femoral and four
different tibial instruments, which can be seen in
B Fig. 6.5¢. First, the femoral block F1 is fitted onto
the femoral condyles without the need for osteo-
phyte removal, and cartilage is removed only at
sites where the bony-referenced F2 and F3 blocks
for the distal femoral cut are fixed. The distal cut
is performed with the F3 block and usually creates
an offset of the medial compared to the lateral
condyle, mirroring the different condyle sizes. Then
tibial cartilage is removed in areas where the bony-
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O Fig. 6.5 Patient-specific total knee arthroplasty: ConforMIS™ iTotal® G2. Preoperative lateral (a) and AP (b) radiographs
indicate osteoarthritic changes in all compartments of the left knee of a 58-year-old male patient, before iTotal® G2 knee ar-
throplasty was scheduled. The patient-specific instrumentation kit including cutting and spacer blocks as well as trial com-
ponents is shown in c. The individual iTotal® G2 femoral and tibial implant components before implantation are depicted in
d. After implantation, these components reveal exact fit and alignment, with a 6-mm insert being implanted medially and a
type A insert laterally (e). Postoperative lateral (f) and AP (g) radiographs indicate correct implant positioning postoperative-
ly without any implant overhang or subsidence (f, g)

referenced T'1 extramedullary cutting guide is posi-
tioned, as indicated in the respective iView® image
(B Fig. 6.2¢). Following alignment with a rod and
fixation of the tibial cutting guide, the cut of
the tibial plateau is made according to the iView®
(B Fig.6.2¢). Then, the knee is balanced in extension
with spacer block T2 and in flexion with spacer
block T3. If tight, the system allows for an addition-
al resection of 2 mm on the femur or tibia. With the
knee in 90° flexion, the femoral cutting block F4 is
placed on the femur, and up to 5° external rotation
can be added to balance the flexion gap. Then the
anterior and posterior cuts, the anterior chamfer
cut, and drilling of lug holes are performed using F4.
Two additional chamfer cuts for bone preservation
are made next using the blocks F5 and Fé. The tibial
(T4) and femoral (F7) trials are then inserted and
balancing throughout ROM is confirmed. T4 exists
in two different heights, accounting for different
insert options. The tibial trial (T4) fits anatomically
to the tibial plateau, and allows for 5° of rotational
variation. Once the final position of the tibial
plateau is determined, the drill tower and keel
punch are used for preparation before the final
implant choices are cemented and inserted. The

macroscopic appearance of a patient-specific
iTotal® G2 implant before (B Fig. 6.5d) and after
implantation (B Fig. 6.5e) is presented in Fig. 6.5.
Postoperative x-rays indicate the accurate position-
ing of the final components (8 Fig. 6.5f-g).

6.7 Summary and Perspectives

In summary, the introduction of patient-specific
image-derived resurfacing implants as well as per-
sonalized single-use instrumentation has the poten-
tial to alter the current surgical practice for knee
arthroplasty. The novel prenavigated ConforMIS™
technology requires an additional CT scan, which
facilitates the design and fabrication of patient-
specific knee implants for treatment of uni-, bi- or
tricompartmental knee OA. Disadvantages of this
implant system are a manufacturing time of 6 weeks,
the increased costs for the implant, and that at
present strong deformities (>15°) and instabilities
cannot be treated with such implants. However,
these developments are underway and might enter
the market soon. The current implant design is
completely novel, as it grossly resembles the pa-
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tient’s anatomy for all implant types (iUni® G2,
iDuo® G2, iTotal® G2), aiming to preserve natural
knee kinematics. Additional advantages are the
femoral bone-preservation with enhanced cortical
bone support of the tibia, overcoming critical design
limitations of commercial off-the-shelf implants.
However, the accuracy of the prenavigated jigs
remains to be determined, and the long-term clini-
cal outcomes compared to standard TKA with or
without navigation or gap balancing still need to be
established.
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The Stryker ShapeMatch® Technology differs funda-
mentally to other templating concepts with respect
to the alignment philosophy of the implant and the
soft tissue management. The key principle of the
ShapeMatch® Technology is to orientate the prosthet-
ic components around the kinematic axes of the

knee and thus to restore the physiological articular
surface and the natural ligament isometry and motion
of the knee. It is meant to improve rehabilitation,
knee function, and patient satisfaction after total knee
arthroplasty.

In previously introduced templating concepts, the
placement of components is based on the widely
accepted principle of classic mechanical alignment
that considers the two-dimensional (2D) alignment
of the limb and knee in the coronal or frontal plane.
This requires the adjustment of a neutral hip-knee-
ankle angle with proximal tibial and distal femoral
joint line angles perpendicular to the mechanical
axis and a rotational alignment set to bony land-
marks. With the correction of congenital preopera-
tive deformities, soft tissue balancing is necessary
for achieving symmetric flexion and extension gaps
and restoring motion and balance of the knee. In
contrast to this, Stryker ShapeMatch® Technology
aims for a three-dimensional (3D) kinematic align-
ment of the components whereby the femoral com-
ponent is oriented to the axis about which the tibia
flexes and extends. Likewise, the tibial component
position is also oriented to the same transverse
femoral axis so that the longitudinal axis of the tibia
is perpendicular to the flexion-extension axis. In
combination with a measured resection technique
and a single-radius prosthesis design like the Stryker
Triathlon®, the physiological articular surface is re-
stored as is the physiological interrelationship of the
kinematic axes. Stryker ShapeMatch® Technology
uses proprietary software to estimate the patient’s
individual prearthritic condition so that the physi-
ological joint line obliquity and the congenital over-
all limb alignment and rotation are preserved with
the aim of restoring natural ligament isometry and
motion of the knee.

This chapter reviews the definition and bio-
mechanical rationale of kinematic alignment in
total knee arthroplasty (TKA) and highlights the
principle of the ShapeMatch® Technology to

transfer the computed implant position to the
operating room. The clinical application of this
technique is described, from the indication and
the preoperative planning to the surgical technique,
including the specific balancing algorithm in kine-
matic alignment. Theoretical concerns of the tech-
nique are discussed along with the disadvantages
of mechanical alignment, and finally preliminary
clinical results of kinematically aligned TKA are
reviewed.

7.1  Biomechanical Rationale
of Kinematic Alignment

The biomechanical rationale for kinematic total
knee alignment can be traced to classic research on
the kinematics of the unloaded knee motion pub-
lished by Hollister and coworkers (Hollister et al.
1993). Since the knee is a force-fit joint, the kine-
matics are defined by the relative relationship of the
femur, patella, and tibia in motion and are deter-
mined by the joint surface and ligament structures.
In this construct, three axes are specified governing
the movement of the patella and tibia with respect
to the femur. The primary axis is a transverse axis
through the femur about which the tibia flexes and
extends. Based on the assumption of a single-radius
knee movement, it is defined by the center of a cyl-
inder aligned to the articular surface of the femoral
condyles (B Fig. 7.1). The second axis describes
the center of the patella movement and is again
located transversely in the femur. It is strictly paral-
lel to the before mentioned flexion-extension axis
and projects proximally and anteriorly to the center
of the condyles. The third axis is a longitudinal
axis in the tibia about which internal and external
rotation of the tibia occurs. This axis is set perpen-
dicular to each of the two transverse axes in the
femur (B Fig. 7.1).

Although the three kinematic axes for knee
motion have a clearly defined geometrical position
and interrelationship to each other, they cannot be
found during surgery by referencing bony land-
marks or using 2D imaging studies. The classically
used transepicondylar axis is only an approximation
of the flexion-extension axis and involves a 2°-11°
malalignment in the individual patient (Eckhoff
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b

B Fig. 7.1a,b Schema of the kinematic axes of the knee. a The primary transverse axis of the femur about which the tibia
flexes and extends is defined by the center of a cylinder aligned to the articular surface of the femoral condyles. b The kine-
matic axis about which the patella flexes and extends is parallel to this and located anteriorly and proximally (green); the
rotational axis of the tibia is perpendicular to each of the others (yellow)

et al. 2003). However, according to the geometrical
definition, the primary flexion-extension axis of the
femur can be calculated in a 3D model of knee, if the
physiological prearthritic condition is restored, and
hence the other two can be defined as well.

The design concept of kinematic total knee
alignment is to coalign the femoral component to
the primary transverse axis about which the tibia
flexes and extends. Since this is a movement about
a single radius and there is no clinically relevant
asymmetry between the medial and lateral femoral
condyles, a symmetrical single-radius femoral com-
ponent is an optimal design for replicating knee
kinematics. Hence, with a single-radius prosthesis
it is as simple as shape matching the femoral com-
ponent to the articular surface of the femur in a
3D prearthritic model. In the second step, the ante-
rior—posterior axis of tibial component is aligned
perpendicular to this now defined primary trans-
verse femoral axis. The rotational alignment of the
tibial component is set by marrying up the two
restored bony models, such that the two deepest
points of the femur sit in the sulci of the correspond-
ing tibial articular surfaces, as would happen with
load bearing. The femoral rotation is then projected
onto the tibia. The final step is aligning the center

of the tibia under the center of the prosthetic com-
ponent.

7.2 Stryker ShapeMatch® Technology

The preoperative planning is performed on a 3D
model of the patient’s knee joint obtained from
magnetic resonance images (MRI) or computed
tomography arthrography (CT arthrography). For
kinematic alignment, the projection of the knee
has to be customized to the patient’s knee position
in the scanner so that the oblique sagittal image
plane is perpendicular to the primary transverse
axis of the femur. The crucial step for the calculation
of the individual flexion-extension axis is trans-
forming the arthritic knee model to the prearthritic
status by filling articular defects and removing
osteophytes (8 Fig. 7.2). This is done using propri-
etary software. By adjusting the varus-valgus rota-
tion and proximal-distal position of the tibia, equal
medial and lateral flexion and extension gaps are
achieved and the physiological ligament length is
restored.

The femoral and tibial components that best
fit to this prearthritic knee are selected and shape
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O Fig. 7.2a-d lllustration of a 3D arthritic knee model. a The arthritic knee model; b with the process of removing osteo-
phytes; cfilling in worn joint surfaces; d centering the tibia under the femur to create a prearthritic normal knee model with

the software

matched to the restored articular surface to coalign
the above-defined axes of the knee. The cut planes
for the defined component position are then trans-
ferred back to the arthritic model so that individual
patient cutting guides can be machined to fit the
actual arthritic patient’s knee. Each template has
three contact areas to the joint surface and sets the
position of the component in the six possible de-
grees of freedom. The saw slots guide the proximal-
distal, the flexion—extension, and the varus-valgus
alignment of each femoral and tibial component,
whereas the two pinholes on the articular surfaces
of each cutting guide define the anterior-posterior
(a.p.) and mediolateral (m.L.) position as well as the
rotational alignment.

7.3 Clinical Application
of Kinematically Aligned TKA
7.3.1 Indication

Since the primary goal of kinematic alignment in
TKA is the preservation or restoration of the normal
interrelationship among the kinematic axes of the
prearthritic knee, this technique is applicable only
for primary osteoarthritis. Posttraumatic condi-
tions or a history of tibial or femoral correction os-
teotomies affecting the natural knee movement are,
in the hands of the authors, contraindications for
kinematic alignment. The same applies to soft tissue
injuries or inflammatory arthritis affecting the
primary ligament length and stability of the knee.
The overall varus or valgus alignment of the
limb in the osteoarthritic condition does not repre-

sent an inclusion or exclusion criterion. The pa-
tient’s individual prearthritic status is restored in
the aforementioned planning algorithm. The phy-
siological joint line obliquity in the coronal plane is
preserved. This in turn means that a preexisting
physiological varus or valgus deviation is accepted
and left as it was.

The feasibility, safety, and tolerability of the
kinematic approach are discussed in a separate sec-
tion in this chapter. Admittedly, at present, with the
current experience with this new technology and
against the background of the current doctrine of
a mechanical alignment of +3°, the authors try to
restrict the indications for kinematic alignment to
patients whose physiological axis would meet the
accepted range of deviation. In our preoperative
algorithm the medial proximal tibial angle (MPTA)
and the mechanical lateral distal femoral angle
(mLDFA) are evaluated on long-leg standing radio-
graphs and should be within the range of 85° to 90°.
Additionally, the sum of the MPTA and the corre-
sponding mechanical medial distal femoral angle
(mMDFA) should be within 177°-183°. By this
simple analysis the postoperative alignment and
suitability for kinematic alignment can be estimated.

7.3.2 Preoperative Planning

Based on the preoperative imaging, an initial pre-
operative plan of the kinematic alignment is sent to
the surgeon for approval. The planned implant posi-
tion with regard to the coronal, sagittal, and axial
plane is visualized on the basis of planning images
(B Fig. 7.3). The component sizes, together with the
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B Fig. 7.3a-d lllustration of preoperative planning sketches. a Coronal, b sagittal, c axial femoral, and d tibial view. The me-
dial proximal tibial angle, the mechanical lateral distal femoral angle, and the mechanical femoral and tibial axes are visualized

in the coronal model along with the planned components

coronal alignment with regard to the joint line
obliquity and the overall limb alignment, are speci-
fied. The tibial and femoral varus-valgus joint line
angles and the overall femorotibial alignment pa-
rameters can be reviewed and accepted or modified
as deemed appropriate by the prescribing surgeon.
All the other parameters including component rota-
tion, posterior tibial slope, bone cut thickness,
or the component sizes are determined by the
ShapeMatch® planning software. This approach
appears appropriate for the complexity and the con-
cept of kinematic alignment; however, the authors
suggest that more parameters are visualized in the

future so that the specified operation plan may be
more traceable and better validated during the
operative procedure.

In our algorithm the surgeon, on the basis of
plane radiographs, validates the given preoperative
plan. In case of a designated varus or valgus devia-
tion of more than 3° from the mechanical axis or a
joint line obliquity of more than 5° from 90, we
currently tend to correct the tibial joint line angle
until we meet the reference interval. The femoral
alignment is never amended, as this defines the
flexion-extension axis of the tibia and the patella
tracking.
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7.3.3 Operational Technique
and Balancing Algorithm

The eventual surgical technique with the
ShapeMatch® cutting guides does not significantly
differ from that of other manufacturers and align-
ment concepts. The known advantages of a reduced
number of instruments, decreased operating time,
faster room turnover, and a simplified surgical pro-
cedure apply here as well.

The first difference to other systems is that,
owing to the different planning algorithm and
design of the ShapeMatch® guide, prominent osteo-
phytes extending from the proximal trochlea or
the notch are removed prior to seating the guide. In
common with other systems, meticulous removal of
soft tissue from the seating areas of the templates is
mandatory.

Following removal of the distal bone using
the position of the predetermined slot in the
ShapeMatch® guide, the appropriate-size conven-
tional 4-in-1 femoral block is inserted into the two
articular pinholes that were used to secure the
ShapeMatch® guide. On the tibial side, once again
following predetermined proximal tibial resection,
the two articular pins used to secure the template
set the final position of the tibial trial. In our experi-
ence, small parallel adjustments of the a.p. or
m.l. position may be required to center the tibial
component.

A goniometer can be used to check the intra-
operative application of the plan-i.e., if the plan
had a tibial varus of 2, then the goniometer would
read this when set to the ankle. The essential step
for verification of the correct positioning of the
templates is the evaluation of the thickness of
resected bone fragments. Since kinematic align-
ment is a measured resection technique for restor-
ing the articular surface, the two distal and two
posterior femoral resections should be perfectly
symmetrical after correcting for cartilage and
bone wear. In an osteoarthritic knee, we typically
observe a 2- to 1-mm cartilage wear on the affected
side of the distal femur and occasionally additional
bone wear, usually not more than 1 mm. For varus
osteoarthritis, for example, this results in a distal
medial resection thickness of 1-2 mm less than
the lateral portion. Taking the saw blade thickness

into account, the resection on the unaffected side
would be 6.5-mm thick. The same applies for the
posterior resection, which typically has a 1-mm
cartilage wear. Measuring the definite resection
levels during surgery using a caliper is suitable
for assessing the correct position of the template
(B Fig.7.4).

A similar algorithm also applies for the tibial
bone cut. The thickness of the worn side should
be thinner than the unworn side according to the
amount of wear. However, the use of a caliper is
more difficult because of the concave and convex
anatomy of the tibial plateau. The tibial slope is
planned for neutral alignment, so that the posterior
resection tends to be thinner or at least the same
as the anterior one. The correct position of the
template can be confirmed by replacing the resect-
ed plateau in the patient-specific cutting guide
(B Fig.7.4).

The concept of kinematically aligned TKA is
based on the idea of restoring the natural length,
tension, and motion of the ligaments. Thus, balanc-
ing techniques addressing the ligament structures
are not indicated. By restoring the articular surface
and interrelationship among the kinematic axes,
the need for balancing should be reduced to a mini-
mum. The first critical step is to remove any osteo-
phytes that interfere with the ligament position.
Secondly, the posterior capsule should be released
in preoperative flexion contracture or intraopera-
tive extension lack.

The only soft tissue release in our algorithm is
that of iliotibial tract release in case of an existing
long-term valgus osteoarthritis. If the posterior cru-
ciate ligament (PCL) is insufficient and a.p. instabil-
ity is present and cannot be corrected by using a
thicker polyethylene insert, we would opt for a
posterior-stabilized component. However, it must
be clarified that the ShapeMatch® Technology, in
principle, is most appropriately applied to cruciate-
retaining Triathlon® components. Sacrificing the
PCL means that a decisive connection between the
tibia and femur is lost, which may result in an imbal-
ance between the flexion and extension gap. Thus,
the aspired perfect stability around the single radius
of the femoral component achieved by simply re-
storing the physiological ligament length may be
affected.
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B Fig. 7.4a-d Intraoperative confirmation of the correct kinematic alignment of the femoral component is made by mea-
suring and comparing the symmetry of the thickness of the distal medial and lateral and posterior medial and lateral bone
resections. a Typical example of varus gonarthrosis, with predominant medial distal wear. b Resection thickness is measured
using a caliper. ¢,d Tibial resection is also reassured by placing the resected plateau into the patient-specific cutting guide

7.4  Controversy of Mechanical

Versus Kinematic Alignment

Almost every study reviewing patient satisfac-
tion and functional outcome after — mechanically
aligned — TKA reports that about 20% of the pa-
tients are dissatisfied because of continued pain and
poor function in activities of daily living (Baker et
al. 2007; Bourne et al. 2010). Even the use of com-
puter navigation resulting in a more accurate com-
ponent alignment to the mechanical axis has not
improved the clinical outcome (Cheng et al. 2012;
Gothesen et al. 2011). On the contrary, data from
the Scandinavian arthroplasty registries have
shown that the risk of revision was even higher with
the use of navigation (Gothesen et al. 2011).
Therefore, a mechanically aligned TKA has an
unacceptably high prevalence of continued pain,
poor function, and patient dissatisfaction. More-
over, studies have shown that the surgeon’s intraop-
erative impression of the quality of the procedure,
balance, and component position has no predictive
value or correlation with the clinical outcome (Lee
and Lotke 2012). This means that there is ample

room for improvement in TKA, and there is reason-
able doubt that this can be achieved with the use of
conventional techniques and alignment philoso-
phies. It is therefore dubious that other recently
introduced templating concepts based on the idea of
mechanical alignment would contribute to a better
patient outcome.

The primary argument for mechanical align-
ment is that a neutral 0° hip-knee-ankle axis will
result in better implant survivorship; however, the
scientific support for this convention is surprisingly
weak. Most of the literature reporting that prosthe-
ses positioned more than 3° deviant to the mechan-
ical axis have a higher failure rate and higher risk of
revision surgery dates back to the 1990s when very
early knee designs and early generations of implant
materials and instruments were used (Jeffery et al.
1991; Ritter et al. 1994). The more recent papers
evaluating the survivorship of modern implant de-
signs showed that factors other than alignment to
the mechanical axis are more important for deter-
mining the survivorship at 15 years. On the basis
of their evaluation, Paratte and coworkers stated
in 2010 that the surgical goal of neutral hip-knee-
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ankle alignment in TKA should be revisited
(Parratte et al. 2010). This point is further raised
with the findings of Magnussen and coworkers, who
reported that patients with a preoperative varus
deformity had the best outcome scores when left in
a varus deformity after TKA (Magnussen et al.
2011). Even though the difference to neutral align-
ment was not significant, the inadvertently valgus-
aligned knees did significantly worse.

Referencing the bone cuts to the femoral head
and the center of the ankle in TKA changes the ana-
tomical joint line of the femur and tibia in the axial
and coronal plane and therefore results in kinemat-
ic malalignment of the knee. This may lead to liga-
ment imbalance and explains the reported problem
of midflexion instability. The same applies to the
rotational alignment of the femur to the transepi-
condylar axis that may result in flexion instability
especially in valgus knees with patella maltracking.

In kinematically aligned TKA, the individual
patient’s prearthritic varus or valgus deviation is
restored and left as it was. However, on the basis of
several studies, the average hip-knee-ankle axis is
similar to that of conventional mechanical align-
ment (Spencer et al. 2009; Bellemans et al. 2012.
Even though anatomical studies have shown that
98% of normal subjects do not have a neutral hip-
knee-ankle axis, approximately 76% of the patients
would be within a +3° deviation (Bellemans et al.
2012). There are several case reports of successful
kinematically aligned total knee replacements with
a severe varus or valgus deviation in the short-term
follow-up.

As early as 1988, John Insall reported in his
paper on the choices and compromises in total knee
arthroplasty that although there is consensus that
the best alignment corresponds to the mechanical
axis, this, in itself, is only a compromise (Insall
1988). He remarked that this position does not
necessarily correspond to the original anatomy of
the individual patient nor does it necessarily predict
even loading across the prosthetic surface.

Kinematic alignment in TKA aims to restore
the normal interrelationship of the kinematic axes
and the physiological ligament tension and stability.
We hypothesize that this could reduce the high
prevalence of persistent pain and poor function
in TKA.

7.5  Early Clinical Experience

and Results

Stephen Howell, MD, Sacramento, completed the
first kinematically aligned TKA using patient-spe-
cific cutting guides from OtisMed Corporation in
January 2006. Stryker Corporation subsequently
acquired OtisMed Corporation; in December 2010,
Stryker SA Europe were granted market clearance
by the European Competent Authorities to market
and sell kinematically aligned ShapeMatch® cutting
guides for use with the Triathlon® Total Knee
System.

By the summer of 2012, the clinical experience
of the European ShapeMatch® group comprised
more than 500 kinematically aligned TKAs. The
authors have contributed to this with approximately
50 patients, having completed our first ShapeMatch®
procedure in October 2011. Today ShapeMatch®
is part of our clinical routine for primary TKA
for patients who meet the previously mentioned
inclusion criteria.

In our series, all selected patients were within
the given range of an overall limb alignment of +3°
to the mechanical axis in the preoperative planning,
with the exception of three cases. In these cases the
tibial varus angle was corrected until the overall
limb alignment was acceptable. This involved a
correction of about 2°-3° each and the resulting
hip-knee-ankle angle was 3° of residual varus.

The ShapeMatch® cutting guides showed a good
fitin all cases and there was no switch to the conven-
tional instruments. The size of the planned femoral
and tibial component matched the implanted size
in every knee. As suggested by the theory, no soft
tissue releases were necessary to achieve perfect
stability and balance in any of the cases. The knee
was balanced by removing marginal osteophytes,
which indirectly lengthened the tight ligaments. In
the cases for which we had made adjustments to the
initial alignment proposal, the balancer tool used
during surgery showed a symmetrical 2° misbalance
over the motion arc; however, since overall stability
was satisfactory no effort for correction was made.

The only soft tissue release conducted in our
series addressed the iliotibial tract that appeared to
be tight in two cases, both of which were patients
who had a long-standing arthritic valgus deviation.
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The PCL showed a perfect balance in all patients
with a physiological roll-back motion in deep flex-
ion and an a.p. shift of usually less than 0.5 cm. Only
in one case of inadvertent injury of the PCL did we
switch to a posterior-stabilized component.

The default preoperative plan aims for an 11-mm
polyethylene insert; however, in about half of the
cases a 9- or 13-mm polyethylene insert was used
to achieve perfect stability and full range of motion.
By using the ShapeMatch® cutting guides, the mean
operating time was reduced to 45 min so that we
were usually able to operate five to six knees a day, in
contrast to our previous typical rate of four.

Although the overall evidence on kinematic
alignment in TKA is still low, several studies utiliz-
ing the OtisMed Corporation product have de-
scribed early clinical benefits in comparison to
classic mechanical alignment (Dossett et al. 2012;
Howell et al. 2008). Dossett and coworkers pub-
lished a randomized, controlled trial of 41 kinemat-
ically aligned versus 41 mechanically aligned TKAs.
They showed significant improvement in several
outcome scores as well as a greater flexion (5.0°,
p=0.043) in the kinematically aligned group
6 months postoperatively. However, the hip-knee-
ankle angle (0.3° difference; p=0.693) and the ana-
tomic angle of the knee (0.8° difference, p=0.131)
were similar for both groups, and differences were
identified for the joint line obliquity (p<0.000),
which was suspected (Dossett et al. 2012).

The authors are currently taking part in two
prospective studies comparing conventional instru-
mented TKA with the kinematically aligned
ShapeMatch® Technology and also mechanically
aligned cutting guides. One of these is a European
prospective randomized controlled multicenter
trial.

7.6 Summary

In summary, the Stryker ShapeMatch® patient-
specific cutting guides are not about the templating
technology itself, but are about realizing the kine-
matic alignment philosophy; in this concept the
patient-specific guides are a necessary tool for
transferring the computed 3D implant position to
the operating room. The coalignment of the pri-
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mary transverse flexion-extension axis of the femur
to the single-radius axis of the prosthesis and the
restoration of the natural ligament stability of the
knee appear to be a logical step in improving the
performance of primary TKA.

In our hands, the kinematic alignment philoso-
phy realized with ShapeMatch® Technology is an
evolution of the current mechanical alignment
practice. However, long-term clinical benefit
and implant longevity are yet to be proven. The
suitability of kinematic alignment in severe varus
or valgus deformities is also of special interest;
currently, we correct these cases on the tibial side
to an acceptable residual varus or valgus alignment
of 3° to the mechanical axis.

There is a need for level-I studies to clarify the
differences between mechanical and kinematic
alignment with the use of patient-specific guides
as well as to optimize the indications for both
strategies.
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Since its inception over a decade ago, the goal of more
accurate prosthesis placement has routinely been met
(Bathis et al. 2004a, 2004b; Bohling et al. 2005;
Chauhan et al. 2004a, 2004b; Chin et al. 2005; Krackow
et al. 2003; Oberst et al. 2003; Saragaglia et al. 2001;
Sparmann et al. 2003; Stulberg et al. 2000, 2002). Al-
though the original prediction of higher longevity
with more accurate placement and even distribution
of forces has not yet been proven, a meta-analysis of
29 studies of computer-assisted surgery (CAS) vs.
standard mechanically instrumented total knee
arthroplasty (TKA) showed that errors of 3° occurred in
9% of the former procedures vs. 31.8% of the latter.
The controversy over the importance of £3° mechani-
cal alignment owing to varying midterm reports still
does not change the consequences of performing a re-
construction inaccurately nor the ability for CAS to be
more accurate (Alden and Pagnano 2008; Berend et al.
2004; Haaker et al. 2005; Mason et al. 2007; Nuno-Sie-
brecht et al. 2000; Ranawat and Boachie-Adjei 1988;
Ritter et al. 2004; Sharkey et al. 2002; Stern and Insall
1992; Teter et al. 1995; Wiese et al. 2004; Wixson 2004).
However, this focus may miss the most significant issue
remaining in influencing the functional outcome of the
new knee. As results have improved, patient expecta-
tions have increased. Today'’s patients, independent of
age, expect to live more active lives. This author works
in one of the world’s »blue zones.« (A blue zone is a re-
gion of the world where people commonly live active
lives past the age of 100 years.) Thus, while the statis-
tics show that the mortality rate after TKA is 3% per
year, most of today’s patients are not only encouraged
but also expect to live physically active lives. This aims
the focus toward longevity and stability. While instabili-
ty remains one of the top three leading causes of early
TKA revision (Fehring et al. 2001; Haaker et al. 2005), it
also remains one of the leading causes of dissatisfac-
tion in recipients of TKA. After accomplishing the initial
goal of fewer mechanical alignment outliers, the real
advantage of navigation involves the ability of the sys-
tem to aid the surgeon in obtaining well-balanced
knees throughout the functional range of motion
(ROM). We will discuss this further as we describe the
surgical technique. During the early 1990s, minimally
invasive surgery (MIS) techniques were shown to im-
prove early ROM, reduce blood loss, and decrease hos-
pital stay (Boerger et al. 2005; Haas et al. 2004; Han et

v

al. 2008; Karachalios et al. 2008; Laskin 2007; Pagnano
and Meneghini 2006; Schroer et al. 2008) but the com-
plication rate also increased. The major issues have
been component malposition, cement removal, and
soft tissue injury with malposition being the major oc-
currence (Dalury and Dennis 2005; Huang et al. 2007)
This is exactly where a marriage between navigation
and MIS can help significantly.

As with other systems, the CAS instruments are specifi-
cally designed to decrease the stress on the soft tis-
sues. In over 5 years of MIS-CAS-TKA, to date we have
not had an avulsed patellar tendon but have had a
0.5% incidence of partial or complete medial collateral
ligament (MCL) injuries.

The Medacta system is provided cost free to the hospi-
tal, but there is a small fee for the disposable reflective
balls. Otherwise there is no additional cost. The system
is based on the Medacta cutting blocks and as such is
tied to their prosthesis. As with most systems, there is
an addition of 7-10 min to the overall surgical time
once the surgeon is familiar with the system (on aver-
age <10 cases). The shorter learning curve is in part
related to a strong educational program with visiting
surgeons on location and to the way the system is
designed. The system has purposely streamlined and
simplified the steps as well as the visual presentation
of data so as to provide only that information which is
needed and can be readily used by the surgeon.The
flow and options are also customizable to the sur-
geon'’s preference, making the learning curve much
shorter. All these subtile issues become more impor-
tant when we ask the non-CAS and non-MIS surgeon
to not only add CAS but also MIS techniques to their
skill set.

8.1 System Specifics

The Medacta CAS system is an imageless system
using optical balls on the trackers and an infrared
camera. There are several features designed to make
the system easier to use. The flow is customizable
and can be saved in multiple set-ups for each sur-
geon so that he/she can have the freedom to adjust
their technique to fit the patient without having to
go through a tedious set-up each time.

The layout of the screens provides a consistent
visual feedback with all the necessary information
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and intentionally no more (B Fig.8.1). The left-hand
side of the screen has a visual of the trackers that are
green if seen by the camera. If the surgeon is in the
process of acquiring data and the tracker is not rec-
ognized by the camera, the tracker image is no long-
er green and an audible signal alerts the surgeon to
the problem. Since femoral and tibial tracker stabil-
ity is essential for accurate outcomes with CAS sys-
tems, the femoral and tibial trackers can be checked
at any time on any screen simply by touching the
mobile tracker back to the initial reference point
established at the beginning of data collection. A
number appears next to the tracker image on the
left-hand side of the screen to show if, and how
much, the tracker has moved.

The mobile trackers are double sided making it
easier for the surgeon to obtain the data without hav-
ing to do as much manipulation of the trackers to
obtain camera visualization. The graphics are in real
time and modified based on the data provided by the
surgeon. This feature provides rapid visual feedback
so the surgeon can see if he has accidentally entered
an erroneous data point (8 Fig. 8.2). The disparity
from what the surgeon is seeing on the patient and on
the screen is readily apparent so that re-registration
of the data can be done if necessary. All data collec-
tion steps are independent (a specific registration can
be recollected at any time without affecting the rest of
the registrations). This is very useful when anatomi-
cal variations become apparent and/or recollection of
a particular data point becomes desirable.

The lower right-hand side of the screen shows
the current surgical step and the instruments need-
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O Fig. 8.2 a,b Double-sided mobile trackers

ed so that the surgical team can better assist the sur-
geon. The center of the screen provides the surgeon
with the information needed for the current step
(this is discussed in more detail in Sect. 8.2, »Surgi-
cal Technique«). ROM and ligament stability grafts
are collected before resection, optionally at the time
of trial component placement, and at the conclusion
of the case. Any additional information can be
added to the case report provided at the end of the
case digitally for storage or entry into the medial
record. One can record as much or as little as the
surgeon desires including any or all steps of the case
as well as the grafts. This system collects the results
of the cuts not just the jig alignment, not only to be
as accurate as possible but because the information
is used for the calculations in the following surgical
steps. This system was specifically designed to be
MIS compatible. Most patients can have an MIS
navigated knee with an arthrotomy from the supe-
rior pole of the medial tibial tubercle to 2 cm above
the superior pole of the patella. The navigation
trackers require an additional 1-1.5 cm arthrotomy
over the same procedure done conventionally. The
technique is designed so that the surgeon can con-



78 Chapter 8 - TKA Navigation Using the Medacta System

vert to conventional intramedullary femoral and
extramedullary tibial aligned cutting guides at any
time throughout the procedure with the same
guides to maintain the same feel and flow.

8.2 Surgical Technique

8.2.1 Pin Placement: Tibia

The mobile trackers are calibrated at the beginning
of each case by the surgeon or the surgical team to
make sure they have not been damaged since the last
surgery. The tibial pins can be placed anywhere that
facilitates camera visualization while not interfering
with the tibial extramedullary guide. I prefer mid-
tibial through two 2-mm stab wounds. If the pins
are placed at 45° to the sagittal plane mid-tibia, they
work out well. We have not had any fractures with
this technique so far.

8.2.2 Incision and Exposure

The incision is linear over the middle one-third of
the patella with the medial parapatellar MIS arthro-
tomy the surgeon prefers. The proximal tibial dis-
section is usually limited to 1 cm below the articular
surface, except for the anterior-medial tibia that
extends in a triangle to the top of the tibial tubercle.

8.2.3 Pin Placement: Femur

The femoral tracker holder, or pins, are placed
wherever the surgeon prefers, but usually such that
they exit the wound anterior medially and allow the
patella to be displaced laterally.

8.2.4 Screen Display

Once the femoral and tibial trackers are placed, the
screen shows the camera field of vision and the
trackers to assist in ideal camera placement (8 Fig.
8.3). If necessary, the camera position can be
changed any time. Next, the reference points for the
»F« and »T« trackers are established. These will be

The reéarence arrays should be in the green 2one in both views.
Carmaes ien i groen when the camers i preparly werking,

= |

>

1| o8P hs

J

O Fig. 8.3 Screenshot with advice for placement of the in-
frared camera in the operating theater

used to check the accuracy of the trackers if needed.
This is followed by collecting the following: the
most prominent aspect of the medial malleoli, the
tip of the lateral malleoli, the center of the tibia
proximally, and center of the femur distally. The
center of the hip is based on two sets of three data
points (hip adducted, abducted, and flexed). A stop
sign-like symbol on the screen, with numeric val-
ues, gives information on the confidence and accu-
racy of the hip center. This is followed by establish-
ing the sagittal plane based on limb alignment with
the knee extended and flexed. Registration of the
tibial plateaus, the posterior and distal femoral con-
dyles, and the anterior femoral cortex as well as the
optional registration of the femoral epicondyles,
femoral width, and Whiteside’s line can be made at
the surgeon’s discretion. This is especially important
in soft tissue balancing. Careful attention to the in-
formation allows one to achieve a tight well-bal-
anced knee with ROM of 0-125+ in most cases
(B Fig. 8.4a, b). In addition to understanding the
initial graft, this system has incorporated the use of
kinematic measurements of the femoral condyles
(B Fig. 8.5) and the ability to establish the tibial axis
of rotation about the femur, which has been shown
to not be the same as the epicondylar line (Church-
ill et al. 1998; Eckhoff et al. 2005, 2007; Hollister et
al. 1993; Howell et al. 2010) It has been my experi-
ence that with accurate mechanical alignment, soft
tissue releases outside of the posterior capsule in
fixed flexion contracture have become rare.
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8.2.5 Placing Cutting Guides

Proximal Tibia

The surgeon can select a distal femoral cut or a
proximal tibial cut first. The extramedullary tibial
cutting guide is designed to be temporarily pinned
with one central pin in the anterior cruciate liga-
ment (ACL) footprint area. The surgeon then navi-
gates the medial-sided cutting guide (or larger cut-

O Fig. 8.6 The initial fixation threaded pin is removed from
the anterior cruciate ligament footprint with the rest of the
extramedullary guide left in place

ting guide for a non-MIS approach) into place and
pins the cutting block. The initial fixation threaded
pin is removed from the ACL footprint and the rest
of the extramedullary guide is left in place (B Fig.
8.6). This allows the slope and axial alignment to be
further adjusted after pinning. It also adds consider-
ably to the stability of the cutting block. The postcut
proximal tibial surface is registered.

Distal Femur

The distal femoral micrometric cutting guide is
temporarily pinned to the distal condyles. The distal
femoral cutting guide is navigated into place using
the micrometric guide and pinned (B Fig. 8.7). Each
of the cutting blocks can be hand positioned and
pinned, but the micrometric guides make it much
easier and quicker in most surgeons’ hands. Once
the distal femoral cutting block is pinned, the
micrometric guides are removed and the cut is
made with or without a saw capture. The femoral
cut is registered and used to match the anterior cut
length to the component size. This helps prevent
long cut run-out in the anterior cortex of the femur
past the flange that can lead to bone resorption/
notching. At this point, I like to go back and recap-
ture the posterior femoral condyle, because with an
MIS technique it is easier to be more accurate at this
time. As previously mentioned, any part of the reg-
istration can be done independently of the others.
The 4-in-1 femoral cutting guide is attached to the
distal femoral cutting block with another micromet-
ric guide and the block navigated into the desired



80 Chapter 8 - TKA Navigation Using the Medacta System

B Fig. 8.7 The distal femoral cutting guide is navigated into
place using the micrometric guide

femoral rotation and the anterior cut set at the ante-
rior distal femoral cortex (B Fig. 8.8). The block is
pinned and the micrometric guide removed or al-
ternately hand positioned, again depending on the
surgeon’s preference. With the 4-in-1 cutting guide
pinned in place and the knee at 90° flexion, the fle-
xion gap can be inspected relative to the rotation of
the cutting block to confirm your selection and the
distal femoral condylar cuts vs. the purposed poste-
rior cuts. The amount of posterior condyles to be
removed is displayed on the screen numerically un-
der the graphic of the posterior condyles. There is
also both numeric rotation information as well as a
target line to set the rotation to. The target line is set
by the surgeon as to his/her preference prior to the
case (B Fig. 8.9). The tibial and femoral trials are
placed in the usual fashion and a graft can be ob-
tained before commitment to the final components.
A final graft is then obtained and any additional
notes are added. Surgeons can retain as much or as
little information as they like. It can be stored in a
variety of digital formats.

i

O Fig. 8.8 Close-up of navigated 4-in-1 cutting guide
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O Fig. 8.9 Navigation screen corresponding to the 4-in-1
cutting guide of Figure 8.8
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8.3 Discussion

The specific focus of this system is the surgeon. The
necessary information is easily seen on an unclut-
tered screen. The graphic display of the ROM and
laxity provides the surgeon with the information re-
quired to make soft tissue balancing decisions with
clarity. Surgeons can use measured resection and gap
balancing, and they can kinematically establish the
tibial axis of rotation about the femur or any combi-
nation they desire with the same flow surgically and
on graphic displays. The joint line can be monitored
pre- and postoperatively for comparison. Register-
ing of the actual cut surfaces and not assuming the
cut was the same as the guide all help the surgeon
perfect the surgery. Micrometric guides for cutting
block positioning alleviate some of the frustrations
and improve the fine adjustments. In the end, navi-
gation is a tool to assist the surgeon in obtaining the
desired outcome consistently. It is often said that the
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best system for a surgeon is the one they are most
familiar with. The goal of a navigation system should
be to accommodate the surgeon and not vice versa.
The navigation system should also provide objective
information to the surgeon so that they can continu-
ally advance the art of total knee replacement. This
has been my experience to date with the systems I
have used for a decade, including the current system.
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Total knee arthroplasty (TKA) has become a success
story. Nevertheless, today there are a growing number
of arthroplasties that have to be revised. The revision
of knee arthroplasty is a challenging procedure. Dur-
ing the last 20 years, there have been significant im-
provements in the development of implants, instru-
ments, and strategies for revision. Additionally, naviga-
tion has assumed a growing role in primary TKA. It has
been shown that navigation results in a superior align-
ment to that of manual implantation (Bathis et al.
2004; Jenny and Boeri 2001). Achieving perfect align-
ment is one of the major challenges in revision arthro-
plasty, and consequently B. Braun Aesculap launched
a total knee revision (TKR) version of their navigation
system OrthoPilot® in October 2008.

9.1 Method

The OrthoPilot® navigation system forces the sur-
geon to plan. As should be done in a manual revi-
sion, the surgeon has to answer the following ques-
tions:

= Why did the first surgery fail?

Was the implant bad?

Has the first implant done its job?

Was there infection?

Was the cementless implant a failure?

Was there failure in cementing?

Did polyethylene wear occur?

Was there allergy?

Malpositioning of the components:
Where is the joint line?
Where is the height of the patella?
Rotation of the femoral component?
Rotation of the tibial component?
Correct size of the components?

®  The surgeon has to look for additional
sources of information
Surgical report of the first surgery
X-rays before the first surgery
X-ray of the opposite knee
Spiral computed tomography (CT) scan to
check or quantify the malrotation

= With all the information on hand, the
surgeon has to decide on the aims
Which size is planned for the femoral and
tibial component?
Where should the joint line be?
Is the rotational alignment of the femoral and
tibial component correct, or should it be
changed? If so, by how much?
Is there a need for stem extensions? Can they
be cementless or cemented? Are there prob-
lems related to curved bones, lying implants,
or screws?
Is there a need for any augments or bone graft?

9.2 Workflow of OrthoPilot® TKR 1.0

A normal wide opening of the joint is made. Syno-
vectomy follows, if necessary. The rigid bodies are
mounted onto the femur and the tibia. For the fem-
oral side, a special C-clamp has been developed so
there is no conflict with the planned intramedullary
stem. On the tibial side, the author prefers a bicorti-
cal fixation below the planned tibial stem. A mono-
cortical fixation is also offered by the manufacturer.

After starting the software, the system asks for
the patient’s name, the operated side, and the
planned implant. The next question concerns the
planned joint line. The system asks for a reference
point and the planned distance to the reference
point. For example: If the surgeon wants 5 mm dis-
talization of the femoral component, he has to fill
in »5 mm distal to the femoral reference.« Later in
the workflow, the surgeon has to palpate the point
that is to be distalized, the most distal part of the
femoral component (B Fig. 9.1).

The next step is the kinematic acquisition of the
hip, ankle, and knee joint. Additionally, the surgeon
has to palpate a few points very carefully and keep
in mind what the task of the palpated point is in the
workflow. The midpoint of the current tibial im-
plant has to be palpated. The palpated point is the
top of the mechanical axis of the tibia. It should not
be a problem to find the midpoint of the tray. This
point is linked to the calculated center of the ankle,
and the tibial resection block is orientated perpen-
dicular to thisline. After palpation of the tibial mid-
point, the tibial implant can be removed. Then, the
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Planned joint line

Record one femur joint line reference

Planned Femur Refe

B Fig. 9.1 The screen asks the surgeon to palpate the
reference point on the femur from which he has calculated
his future joint line

tibial defects on the medial and lateral side are pal-
pated and the resection screen shows the surgeon
the resection height on the tibia in relation to these
two palpated points. If the intended cut is above the
palpated point, the distance is indicated in yellow.
This should be kept in mind if one is dealing with
contained or uncontained defects. If the cutting
block is perfectly positioned, the surgeon makes the
cut perpendicular to the mechanical tibial axis.
From this perfectly orientated bottom of the flexion
and extension gap, the stem extension can be pre-
pared. The author prefers short cemented stems in
order to keep the perfect position of the tibial and
femoral component. Additional cemented stems
have been shown to have superior results in revision
(Fehring et al. 2003). Cementless stems sometimes
lead to a malalignment of the component because
they are guided by the intramedullary canal (Laskin
2003).

Under the guidance of the OrthoPilot® system,
the posterior condylar line of the current femoral
component is now palpated. From the preoperative
CT scan, the surgeon knows that, for example, an
additional 7° of external rotation is needed. With
the orienting block, the surgeon enters this value as
a default in the system. The surgeon then palpates
the anterior cortex of the femur laterally at the pro-
ximal end of the femoral component. This point will
be the rotating axis of the femoral component paral-
lel to the mechanical axis. Additionally, the dorsal

eral Bony Surface

B Fig. 9.2 One of four screens for palpating the defect
situation on the femoral side. The number 13 on the screen
indicates 13 mm and is the distance from the palpated point
to the planned distal joint line. Since 13 mm cannot be filled
with the femoral component alone, augments have to be
considered

palpated points provide the final information on the
size of the component. This can be compared with
the planned size, coming from a template on the
x-ray of the knee before the first operation or from
an x-ray of the opposite side. The surgeon’s idea of
the size becomes more solid.

The femoral component is now removed and
the defect situation of the medial and lateral femur is
palpated. The surgeon palpates two points dis-
tally and two points dorsally. As the surface of the
palpated area is not flat, it is up to the surgeon to
palpate on a mountain or in a valley of the surface.
However, the point of palpation should be kept in
mind in order to reach a perfect position for the
cutting block. By palpating distally, the distance
of this point from the intended joint line is indicated
(B Fig. 9.2). If at this point 12 mm, for example, is
shown on the screen, the surgeon knows that a nor-
mal implant is not thick enough. One then has to
calculate with augmentations. For example, if you
have an implant with a thickness of 9 mm, you will
make an additional cut of 1 mm and you will need
a 4-mm block. The nurse can start preparing the
instruments and the trial implants in this early stage.

Now the extension gap is measured. During
the measurement, the resulting varus/valgus angu-
lation is indicated. If the value is 4 or lower, the
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B Fig. 9.3 The planning screen. On the left side the situation
in extension is simulated, on the right side the situation in
flexion. In the middle (top part), the component sizes are
shown (in this case a femur of size 5 with a distal thickness
of 8.5 mm and a tibial component with a total thickness
of 10 mm). Below, the component inside the square is the
distance from the planned distal joint line. The screen is
shown after measuring the extension gap (left side) and
flexion gap (right side). The values are indicated in blue
numbers and columns. On top of the blue columns, the
amount of bone that has to be resected is indicated in
white (right side) or the missing bone is indicated in yellow
(left side) as a trigger for necessary augments

surgeon can proceed. If the value is higher, the sur-
geon should consider a release to balance the knee
up to a value of 4 or less. Over-release has to be
avoided. The gaps are stored in the system and
the flexion gap is measured. Once stored in the sys-
tem, the OrthoPilot® changes to the planning
screen (B Fig. 9.3).

The planning screen is developed from the pri-
mary TKA navigation. The planned joint line is in-
tegrated in the middle of the screen. OrthoPilot® as
a default starts with no distance to the planned joint
line, and a value of 0. If the relevant parameters are
changed, the new distance to the planned joint line
is shown. A second new feature is the indication of
the cutting height. If there is no bone behind the
cutting block, the distance to the bone is indicated
in yellow. This means there is a need for a metal step,
a bone graft, or filling with cement. In a hidden
screen the surgeon can plan the steps distally and
dorsally on the medial and lateral side and the nurse
can prepare the trial implants.

B Fig. 9.4 The navigated 4-in-1 block with distal augments
is positioned to the femoral distal resection. Under control
of navigation, the perfect anteroposterior position and rota-
tion is found and the position is fixed with pins

On the planning screen (8 Fig. 9.3) the surgeon
plans all the femoral cuts, the definite femoral size,
the femoral rotation, the femoral and tibial augments,
and the height of the tibial onlay. After the definite
plan, the next step is distal femoral resection. The
navigated resection block is positioned perpendicu-
lar to the mechanical axis of the femur, and the sur-
geon has the option of performing the resection me-
dially and laterally and preparing the distal steps with
respect to the planned joint line. The distal resection
is controlled by the navigated 4-in-1 resection block
with the planned augments in their definite position
(B Fig. 9.4). If the resected plan is perfect, the navi-
gated resection block is rotated to the planned posi-
tion and finally the anteroposterior position is ad-
justed. In this position the block will be carefully
fixed and the four cuts can be made. Meanwhile, the
trial implants are prepared by the nurse and the final
check can be made; the mechanical axis is controlled
by the navigation as is the range of motion. If every-
thing is fine, preparation of the stem can start.

The navigation system offers a second way for-
ward, coming from perfectly aligned stems. Most of
the manual revision systems work with an align-
ment strategy resulting from intramedullary guid-
ing. A well-fitting intramedullary stem is prepared
and the cutting block is mounted onto this stable
stem, which is positioned in the tibia or femur. The
OrthoPilot® TKR 1.0 supports this procedure with
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Record Tibia Diap

a

@ Fig. 9.5a,b A rigid body is mounted on the reamer. While reaming, the surgeon has control over varus/valgus angulation

and slope. (By courtesy of B. Braun, Aesculap)

navigated reaming of the stem (8 Fig. 9.5). A rigid
body is mounted on the reamer and the surgeon is
able to control varus/valgus alignment and the slope
while reaming. As soon as the reamer has found the
final stable position, the instrumentation process
continues in the same way as in the manual tech-
nique. However, the surgeon has the additional
possibility to control the cuts with the help of navi-
gation.

9.3 [Experience

To date, the author’s experience with this system in-
cludes more than 100 navigated revisions. It was
very helpful to work with the checklist. After clinical
examination and after checking the current x-rays
(including a long-leg x-ray), the questions were an-
swered carefully. Restoring the joint line is one of
the main issues in TKR. If the joint line is raised, the
clinical rating scores go down. But unfortunately in
TKR there is a general tendency to raise the joint
line (Partington et al. 1999). For each millimeter
that the joint line is raised to its original position,
the patellofemoral contact forces increase by 3%
(Singerman et al. 1994). Proximalization of the joint
line shows a higher rate of instability of the joint
(Laskin 2002). Hofmann and coworkers found bet-
ter flexion, extension, stability, and lower pain
scores if the joint line was restored +4 mm to the
natural height compared to those with a distance of

more than 4 mm (Hofmann et al. 2006). Where to
go with the joint line in revision cases is still an open
question. Laskin suggests 25 mm below the medial
epicondyle for any revision (Laskin 2002). Hof-
mann compares the actual joint line with the preop-
erative x-ray of the same side or the x-ray of the
contralateral side, using the medial adductor tu-
bercle as reference point. His mean value for the
distance from the medial epicondylar flare to the
jointline was 45 mm, with a range from 22 to 63 mm
(Hofmann et al. 2006).

Mountney and colleagues in two sophisticated
studies found a constant relationship between the
transepicondylar axis length (TEAL) and the dis-
tance from the medial sulcus to the joint line (MC):
TEAL/MC=k=3.4 (Mountney et al. 2007). Mount-
ney requested that this algorithm should be inte-
grated in the navigation software. The algorithm is
not included in the TKR 1.0 software, and therefore
the author prefers to compare the lateral x-rays with
those before the first operation or with those of the
contralateral knee. The height of the cartilage was
respected. In this way, the necessary change of the
joint line height was defined and included in the
intro screen. From then on, the guidance of the sys-
tem was perfect and led to the expected results for
the joint line.

A second joint line to be respected is the poste-
rior joint line. Hofmann reports on the restoration
of the correct anteroposterior size, which means the
same. A smaller component leads to an unstable
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flexion gap and must be changed. Comparing the
original lateral views with the template of the revi-
sion system gives a concrete idea of the best size
for the femoral component and shows that dorsal
augmentation is necessary (Hofmann et al. 2006).
Knowing the right size, this value can be introduced
in the planning screen and the results for the gaps
are then shown by the system.

Rotation of the femoral component is no longer
a challenge. Implantation of the component parallel
to the transepicondylar axis was regarded as correct.
A CT scan with the primary femoral implant was
performed, the malpositioning was defined, and the
value was introduced into the navigation system.
Grafinger and colleagues showed that by using this
method in primary TKA, the accuracy of the rotation
could be improved very effectively (Grafinger et al.
2008). Michaut and coworkers claimed that the pre-
operative CT-based method is favorable for a perfect
rotational alignment of the femoral component com-
pared to the navigation methods based on intra-
operatively palpated epicondyles or Whiteside’s line
(Michaut et al. 2008). Takai and colleagues described
a simple roentgenographic technique in 80° of knee
flexion, which shows the transepicondylar axis and
the posterior condylar line (Takai et al. 2003). In addi-
tion to the planned rotation of the femoral compo-
nent, the planning screen shows the balance of the
resulting flexion gap. The navigation system gives
some information including Whiteside’s line, and
surgeons finally have to decide according to their
clinical judgement if there is a conflict.

TKR navigation cannot achieve the same precise
values as those achieved in primary TKA with re-
spect to the often weak bone, and it remains a chal-
lenge to fixate the rigid bodies and of course the
resecting blocks.

9.4 Conclusion

The challenging procedure of TKR is very effec-
tively supported by the OrthoPilot® TKR 1.0 navi-
gation system. With the workflow based on perfect
cuts and well-balanced gaps, the author was able to
reduce surgery time. Additionally, it was observed,
as Hungerford stated in 1993, that with a perfect
restoration of the joint line and alignment, the

amount of intrinsic constraints can be reduced
(Hungerford 1993). Using navigation, the balance of
flexion to extension gaps becomes easier and the
workflow is more organized than with the manual
technique. Revision of TKA remains a challenge
and is reserved for surgeons who are experienced in
navigation and in the revision of TKA.

References

Bathis HL, Perlick M, Tingart et al (2004) Alignment in total
knee arthroplasty. J Bone Joint Surg Br 86:682-687

Fehring TK, Odum S, Olekson C et al (2003) Stem fixation in re-
vision total knee arthroplasty: a comparative analysis. Clin
Orthop Relat Res 416:217-224

Grafinger RW, Datz L, Hitzl W, Dorn U (2008) CT scans increase
rotational accuracy in total knee arthroplasty. Z Orthop
Unfall 146:782-787

Hofmann A, Kurtin SM, Lyons S et al (2006) Clinical and radio-
graphic analysis of accurate restoration of the joint line in
total knee revision arthroplasty. J Arthroplasty 21:1154-
1162

Hungerford DS (1993) Revision total knee replacement. Tech
Orthop 7:80-85

Jenny JY, Boeri C (2001) Navigated implantation of total knee
endoprostheses: a comparative study with conventional
instrumentation. Z Orthop Ihre Grenzgeb 139:117-119

Laskin RS (2002) Joint line position restoration during revision
total knee replacement. Clin Orthop Relat Res 404:169:-171

Laskin RS (2003) Instrumentation pitfalls: you just can’t go to
autopilot! J Arthroplasty 18:18-22

Michaut M, Beaufils P, Galaud B et al (2008) Rotational align-
ment of femoral component with computed assisted sur-
gery (CAS) during total knee arthroplasty. REV Chir Or-
thop Reparatrice Appar Mot 94:580-584

Mountney J, Karamfiles R, Breidahl W et al (2007) The position
of the joint line in relation to the tran-epicondylar axis of
the knee. J Arthroplasty 22:1201-1207

Partington PF, Sawhney J, Rorabeck CH et al (1999) Joint line
restoration after revision total knee arthroplasty. Clin Or-
thop Relat Res 367:165-171

Singerman R, Davy DT, Goldberg VM (1994) Effects of patella
alta and patella infera on patellofemoral contact forces. J
Biomech 27:1059-1065

Takai S, Yoshino N, Isshiki T et al (2003) Kneeling view: a new
roentgenographic technique to assess rotational defor-
mity and alignment of the distal femur. J Arthroplasty
18:478-483

Disclosure: The author was involved in the develop-
ment of the revision software. Additionally he is
engaged as an instructor during revision and navi-
gation courses organized by B. Braun, Aesculap.



89 10

Brainlab Dash®: iPod®-Based
Navigation System in Total
Knee and Hip Replacements

Holger Biithis

10.1 Technical Aspects -90

10.1.1 Dash® Hardware Components - 90

10.1.2 Concept of Sterile iPod® Implementation - 90
10.1.3 Dash® Software Workflows - 91

10.1.4 Dash® Hip Application -92

10.1.5 Dash® Knee Application —92

10.1.6 Standard Workflow for TKR -93

10.1.7 Pinless Workflow for TKR -94

10.2 Clinical Experience -94
10.3 Discussion -95
10.4 Conclusion -95

References -95

R. Haaker, W. Konermann (Eds.), Computer and Template Assisted Orthopedic Surgery,
DOI 10.1007/978-3-642-29728-1 10, © Springer-Verlag Berlin Heidelberg 2013



90 Chapter 10 - Brainlab Dash®: iPod®-Based Navigation System in Total Knee and Hip Replacements

Computer-assisted techniques in total joint replace-
ment procedures have been used for more than

10 years, with numerous studies demonstrating supe-
rior results regarding implant position and correction
of leg deformities compared to conventional tech-
nigues. This has been shown both in randomized trials
and in large-scale retrospective cohort analyses.
Nevertheless, the technique has not become the stan-
dard of care in most hospitals around the world. There
are several reasons why the navigation technique is
still not used regularly despite its valuable advantages.
The main obstacles in implementing the technique are
undoubtedly the additional costs for the patient, the
surgeon, the hospital, or — in view of medical reim-
bursement systems — even the community. The costs
can be divided into direct costs for investment and
costs per case or indirect costs such as the additional
time required for the surgical procedure. Moreover,
the computer-assisted technique is still perceived as a
demanding procedure; surgeons require training and
need to complete their own learning curve before be-
coming familiar with the technique compared to the
conventional technique that they are already trained
in. Based on these conditions, Brainlab AG started a
development project in 2007 to tackle some of these
obstacles so as to increase general acceptance of the
navigation technique in joint replacement surgeries.
The main aspects of the development agenda were to
create simplified user-friendly software algorithms, in-
tuitive handling, a system with lower investment costs,
and an optimized time frame for setting up the system
as well as for the surgery itself. Our hospital depart-
ment joined a development cooperation and we were
involved in multiple design reviews, cadaver work-
shops, and a clinical prototype study on total hip and
knee replacement, until the final release of the system.

10.1 Technical Aspects

10.1.1 Dash® Hardware Components

Similar to all modern surgical navigation systems
that are used for joint replacement procedures, the
Dash® system is an image-free navigation system.
Alljoint information is digitized during the surgery.
No specialized preoperative diagnostics are neces-
sary.

In order to create more intuitive workflows, the
concept of a handheld navigation device was devel-
oped. Moreover, the idea was tested and approved to
implement the Apple iPod touch®! as a consumer
market electronic device into the hardware concept
of a medical device, using its widely accepted user
interface technology coming from the revolutionary
Apple iPhone®.

Central to the hardware concept is a sterile
draped iPod touch® with a 3.5-inch touchscreen in-
terface and retina display that is included into a
handheld cradle. The iPod® works remotely with a
separate computer platform that is included in the
infrared camera stand using a secured wireless-
LAN network connection. Except for the power
supply of the camera system, no further cable con-
nections are necessary, especially no cables within
the surgical field.

The system is designed »implant-independent-
ly« to be used with any total hip system and various
types of knee systems available.

The small number of additional instruments
from the Dash® can be attached to the handheld
cradle that is equipped with three reflecting marker
spheres that are tracked by the infrared camera
(B Fig. 10.1a,b). These are used for the initial digita-
lization of the patient’s anatomy in the total knee
replacement (TKR) cases. For the Dash® hip, only
the pointer is necessary.

During the navigation-assisted bone resection
and verification, the cradle is attached to the univer-
sal resection guides provided by the individual TKR
instrumentation set.

All instruments are reusable at minimal costs.

The system is portable with a small base both for
easy set up in the operating room (OR) and also for
use in different ORs or hospitals in just one trans-
portation case for easy transport (8 Fig. 10.2).

10.1.2 Concept of Sterile iPod®
Implementation

At the beginning of the surgery, the iPod® is covered
in a single-use sterile drape, comparable with an ar-

1 iPod®, iPod touch®, and iPhone® are registered trade-
marks of Apple Inc.
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O Fig. 10.2 Camera system

throscopic camera drape. A certified commercial
draping was developed, where the device is put into a
plastic tube. The special design includes a tube at the
end of a clear bag that can be sealed without the risk
of contamination (@ Fig. 10.3). The draped iPod® is
placed in the cradle afterwards. With the sterile drap-
ing there is only a slight change in the visibility of the
display as well as in the touchscreen response.

O Fig. 10.3 Certified sterile draping of the Apple iPod®

10.1.3 Dash® Software Workflows

To increase acceptance of the navigation technique,
the software workflows were also optimized so as to
create more efficient workflows for the surgeon.
Some functions that are already available with mod-
ern navigation systems, such as bone morphing or
ligament balance analysis, were removed in order to
focus on the main and proven aspects of the naviga-
tion technique.

For both hip and knee applications, simplified
algorithms for landmark digitalization have been
developed with a significant reduction in the start-
up interval. Each navigation step is introduced by a
short demonstration clip, which can be skipped if
the procedure is clear.

The software app for the iPod® can be down-
loaded and updated from the Apple iTunes® store
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Register

B Fig. 10.4 Screenshots of the Landmark hip. (By courtesy
of Brainlab AG)

for free. If no camera system is present, the software
runs in a simulation modus for preoperative train-
ing purposes. In addition, a teaching application
(Dash® learn) with training videos is available.

10.1.4 Dash® Hip Application

The Dash® hip application is an intraoperative con-
trol system for leg length and femoral offset during
total hip replacement (THR). The software can be
used with any hip implant system both for primary
and revision cases without additional specialized
hardware. Surgeries can be performed with the pa-
tient in supine and lateral position using any kind of
surgical approach without limitation.

In the beginning, a reference array is fixed to
the iliac crest using two small Steinmann pins. On
the femur no bony fixation of a reference array is
necessary, only a short 3.5-mm screw is fixed to the
greater trochanter to have a clearly defined refer-
ence point for the intraoperative measurements.
One additional reference array is placed on top of
the distal thigh using an adhesive drape. This array
is not used for measurement calculations but to
place the leg in similar positions when repeating the
leg length measurements.

Only three landmarks have to be digitized to
define the preoperative hip geometry. These are the
screw head on the greater trochanter (before femo-
ral head luxation/resection) and the anterior and
posterior acetabular rim to define the region of the
acetabular center (8 Fig. 10.4).

B Fig. 10.5 a Intraoperative measurement. b Screenshot for
hip result. (By courtesy of Brainlab AG)

At this stage the hip replacement is performed
as usual until the trial implants are in place. Again
the leg is placed in a similar position using the iPod®
and the screw head is then digitized again with the
iPod Pointer® (@ Fig. 10.5a).

Instantly the surgeon gets the results of hip geo-
metry with the difference in leg length and offset
compared to the pre-operative situation. By chang-
ing different head / neck combinations the optimal
solution for the patients can be defined and finished
with the final implants. With last saved values of
leg length and offset a patient report is prepared
and stored to the iPod® that can be printed imme-
diately after connecting the iPod® to any computer
(B Fig. 10.5b).

10.1.5 Dash® Knee Application

For TKR, two different procedures are available. In
addition to the standard workflow, a so-called pin-
less workflow is available, where no additional refer-
ence arrays are necessary on the femur and tibia.
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O Fig. 10.6 Navigation-guided registration of the distal
femur

The pinless workflow is available with the Dash® 1.1
software update from October 2012.

10.1.6 Standard Workflow for TKR

The principles of the standard workflow are compa-
rable to the established navigation technique in
TKR. After a skin and capsular incision is made, a
reference array has to be attached to the distal femur
and the tibia. Afterwards, digitalization of a very
limited number of anatomic landmarks is necessary.
For example, the digitalization of all distal femur
landmarks is done within one step using a software-
controlled paddle, which is placed on top of the dis-
tal femoral condyle (8 Fig. 10.6). This optimized
registration process only takes about 2 min of ad-
ditional OR time. Now the software can be used ac-
cording to the surgeon’s preference, either femur or
tibia first. The surgeon is able to perform distal fe-
mur or proximal tibial resection at any time and is
also able to return to the other resection as needed
(B Fig. 10.7, B Fig. 10.8).

For the resection, the iPod® cradle is attached
to the cutting block and positioned using the iPod®
screen. The surgeon gets instant and comprehen-
sive information on the resection level on the me-
dial and lateral compartment, the flexion/extension
position (e.g., slope), and the varus/valgus align-
ment displayed in clear letters that are visible di-
rectly in the surgeon’s working direction and field
of interest.

@ Fig. 10.7 Navigation-based adjustment of proximal tibia
resection block

@ Fig. 10.8 Verification of distal femur resection

This concept of presenting the information in
line with the working field of the surgeon is in our
opinion a major advantage of this new technology
over existing navigation systems. Surgeons get in-
stant visual feedback of their movements in the sur-
gical field.

After the bone cut, the resection plane can be
verified with the same technique and the results are
saved for the final patient report.

The system is able to guide the distal femur and
proximal tibia resection as well as the monitoring of
the rotation alignment on the distal femur compo-
nent based on a measured resection technique. In
our personal experience, we prefer to align the fem-
oral rotation using the conventional instruments
either with a bony reference or a ligament-balanced
technique.



94 Chapter 10 - Brainlab Dash®: iPod®-Based Navigation System in Total Knee and Hip Replacements

B Fig. 10.9 Resection block with navigation array.
(By courtesy of Brainlab AG)

10.1.7 Pinless Workflow for TKR

varus

flexion

B Fig. 10.10 Display of navigation results on the distal
femur. (By courtesy of Brainlab AG)

10.2 Clinical Experience

Available with version 1.1 of the software, a new
»pinless workflow« was created for TKR software.
This workflow met a major request of navigation
users: to use the navigation technique without need-
ing to fix static reference arrays to the femur and
tibia. It was the aim of this development to create a
highly time-saving procedure without compromis-
ing the precision of the navigation technique.

Within this workflow, the Dash® system can be
used for navigation-assisted placement of the resec-
tion guides and for cut verification at the proximal
tibia and distal femur both in primary as well as in
revision TKR cases.

The resection guide in this workflow is placed in
a preliminary resection position using either the
conventional instruments or a fine-tunable cutting
block. Without any additional arrangement, four
landmarks have to be digitized to acquire the accu-
rate three-dimensional position of the cutting block
(B Fig. 10.9).

This position together with the resection level,
the varus/valgus alignment, and the extension/fle-
xion position is displayed on the iPod® instantly
(B Fig. 10.10). For verification of the performed
resection plane, only two landmarks have to be ac-
quired. These data are stored for the final patient
report. Because during surgery no additional refer-
ence arrays and landmark digitalizations are neces-
sary, this workflow offers enormous improvements
in the OR time required and reduces the complexity
of the technique.

We started using the system as a prototype between
August and December 2010 in 20 cases of total hip
and knee replacement. This first clinical prototype
study was approved by the German Federal Institute
for Drugs and Medical Devices and the local ethics
committee. The aim of this study was to evaluate the
usability of the new Dash® concept in real joint re-
placement surgeries.

Usability was evaluated by different subjective
and objective usability criteria and by time mea-
surements of the different steps of the surgery and
navigation process.

Many of the proposed advantages could already
be demonstrated during these first clinical cases.
The system showed the expected high grade of clin-
ical usability by offering a short set-up time, clear
and understandable workflow, and efficient integra-
tion into the surgery. This was even the case with
new OR staff and assistants in each case. The scrub
nurses were able to intuitively control the iPod®
without special training. In this first series, proce-
dures were performed between 1:06 h and 1:23 h for
TKR and between 1:04 h and 1:58 h for THR, re-
spectively, including one revision and several tech-
nical review cases. The additional time measured
for the navigation period was an average 9 min for
the hip surgery and the navigation/bone resection
period was on average 13 min for the knee surgery.
Even if it was not a primary objective of this study,
the final leg alignment of the postoperative routine
long leg standing radiographs showed an alignment
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within the safe corridor of +3° varus/valgus in all
TKR cases. Several technical improvements were
identified in this clinical study, which were imple-
mented into the final released system.

From October 2011, the Dash® system is now
regularly used in our department primary and revi-
sion TKR and THR surgeries. The system has been
used in about 110 computer-assisted joint replace-
ment procedures. All cases are followed up with
routine pre- and postoperative log leg standing ra-
diographs or pelvic plain radiographs, respectively.
The preliminary analysis of leg alignment and im-
plant position data for the TKR procedures show
equivalent results compared to previous published
results with the Brainlab VectorVision® system,
which is based on the same software calculations.
These data represent leg alignment postoperatively
in the upper 90% section within the safe zone of £3°.

For the THR cases, we additionally found a high
concordance between the hip geometry differences
measured intraoperatively by the navigation system
and the radiography measurement. Nevertheless, it
should be clarified that the comparison of hip geo-
metry on plain radiographs has its technical limita-
tions. The final results of this data analysis will be
published soon.

10.3 Discussion
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Besides the additional costs that are associated
with the navigation technique, the complexity of the
systems that are currently available has been identi-
fied as a major factor for not using this technique
routinely.

Therefore, the Dash® system was designed espe-
cially to create a simple, smart, noncomplex naviga-
tion tool to address a larger community of surgeons.

According to the present experience of using the
system in numerous routine primary and revision
cases, we have been able to demonstrate that this
concept of a commercial handheld iPod®-based
navigation system is able to increase the acceptance
of the navigation technique by both surgeons and by
the whole surgical team.

10.4 Conclusion

Utilizing a revolutionary user interface technique
with an iPod touch®, the Dash® system is a major
forward in the wider usability and acceptance of the
navigation technology in joint replacement surgery.
The system enables a high-precision surgical tech-
nique without compromising the surgeon’s work-
flow.
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Imageless computer navigation was introduced as a
standard implantation technique for total knee arthro-
plasties (TKAs) more than a decade ago. According to
arthroplasty registers, 11% of all TKAs in Western Aus-
tralia, 2% in the United Kingdom, 19% in Norway, and
0.7% in Sweden have been implanted by use of com-
puter navigation. These regional distinctions show
that the debate over whether navigation is a feasible
technique is still in progress.

This chapter intends to give an overview of the current
literature and our own results concerning the pro-
posed benefits of computer navigation. The effect of
computer navigation on implant alignment, revision
rate, and blood loss will be discussed.

11.1 Influence of Imageless Computer

Navigation on Implant Alignment

Computer navigation was introduced in total knee
arthroplasty (TKA) mainly to enable a more accu-
rate placement of the prostheses and to avoid align-
ment outliers. In the following years, many studies
focused on the alignment of navigated and conven-
tional TKAs. To date, several meta-analyses have
been published that compare both techniques.
These studies are shown in @ Tab. 11.1.

For rating of the prosthesis alignment, studies
have distinguished between alignment outliers,
which differ more than 3° varus or valgus from the
neutral mechanical axis, and the prosthesis within
the 3° varus to 3° valgus corridor. While four of
these studies included imageless and also a few im-
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age-guided navigation systems (Béthis et al. 2006;
Mason et al. 2007; Hetaimish et al. 2012; Fu et al.
2011; Bauwens et al. 2007), others included only im-
ageless navigation devices (Brin et al. 2011). To
summarize, regarding mechanical leg axis, all of the
above-mentioned meta-analyses showed a signifi-
cantly reduced rate of alignment outliers if naviga-
tion was used (B Fig. 11.1a,b). However, these stud-
ies did not focus only on the mechanical leg axis;
some analyzed the three-dimensional implant
alignment of the femoral and tibial component in
detail (Mason et al. 2007; Brin et al. 2011; Hetaimish
et al. 2012). These authors found a reduced rate of
alignment outliers also in the coronal and sagittal
plane if navigation was used. In conclusion, the
meta-analyses show concordantly a significantly re-
duced rate of alignment outliers with the use of
computer navigation. This was proven not only for
the mechanical leg axis, but also for the three-di-
mensional implant alignment.

11.2 Influence of Computer Navi-

gation on TKA Revision Rates

As mentioned, the discussion over navigated knee
arthroplasty is still in progress. Advocates of the
conventional, mechanical alignment technique
argue against the longer operation times, elevated
costs (Fang et al. 2009), the higher risks of fractures,
and the missing long-term data for the navigated
technique. By contrast, proponents of the navigated
technique refer to the above-mentioned meta-ana-

B Tab. 11.1 Overview of meta-analyses of alignment and computer navigation

Reference Number of TKAs included Outliers of >3° varus or valgus (%)
Conventional Navigation Conventional Navigation

Bathis et al. 2006 1,081 1,136 24% 6%

Mason et al. 2007 1,692 1,745 32% 9%

Brin etal. 2011 2,039 2,160 19% 4%

Hetaimish et al. 2012 1,302 1,374 30% 13%

Fuetal. 2011 1,020 1,119 29% 12%

Bauwens et al. 2007 1,716 1,707 n.a. n.a.
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B Fig. 11.1a,b a A patient who received a conventionally
implanted TKA, resulting in varus misalignment. The red line
represents the Mikulicz line. b A navigated TKA with a neu-
tral mechanical leg axis

lyses that report on better postoperative alignment
with navigation. Although the outcome of TKAs is
multifactorial, it is generally assumed that restora-
tion of the patient’s normal mechanical axis is of
paramount importance (Fang et al. 2009). This as-
sumption is mainly based on studies that identified
higher revision rates for alignment outliers (Fang et
al. 2009; Ritter et al. 1994; Berend et al. 2004). Since
areduced risk of alignment outliers has been proven
for navigated operations, advocates of the navigated
procedure expect lower revision rates for navigated
TKAs (Mullaji and Shetty 2009; Bithis et al. 2006).
In summary, the crux of the argument between pro-
ponents and critics of computer navigation is the
potentially reduced revision rate, which might out-
weigh the higher costs of the procedure. Surpris-
ingly, to date only very few studies have analyzed
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revision rates after conventional and navigated
TKAs: Most of them focused on postoperative func-
tion and included fewer than 100 patients (Khan et
al. 2012; Lutzner et al. 2010). These studies did not
present any revision rates. Other studies included
revision rates of navigated TKAs: Hernandez-Va-
quero et al. (2011) studied 100 patients with a fol-
low-up of 8 years and detected similar revision rates
between conventional and navigated techniques.
Harvie et al. (2011) included 71 patients and found
no revisions after 5 years. Pang et al. (2011) looked
at 140 patients and found no revisions after 2 years,
while Ishida studied 54 patients and had one revi-
sion in each group after 5 years (Ishida et al. 2011).
Liiring et al. (2012) performed a matched-pair anal-
ysis of 100 patients and detected no revision after
5-7 years. In a recently published study, Hoffart
et al. (2012) compared 5-year results after 97 con-
ventional and 98 navigated TKAs. They found
one revision in each group; however, follow-up was
complete in only 62% of the patients. Besides these
single-unit studies, data from the Norwegian
arthroplasty register have been published (Gothesen
et al. 2011). The authors included 1,465 navigated
and 8,214 conventional TKAs with a mean follow-
up of 1.4 years in the navigated group and 1.8 years
in the conventional group. Their statistical analysis
resulted in higher revisions rates for the navigated
procedure than for the conventional TKAs (cumu-
lative revisions rate at 2 years: navigated 3.6%,
conventional 2.1%). In our own study, we compared
the 1- to 6-year revision rates of 779 navigated and
342 conventional primary TKAs (Schnurr et al.
2012). In our study, 32 revisions were detected. In
contrast to the Norwegian study, we found lower
revision rates when computer navigation was used
(B Fig. 11.2, Cox proportional hazard model:
p=0.012).

To allow further interpretation of our results, we
analyzed the causes of revision in detail. In our
study, the decreased revision rate for navigated
operations was a result of the significantly lower rate
of aseptic implant loosening (conventional TKAs
1.9%, navigated TKAs 0.1%, p=0.024) and a trend
toward fewer joint instabilities (conventional TKAs
1.9%, navigated TKAs 1%, p=0.439).

To date, no long-term data comparing navigated
and conventional TKAs have been published. The
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B Fig. 11.2 Our study found significantly lower revision
rates for navigated knee arthroplasties (green line) in com-
parison to conventionally implanted prostheses (blue line)

studies that include midterm revision rates yielded
contradictory results. Therefore, it must be con-
cluded that the published data are insufficient to
evaluate the effect of computer navigation on the
revision rates of TKAs.

11.3 Blood Loss

In the perioperative phase of TKA implantation,
substantial blood loss is common. The anemia
caused by this blood loss was generally identified as
a perioperative risk factor. Therefore, allogenic
blood transfusions are frequently required to avoid
cardiovascular complications. However, the poten-
tial health risks associated with allogeneic blood
include the transmission of blood-borne infections
such as human immunodeficiency virus, hepatitis,
transfusion-related and allergic reactions, and im-
munomodulatory effects. Moreover, blood transfu-
sions are an additional cost for hospitals and health
insurances. Therefore, efforts should be made to
reduce the amount of blood loss and the need for
blood transfusions in TKA. Effective methods to
reduce blood loss and transfusion rates include the
use of a tourniquet, minimally invasive surgery, and
sealing of the intramedullary femoral canal.

Femoral Head Center

B Fig. 11.3a,b The mechanical femoral axis is calculated by
kinematic analysis of the hip rotational center (a) and the
mechanical center of the distal femur (b)

Standard jig instruments for TKA require an
opening of the femoral intramedullary canal to ad-
just the femoral component. This operative step has
been identified as one of the reasons of the elevated
blood loss and transfusion rate in TKA patients
(Kandel et al. 2006). If computer navigation is used,
the opening of the femoral medullary canal is not
required: the femoral mechanical axis is calculated



11.3 - Blood Loss

by kinematic analysis of the hip rotational center
(B Fig. 11.3a) and by referencing the mechanical
center at the distal femur (8 Fig. 11.3b). Similarly,
the tibia axis is calculated by identifying the tips of
the ankle and the center of the tibial plateau.

Therefore, it seems logical that the use of image-
less computer navigation might be an attractive op-
tion for diminishing blood loss. However, if post-
surgery blood loss is to be compared between con-
ventional and navigated techniques, the exclusive
analysis of blood loss in wound drainages is inade-
quate. Studies have shown that the volume of the
drainages represents only part of the total blood
loss: There is 38-50% hidden blood loss after TKA.
The hidden blood loss includes extravasation into
the tissue, residual blood in the joint, and loss
due to hemolysis. The total blood loss, including
apparent blood loss in the drainages and hidden
blood loss, can be calculated, for example, by
the well-established OSTHEO formula (Rosencher
et al. 2003).

To answer the question of whether navigation
might diminish blood loss after TKA, we scanned
the current literature for studies that analyzed total
blood loss after conventional and navigated TKAs.
We identified five studies including one of our
own publications that met the above-mentioned
criteria. Two additional studies were found that
compared transfusion rates between conventional
and navigated techniques. These data are shown in
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B Tab. 11.2. To summarize, all studies identified
lower blood loss for navigated TKAs than for
conventionally aligned prostheses. The reduction of
blood loss was significant in four of the five studies;
Hinarejos et al. (2002) identified a trend toward
lower blood loss for navigation, but it did not reach
alevel of significance.

Transfusion rates in conventional and in navi-
gated TKAs were reported in four of these studies.
A comparison between these studies is difficult to
make because each used different surgical set-ups,
tourniquets, and transfusion regimes. However, all
the studies showed lower transfusion rates for navi-
gated procedures, even if our study was the only one
that found significant differences.

In this context, a study analyzed the data from
the U.S. Nationwide Inpatient Sample Database
(Browne et al. 2010). This database contains data of
101,596 TKAs, of which 1,156 were implanted by
use of computer navigation. The authors identified
fewer hematomas and a significantly reduced rate of
postoperative cardiac complications when naviga-
tion was used.

In summary, all the available studies on total
blood loss and transfusion rates have identified re-
duced blood loss and a trend toward fewer blood
transfusions for navigated TKAs. However, it must
be mentioned that to date only few studies exist
and, therefore, data interpretation remains prob-
lematic.

B Tab. 11.2 Studies on total blood loss or transfusion rate after TKA

Number of
patients

Reference

Conventional

Kalairajah et al. (2005) 60 1,747
Conteduca et al. (2009) 100 1,974
Hinarejos et al. (2009) 87 750
Martin et al. (2007) 200 -
Millar et al. (2011) 61 1,399
Schnurr et al. (2010) 447 1,375

* Significant differences

Total blood loss (ml)

Transfusions (% of patients)

Navigation Conventional Navigation

1,351% - -

1,667* - -

712 23% 9%

- 44% 38%

1,105* 20% 13%

1,242* 0.23/patient 0.12/patient*
15% 10%
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Robotic systems have been used in surgery since 1980,
while the integration of robotic systems in orthopedic
surgery began with the use of RoboDoc (Curexo Tech-
nology Corporation, Fremont, CA, USA) for the plan-
ning and performing of robotic-assisted total hip ar-
throplasty (THA) in 1992. The use of robotic technolo-
gy has facilitated minimally invasive surgery in some
cases, which has gained popularity in patients (Banks
2009). Another advantage of robotic surgery is the
higher precision and accuracy compared to conven-
tional techniques, which is of enormous importance
especially in spinal surgery (Devito et al. 2010).
Current robotic systems can be classified as autono-
mous, haptic, surgeon-guided systems. Haptic or sur-
geon-guided robotic systems allow the surgeon to use
the robot to perform the surgery. The permanent in-
put of the surgeon is mandatory to perform the proce-
dure. By contrast, in autonomous systems, the surgeon
performs the approach and set-up of the system and
then engages the robot to finish the surgery without
the surgeon’s help. A historical example of autono-
mous systems is RoboDoc (RoboDoc, Sacramento, CA,
USA), which was especially popular in Germany in the
1990s. Statistically significant higher accuracy in im-
plant positioning has been reported with the use of
RoboDoc compared to conventional systems (Bargar
2007). However, nowadays, owing to the higher com-
plication rate and safety concerns, the use of RoboDoc
has sharply declined (Davies et al. 2007; Schulz et al.
2007). Nevertheless, the use of robotic systems has re-
cently increased, especially the use of haptic or sur-
geon-guided systems.

12.1 Unicompartmental Knee
Arthroplasty with Haptic Robotic

Systems

Unicompartmental knee arthroplasty (UKA) was
introduced in the early 1970s and today is com-
monly used for the treatment of isolated compart-
mental osteoarthritis of the knee (Berger et al.
1999; Suggs et al. 2006). UKA did not gain wide
acceptance because of the high failure rate and
poor outcome (Insall and Aglietti 1980). However,
recent improvements in implant design, mini-
mally invasive techniques, bone-sparing strate-
gies, expanded indications, and early rehabilita-

tion have all contributed to a renewed enthusiasm
for UKA.

UKA has been shown to be a good and less-in-
vasive alternative to total knee arthroplasty (TKA),
especially for younger and active patients (Ohdera
etal. 2001). Advantages of UKA include better post-
operative range of motion, less soft tissue dissection,
preservation of bone stock, minimal blood loss,
faster recovery, lower complication rates, and more
physiological function (Ohdera et al. 2001; Koski-
nen et al. 2009).

Nevertheless, early failures of femoral and tibial
components have also been reported (Berend et al.
2005; Collier et al. 2006; Furnes et al. 2007; Mariani
et al. 2007). Failures attributed to overcorrection
and undercorrection have received the most atten-
tion (Hernigou and Deschamps 2004a, 2004b; Jeer
et al. 2004; Ridgeway et al. 2002).

The use of computer-assisted surgery systems in
UKA has resulted in improved postoperative align-
ment, reduction of outliers, and better postoperative
clinical results (Buckup et al. 2007; Molfetta and
Caldo 2008; Haaker et al. 2006). Cobb and col-
leagues (2006) reported that robot-assisted place-
ment of UKA (Acrobot Sculptor; Acrobot Compa-
ny, Ltd., London, UK) components was more accu-
rate than traditional techniques and that, subse-
quently, clinical outcomes were improved. Cobb’s
method, however, employed rigid intraoperative
stabilization of the bones in a stereotactic frame,
which is impractical for routine clinical use.

The »Robotic Arm Interactive Orthopedic Sys-
tem« (RIO; MAKO Surgical Corp., Fort Lauderdale,
FL, USA) (B Fig. 12.1), is an example of a surgeon-
guided robotic system that allows for dynamic bone
tracking, which is of enormous intraoperative im-
portance.

12.2 Preoperative Imaging
and Planning

Preoperative computed tomography (CT) scans are
obtained using specific scan protocols for all pa-
tients. The CT data are saved in DICOM (Digital
Imaging and Communications in Medicine; Ross-
lyn, VA, USA) format and transferred to the soft-
ware of the robotic system (MAKO Surgical Corp.).
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B Fig. 12.1 The »Robotic Arm Interactive Orthopedic Sys-
tem« (RIO) as an example of a surgeon-guided robotic system.
(By courtesy of MAKO Surgical Corp.)

The bone surfaces are segmented in the software
to create a patient-specific three-dimensional (3D)
model of the knee.

CT-based planning is ideal for bony alignment
including the assessment of osteophyte formations,
cysts, or necrosis. However, CT-based planning also
has its limitations. For example, soft tissues cannot
be visualized with CT.

On the basis of the preoperative CT scan, the
system allows for preoperative planning of the fem-
oral and tibial implant position including the fol-
lowing aspects:

Alignment parameters and intraoperative gap

kinematics

3D virtual visualization of implant position

After planning and defining the optimal implant
position, the data are saved in the system, while the
system automatically defines the boundaries of
bony resection.

12.3 Intraoperative Set-up

and Surgical Technique

Positioning of the robotic system is performed be-
fore the patient’s arrival in the operating room (OR).
The positioning of the system is based on the affected
knee and the surgeon’s dominant hand. The haptic
or surgeon-guided system (MAKO Surgical Corp.)
consists of three components: robotic arm, optical

O Fig. 12.2 The high-frequency burr is equipped at the
distal end of the robot. (By courtesy of MAKO Surgical Corp.)

B Fig. 12.3 Intraoperative set-up of the MAKO system dur-
ing a robotic-assisted unicompartmental knee arthroplasty.
(By courtesy of MAKO Surgical Corp.)

camera, and operator computer cart (B Fig. 12.1). The
distal end of the robotic arm is equipped with a high-
speed bone-resecting burr (8 Fig. 12.2). After sterile
draping of the patient’s leg and performing a tissue-
sparing exposure, reference optical arrays are placed
into the distal femur and proximal tibia using Stein-
man pins and also mounted on the robotic arm. After
a routine registration process, the robotic arm-
assisted resection process of the planned femoral and
tibial surface can be performed (B Fig. 12.3). The
surgeon moves the robotic arm by guiding the force-
controlled tip within the defined boundaries. While
inside the volume of bone to be resected, the robotic
arm operates without offering any resistance. As the
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@ Fig. 12.4 Intraoperative image during a robotic-assisted
unicompartmental knee arthroplasty. The main image shows
the burring process of the femoral bone surface. The inset is
a screenshot of the system showing the 3D visualization as a
guide for the surgeon. (By courtesy of MAKO Surgical Corp.)

B Fig. 12.6 The green area reveals the part of the femoral
bone still to be resected. (By courtesy of MAKO Surgical
Corp.)

burr approaches the boundary, the robotic arm
resists that motion and haptically keeps the burr
within the accepted volume (8 Fig. 12.4).

Itis recommended to perform first the tibial and
then the femoral resection. However, the specific
sequence can also be selected individually by the
surgeon. Permanent visual feedback on the naviga-
tion screen shows the actually achieved versus the
planned resection, which is based on the preopera-
tive planning (8 Fig. 12.5 and B Fig. 12.6).

Once both compartments have been prepared,
femoral and tibial component trials are inserted and
a full flexion - extension arc can be performed.
Computerized simulation of the implants reveals
the actual overlapping of the implant components,
giving the surgeon feedback about the actual leg
alignment and knee gap kinematics.

B Fig. 12.5 Screenshot showing the 3D visualization of
the planned tibial resection. The green area is a visual guide
for the surgeon showing the area still to be resected.

(By courtesy of MAKO Surgical Corp.)

B Fig. 12.7 Intraoperative situs showing the postoperative
result after implantation of the prosthesis. (By courtesy of
MAKO Surgical Corp.)

After acceptance of the implant positioning,
both components are cemented and a final analysis
of the implant kinematics and limb alignment is
made (B Fig. 12.7). The reference arrays and mini-
checkpoints are then removed and a standard
wound closure is performed.

12.4 Outcomes of Robotic-Assisted
Unicompartmental
Knee Arthroplasty

The Acrobot® (acronym for Active Constraint Ro-
bot) system, another tactile system with several
similarities to the RIO system, was introduced in
2001 (Jakopec et al. 2001). In a prospective random-
ized double-blind (patient and assessor) study,
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Cobb et al. (2006) presented the results of robotic-
assisted UKA using the Acrobot system compared
to conventional UKA. A total of 27 patients were
recruited in the study. In addition to the radiological
differences in the planned and achieved tibiofemo-
ral angles, the American Knee Society (AKS) score
and Western Ontario and McMaster Universities
osteoarthritis index (WOMAC) were evaluated in
all patients. In the robotic group, all of the patients
had tibiofemoral alignment in the coronal plane
within 2° of the planned position. However, in only
40% of the conventional group was this level of ac-
curacy achieved. There was also a significant differ-
ence in the AKS score between both groups, with a
mean increase of the AKS score twice as large in the
Acrobot system group. However, in the robotic-as-
sisted group, an additional operative time of 16 min
was required compared to the conventional tech-
nique. Another drawback of this system is the ne-
cessity of employing rigid intraoperative stabiliza-
tion of the bones in a stereotactic frame. Robotic
systems have now evolved to include dynamic bone-
tracking technologies so that rigid fixation is no
longer required.

Pearle et al. reported the first clinical series of
ten implanted UKAs using a robotic system with
dynamic bone-tracking technology (Pearle et al.
2010). No outliers or complications were noted in
the study. The difference between the planned and
the intraoperative tibiofemoral angle was less than
1° (Pearle et al. 2010).

Roche et al. (unpublished data) analyzed the
first 43 robotic-assisted UKAs using radiographic
measurements performed by an independent re-
viewer. Of the 344 radiographic measurements, only
three femoral components were considered to be
outliers. Hence, less than 1% of the measurements
were found to be outliers (Sinha 2009).

Sinha and colleagues (2009) reported on their
first 20 cases of robotic arm-assisted UKA. They
concluded that robotically assisted UKA has ex-
tremely accurate bone preparation relative to the
preoperative plan and is a reliably accurate tool.

In a recent study, Lonner et al. (2010) compared
the postoperative radiographic alignment of the
tibial component with the preoperatively planned
position with and without the use of robotics and
found a higher root mean square (RMS) error of the
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posterior tibial slope and a higher varus/valgus
RMS error with the conventional technique.

Coon (2009) found that the RMS error of the
posterior tibial slope was 2.5 times better, the vari-
ance was 2.8 times lower, and varus alignment 3.2°
better in the robotic group compared to the conven-
tional technique.

Based on an analysis of 223 robotic-assisted
cases using the MAKO platform contributed from
three centers, the complication rates and patient out-
comes were also analyzed (Sinha 2009). In total, six
revision surgeries (2.7%) were required because of
infection (n=2), femoral shaft fracture (n=1), arthro-
fibrotic band release (n=1), arthrotomy dehiscence
(n=1), and unexplained pain (n=1). Implant loosen-
ing, as a cause for revision surgery, was not reported
in these series. Moreover, a postoperative statisti-
cally significant improvement in range of motion
(ROM), Knee Society Score (KSS), WOMAC scores,
pain and stiffness was shown in these patients.

Despite the described advantages of robotic sys-
tems, there are also disadvantages. These mainly
include the high costs and longer surgery time. The
required preoperative CT scan and preoperative
planning increase the overall time, effort, and cost
(Swank et al. 2009). Learning curve issues associat-
ed with new techniques should also be considered.
However, the surgery time decreased after 20 cases
from 80-120 min to 40 min after integration of the
MAKO system into the operating room, as reported
by Coon (2009).

12.5 Conclusion

The use of robotic technology offers promising
short-term results compared to traditional conven-
tional orthopedic procedures. The technological
innovations and advances help the surgeon perform
a more precise surgery with preoperative planning
and robotic-assisted resection. However, financial
barriers and the lack of long-term prospective stud-
ies are still limiting factors to the widespread use of
robotic technology. Although the improved short-
term results of lower blood loss and faster rehabilita-
tion support the use of robotic technology, further
studies are required to identify whether robotic
technology truly improves the long-term outcome.
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Total hip arthroplasty (THA) is one of the most suc-
cessful orthopedic surgeries performed worldwide.
More than 200,000 THAs are implanted in Germany
each year. Critical to the success of these surgeries is
the accurate positioning of the components. The
orientation of the cup positioning affects directly the
success and survival of the THA and may have an
influence on the patient’s functional outcome.

13.1 Importance of Cup Positioning

Malpositioning of the implant components is the
major cause for early joint dislocation, limited range
of motion due to femoroacetabular impingement,
and early implant wear due to edge loading and leg
length discrepancies (Kennedy et al. 1998; McCol-
lum and Gray 1990; Schmalzried et al. 1994; Turner
1994; Williamson and Reckling 1978) (8 Fig. 13.1).
An increased anteversion or inclination of the cup
may result in a higher risk of dislocation and me-
chanical wear due to edge loading (8 Fig. 13.2a,b).
The consequence of malpositioning depends among
other things on the bearing materials used. The risk
of mechanical wear is increased with polyethylene
inlays (B Fig. 13.3). For modern hard-on-hard bear-
ing surfaces, such as ceramic-on-ceramic and met-
al-on-metal, an exact orientation of the cup is im-
portant to prevent ceramic fracture, squeaking, or
increased metal ion release in metal-on-metal bear-
ings (Clarke et al. 2003; Gonzalez et al. 2011; Jacobs
et al. 2003; Vendittoli et al. 2010). A decreased incli-
nation and anteversion may lead to femoroacetabu-
lar impingement and thus to a limitation in range of
motion. Therefore, new ways to improve the longev-
ity of THA are becoming increasingly important.
The importance of cup orientation was men-
tioned by Lewinnek and colleagues as early as 1978.
They defined a safe zone for cup orientation con-
cerning inclination and anteversion to minimize the
previously mentioned complications (inclination:
40°+10° anteversion: 15°+10°) (Lewinnek et al.
1978). In a series of 300 total hip replacements, they
determined a dislocation rate of 1.5% for cup posi-
tioning within the »safe zone« compared to 6.1% for
cups positioned outside the safe zone. In addition,
different studies report on a very high rate of revi-
sion (one third of all revisions) within the first
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5 years after THA following recurrent dislocations
(DiGioia IIT et al. 2003; Dobzyniak et al. 2006; Yuan
and Shih 1999). Besides lowering the risk of compli-
cations, accurate positioning of the implants is im-
portant for reconstructing the offset, the limb
length, and thus the biomechanics of the physiolog-
ical hip. Recently, Widmer and Zurfluh introduced
the concept of the »femur-first« method (Widmer
and Zurfluh 2004). This concept of combined ante-
version for THA proposes a relationship between
the acetabular and femoral components that theo-
retically maximizes the postoperative range of mo-
tion and minimizes the risk for impingement of the
joint. Using computer-assisted navigation tools, an
anteversion angle of the cup component can be
made to be dependent on the antetorsion angle of
the stem component (or vice versa). Widmer pro-
posed a combined anteversion of 37.3°, whereas the
femoral antetorsion should be only 70% (antever-
sion of cup + 70% of antetorsion of the stem = 37.3°).
Sendtner and coworkers conducted a prospective
study on this concept and concluded that the com-
bined anteversion concept results in a cup position
with more anteversion when compared to the tradi-
tional cup placement according to the Lewinnek
safe zone (Sendtner et al. 2010). In this context, they
believe that modern navigation techniques open a
new frontier for an optimized component position,
because placing the acetabular and femoral compo-
nent in relation to the anteversion for both compo-

B Fig. 13.1 X-ray of a pelvis in anteroposterior view with
different positioning of the cups: a small inclination of the
right hip and a large inclination of the left hip
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B Fig. 13.2a,b X-ray of a pelvis in anteroposterior view with an increased inclination of the left cup (a) and the associated

complication of hip dislocation (b)

nents allows patient-specific biomechanics to be
considered.

13.2 Navigation for Correct Implant
Orientation

Traditionally, correct component alignment de-
pends on the surgeon referencing from the position
of the patient on the table and the anatomical land-
marks (Punwar et al. 2011). However, this may re-
sult in a wide variability in component positioning.
Factors such as pelvic tilt are sometimes difficult to
determine intraoperatively and they have an effect
on cup positioning (Lin et al. 2011). Nishikubo and
colleagues evaluated the preoperative errors in the
pelvic tilt of 249 hips before THA using fluoroscop-
ic imaging while the patients were in the lateral de-
cubitus position (Nishikubo et al. 2011). The mean
absolute value errors of the pelvic tilt were 2.94° (SD,
2.92°),2.49° (SD, 2.68°), and 5.92° (SD, 5.20°) in the
coronal, transverse, and sagittal planes, respectively.
Thus, they regard such preoperative errors in the
pelvic tilt as contributing to malpositioning of the
acetabular component, since it is frequently ob-
served on postoperative radiographs. Furthermore,
in case of congenital deformities or deviations in
anatomy due to previous reorientation surgery, as in
patients with dysplasia, the intraoperative orienta-
tion according to anatomic landmarks may be mis-

O Fig. 13.3 Wear and destruction of a polyethylene
inlay and a revision cup as a possible complication of edge
loading

leading. Therefore, intraoperative radiography is
one option for confirming the correct positioning of
the components.

Navigation represents an alternative tool for this
task. Computer navigation systems were introduced
in the past to provide surgeons with data on ace-
tabular and femoral positioning so that leg length,
femoral offset, and range of motion are determined
before the definite implantation of the components
(Dastane et al. 2011). The surgeon is able to view
lines, angles, and measurements for the implanta-
tion of THA in order to align and orient the compo-
nents more precisely. Thus, navigation assists and
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optimizes cup positioning and simultaneously
avoids radiation exposure. Two different concepts
of navigation exist: image-based navigation and
image-free navigation. Image-based navigation is
based on a preoperative computed tomography
scan. This concept has advantages for patients with
anatomic deformities, such as coxarthrosis due to
dysplasia or trauma. However, it is associated with a
high radiation exposure. Because of this and the
higher expenditures regarding time and money;, to-
day image-free navigation represents the gold stan-
dard. In the past, many companies developed me-
chanical guides for cup and stem positioning such
as the OrthoPilot® (Aesculap Orthopaedics, Tut-
tlingen, Germany) as a tool for the precise execution
of surgical interventions. OrthoPilot® is a comput-
er-aided, image-free navigation system. The naviga-
tion system consists of infrared optics and tracking
software continually monitoring the position and
mechanical alignment of the components relative to
the patient’s individual anatomy. Minimally invasive
smart wireless instruments send data to a computer,
which analyzes these data and provides the angles,
lines, and measurements needed to best align the
components of the THA. The surgeon is able to
change the positioning in real time. OrthoPilot®
uses passive trackers to register the orientation of
the pelvis intraoperatively with the registration of
bony landmarks. Definition of the bony landmarks
is important for the final accuracy of the positioning
(Parratte and Argenson 2007; Renkawitz et al.
2009). The first experiments in kinematic naviga-
tion using OrthoPilot® were conducted as early as
1994. In the following years, further developments
took place and a multicenter study was conducted
(Aesculap 2012). The first clinical application and
first publication dates back to 1997. Since its intro-
duction in the market in 2001, more than 15,000
THASs have been implanted using this device.

13.3 Evidence of Benefits
Using Navigation

In the last decade there was a tendency toward mini-
mally invasive or less invasive surgery. During these
interventions there is often a limited view of the op-
erative field, which often makes perfect implant po-
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sitioning very complicated (DiGioia III et al. 2003;
Nogler 2004). Especially in these cases, special tools
or landmarks for component positioning, such as
computer navigation technology, can support the
surgeon despite the lack of direct visualization of
anatomical landmarks (DiGioia III et al. 2002;
Sotereanos et al. 2006). Gebel et al. analyzed their
new concept of using the minimally invasive direct
anterior approach (DAA) in total hip replacement
(THR) in combination with a leg positioner (Rotex-
table®) and a modified retractor system (Condor,
Salzkotten, Germany). All surgeries were performed
using hip navigation. Radiological analysis illus-
trated an average cup inclination of 43° and a leg
length discrepancy in the range of £5 mm in 99% of
cases, showing the benefit of the navigation tool
(Gebel et al. 2012). Confalonieri and coworkers per-
formed a match-pair study between computer-as-
sisted and freehand techniques using a short modu-
lar femoral stem (Confalonieri et al. 2008). They
assessed surgical time, clinical outcome, dislocation
rate, limb length, and offset in 44 patients and con-
cluded that computer-assisted techniques allowed
for easier management of limb length discrepancy
and offset restoring. The postoperative leg length
discrepancy was 4.1 mm for the navigated implanta-
tion and 7.9 mm for the conventional technique,
while the preoperative leg length discrepancy was
similar for both groups. In addition, Kreuzer and
Leffers conducted a retrospective study comparing
a consecutive series of 150 computer-navigated
THAs with a consecutive series of 150 nonnavigated
hips (Kreuzer and Leffers 2011). The two groups
were similarly matched by age, gender, and body
mass index. The navigation group mean cup incli-
nation was 41° (range, 32°-54°), compared to 36°
(range, 19°-52°) for the nonnavigated group. The
authors concluded that the accuracy and precision
of cup angle placement is comparable to the non-
navigated method but appears to be slightly im-
proved with computer navigation. The high accu-
racy of the navigation tool was also confirmed in
several other studies (Beckmann et al. 2009; Hoh-
mann etal. 2011b,2011¢; Lin etal. 2011; Moskal and
Capps 2011; Snyder et al. 2012). Snyder and col-
leagues evaluated the accuracy of a particular
imageless computer navigation system in determin-
ing cup position (Snyder et al. 2012). After assess-
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ment of 39 patients, they determined a high speci-
ficity for navigation when assessing cup abduction
and anteversion (specificity >90%). However, the
system was not very effective in detecting subopti-
mal cup position (sensitivity: abduction, 50%; ante-
version, 33%). Hohmann et al. compared acetabular
component positioning using an imageless system
with a matched control group using conventional
techniques (Hohmann et al. 2011c). They demon-
strated a significant increase in the accuracy of
placement of acetabular cups within the desired po-
sition and safe zone using imageless navigation. In
another study by Hohmann et al, the authors
assessed and validated intraoperative placement
values for both inclination and anteversion as dis-
played by an imageless navigation system compared
to postoperative measurement of cup position using
high-resolution CT scans (Hohmann et al. 2011b).
Their findings determined a possible introduction
of systematic error. Even though the acquisition of
anatomic landmarks is simple, they must be ac-
quired with great precision. An error of 1 cm can
result in a mean anteversion error of 6° and an incli-
nation error of 2.5°. Despite possible errors, naviga-
tion seems to offer a possible patient benefit from
the resulting tighter control of the component posi-
tion. This is also the conclusion of a meta-analysis
reviewing published studies in order to investigate
the claim of the increased precision of acetabular
component placement in navigated THA compared
to conventional, nonnavigated THA. In this review,
1,479 procedures were included. Moskal and Capps
determined a statistically significant difference in
the incidence of acetabular component placement
in the »safe zone«, with navigation having signifi-
cantly more »safe placements« than procedures
without navigation, regardless of the chosen safe
zone (Moskal and Capps 2011). In addition, navi-
gated THAs had significantly fewer dislocations
than nonnavigated THAs. Another meta-analysis
published by Beckmann et al. confirmed navigation
as being a reliable tool for optimizing cup placement
and minimizing outliers (Beckmann et al. 2009).

A cadaveric study also determined a reduced
variability in cup positioning for navigated versus
manual THAs by measuring the inclination and an-
teversion using CT scans (Nogler et al. 2008). Thus,
navigation systems in general seem to have a high
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accuracy. However, to achieve a high accuracy and
avoid errors with navigation methods, the exact de-
termination of anatomic landmarks is important. It
was proven that some of the existing mechanical
guides had a poor precision and accuracy (DiGioia
et al. 1998), and surgeons have to be familiar with
the use of this additional tool in order to avoid er-
rors. Wassilew and colleagues conducted a prospec-
tive randomized controlled study of two groups of
40 patients each (Wassilew et al. 2012). They com-
pared the results achieved using an ultrasound-
based navigation system with the ones using an
imageless navigation system with surface registra-
tion. They concluded that there was an improve-
ment in cup positioning using ultrasound-based
navigation compared to imageless navigation sys-
tems by reducing the outliers and achieving a high-
er accuracy of anteversion. In the first group, cup
positioning was assisted by an ultrasound-based
navigation system, and in the second group, the cup
was assisted by an imageless navigation system with
surface registration. However, these guides require
an exact knowledge of patient orientation on the
operating table. This is more complicated in pa-
tients in lateral decubitus position rather than in
supine position. Furthermore, surgeons have to rely
on their experience to modify the guides intra-
operatively so as to avoid a malalignment of the cup.
Especially in obese patients, the orientation for an
adequate positioning of the acetabular cup is often
very difficult and may lead to a suboptimal implant
orientation. This may result in a wide discrepancy
between the planned implant positioning and the
final orientation (DiGioia III et al. 2002). Hasart et
al. investigated the influence of body mass index
(BMI) and the thickness of the soft tissue on the
postoperative cup position and accuracy in the ap-
plication of an ultrasound-based and a pointer-
based navigation system (Hasart et al. 2010). Ac-
cording to their data, the accuracy of the ultra-
sound-based and pointer-based navigation systems
is influenced by the BMI and the thickness of the
soft tissue layer above the symphysis. However, ul-
trasound-based navigation seems to have certain
advantages with thicker soft tissue layers, as seen in
overweight and obese patients. The fact that obesity
has a negative influence on the accuracy of image-
less navigation was confirmed by Tsukada and
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Wakui (Tsukada and Wakui 2010). They divided
patients into obese (BMI >25) and nonobese (BMI
<25) groups. The error in anteversion was signifi-
cantly higher in the obese group (4.8°+2.5°) than in
the nonobese group (3.2°+2.6°% p=0.01). Hohmann
et al. investigated acetabular component position
after THA in correlation to anteversion and inclina-
tion to anterior pelvic soft tissue thickness (Hohm-
ann et al. 2011a). Thirty patients were operated on
via an anterolateral approach in supine position us-
ing an imageless navigation system. The data did
not reveal any significant relationships between
BM]I, soft tissue thickness, and final intraoperative
or postoperative cup position. In addition, Fukui et
al. also did not determine factors potentially affect-
ing the accuracy of the intraoperative assessment,
such as BMI and soft tissue thickness using the im-
ageless navigation system OrthoPilot® (Fukui et al.
2010).

Critics of navigation systems in THA argue that
the use of navigation systems is associated with ad-
ditional costs, prolonged surgical time, and a learn-
ing curve for the usage of these devices, and point
out that the cup can be positioned adequately with-
out computer navigation.

The literature on the influence of navigation in
THA on prolongation of surgery shows varying
results. Thorey et al. found a prolongation of the
operative time to be 4.8+3.8 min after the learning
curve (Thorey et al. 2009). Similar results were pre-
sented by Kreuzer and Leffers (Kreuzer and Leffers
2011). They determined a mean surgical time for
the navigation group of 56 min (range, 34-91 min)
and 61 min (range, 33-119 min) for the nonnavi-
gated group.

13.4 Conclusion

In conclusion, navigation tools (e.g., OrthoPilot®)
provide surgeons with data on acetabular and femo-
ral positioning such that leg length, femoral offset,
and range of motion can be optimized in order to
avoid malpositioning of the components and there-
by reduce complication such as early joint disloca-
tion, limited range of motion due to femoroacetabu-
lar impingement, and early implant wear due to
edge loading and leg length discrepancies. However,

surgeons have to be familiar with this tool and they
should also be aware of the possible errors.
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The demand for less invasive procedures and bone-
sparing hip implants has led to the development of
short stem prostheses. Various types of hip prostheses
are called short stem, although they are based on dif-
ferent principles. Shortened conventional, short ana-
tomic, double taper type, and neck implants rely on
different fixation points in the femur and need to be
reviewed individually. Short stem prostheses all have
in common that they preserve the greater trochanter
and part of the femoral neck, which leads to a curved
implantation technique and is well suited for a mini-
mally invasive procedure. The cementless fixed pros-
theses provide a high primary stability to allow imme-
diate weight bearing (Eingartner 2007).

14.1 Introduction

The implant used in our series has a double taper
design as first introduced by Morrey (Morrey 1989).
It relies on a multipoint fixation with cortical con-
tact at the medial calcar, the lateral rim of the re-
sected neck, as well as the distal appendix in the
posterior lateral subtrochanteric region. Unfortu-
nately, because these implants are designed to follow
the anatomical shape of the femoral neck they do
not have an influence on the final orientation (Mor-
rey et al. 2000). This final position determines the
position of the implants in the femoral neck, prob-
ably changing offset and leg length as well as the
center of rotation. Miiller et al. (2011) and Sendtner
et al. (2010) described the effect of implant tilt and
implant rotation on the reconstruction of the center
of rotation in hip reconstruction, respectively.

In slim straight stem designs, the implant can be
rotated in the femoral canal to adjust for pathologic
ante- or retroversion. The different fixation in »fem-
oral neck-preserving designs« does not allow for
this correction. For this to be achieved, a separation
of femoral fixation and a reconstruction of the bio-
mechanics are desirable. This can be achieved by
modularity. In the modular implant used in these
cases, three different caput collum diaphysis (CCD)
angles of the neck module can be used (130°, 135°,
and 140°) each with a retroverted, neutral, and
anteverted orientation (-7.5°/0°/+7.5°) to adjust the
offset, leg length, and center of rotation (Braun
2007, 2009, Lazovic 2006, Milecki et al. 2008).

Correct adjustment is a matter of discussion
(D’Lima et al. 2000, 2001; Dorr 2009; Matsuhita et
al. 2010; Renkawitz et al. 2011; Seki et al. 1998).
Most authors prefer an anatomic reconstruction,
but the concept of a combined anteversion is receiv-
ing increasing attention. In our series we emphasize
the importance of a high range of motion (ROM)
without impingement.

The choice of the best geometry for achieving
this goal has to take into account the center of rota-
tion, the changes of offset, leg length, and the ver-
sion of the femoral neck, in this case of the modular
connector between the short stem implant and the
femoral head. To find the optimum, a trial-and-er-
ror method with different sample connectors and
head length has the disadvantage of taking time and
requiring multiple reductions and dislocations of
the hip. We can simulate these trials on the screen of
our routinely used navigation system (8 Fig. 14.1).
The screen offers information on the version of the
stem in relation to the femur, the leg extension, and
the offset changes and it displays the ROM in fle-
xion, in external rotation for the extended leg, and
in internal rotation for the 90° flexed leg. The pa-
rameters can be changed on the screen to evaluate
the effect on the ROM values. The changes account
for the CCD angle (125°, 130°, 135°, and 140°), the
version (-7.5° 0° *7.5°), and the head length (S, M,
L, XL) and head size (28 mm, 32 mm, 36 mm). All
of these values can be individually adjusted and the
effect on ROM can be seen immediately (B Fig.
14.2). The ideal setting is then chosen. According to
our experience, minimum values of 110° flexion,
30° internal rotation, and 60° external rotation are
accepted and assessed as safe for the lateral or an-
terolateral approach. For the posterior and direct
anterior approach, values may differ.

14.2 Surgical Technique
for Short Stem Prostheses

In our series, all short stem prostheses were im-
planted via a minimized anterolateral Watson-Jones
approach, bluntly separating the gluteus medius and
the lateral vastus muscle. The capsule is opened in a
»door type« manner and closed if appropriate. In
tight soft tissue situations, a soft tissue release is per-
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Lateral

Medial

B Fig. 14.1 The simulation screen allows one to change the
values of the CCD angle as well as the ante- or retrotorsion;
it displays the changes in the values for antetorsion

of the femoral neck and the range of motion. (By courtesy
of B. Braun, Aesculap)

formed and the capsule is resected. The femoral
neck is cut after dislocation of the femoral head
about 5 mm medial to the greater trochanter in a 50°
angle.

The cup is prepared first. We routinely started
at a position of 45° inclination and 15° anteversion
of the cup. In our series, the majority of patients
had dysplastic hip arthritis with the wellknown
deformities of a poor anterior coverage of the ace-
tabulum and an increased antetorsion of the femo-
ral neck up to 50°. In these cases we plan the
cup position in a reduced anteversion of 10°. All
cups are hemispherical, cementless, fixed, and in a
few cases secured by an additional screw. The insert
is ceramic.

The femoral intramedullary canal is opened
with an awl and then rasped until a tight fit in the
femoral neck is achieved. Usually, the edges of the
nearly rectangular-shaped prosthesis reach the cor-
tical contact on the calcar and the lateral flange
reaches the cortical border of the proximal femoral
neck. This places the prosthesis in a direction main-
ly defined by the direction of the natural femoral
neck. After choosing and inserting the best fitting
femoral neck and head, the hip is reduced, disloca-
tion tests are performed, and x-rays taken to verify
the stem and cup position and to check the integrity
of the pelvis and femur. The capsule and wound are
then closed. Immediate weight bearing is allowed
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B Fig. 14.2 The modular connector allows for adjustment of
the CCD angle (a) and the ante-/retrotorsion (b). (By courtesy
of B. Braun, Aesculap)

1 day after surgery. Limitations are given for the first
6 weeks for flexion up to 90°, avoiding adduction
and external rotation.

14.3 Navigation Technique

Before approaching the hip, a rigid body is fixed to
the pelvis, about 5 cm lateral to the anterior supe-
rior iliac spine via an 8-mm incision. The anterior
pelvic plane is recorded by palpating the anterior
ipsilateral and contralateral iliac spines and the
symphysis using a pointer. After access to the femur,
arigid body is fixed using a C-clamp and the neutral
leg position is recorded. The axis of the femur is
determined by palpation of the center of the patella
in the 90° flexed knee. The version of the femoral
neck is calculated by recording the posterior con-
dyles pointing at the middle of the ankle in the 90°
flexed knee. After resection of the femoral head, the
depth and the natural anatomic version of the ace-
tabulum are recorded.

Reaming of the acetabulum is controlled by
navigation, giving information on depth, version,
and changes of the center in anterior/posterior, me-
dial/lateral, and proximal/distal direction. The
hemispherical cup is inserted using the previously
recorded information specifically aiming for values
of 45° inclination and 10° anteversion.
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After reaming and inserting the stem, which is
done by focusing entirely on the best fitting posi-
tion, the implant position is recorded by the naviga-
tion system. Based on these values, the simulation
screen allows a decision to be made on the best
fitting modular connector and head.

A final screen shows the changes in offset and
leg length by bringing the leg back into its original
neutral position.

14.4 Results

From November 2004 to December 2010 we im-
planted 322 short stem prostheses (Metha®, B.
Braun) in the manner described above. In 297 cases
the cup and stem were navigated, while in 65 cases
the stem was implanted without navigation. Of our
patients 176 were female and 146 were male; the
mean body mass index (BMI) was 27.1. The etiology
of coxarthritis was primary osteoarthritis in 144
cases, dysplasia in 109, femoral head necrosis in 35,
and secondary coxarthritis in 34 cases. The mean
cup size was 52 mm in diameter with a range of
44-66 mm, the mean stem size was 3 with a range of
0-7. We used 119 modular connectors with a CCD
angle of 130°, 148 with 135°, and 55 with 140°.In 17

cases we increased the antetorsion of the femoral
neck with +7.5° anteverted connector, in 139 the
antetorsion remained unchanged with a neutral 0°
connector, and in 166 the antetorsion was decreased
with a —7.5° connector.

With these adjustments we achieved a mean
ROM of 130.9° of flexion, 70.3° of external rotation
in straight leg position, and 50.7° of internal rota-
tion in a 90° flexed position of the hip.

It was not possible to achieve the optimum posi-
tion in every case. Owing to fixation difficulties, cup
inclination varied from 39° to 58° with a mean of
45.2°, and anteversion varied from 0° to 41° with a
mean of 15.2°. The stem antetorsion varied accord-
ing to the natural variability from —5.3° to 56.6° with
amean of 20.6°. The ROM for internal and external
rotation correlated with the values of the cup posi-
tion for anteversion and for combined anteversion.

Combined anteversion, adding the values of
stem antetorsion and cup anteversion, was 36.3°
(variation of 2.2°-82.2°). Clinical results showed no
dislocations.

The effect of modular connectors on the cor-
rection of decreased or increased femoral neck
antetorsion was checked for the last 86 implants.
The original, noncorrected antetorsion was calcu-
lated from the registered data in the navigation
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computer. The mean antetorsion was 18.4° for the
natural femoral neck and 16.9° for the corrected
modular connectors (8 Fig. 14.3, B Fig. 14.4). The
correction was not sufficient to bring the values into
the nonpathological area of 10°-25°. The highest
values corrected were +52° and —2°.

14.5 Discussion

The effect of implant position on geometry and bio-
mechanics in hip reconstruction and their influence
on function is intensively discussed.

Lewinnek (Lewinnek et al. 1978) investigated
the best position for cup placement to avoid disloca-
tion in respect to anteversion and inclination. These
values are still reccommended for THA and known
as the »Lewinnek safe zone.« A reduction in the in-
cidence of dislocations can be achieved when the
cup is placed in this zone. Navigation of the cup
aims at this goal of an ideal cup position and re-
duces the outliers significantly.

However, dislocations still occur, and with a
wider use of THA in younger patients expectations
for a better function and increased ROM grow. It is
obvious that hip function is influenced by both the
cup and the stem. Restoring leg length and offset

results in a better muscular function. This is also
emphasized by minimally invasive surgical tech-
niques using short stems.

Straight or anatomically shaped cementless
femoral stems have only a limited variability regard-
ing their position in the femur (Renkawitz et al.
2012). In short stems the fixation in the metaphysis
allows for nearly no changes of the anatomic pre-
conditions. This position determines the center of
rotation of the femoral head. When an optimum of
safe, dislocation- and impingement-free ROM is ad-
dressed, the surgeon has to take into account leg
length, offset, center of rotation, femoral stem ante-
torsion and tilt, as well as head neck ratio and their
relation to the cup position with respect to inclina-
tion and anteversion (8 Fig. 14.5).

Combined antetorsion of the cup and stem is
viewed as an aid in finding this optimum (Sariali
2009a, 2009b). Published values show a mean com-
bined antetorsion of 37.6° (Dorr 2009) and 34.4°
(Wassilew 2012). In our series it is 36.3°. The safe
range is claimed to be 25°-50° (Dorr 2009), but this
depends on the surgical approach. The variation in
our series is much higher than that is reported in the
literature. The reason might be the use of a short
stem that allows an adjustment of the anatomically
preconditioned antetorsion to be made only by a
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B Fig. 14.5 A three-dimensional computed tomography
scan shows the fit and fill placement of the short stem in the
femoral metaphysis, determining the orientation of the fem-
oral neck and the relation to the acetabular cup

modular neck. This modular connector has a lim-
ited correction value of +7.5°, which is not enough
to reach a mean antetorsion of the femoral stem of
15°, which should be the ideal value. The high num-
ber of dysplastic hips with an antetorsion deformity
in our series resulted in a mean antetorsion of 16.9°
even with modular correction and 18.4° without
correction. Consequently, we decided to reduce the
cup anteversion from 15° as demanded by Lewin-
nek, to 10° in all dysplastic cases.

The modularity helps to adjust the offset and leg
length by different CCD angles. To find the opti-
mum, connector navigation is an important tool.
The simulation screen displays the values for the
ROM depending on the adjustments made first on
the screen for CCD and head size and length, and it
allows the combined antetorsion to be calculated.
Subsequently, the neck that best fits the desired
ROM is chosen and assembled to the stem. The high
mean ROM in flexion and in internal and external
rotation has resulted in clinically stable hips without
dislocation as seen at follow-up in our series.
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In navigated implantation of an artificial hip replace-
ment, the surgeon receives data for aligning the
acetabulum and prosthetic stem and matching the
cup and stem position to one another during surgery.
Prerequisite to this is reliable registration of bony
landmarks in order to judge the anatomic and patient-
specific situation. With image-assisted navigation
systems, this can be accomplished by means of
surface matching on the basis of preoperative com-
puted tomography (CT) data or percutaneous registra-
tion under fluoroscopic control.

With kinematic, imageless navigation systems,
navigated pointers are used to obtain intraoperative
point registrations of acetabular and femoral land-
marks. During direct registrations, bony landmarks

on the acetabulum or femur can be taken directly in
situ at the bone surface. During indirect registrations
as in the anterior pelvic plane, there is a soft tissue
cover that distorts the registration result.

15.1 Introduction

During hip navigation, the anterior pelvic plane
(APP) is the reference plane for establishing the in-
clination and anteversion angle of the cup. Registra-
tion is accomplished by using a pointer to palpate
both the anterior superior iliac spine (ASIS) and the
symphysis. The soft tissue covering the symphysis
can lead to false interpretation of the anteversion by
8.2° (min. 2°, max. 24°) on average. The value is dis-
played as if the anteversion value were higher (Rich-
olt and Rittmeister 2006).

Spencer et al. recruited eight surgeons to inves-
tigate the influence of various percutaneous palpa-
tion points of the anterior pelvic plane on human
cadavers. At a standard deviation of 9.6°, the varia-
tion in anteversion was higher than for the inclina-
tion, which had a standard deviation of 6.3° (Spen-
cer etal. 2006). Lee and Yoon determined the palpa-
tion errors of a kinematic navigation system at re-
gistration deviations of 10 mm on the landmarks of
the pelvic entrance plane using a pelvic model and
found higher deviations for the acetabulum antever-
sion and only minimal deviations for the inclination
(Lee and Yoon 2008).

The use of ultrasound to visualize bony tissue
was described by Tretbar and colleagues (Tretbar et
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al. 2002). Attempts at ultrasound registration of
bone lengths, axes, and torsion positions (Keppler et
al. 2007) showed high precision in the range of
1 mm and 1° of angle. Parratte and colleagues con-
firmed the high measurement accuracy of 1 mm
with a hand-guided ultrasound transducer during
registration of the anterior pelvic plane on human
cadavers (Parratte et al. 2008). By comparing ultra-
sound and pointer registration in the clinical imple-
mentation of a hip navigation system, Hirschmann
etal. reported deviations in the median acetabulum
anteversion of 6° (range, 3°~13°) and in the median
inclination of 3° (range, —1°-5°) for ultrasound reg-
istration as compared to pointer registration
(Hirschmann et al. 2011).

Ultrasound registration with the navigation sys-
tem OrthoPilot® (B. Braun, Aesculap AG, Tuttlin-
gen, Germany) has been available in our clinic since
2006. In a pilot study with 37 consecutive navigated
total hip replacements implanted by navigation, we
compared percutaneous pointer registration with
ultrasound registration, showing an approximately
fivefold improvement in the anteversion registra-
tion accuracy with regards to the radiological cup
position on the postoperative radiographs. Espe-
cially in overweight patients, pointer palpation of
the symphysis can cause difficulty because of the
large amounts of soft and fatty tissue in the area to
be palpated. Particularly in such cases, the postop-
erative radiographs will often show a lower cup an-
teversion compared to the values determined intra-
operatively by palpation. The registration of sym-
physis landmarks by ultrasound is not affected by
overlying fatty tissue (B Fig. 15.1, BTab. 15.1) (Kiefer
and Othman 2007).

Comparison of cup anteversion measurements
showed significantly higher values for ultrasound
registration as compared to pointer registration
(p=0.000001). In turn, pointer registration pro-
duced significantly higher anteversion values than
postoperative radiographs (p=0.0001).

In two groups of 30 patients each matched by
gender, age, body mass index (BMI), and ASA
(American Society of Anesthesiologists classifica-
tion) for ultrasound and pointer registration, navi-
gated THA procedures employing the same naviga-
tion system showed a significant improvement in
anteversion deviation as compared to percutaneous
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B Fig. 15.1 Comparative analysis of the acetabulum anteversion angle on postoperative radiographs in 37 cases based on
data from intraoperative pointer registrations and intraoperative ultrasound registrations. (Kiefer and Othman 2007)

B Tab. 15.1 Deviations in anteversion values (Kiefer
and Othman 2007)

Aver- SD

age
Anteversion radiograph 11.9 53
Pointer without radiograph 32 4.2
Ultrasound without radiograph 8.7 4.5
Ultrasound without pointer 55 33

pointer registration; the improvements in inclina-
tion were not significant (Hasart et al. 2008). CT
follow-up studies of ultrasound-navigated acetabu-
lar cup positioning in 25 patients showed equal de-
viations of 2.8° (SD+1.8°) for inclination and 2.2°
(SD+1.6°) for anteversion (Hasart et al. 2009).

In a prospective, randomized two-group study
(Wassilew et al. 2012) on 80 patients, three-dimen-
sional postoperative CT scans were used to deter-
mine cup position accuracy obtained with ultra-
sound navigation as compared to that obtained with
imageless navigation by percutaneous pointer pal-
pation.

All patients were operated on in the supine posi-
tion using a minimally invasive anterolateral ap-
proach. Based on postoperative CT scans, a three-
dimensional pelvic model was visualized with mo-
deling software to achieve accurate determination
of the implant position in each patient. The aim of
the three-dimensional visualization of the implant
position was to rule out the influence of postopera-

tive pelvic tilt on accurate acetabular cup position.
The objective for the position of the acetabular im-
plant component was the Lewinnek »safe zone,«
with an inclination of 40° and an anteversion of 15°.

The study results showed a significant differ-
ence in anteversion when comparing ultrasound-
based navigation to imageless navigation (p=0.0001).
Furthermore, in the group with imageless naviga-
tion, 12 of 40 (30%) acetabular components were
implanted outside of the Lewinnek safe zone, while
only one case (2.5%) was outside of the Lewinnek
safe zone in the group using ultrasound-based na-
vigation. Additionally, in the group with imageless
navigation, a significant dependence was identified
between the anteversion values and BMI. However,
no such significance was observed in the group with
ultrasound-based navigation. Therefore, the accu-
racy of imageless navigation with percutaneous pal-
pation is negatively influenced by the patient’s BMI,
while ultrasound-based palpation improves the ac-
curacy of anterior pelvic plane registration.

15.2 The Technology Behind
Ultrasound Navigation

OrthoPilot® ultrasound navigation relies on linear
array-based, two-dimensional ultrasound imaging
technology. A transducer with a width of 80 mm has
proven effective to sufficiently visualize the pelvic
anatomy. For the visualization of bony tissue, the
system produces ultrasound signals at a frequency
of 3-7 MHz by means of 128-element piezoelectric,
pulse-echo technology. It is thus possible to identify




132 Chapter 15 - Ultrasound-Guided Acquisition of Bony Landmarks During Navigation

bony structures at a depth of up to 80 mm with a
maximum deviation of 1.7 mm per axis during reg-
istration of the anterior pelvic plane.

The ultrasound transducer is used in a sterile
operating environment. As the transducer is non-
autoclavable, a sterile barrier is created using a ster-
ile sleeve. This sterile barrier, by definition, is perfo-
rated when fixating the adapter for the navigation
transducer. Therefore, a special validated interface
for fixating the navigation transducer was devel-
oped; its microbial impermeability has been verified
by an independent institute.

The OrthoPilot® ultrasound application is
equipped with a specific ultrasound parameter set
for navigation during total hip arthroplasty. The
surgeon, therefore, does not have to set any para-
meters such as focal points, gain, or contrast that
impact ultrasound imaging. Additionally, the char-
acteristic feature of navigated ultrasound devices is
that the ultrasound transducer can identify the posi-
tion of the ultrasound plane within a fixed coordi-
nate system. The position of each ultrasound plane
is specific to the individual transducer. That is why
the ultrasound transducer is integrated once into
the navigation software by means of a single calibra-
tion and then permanently saved in an EPROM
module. This is unique for the OrthoPilot® system,
as all navigable instruments are otherwise produced
and designed uniformly so they can be used with
different OrthoPilot® navigation systems without
single calibration.

The exact ultrasound imaging procedure and
proper guidance of the ultrasound transducer are
presented in Sect. 15.4 on »Ultrasound Visualiza-
tion and Transducer Guidance.«

15.3 Intraoperative Prerequisites

During the preparations for surgery, the ultrasound
transducer is sterilized by means of a sterile sleeve.
As described above, the adapter for the infrared re-
ceiver (Rigid Body Adapter) is connected to the
transducer through the sleeve. The transducer is
placed on the patient’s skin after using a sterile ul-
trasound gel, which is applied in small amounts to
the transducer or the part of the patient’s body being
scanned using a 10 ml syringe. The areas to be pal-

B Fig. 15.2 OrthoPilot® Navigation system (B. Braun, Aescu-
lap AG, Tuttlingen) with ultrasound unit

pated can be taped off with a sterile incision drape,
taking care to avoid air bubbles, as they interfere
with ultrasound transduction (8 Fig. 15.2, @ Fig.
15.3, @ Fig. 15.4).

15.4 Ultrasound Visualization
and Transducer Guidance

The image captured by the ultrasound transducer
represents a two-dimensional sectional plane, in
which the bony surface contours are displayed as a
line. For optimal visualization and alignment of the
bony palpation planes, the surgeon guides and plac-
es the ultrasound transducer vertical to the bone
surface and along the anatomic orientation of the
landmarks to be palpated. This means that, to visu-
alize the anterior superior iliac spine, the ultrasound
transducer must also capture the anterior inferior
iliac spine (8 Fig. 15.5, B Fig15.6).
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B Fig. 15.3a-c Ultrasound navigation. a Sterile ultrasound
gel (10 ml syringe). b An 80-mm ultrasound transducer with
navigation transducer (Rigid Body). ¢ Draping the patient for
anterior pelvic plane registration during hip navigation

The superior iliac spine must be selected as a
landmark with a virtual pointer. This must take
place ipsilaterally and contralaterally according to
the same anatomical criteria. To visualize the two
pubic tubercles, the ultrasound transducer is guided
vertically to the anterior pelvic plane. The registra-
tion point is placed centrally over the symphysis, on
a line connecting the tubercles.

In order to take advantage of the high accuracy
of ultrasound registration, the registration can also
be »guided«. During a test registration, the naviga-
tion system displays the anterior pelvic planeasaline
on the ultrasound that can be corrected by a second
registration.
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O Fig. 15.4a-c Ultrasound registration of the anterior
pelvic plane during hip navigation. Anterior superior iliac
spine (ASIS) ipsilateral (a), ASIS contralateral (b), and sym-
physis (c)
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@ Fig. 15.5 Aligning and guiding the ultrasound transducer
for registration of the anterior pelvic plane

15.5 Ultrasound Navigation
in Total Hip Arthroplasty

Registration of landmarks to visualize the anterior
pelvic plane (APP) by ultrasound generally offers a
higher level of accuracy during navigation than
visualization of the APP using percutaneous pointer
palpation.

Navigated implantation of the acetabular com-
ponents is the most commonly used technique for
this, and can be combined with additional parame-
ters for stem implantation. In order for the naviga-
tion system to recognize the position of the pelvis,
the stabile fixation of a reference transducer on the
anterior superior iliac spine is necessary for the en-
tire duration of the navigation. This is accomplished
on the ipsilateral side of the hip through an approx-
imately 1 cm long puncture incision made around
5 cm posterior to the ipsilateral anterior superior
iliac spine; an adapter is fixed with a special fixation
screw and the pelvic reference transducer is adapt-
ed. The transducer should be aligned facing in the
camera position.

After referencing the anterior pelvic plane by
ultrasound, the position of the acetabulum is also
referenced. Initial referencing takes place using a
navigated trial cup, which helps the surgeon deter-
mine the anatomical situation. This provides the
navigation system with an initial measurement for
the hip joint center, while displaying the inclination
and anteversion position of the trial cup. For these

b
- F Pointer

i
- F Pointer

Sono Spina lliaca Contralaterale #2

F Pointer

symphyse #2

B Fig15.6a-c Sonographic visualization for ultrasound
registration of the anterior pelvic plane during hip naviga-
tion. ASIS ipsilateral (a), ASIS contralateral (b), and symphy-
sis ()

values, it must be taken into consideration that the
subimplant bed has not yet been reamed at this
point in time (8 Fig15.6).
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B Fig. 15.7a-c Procedural steps for acetabular cup navi-
gation. a Insert a navigated trial cup to determine the joint
center and verify the anatomical alignment of the acetabu-
lum. b Perform navigated reaming of the acetabulum. c In-
sert acetabular components under navigation

It is additionally possible to palpate bony points
in the acetabulum, e.g., the deepest site within the
acetabular fossa, using a pointer (in order to display
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or demarcate the reaming depth) or points on the
acetabular rim; this supplies the navigation system
with patient-matched information on acetabular
anatomy.

Next, the surgeon can start preparing the ace-
tabulum by navigated reaming. The angles for incli-
nation and anteversion relative to the pelvic en-
trance plane are displayed on the screen. During this
surgical step, these angles are helpful for determin-
ing the direction of reaming and verifying the navi-
gation data. In the example shown here of the mon-
itor, the surgeon is provided with additional data (in
millimeters) on the reaming depth (red scale) as
well as on the three-dimensional displacement of
the hip center in the cranial, medial, and anterior/
posterior directions. Two values on a gray back-
ground on the monitor indicate the initial acetabu-
lar inclination and anteversion as registered with the
trial cup. The newly calculated acetabular center can
thus be prepared according to the preoperative plan
(B Fig. 15.7).

Just as with conventional operative techniques,
secure anchoring of the cup implant is the primary
goal of navigation assisted surgery. Therefore, the
acetabular cups system-specific characteristics
must be taken into consideration when preparing
the implant bed.

When inserting the final cup implant, the navi-
gation system then displays the final inclination and
anteversion values. The data generated during pre-
paration of the implant bed and cup implantation
are saved in a navigation system-dependent form.
These data can be documented in surgery and treat-
ment records. The procedure for implanting the
prosthetic stem is not described here.

15.6 Conclusion and
Future Perspectives

Ultrasound registration enables surgeons to achieve
higher precision during the registration of bony
landmarks in the anterior pelvic plane. As the bone
surface is scanned directly, the surgeon can work
independently of the overlying soft tissue layer. In
heavily muscled obese men, this tissue layer is more
likely to obstruct pointer palpation because it can-
not be displaced or forced in as easily as in obese
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women, whose tissue is often softer. Similarly, the
shape of the anterior superior iliac spine is not al-
ways sharply tapered and easily palpated with the
pointer; to compensate for this, ultrasound registra-
tion can be used to search for identical topography
of the iliac crest on both sides. This can be accom-
plished by always displaying the anterior inferior
iliac spine on the same sectional plane.

In general, ultrasound is also very effective in
visualizing the dorsal femoral condyles. An impor-
tant element in shaft navigation, this plane is useful
when defining shaft torsion. However, further de-
velopmental work is necessary in this regard to en-
sure secure horizontal alignment of the ultrasound
transducer, since a slightly oblique plane would miss
the dorsal culmination points of both femoral con-
dyles.

Looking forward, developments such as auto-
matic rapid landmark recognition (»intelligent ul-
trasound«) are envisaged for the future. Further
conceivable applications would include registration
in the lateral position and designs that connect
commercial ultrasound devices to navigation sys-
tems, thereby saving costs. A long-term future goal
could be to present image data on a tablet PC.

References

Hasart O, Perka C, Tohtz S (2008) Comparison Between Pointer-
based and Ultrasound-based Navigation Technique in
THA Using a Minimally Invasive Approach. Orthopedics 31
[10 Suppl 11:31-34

Hasart O, Poepplau BM, Asbach P, Perka C, Wassilew Gl (2009)
Ultrasound-based navigation and 3D CT compared in
acetabular cup position. Orthopedics 32 [10 Suppl]:6-10

Hirschmann MT, Affi FK, Helfrich C, Wirz D, Schwagli T, Overhoff
HM, Moser W, Friederich NF (2011) Navigated total hip ar-
throplasty using a 3-D freehand ultrasound system: tech-
nical note and preliminary results. Orthopedics 34:816—
820

Keppler P, Krysztoforski K, Swiatek E, Krowicki P, Kozak J, Geb-
hard F, Pinzuti JB (2007) A new experimental measure-
ment and planning tool for sonographic-assisted naviga-
tion. Orthopedics 30 [10 Suppl]:S144-147

Kiefer H, Othman A (2007) Ultrasound vs pointer palpation
based method in THA navigation: a comparative study.
Orthopedics 30 [10 Suppl]:S153-156

Lee YS, Yoon TR (2008) Error in acetabular socket alignment
due to the thick anterior pelvic soft tissues. J Arthroplasty
23:699-706

Parratte S, Kilian P, Pauly V, Champsaur P, Argenson JN (2008)
The use of ultrasound in acquisition of the anterior pelvic
plane in computer-assisted total hip replacement: a ca-
daver study. J Bone Joint Surg Br 90:258-263

Richolt JA, Rittmeister ME (2006) Misinterpretation of the ante-
version in computer-assisted acetabular cup navigation
as a result of a simplified palpation method of the frontal
pelvic plane (in German). Z Orthop lhre Grenzgeb
144:305-310

Spencer JM, Day RE, Sloan KE, Beaver RJ (2006) Computer navi-
gation of the acetabular component: a cadaver reliability
study.J Bone Joint Surg Br 88:972-975

Tretbar SH, Weiss EC, Hoss M, Schreiner S, Keppler P, Blomer W,
Lemor RM (2002) Ultrasound hard tissue detection for reg-
istration in orthopedics and traumatology (in German).
Biomed Tech (Berlin) 47 [Suppl 1 Pt 1]:434-437

Wassilew Gl, Perka C, JanzV, Konig C, Asbach P, Hasart O (2012)
Use of an ultrasound-based navigation system for an ac-
curate acetabular positioning in total hip arthroplasty: a
prospective, randomized, controlled study. Arthroplasty
27:687-69415



137 1 6

Process-Optimized Minimally
Invasive Total Hip Replacement
via a Direct Anterior Approach
with Navigation Control

of Leg Length and Offset’

Philipp Gebel, Markus Oszwald, Bernd Ishaque, Gaffar Ahmed,
Recha Blessing, Fritz Thorey, Andreas Ottersbach

16.1 Materials and Methods - 138

16.1.1 Navigation Control - 138

16.1.2 Ethics -138

16.1.3 Hip Osteoarthritis Outcome Score - 138

16.1.4 Patient Positioning with the Leg Positioner Rotex-Table - 139
16.1.5 The Retractor System - 139

16.1.6 Surgical Technique - 139

16.1.7 Operating Staff - 140

16.2 Results -141
16.3 Conclusion -143

References -143

1 Competing interests: The development and production of the new leg positioner was realized by Con-
dor Medicaltechnik, Salzkotten, Germany, while advice for the conception and for the clinical realization
was mainly given by the orthopedic department in Brig. All patent and trademark rights lie entirely in
the hands of Condor Medicaltechnik.

R. Haaker, W. Konermann (Eds.), Computer and Template Assisted Orthopedic Surgery,
DOI 10.1007/978-3-642-29728-1 16, © Springer-Verlag Berlin Heidelberg 2013



138 Chapter 16 - Process-Optimized Minimally Invasive Total Hip Replacement

The purpose of this study was to analyze a new con-
cept of using the minimally invasive direct anterior
approach (DAA) in total hip replacement (THR) in com-
bination with a leg positioner (Rotex-Table) and a
modified retractor system (Condor). To control leg
length and offset, the navigation system OrthoPilot®
(B. Braun, Aesculap) or the Medacta system was used.
We retrospectively evaluated the first 100 primary
THRs performed with this new concept between 2009
and 2010, regarding the surgical data as well as the ra-
diological and clinical outcome (Hip Disability and Os-
teoarthritis Outcome score, HOOS). All surgeries were
perfomed following a standardized operation tech-
nigue including navigation. The average age of the pa-
tients was 68 years (37-92 years), with a mean body
mass index (BMI) of 26.5 (17-43).

The mean operating time was 80 min (55-130 min).
There was an average blood loss of 511.5 ml (200-
1,000 ml). No intraoperative complications occurred
and the postoperative complication rate was 6%. The
HOOS increased from 43 points preoperatively to 90
points (max. 100) 3 months after surgery. Radiological
analysis showed an average cup inclination of 43° and
aleg length discrepancy in the range of £5 mm in 99%
of cases.

This technique led to excellent clinic results, showed
low complication rates, and in combination with navi-
gation and an image intensifier allowed for correct im-
plant positions while saving on manpower.

16.1 Materials and Methods

The initial results of the first 100 total hip replace-
ments were analyzed. All patients were operated on
using the DAA, in combination with the newly de-
veloped leg-positioning device and a modified re-
tractor system (Condor Medicaltechnik, Salzkotten,
Germany). All patients who underwent a total hip
replacement between February 2009 and February
2010 with the process-optimized implantation
method were included in the analysis. To objectify
patient satisfaction and quality of surgery, the pre-
operative and the 3-month and 1-year postoperative
outcomes were recorded using the Hip Disability
and Osteoarthritis Outcome Score (HOOS). The
postoperative conventional x-ray images were also
evaluated in terms of cup inclination, lateralization,

offset, and leg length. The inter-ischiacal line was
used to measure cup inclination and leg length in
comparison with the greater trochanter. Offset was
defined as the distance center from the femoral head
to the femoral stem axis. Lateralization was also
measured from the caudal tip of the teardrop con-
tour to the femoral stem axis (NIH 1994).

To estimate the outcome quality, the following
factors were recorded: intraoperative blood loss, the
type and frequency of complications, surgery time,
time of hospitalization, and rehabilitation time.

16.1.1 Navigation Control

Two optoelectronic navigation systems were used to
give the surgeon intraoperative control of leg length,
lateralization of the femur, and measuring of offset.
The open system of Medacta (Medacta, Interna-
tional SA, Strada Regina, Switzerland) was used to
control offset and leg length when Medacta or Ma-
thys products were implanted. All Aesculap pros-
theses were performed with the OrthoPilot® navi-
gation system manufactured by B. Braun (B. Braun,
Aesculap, Tuttlingen, Germany).

16.1.2 Ethics

The study presented was approved by the local eth-
ics committee of Hannover Medical School, which
follows the World Medical Association Declaration
of Helsinki (nr. 917-2011).

16.1.3 Hip Osteoarthritis Outcome Score

The HOOS, first described in 2003 as an improve-
ment to the widely used Western Ontario and Mac-
Master Universities Osteoarthritis Index (WOM-
AC), is areliable and efficient tool for assessing total
hip replacements (THRs) and has five relevant pa-
rameters: (a) pain (P), (b) symptoms (S) - including
impaired mobility and range of motion, (c) activity
limitation in daily living (A), (d) sport and recrea-
tion function (SP), and (d) hip-related quality of life
(Q) (min. 0 points, max. 100 points) (Nilsdotter et
al. 2003; Ashby et al. 2008).



16.1 - Materials and Methods

B Fig. 16.1 Conventional fracture table (left) adapted with
the Rotex-Table (right)

16.1.4 Patient Positioning with the
Leg Positioner Rotex-Table

The newly developed Rotex-Table (Condor Medi-
caltechnik) is based on a vertical column, mounted
on a mobile four-legged stand and connected to the
extension table with an adapter mechanism (8 Fig.
16.1) The Rotex-Shoe is used to secure the extrem-
ity to be operated on with the system. This is the first
positioner that has an anatomically beneficial de-
sign combining the use of quick-lock clips and car-
bon technology.

A motor drive, controlled by the surgeon with a
foot pedal, is used to raise and lower the extremity.
This function can also be applied using a switch
mechanism manually on the column. For safety rea-
sons, lowering and simultaneous extension of the
extremity that can be set up via a thread pole is au-
tomatically blocked, so that extreme tissue stretch-
ing and the resulting nerve damage, for example,
can be avoided. External rotation of the leg is manu-
ally set by the surgeon and automatically fixed in the
desired position using a finely adjustable stop mech-
anism.

In practice, the patient’s thigh is supported by an
x-ray-permeable positioning roll positioned at the
level of the picket between the patient’s legs and
about 3-5 cm above the table level. This positioning
roll acts as a hypomochlion, to facilitate exposure of
the proximal femur when the extremity is lowered.
The healthy extremity is slightly abducted.

O Fig. 16.2 Condor Gold Line-Retra

16.1.5 The Retractor System

The concept was adapted by adding a retractor sys-
tem (Condor Medicaltechnik, Salzkotten, Germa-
ny) to further improve the intraoperative process.
The system is secured to the extension bar of the
operating table. A curved arm is applied in a crani-
al-lateral plane, and a straight bar is applied distally.
The retractor system is aligned with the anterior
superior iliac spine. Clamps are secured to both
arms, to which the usual levers are later secured,
ensuring an intraoperatively stable working posi-
tion (B Fig. 16.2).

16.1.6 Surgical Technique

An 8 cm skin incision is made 2-3 cm inferolateral
to the anterior superior iliac spine following the
course of the tensor fasciae latae muscle. The inci-
sion is made toward the fibula head. The subcutane-
ous tissue is then separated and the fascia of the
tensor fasciae latae muscle opened and prepared
between the tensor fasciae latae muscle and the
rectus femoris muscle. Surrounding muscles and
the cutaneus femoris lateralis nerve are preserved by
a blunt preparation into the depth onto the capsule.
The rectus femoris muscle is then pulled aside
medially and the transverse branches of the femoral
circumflex artery are clamped. After using the
standard retractors that are connected to the condor
system, the surgeon has a direct view of the ventral
capsular structures of the hip joint. Three Hohmann
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B Fig. 16.3 Surgical set-up: combination of navigation and
image intensifier

retractors are used for good exposure of the anterior
capsule. The ventral joint capsule is resected and
the femoral neck is osteotomized at the planned
level to remove the head. To expose the acetabu-
lum, two retractors are applied to the medial
and lateral acetabulum. After cup reaming to the
planned size, the cup can be implanted using x-ray
images and a navigation system (B Fig. 16.3 and

O Fig. 16.4)

To ensure adequate exposure of the femoral cav-
ity, a step-by-step capsular release is performed. The
surgeon initially sets the external rotation of the foot
to about 90°, while receiving feedback on the tissue
tension.

The capsular release is performed in three steps:
1. Electrical incision along the calcar to the lesser

trochanter. The surgeon then carefully exter-

nally rotates the leg further.

2. Electrical incision in the extension of the oste-
otomized, dorsal femoral cortex to the medial
boundary of the greater trochanter rotated me-
dially in situ. The leg is then carefully further
rotated externally by the surgeon and if neces-
sary the release is extended. A bone hook is
used to check if the proximal femur can be
raised sufficiently. The greater trochanter must
be able to slide at the acetabulum.

3. After slightly lowering the leg while pulling on
the retractor on the femur and applying a re-
tractor behind the greater trochanter, the third
release in the region of the trochanteric fossa is
performed vertical to the second release to free
the dorsal capsule parts.

B Fig. 16.4 Cup and inlay

External rotation has to be extended from the final
lowering of the leg to the preparation of the femur,
until the tip of the osteotomized calcar corresponds
atleast to the sagittal axis of the patient and can even
be positioned in slight external rotation.

The leg is now lowered with the motorized
foot pedal control while pulling with the bone
hook on the femur. The leg is lowered until internal
rotation of the osteotomized level of the femur
can be identified and the tip of the calcar is rotated
medially over the patient’s sagittal axis. The stem
exposure can be supported by adducting the leg if
necessary.

The femoral trial prosthesis can be easily repo-
sitioned following femoral preparation using the
Rotex-table. The extended leg must not cause joint
luxation at 90° external rotation.

The procedure described above for exposing the
femoral cavity and subsequent reposition can be re-
peated swiftly using the Rotex-Table for implanta-
tion of the final prosthesis (B Fig. 16.5). These ma-
nipulations can be done by the surgeon without
additional assistant staff.

After implantation the fascia and skin are closed.
Patients are quickly mobilized with pain-adapted
full weight bearing with underarm supports 1 day
postoperatively.

16.1.7 Operating Staff

All THRs were carried out by a single surgeon with
one medical assistant and one nurse.
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O Fig. 16.5 Stem implantation

16.2 Results

The average age of the 50 women was 70.7 years
(range, 51-92), and the average BMI was 26.4
(range, 17-43). The average age of the 50 men was
65.2 years (range, 37-84) and the BMI was 26.6
(range, 21-34). The surgical indication in 92 cases
was primary osteoarthritis, there were four cases of
femoral head necrosis, two cases of secondary os-
teoarthritis following proximal femur fracture, one
case of femoral neck fracture, and one of dysplastic
osteoarthritis (B Tab. 16.1).

Different implants were used for THR (@ Tab.
16.2). The average operation time was 81 min
(range, 55-130 min). Intraoperative blood loss was
511.5 ml on average (range, 200-1,000 ml). A cell
saver was used in 80 cases. Eleven patients were
given two erythrocyte concentrates each to treat
postoperative anemia.

All patients were mobilized 1 day after surgery
with underarm supports and full weight bearing
permitted. After an average hospital stay of 8 days,
all patients were independently mobile with walk-
ing sticks, and most were already able to walk a few
steps without aids. Largely at the patient>s request,
31% of patients underwent follow-up treatment in a
rehabilitation clinic following their hospital stay
(@ Tab. 16.3).

The well-documented good clinical outcomes
were also reflected in the high level of patient satis-
faction. Evaluation of the HOOS at the 3-month
follow-up averaged 90.96 points (value: S, P, A) and
89.59 (value: S, P, A, SP, Q). The values of category
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O Tab. 16.1 Patient data

Hips (n) 100

Age (+SD, range) 68+11.8 years (37-92)
Gender (M/F; %m) 50
Side (right/left; % right) 56
Height (+SD, range) 169+8.7 cm (143-188)

Weight (+SD, range) 77£15.5 kg (45-115)

BMI (kg/m?) 26.5+4.9 (17-43)
Navigated hips (%) 100
Preoperative diagnoses (5)

Osteoarthritis 92

Dysplastic osteoarthritis 1

Avascular necrosis 4

Proximal femur frac- 3

ture/ posttraumatic

osteoarthritis
B Tab. 16.2 Implants used

Number
of cases

Quadra-H, Versafit Cup, ceramic-on- 65
ceramic, cementless (Medacta, Switzer-
land)
Metha short stem, PlasmaCup, ceramic- 21
on-ceramic, cementless (B. Braun, Aes-
culap, Germany)
Excia stem, plasma cup, ceramic-on- 4
ceramic, cementless (B. Braun, Aesculap,
Germany)
Twinsys stem, Selexys Cup, ceramic-on- 8
ceramic (Mathys, Germany)
Excia stem, PE cup, metal head (B. 2

Braun, Aesculap, Germany)

SP (sport and rehabilitation) reached 89.98 points
and Q (quality of life) scored 85.02 points out of a
total of 100. One year after surgery, the value slight-
ly increased to 90.88 (value: S, P, A, SP, Q). Preop-
eratively, the average score was only 42.43 (value:
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B Tab. 16.3 Operative data: clinical results

Operating time (£SD, range)

Navigated hips (%)

Cell saver (yes/no; % yes)

Estimated perioperative blood
loss (£SD, range)

Postoperative transfusion of max.

2 erythrocyte concentrates (%)

Hospitalization time (+SD, range)

Mobilization on crutches on 2nd
postoperative day (%)

Mobilization on crutches during
hospitalization time (%)

Rehabilitative follow-up
treatment

HOOS preoperative (S, P, A)

HOOS 3 months postoperative
(S,P A, SP.Q)

HOOS 1 year postoperative
(S,P A SPQ

S P

81+14.6 (55-130)

100
80
511.5+189 ml

(200-1,000)
1

8.5+3.6 days
(4-26)

98

100

31

42.43%14.6
(23.3-76)

89.59+10.4
(49.4-100)
90.88+9.6
(52.8-100)

A
W S/P/Apraeop. [l S/P/A3m postop. [ S/P/Aly postop.

O Fig. 16.6 Hip Osteoarthritis Outcome Score: preopera-
tive (blue column), 3-month postoperative (red column), and
1-year (green column) postoperative points

B Tab. 16.4 Complication rates

Intraoperative complications 0
Postoperative complications (%) 6
Reoperation rate (%) 2
Cup loosening 0
Stem loosening 0
Inlay fracture 1
Hip instability 1
Nerve irritations 2/1

(Motor temporary/sensitivity persistent
after 3 months)

Subsequent bleeding requiring revision 0
surgery

Impaired wound healing 0
Venous thrombosis 1
Pulmonary embolism 0
Infection 0

S, P, A) out of a maximum score of 100; 85% of the
postoperative questionnaires were available for
evaluation (B Fig. 16.6).

There were no intraoperative complications.
Two patients had transient paresis of the femoral
nerve. Another patient had an irritation of the lat-
eral cutaneous femoral nerve. One case of recurrent
dislocation was revised with an anterior approach,
and successfully corrected by increasing the offset
using the Merete system.

In one case, for an unexplained reason, the ce-
ramic inlay fractured; this was successfully revised
following the DAA. We observed one case of leg
vein thrombosis despite prophylaxis with low-mo-
lecular-weight heparin. There were no further post-
operative complications (B Tab. 16.4)

Allimplantations were performed using naviga-
tion systems. Rigid body positioning, application of
reference marks, and scanning of anatomical land-
marks were successfully carried out via an anterior
approach with the OrthoPilot® system from Aescu-
lap and with the Medacta navigation system.

We also used an image converter to check the
intraoperative positioning of the cup and stem. An
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B Tab. 16.5 Radiology results

Cup inclination (angle®) 43.2+4.36 (33-48)

Offset: preoperative/postopera-  45.8/46.3
tive (mm) +1.26+4.97
Difference in offset (postopera-
tive—preoperative)

Difference in lateralization 75/74
Preoperative—postoperative +0.04£5.90
(mm)

Difference in leg length (%) 99 (1)

[£5 mm (to —8 mm)]

Cup inclination (angle®) 43.2+4.36 (33-48)

ideal cup position was achieved in the majority of
cases, as shown in the postoperative measurements
on the conventional x-ray images. The cup inclina-
tion calculated from these results corresponded to
the Lewinnek safe zone at an average of 43.2°, +4.36
(33°-48°). There was no standardized measuring of
the cup antetorsion. Leg length, lateralization, and
offset were determined preoperatively and then
postoperatively by measuring the x-ray images. The
results were as follows: preoperative/postoperative
offset, 45.8 mm/46.3 mm; preoperative/postopera-
tive lateralization, 75 mm/74 mm.

Radiological measuring of leg length confirmed
an almost equal length of both legs in 99 cases (dif-
ference of +5 mm). There was only one case where
a relevant difference of —8 mm to the other leg was
found (@ Tab. 16.5).

16.3 Conclusion

The aim of our study was to analyze the new concept
of using a minimally invasive direct anterior ap-
proach (DAA) in THR in combination with a leg
positioner (Rotex-Table), a modified retractor sys-
tem (Condor), and navigation systems to control leg
length and offset. Furthermore, we wanted to evalu-
ate the efficiency and the ergonomic and financial
effectiveness of our procedure.

For a good surgical outcome, it is important to
standardize the working processes and to facilitate
the much-criticized difficult exposure of the proxi-
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mal femur in the DAA. This was achieved by devel-
oping and using the Rotex-Table and systematic
release techniques as well as by using an adapted
retractor system. Apart from significantly simplify-
ing the process, we have also succeeded in develop-
ing a standardized operation sequence, where it has
been possible to reduce costs by eliminating the
need for the assistant and positioning staff without
having a negative impact on the quality of treat-
ment.

As our clinical observations on the first 100 pa-
tients illustrate, process-optimized hip replacement
via DAA and with control of leg length and offset by
navigation results in great patient satisfaction and
low complication rates as well as in excellent im-
plant positioning.
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In principle, navigation in trauma surgery involves two
procedures.

Two-dimensional (2D) navigation is based on two
regular fluoroscopic images and copies that are trans-
ferred to the navigation system. Instruments can be
visualized in a maximum of three different projections
atatime.

Three-dimensional (3D) navigation is an enhancement
of 2D navigation and requires computed tomography
(CT)-like data. Two alternative pathways can be used:
first, intraoperative matching of a preoperative CT
scan; second, performing an intraoperative 3D scan.
The latter is usually registered automatically.

3D navigation has emerged as the best choice in pel-
vic and spinal surgery (Raftopoulos et al. 2012) as well
as in surgery of the large joints. A limitation so far is
the displayed field of view. A conventional C-arm sys-
tem creates a cubic data set with an edge length of
13.5 cm (Arcadis® Orbic 3D, Siemens, Germany). Flat-
panel detectors enable a larger display window and
are currently used in new angiographic systems.

One such system is the Artis zeego system (Sie-
mens). In comparison to other angiography sys-
tems, the Artis zeego C-arm is held by a robotic
guidance system. The fluoroscopy unit, which ro-
tates around the patient, is fixed to the robotic arm.
It is equipped with a flat-panel detector. Therefore,
the Artis zeego system can generate a significantly
larger display window in a single scan.

In this system the fluoroscope is connected to
the operating table, which allows for simultaneous
movement of the table and the C-arm. The latter is
important for storage of image position and to pre-
vent collision. The DynaCT function providesa CT-
like image that has good soft tissue and bone con-
trast. In addition, the Artis zeego system has the
classic characteristics of an angiography device.
Recently, the authors introduced a link to a naviga-
tion unit (Brainlab Curve™ system).

It was a substantial challenge to integrate a na-
vigation system into this predefined setting. Over a
process of several years, the authors and the partici-
pating companies Siemens and Brainlab developed
a setting that made navigation in a robotic C-arm
system possible.

The latest 3D navigation software is used (Spine
3.0®, Brainlab, Germany) in the new Curve™ sys-

B Fig. 17.1 Operating room set-up for computer-assisted
3D image-guided surgery

B Fig. 17.2 Control panel at the OR table

tem (Brainlab). This system enables optimal data
acquisition owing to the larger camera range and
angle of view. This setting could be realized with the
construction of the new center of surgery at Ulm
University (8 Fig. 17.1).

17.1  Materials and Methods

A control unitis used to steer the system comprising
the robotic fluoroscopy unit and the operating room
(OR) table (B Fig. 17.2)

In the intraoperative setting the patient lies on a
carbon fiber table, which is physically connected to
the C-arm according to the room position.

The imaging system has a memory function that
permits important projections that are used during
the operation procedure to be saved. These images
are taken in a nonsterile setting, where the patient is
already placed on the table (B Fig. 17.3a-c).
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B Fig. 17.3 Determination and storage of the lateral posi-
tion (a); collision check (b); determination and storage of the
oblique position (c)

@ Fig. 17.4 Sterile cover of the control unit

O Fig. 17.5 Data referencing base check (a), preparation for
the 3D scan (b), performing the 3D scan. It is important to
clear the distance to the C-arm (c)

Subsequently, the operation starts by placing the
sterile covering. Angiographic covers with a trans-
parent sheet are used, allowing free access to the
control panel (B Fig. 17.4)

The control panel allows the surgeon to control
the imaging for the entire duration of the operation.

After checking the initially adjusted fluoroscopy
positions, standard surgical procedures begin with
the fixation of the data referencing base (DRB) and
a check of the position with respect to interference
with the subsequent scan (8 Fig. 17.5a). The differ-
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B Fig. 17.6 Accuracy check (a) and displayed accuracy
check (b)

ent end positions of the system are then automati-
cally started and the image acquisition is tested
(B Fig. 17.5b).

At this point, corrections to the height and posi-
tion of the table in relation to the C-arm may be
necessary.

By using a pointer-based remote control for
CAS and joysticks for the fluoroscopy unit, the C-
arm and the navigation system can be handled from
the sterile operating table without the need for ster-
ile covering of monitors and similar equipment.

After a successful test run, a 190° scan is per-
formed within seconds providing a 3D data set of 270
images (B Fig. 17.5¢). The data set is automatically
registered and transferred to the navigation system.
After the gray-scale setting has been adapted, the data
set can be used for navigation immediately.

The imaging is followed by a standard naviga-
tion work-flow starting with an accuracy check
(8 Fig. 17.6a,b), which, however, differs from the
conventional procedure as there is a larger field of
view available (B Fig. 17.7b).

Chapter 17 - Multidepartmental Use ofa Fixed 3D Navigation System

B Fig. 17.7 Screw planning (a), automatic screw check (b),
and comparison with the preoperative planning (c)

With respect to the spine, this means that at least
eight to ten vertebral bodies can be displayed on one
image section and that a simultaneous pedicle screw
planning (B Fig. 17.7a,b) can be performed for all
affected vertebral bodies simultaneously. The
planned screws can be compared with the preopera-
tively planned ones that are simultaneously dis-
played by one of the two monitors of the CAS sys-
tems (@ Fig. 17.7¢).

However, the standard preventative safety meas-
ures are to be maintained, for example, the distance
to the DRB and the motion of the DRB or the patient.
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B Fig. 17.8a,b Screw placement | (a); screw placement Il (b)

17.2 Results

Since implementing the system, 14 spinal pro-
cedures were performed within the first 4 weeks.
These ranged from cases of bisegmental to multi-
segmental stabilizations. All navigation steps car-
ried out with this system were failure-free and
all pedicle screws were placed correctly (8 Fig.
17.8a,b).

At any time point during the surgery, the fluor-
oscopy unit can be put in a parking position and
recalled quickly and precisely (8 Fig. 17.9a,b).

Owing to the high image quality, a second round
of CT scanning is performed after pedicle screw in-
sertion intraoperatively; in the case of minimally
invasive surgery, it is performed after the insertion
of guide pins to ensure correct placement.

Since the image quality of the fluoroscopy scan
is comparable to that of the standard postoperative
CT scan, it can serve as a postoperative examination
of the final screw positioning. A transfer to the
PACS system is possible.
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O Fig. 17.9a,b Performing surgery with the C-arm in a park-
ing position

In general, the system distinguishes itself in that
it can be handled intuitively by the surgeon. How-
ever, appropriate training and instruction, especial-
ly for the robotic C-arm system and the operating
table, are essential.

17.3 Conclusion

The system discussed in this chapter offers the high-
est resolution and accuracy for 3D navigation cur-
rently available, with the advantage of allowing in-
traoperative registered datasets to be generated and
thereby eliminating the challenges posed by match-
ing.

Both systems, the fluoroscopy unit as well as the
CAS system, are high-end solutions in their field
and require the corresponding training.

After careful preparation and thorough training
in patient positioning, C-arm control, and naviga-
tion, experienced surgeons can implement this sys-
tem. The image quality is outstanding. Even for
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obese patients (>120 kg) with corresponding soft
tissue interference, high-quality images that are free
of artifacts can be generated.

Justification for the acquisition of such a high-
cost operating room is that it can also serve other
surgical specialties such as cardiac surgery or neu-
rosurgery. In cardiac surgery, the system is used for
minimally invasive valve replacement since it offers
3D vessel reconstructions as well as planning and
targeting of the correct stent position. For neurosur-
gery, the system has the advantage of allowing angi-
ography of cranial aneurysms to be performed in
combination with CAS including an integrated
high-end microscope (Pentero®, Zeiss, Germany).
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In the field of imaging-assisted navigation, three-di-
mensional (3D) navigation with a mobile C-arm cur-
rently represents the gold standard in trauma surgery
in terms of flexibility and mobility, and can now also
be deployed rapidly and in a more user-friendly man-
ner in changing anatomical situations. It has been in
routine use for 10 years at several centers in the treat-
ment of spinal and pelvic injuries, as well as in the foot
and ankle joint region.

The technique of image data acquisition and 3D navi-
gation with the Arcadis Orbic 3D (Siemens AG, Erlan-
gen, Germany) and the navigation system Navivision
(Brainlab AG, Feldkirchen, Germany) will be briefly
described as an example. In addition to the C-arm and
the navigation system integrated in the trolley of the
C-arm, the system requires an optoelectronic camera
on a mobile, lightweight support. The additional
monitor of the navigation system is mounted on the
trolley. The patient has to be positioned on a radiolu-
cent carbon fiber table. With the mobile 3D C-arm, a
3D-volume image dataset with an edge length of
approximately 12 cm is produced from 100 individual
projections during a scan through a 190° orbital rota-
tion around the object (patient). A reference base has
to be fixed on the object (attached at the bone) be-
forehand. Registration is done automatically at the be-
ginning of the scan. The 3D dataset is then also trans-
mitted automatically through an interface to the navi-
gation unit. The computer-assisted surgery can now
be performed with (pre-)calibrated instruments in the
corresponding segment of the volume image dataset.
The practicability and results of 3D navigation with a
mobile C-arm will be demonstrated with reference to
the literature. The presentation is organized according
to anatomical regions and the main indications are
described for these regions.

18.1 Spine

18.1.1 Pedicle Screw Placement in the
Thoracic and Lumbar Spine

The main goal of navigation on the thoracic and
lumbar spine (B Fig. 18.1, Fig. 18.2, Fig. 18.3, Fig. 18.4)
is to improve the accuracy of pedicle screw place-
ment. These endeavors were motivated not least by
reports in the literature of malpositioning of pedicle

screws in a high percentage of cases: in up to 30% of
cases for the lumbar spine and in up to 55% for the
thoracic spine (Gertzbein and Robbins 1990;
Tjardes etal. 2010). The precision of computer navi-
gation-assisted pedicle instrumentation has been
investigated in numerous experimental and clinical
studies. The misplacement rates were in some cases
reported to be in the very low range of between 0%
and 8% (Griitzner et al. 2004; Wendl et al. 2003).
Generally, however, an inconsistent picture emerges
not only for computed tomography (CT)- or fluor-
oscopy-based navigation, but also for mobile 3D C-
arm-assisted navigation. A comparative study of
screws introduced using a navigated versus a non-
navigated technique showed a considerable im-
provement in accuracy accompanied by a markedly
shorter fluoroscopy time in favor of navigation
(Wendl et al. 2003). Another study that compared
3D with 2D navigation, however, found no signifi-
cant differences (Lekovic et al. 2007). Meta-analyses
show that with navigation, better results tend to be
obtained for the lumbar spine and the thoracolum-
bar transition, but not for the thoracic spine (Tjardes
et al. 2010). This is surprising, especially consider-
ing that navigation should be particularly advanta-
geous in the thoracic spine because of the smaller
pedicle diameter and the worse image quality in this
region.

B Fig. 18.1 Set-up for computer-assisted pedicle instru-
mentation. The camera is at the end of the foot. The operat-
ing area can be covered with sterile drapes for the scan. The
reference base protrudes through a hole cut into a drape.
After the scan, the drape is cut in the middle and drops
down on both sides (not shown)
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O Fig. 18.2 Computer-assisted opening of the pedicle with
the pedicle probe after preoperative screw planning

An analysis of the problems associated with
misplaced pedicle screws following the introduc-
tion of navigation has shown not only that study
designs frequently differ, but also that there is no
uniform definition of the term »misplaced« (Kos-
mopoulos and Schizas 2007). This is naturally a ma-
jor obstacle to interpreting and comparing different
studies. It is equally difficult to define the impor-
tance of misplacement at all, and from what degree
onward misplacement has clinical consequences.
Experience has shown that most medial or lateral
perforations of a pedicle are without clinical conse-
quences and are only noticed on postoperative CT
scans (Wendl et al. 2011).

Another aspect concerns the heterogeneous pa-
tient samples. Many studies derive their data from
patient populations including subjects with degen-
erative diseases (Schleicher et al. 2009), and for the
reasons outlined above the data concerned cannot
invariably be extrapolated to the situation existing
in trauma care.

Almost all investigations have shown, however,
that even computer navigation offers no guarantee
that misplacements will be avoided.

18.1.2 Radiation Exposure

One undisputed advantage of navigation is that it
reduces exposure to radiation. The dorsal instru-
mentation of pedicles is associated with a relatively
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O Fig. 18.3 Computer-assisted preparation of the screw
channel with the pedicle awl

O Fig. 18.4 Computer-assisted pedicle screw placement
after bilateral planning

high exposure to x-rays. This applies both for the
patients and the operating theater personnel. Se-
veral studies on this topic have shown that naviga-
tion leads to a marked reduction in radiation expo-
sure. The particular advantage of intraoperative 3D
fluoroscopy for the surgical team lies in the fact that
the team can leave the control area during the scan
and is therefore not subject to any additional radia-
tion exposure (Griitzner et al. 2004; Wendl et al.
2003).
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18.1.3 Time Requirement

Navigation takes time, both pre- and intraopera-
tively. An increase in the operating time is to be ex-
pected especially during the initial learning curve
(Schleicher et al. 2009). A special challenge is pre-
sented by emergency situations, in which a team
experienced in navigation is not available. The
sometimes considerable time required for preopera-
tive planning and intraoperative matching when
using CT datasets, however, is drastically reduced
when using mobile 3D C-arm navigation.

18.1.4 Financial Aspects

Watkins et al. have addressed the question as to how
3D C-arm-assisted navigation in the thoracic and
lumbar spinal region rates with regard to financial
aspects (Watkins et al 2010). In their study they
compared 100 consecutive patients with computer-
assisted pedicle screw placement with a historical,
conventionally treated control group. They based
their calculation on the costs of the revision surger-
ies performed to correct screw misplacements (3%
conventional, 0% navigated). They concluded thata
reduction in the total costs can result when a large
number of surgeries are performed. Projecting their
calculation against their reported costs of the navi-
gation equipment, amortization would already be
achieved with 20 revision operations rendered un-
necessary. The implementation of a navigation sys-
tem with a 3D C-arm generates costs of around
€ 400,000. Depending on the reimbursement sys-
tem, it is at best doubtful whether this would be the
case in most countries, including Germany.

18.1.5 Screw Placement in the
Cervical Spine

The cervical spine is to be regarded as a high-risk
area in terms of pedicle instrumentation. The ana-
tomical structures are small, and the vertebral artery
running close to the vertebral body is an additional
risk factor. The corridor for the safe placement of
screws is therefore very narrow on the cervical
spine. In addition to pedicle instrumentations, nav-

igated transarticular C1/C2 screw placements via
the Magerl technique and transpedicular C2 screw
osteosyntheses have been described (Hott et al.
2004; Rajasekaran et al. 2007). Although the techni-
cal practicability has been demonstrated in studies,
no conclusive evidence of an advantage of naviga-
tion has yet been presented (Tjardes et al. 2010)].
Elsewhere, however, a trend toward a reduced rate
of screw misplacements has been demonstrated, es-
pecially under confined anatomical conditions
(Hott et al. 2004; Ito et al. 2007).

The secure fixation of the dynamic reference
base (DRB) on the spine is technically demanding.
Moreover, the mobility of the cervical spine is much
greater than that of the thoracolumbar spine, and a
DRB on the adjacent vertebra can more rapidly re-
sult in inaccuracies. In summary, navigation on the
cervical spine has been introduced at only a few spe-
cialized centers where it has been used in studies or
experimentally. Despite the potential advantages
described, it is still a long way from being intro-
duced into clinical routine.

18.2 Pelvis

18.2.1 Sacroiliac Screw Placement

Screw placement in the posterior pelvic ring for in-
juries of the sacroiliac joint is technically demand-
ing because of the complex anatomy, the narrow
corridor for the screws, and the vulnerable soft tis-
sues surrounding them (nerves, vessels). In the con-
ventional procedure, fluoroscopy times of up to
10 min per screw have been reported (Stockle et al.
2007). With the navigated technique, first the cor-
rect site of entry is marked on the skin with the
pointer. Following blunt dissection and identifica-
tion of the point of entry on the bone, a Kirschner
wire is introduced transversely into the sacroiliac
joint using a navigated drill guide (B Fig. 18.5). It
should be noted here that the Kirschner wire has a
certain flexibility and may possibly take a different
direction than intended. In cases of doubt, the result
can be checked with a repeat 3D scan. After correct
placement, the wire is overdrilled and the cannu-
lated screw is introduced. With soft bone, the drill-
ing operation can be left out. If the risk of wire mis-
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O Fig. 18.5 Placement of the Kirschner wire with the navi-
gated drill guide

placement because of its flexibility is to be avoided,
drilling can also be carried out directly.

The advantage of 3D navigation is not only the
better orientation it provides, but also the superior
visualization of the region. This is less helpful in
fluoroscopy, which is necessary for both the conven-
tional procedure and for 2D navigation. Although
3D-CT-based navigation offers the best image qual-
ity, it involves the demanding and error-prone pro-
cess of matching. In addition, nothing must have
changed in the meantime in the anatomical condi-
tions, otherwise considerable inaccuracies are to be
expected. For these reasons, 3D navigation with the
C-arm has become the favored navigation tech-
nique at most centers. Nevertheless, publications in
the literature confine themselves to small case num-
bers. A trend toward a lower misplacement rate
compared to all other techniques is discernible
(Stockle et al. 2007; Griitzner et al. 2002; Konig et al.
2011).

18.2.2 Minimally Invasive Screw
Placement at the Acetabulum

In surgical management, acetabular fractures are
usually treated by open reduction and internal fixa-
tion. In some patients, however, the fracture mor-
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phology allows for percutaneous minimally inva-
sive screw osteosynthesis. This is only possible with
nondislocated, simple fractures that do not require
reduction. Even slightly dislocated fractures that
can be reduced by percutaneous manipulation with,
for example, a Schanz screw are accessible to mini-
mally invasive osteosynthesis. The anatomy of the
acetabulum is complex, the corridor for screw
placement often narrow. Therefore it is a challenge
for surgeons and especially for their 3D spatial
sense. Navigation is thus the ideal solution under
these conditions. In various laboratory trials, 3D
fluoroscopy navigation was shown to provide great-
er accuracy compared to 2D fluoroscopy navigation
and to the conventional non-navigated technique
(Gras et al. 2012; Ochs et al. 2010). The practicabil-
ity and accuracy of the method have already been
confirmed not only in laboratory trials, but also in
clinical use (Hong et al. 2010; Lin et al. 2008). 3D
navigation can also be used in the open surgical pro-
cedure. Following reduction and temporary Kirsch-
ner wire osteosynthesis of the fragments, a 3D scan
can be helpful in checking the reduction quality. Ifa
reference base is attached to the bone beforehand,
the image data can additionally be used for navi-
gated screw placement (Konig et al. 2011). The risk
of intra-articular screw placement is thereby re-
duced.

18.3 Foot and Ankle

18.3.1 Retrograde Drilling of Talar
Osteochondral Lesions

Retrograde navigated drilling of osteochondritis
dissecans tali, like minimally invasive screw place-
ment in the pelvis, is an outstanding example of how
the surgeon is shown the way via the 3D visualiza-
tion supported by the navigation system. Orienta-
tion presents a challenge particularly because the
direction of drilling in the talus in all planes does
not follow any anatomical reference. This situation
is made even more difficult by the fact that the le-
sions sometimes have a diameter of hardly more
than 5-6 mm. This is illustrated by individual re-
ports of lesions that have not been reached or have
been missed (Richter and Zech 2011); the unreport-




158 Chapter 18 - 3D Navigation with a Mobile C-arm

ed figure could be high. The decisive advantage of
mobile 3D navigation is the immediate possibility of
verifying the result. In our own procedure, first the
diagnosis and the intact state of the overlying carti-
lage are confirmed arthroscopically. The dynamic
reference base must be fixed in the neck of the talus
and thus in the scanning field in such a way that it
neither impedes navigation with artifacts nor leads
to collisions with the consecutively used instru-
ments. After the 3D scan, a drilling wire can be
placed using navigated drill guides. A repeat 3D
scan is performed to check that the tip of the wire is
also definitely touching the lesion as centrally as
possible. The site is then drilled open stepwise from
4.5 mm to 6 mm and to a maximum of 8 mm under
fluoroscopic control and the canal is filled with an
autologous bone grafting from the iliac crest. If nec-
essary, the final result can now be checked again by
3D scanning and can be documented. The technical
effort involved is high, but so is the safety for the
patient and surgeon. The procedure is minimally
invasive and very soft-tissue sparing. Other working
groups have described a similar surgical procedure
(Richter and Zech 2010; Geerling et al. 2009b;
Kendoff et al. 2003). Comparisons based on, for ex-
ample, operating and fluoroscopy time, precision,
and definitively successful drilling in relation to the
selected workflow do not exist in the literature.
Compared with direct drilling, initial wire place-
ment has the advantage that if the lesion is not con-
tacted centrally, the wire can be angulated toward
the center of the lesion after the first and possibly
also after the second drilling. In this way, slight de-
viations in the initial wire placement can be com-
pensated. Initial short-term results suggest that,
overall, the demanding procedure could be justified.
After a mean follow-up of 25 months, significant
improvements in clinical scores and a high rate of
revascularizations visible on magnetic resonance
images of areas of previously impaired blood flow
were reported (Geerling et al. 2009b).

18.3.2 Screw Placement at
the Calcaneus

The use of intraoperative 3D imaging in the surgical
management of calcaneus fractures has now become

aroutine procedure at many centers. This is because
of the high intraoperative revision rates after 3D im-
aging, which have already been reported in several
publications (Geerling et al. 2009a; Riibberdt et al.
2006; Rammelt et al. 2002). Geerling and colleagues
reported a revision rate of 41% in 2009. The study,
however, included only 32 patients (Geerling et al.
2009a). The largest patient sample published to date
comprised 82 subjects. In 14.6% of cases, a screw
correction and in 7.3% correction of the reduction of
the posterior joint facet were performed (Riibberdt
et al. 2006). Various authors have shown that up to
two-thirds of posterior joint facets cannot be reliably
assessed by conventional fluoroscopy in the standard
projections (Riibberdt et al. 2006; Rammelt et al.
2002). This is the main reason why implant malposi-
tions and residual steps and gaps of the articular sur-
faces are regularly overlooked.

Other research groups have also determined
rates of between 6% and 25% for misplaced screws
in calcaneal osteosynthesis (Riibberdt et al. 2006;
Richter et al. 2005). Up to 20% of these affected the
sustentacular screws, which were either positioned
intra-articularly in the lower ankle joint or did not
secure the sustentacular fragment. Causally respon-
sible for this high misplacement rate is the lack of
prominent anatomical starting points and the
oblique course of the sustentacular screws directly
below the convexly shaped posterior joint surface
(Riibberdst et al. 2006; Richter et al. 2005; Kienast et
al. 2006). Several groups have used 3D navigation to
improve the precision of sustentacular screw place-
ment (Ribberdt et al. 2009; Gras et al. 2010). One
group placed 20 screws in 15 calcanei with the nav-
igated technique and checked the result by 3D scan.
All the screws were found to be in the intended po-
sition. As a result, the operating time increased by a
mean 11.9 min (+2.2 min) (Riibberdt et al. 2009). In
another trial, eight sustentacular screws per group
were introduced into artificial bone (synbone).
Three different navigation techniques were com-
pared with conventional, non-navigated screw
placement. CT was used to assess the actual screw
position. No significant differences in the accuracy
of screw placement were detected. However, an ad-
ditional fluoroscopy time of 17 s (£1.03 s) was noted
in the 2D fluoroscopy navigation group and of 66.8 s
(+0.9s) in the 3D fluoroscopy navigation group.
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The mean time to screw placement was reported as
13.32 min (+£0.49 min) in the 2D navigation group,
as 19.04 min (+1.41 min) in the 3D navigation
group, as 3.49 min (+0.26 min) in the fluoroscopy-
free navigation group, and as a mere 1.26 min
(£0.05 min) in the conventional group (Gras et al.
2010). Although it was concluded that navigation
appears to be helpful and that 3D navigation pro-
vides the best orientation, the question must never-
theless be asked whether the high investment of
time, material, and radiation exposure is justified by
the benefits. Certainly, this will most likely be the
case in minimally invasive percutaneous screw os-
teosynthesis of the calcaneus.

18.4 Summary and Outlook

The indications presented here are those for which
3D navigation with a mobile C-arm is regularly used
at the centers concerned. Its use in other anatomical
regions is rare and is more experimental. Based on
our own experience, however, this type of naviga-
tion is helpful in many regions, from navigated Ma-
gerl screw placement in the cervical spine, to navi-
gated kypho- or vertebroplasty, to navigated drilling
of an osteoid osteoma of the calcaneus. The first step
has been taken with the integration of the naviga-
tion system into the trolley of the C-arm. In the
interest of more widespread use, however, greater
user-friendliness is called for. The systems must be
intuitive and easy to use, offer great accuracy and
thus patient safety, and must become easy in hard-
ware handling. Moreover, integrating the system
into the operating room would offer great advan-
tages for surgery preparation and space manage-
ment. Recent developments and the installation of
the first hybrid operating rooms are moving pre-
cisely in this direction. Some time is likely to pass,
however, before a noteworthy number is available
for use in traumatology.
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The operating room is a central unit in the structure
of a hospital. It produces high_ costs, but in turn
generates the highest income. The operating room

is a very sensitive and thus stressful working environ-
ment and requires staff that is highly qualified. As
opposed to aviation, for example, the workflow is
more individualized, and especially in trauma surgery
it is unpredictable because of emergencies. On top
of that, unnecessary stress can be caused by pro-
longed delays. Arthroscopy and endoscopy have
become standard surgical interventions. Thanks to
these techniques several other interventions have
become more advanced and less invasive. Classically,
arthroscopy and endoscopy are used for the bigger
joints and for abdominal interventions, for example,
cholecystectomy.

19.1 Surgical Set-Up

Since the beginning of the twenty-first century,
computer-aided navigation has been used as a stan-
dard tool in numerous hospitals (Gebhard et al.
2000; Grutzner et al. 2002; Hofstetter et al. 1999;
Nolte et al. 2000). Increased precision has been
proved in the field of spinal surgery and during im-
plantation of knee and hip prostheses (Gelalis et al.
2012; Grutzner et al. 2004a, 2004b; Kinzl et al. 2004;
Stockl et al. 2004; Kelley et al. 2009). In the field of
traumatology, imaging is indispensable. It provides
the surgeon with an irreplaceable decision aid.
Three-dimensional (3D) C-arm x-ray units have
improved imaging quality to such an extent that it
almost meets the standard of pre- and postsurgical
computer tomography (CT) (Stubig et al. 2009;
Geerling et al. 2009; Kendoff et al. 2009; Hiifner et
al. 2007; Meier et al. 2005).

However, these technologies are not required
for all interventions. The scanning equipment has to
be carried in and out of the operating theater, which
requires time, occupies space, and promotes wear
and tear of the machines. Consequently, the operat-
ing theater is a stress-associated environment.

An average operating theater is about 40 m? and
has a ceiling height of about 3.2 m. Subsequently,
the space during complex surgeries is limited. As an
example, we present the set-up during spinal endo-
scopic vertebra replacement:
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The patient is positioned in the lateral position.
A C-arm x-ray unit and an endoscopy unit are need-
ed with two screens placed opposite each other since
the assistant stands facing the surgeon. With the
standard devices, two arthroscopy units are needed
(B Fig. 19.1). At this point, the operating room is
filled by up to 60% of its capacity with all the de-
vices and cables needed, which leads to reduced
mobility of the C-arm x-ray unit, and potentially
unnecessary radiation and frustration can be the
result (B Fig. 19.1).

Further stress factors have been added in the re-
cent years. The diagnosis-related group (DRG) sys-
tem that was introduced in 2003 (Hiifner et al. 2007)
increased the commercial pressure on hospitals and
subsequently on the operating disciplines. It is a fact:
In the operating room, money is being earned.

With the introduction of the work-hour regula-
tions for physicians, the pressure continued to in-
crease (Ansorg et al. 2005): The goal is now to per-
form as many financially lucrative surgeries during
aminimum amount of time as possible. This is hard
to achieve in maximum-care hospitals.

The total cost for arthroscopy/endoscopy, 3D
imaging, and computer-assisted navigation equip-
ment sums up to approximately € 500,000 (in 2012).

On the other hand, the time needed for prepar-
ing the devices along with the required maintenance
and personnel reduce the time available for per-
forming revenue-generating surgeries (8 Fig. 19.2).

The introduction of the picture archiving and
communication system (PACS) in many medical

B Fig. 19.1 Endoscopic spinal surgery set-up. Right lateral
position. Because of the space taken up by the imaging de-
vices, the operating room is cramped, which could be prob-
lematic in emergency situations. (From Hufner et al. 2012)
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B Fig. 19.2 Preparing an operating room for the next sur-
gery. (From Hufner et al. 2012)

centers has been valued as an alleviating factor in
reducing stress (Frund et al. 2001; Nissen-Meyer et
al. 1999; Kondoh et al. 1994; Cannavo 1992). How-
ever, this electronic system is developed in coopera-
tion with commercial companies and radiologists
and is not usually linked to the surgeon. This means
that the images are delivered electronically to the
operating room, but not necessarily into the operat-
ing field, i.e., close to the operator. Moreover, intra-
operatively acquired endoscopic images cannot be
easily integrated into the PACS.

Since the early 2000s, many companies have
been offering commercial solutions for modern op-
eration room designs depending on the focus of the
surgical practice. Endoscopes, intraoperative 3D
imaging, navigation, and preoperative imaging and
planning are merged into one unit.

The target is to orchestrate the different compo-
nents in a way that the surgical team is able to review
and utilize any needed imaging at any time in an
organized and reliable fashion. Hypothetically, this
idea of an integrative operating room concept would
not only improve ergonomics, but also enable quan-
tification/measurement of time and cost efficiency.

19.2 Methods

In our clinic, we implemented an integrative operat-
ing theater concept after extensive analysis (iSuite,
Stryker Inc., Duisburg). The core of this system is
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B Fig. 19.3 The poor arrangement of the navigation screen
leads to the operator’s ergonomically unfavorable posture.
(From Hufner et al. 2012)

the endoscopy unit — with a fixed installment and
ceiling fixture that is connected to the respective
navigation system. To transfer the images, room
cameras as well as an in situ camera are part of the
system. The server is outside the operating room,
and the system and its remote control are operated
from the working field of the nursing staff in the
operating theater.

The navigation is performed from the operating
table itself. The gain of space without the cables is
4 m?, with cables about 8 m?, which equals to a gain
of about 25%. Because the units are fixed to the ceil-
ing, they can be moved conveniently without need-
ing to rearrange the remaining operating theater
furnishings. The operating team can participate in
the operation through four freely movable monitors
without ergonomic inconveniences (8 Fig. 19.4).

All units necessary for arthroscopic/endoscopic
surgeries are operated via a touchscreen: the high-
definition endoscopy camera, the Xenon light
source, the water pump, the shaver, and the docu-
mentation system (8 Fig. 19.5).

There are crosslinks to the C-arm and the PACS.
Even the preoperative planning can be introduced
into the operating room field during the operation
utilizing an additional PC station that is also con-
nected to a ceiling monitor.

This operating room system is to be used main-
ly for arthroscopic and endoscopic procedures. An-
other focus lies on computer-navigated surgeries,
especially on navigated endoscopic knees prosthe-
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B Fig. 19.4 By arranging the units with a ceiling fixation, a
cable-free operating room is created allowing for significant
space gain. (From Hifner et al. 2012)

B Fig. 19.5 Touch-screen controls are stationed at the non-
sterile area to be operated by nursing/assisting staff. (From
Hufner et al. 2012)

ses. In principle, this operating room can also be
used for any other surgery that does not specifically
require this special equipment.

Potential advantages of this operating room sys-
tem lie in the improved precision - as a result of the
consistent use of the navigation system - the im-
proved ergonomics, and the more efficient work-
flow. The preparation times are reduced which in
turn decreases production costs.

19.3 Cost Calculation

The main element when calculating costs is the im-
proved utilization of the core work time during op-

erations by reduction of the warm-up and turn-
down times.

The cost of 1 min of operating time is estimated
at € 10-30 (Ansorg et al. 2005; Pape et al. 2003). The
costs of the previously described operating system
were about € 400,000 in 2005 (including remodeling
costs), which is around € 50,000/year over 8 years.
Assuming costs of € 20 per operation minute, 2,500
operation minutes have to be saved (about 42 h/
year). In our own studies, the turnover with a het-
erogeneous patient population accounts for 30% of
the available core work time, which is about 150 min
or 2.5 h/day. This turnover time can be estimated at
€ 10/min, amounting to € 1,500 daily!

19.4 Results

In our own analysis, we were able to perform 112
procedures after installation of the iSuite: 34 knee
prostheses, 12 endoscopic spine surgeries, and 66
arthroscopic procedures (28 shoulders, 38 knee re-
constructions). We calculated a daily saving of 22—
45 min of turnover time, equaling 15-30% of the
daily turnover time. Hence, we calculated potential
savings of about € 225-450 of the internal costs.
This calculation does not yet include the possible
additional profit accounted for by the ability of per-
forming more surgeries (made possible by the time
savings), and by billing the respective DRG codes.

19.5 Discussion

The proposed operating room system integrates es-
sentially the two elements of trauma/orthopedic
surgeries: arthroscopy/endoscopy and computer-
aided navigation. An additional essential element,
especially in a university hospital setting, is com-
munication via room and in situ cameras and head-
sets. This also allows for enhanced educational op-
portunities, since multiple visiting physicians are
able to participate interactively with the surgery in
an adjacent room. This operating room system ena-
bles the live transmission of surgeries and interac-
tive discussions into auditoriums worldwide.
Furthermore, essential time savings can be
made by the reduced preparation time and the cen-
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tral documentation system. The improved ergo-
nomics help to maintain an uninterrupted work-
flow, especially in tertiary centers with high volumes
and heterogeneous cases and with highly special-
ized surgeons/operators.

A commercial operating room concept was
evaluated for hard data during a pilot project, pay-
ing special attention to time and cost factors. We
were able to show that by using this operating theat-
er concept for appropriate surgeries, a daily saving
of € 225-450 was achieved.

Further savings were recorded throughout the
trial period as follows:

Persistent usage of the voice operation system,

which made waiting for the operating theater

assistant unnecessary.

The sterile calibration of the navigation camera

renders the team independent of the presence

of the operating theater assistant.

The C-arm is freely movable thanks to the

wireless ceiling installation, which also allows

for collision-free movement.

When these factors are included, the estimated time
saving is an additional 10-30 min/day, which equals
to about € 200-600/day (assuming € 20/min).

The automated imaging transmission through
integration of the system with the PACS and Hospi-
tal Information System (HIS; Krankenhaus Informa-
tions System, KIS) makes automated archiving for
intraoperative imaging possible. There is no further
need to transport data manually or via third-party
memory devices, which additionally saves about
15 min/day amounting to € 150 daily.

The time savings hereby add up to 45-90 min
daily, equaling about € 575-1,200/day. Hence, pro-
fitability is achieved after 42-87 working days/year.
This can be exceeded with further efficient usage
and higher patient turnover.

This study was a pilot project that was limited by
having a study setting. Also, there was no simulta-
neous control group being evaluated, and ergonom-
ics were not assessed during this pilot phase.

The integrated high-tech operating theater is al-
ready in use in many medical centers. The first non-
commercial installation was made in 2000 by Regaz-
zoni and Jacob, as an interdisciplinary traumatology
and radiology project in Basel (Jacob et al. 2000).
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Designing user-friendly technologies is of the
essence to increase efficiency and improve ergo-
nomics. The design approach has to be interdiscipli-
nary and has to include all the different disciplines:
the surgical department, as well as the anesthesiol-
ogy, radiology, and nursing staff. The common goal
is to optimize the management of resources. This is
also necessitated by the budget limitations, and
should be part of the early planning stages. Obvi-
ously, this is an intricate process and can only be
made possible with highly qualified and at the same
time motivated staff members.

Since 1994, progress has been achieved in many
fields of surgery, for example, the introduction of
computer-aided navigation, intraoperative 3D im-
aging, high-resolution cameras and high-definition
screens, along with PACS. For a long time, however,
the physical structure of the operating room was
incompatible with the installation of these advanced
technologies. It is only in the past few years that us-
ers and manufacturers of medical equipment have
been dedicating time and effort toward the concept
of an integrated operating room system.

This is mainly due to the enormous investment
that is required to develop a new operating room
design, which is only feasible by newly building or
completely remodeling an operating room.

The operating room should be designed in an
interdisciplinary way to be used by disciplines with
requirements for intraoperative imaging. The main
surgical disciplines to benefit are:

Traumatology

Vascular surgery

Neurological surgery

Maxillofacial Surgery

Ear, nose, and throat surgery

To establish a requirement profile for an interdisci-
plinary operating room, the different priorities have
to be taken into consideration. Because of the mag-
nitude of the investment, the finalization of the con-
cept should be useful and realistic for at least
15 years after completion (8 Fig. 19.5).
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B Tab. 19.1 Requirements of different subspecialties for an integrative operating room concept

Fluoros- Intra- Intra-
copy operative 3D  operative
C-arm unit CcT
Traumatology/  ++ st +
orthopedics
ENT + - +
Cardiothoracic ~ + - ++
surgery
Neurosurgery ++ + ++

19.6 Commercial Computer-Aided
Operating Room Applications

There are multiple approaches by different medical
manufacturers that are all following the trend of in-
tegrative operating room systems. Many of these
manufacturers now offer the integration of multiple
products by providing complete application pack-
ages that are compatible. Depending on the medical
expertise of the manufacturer (endoscopy vs. navi-
gation vs. implants vs. infrastructure vs. video trans-
mission), different solutions are being designed. We
list the commercial systems currently available, and
the company solution systems are summarized in
@ Tab. 19.1. This listing does not guarantee com-
pleteness.

Emphasis on Navigation Brainlab (Heimstetten,
Germany). The main focus of BrainSuite lies on
navigation, which is shown in its entirety. Addition-
al modular systems include planning and integra-
tion of 3D imaging.

Emphasis on Arthroscopy Karl Storz Endoscopes
(Tuttlingen, Germany). The operating theater
»OR-1« offers, in addition to the arthroscopic in-
struments, mainly imaging modalities and imaging
transmission devices and software. This system also
offers the option of integrating a patient tracking
system.

Olympus (Hamburg, Germany): EndoALPHA.
This manufacturer offers an integrative solution for

Intra- Ultra- Endos- Neuro- Navi-
operative sound copy/ moni- gation
MRI arthros- toring
copy
- + ++ - ++
++ ++ ++ ++ ++
+ + ++ ++ -
++ - - ++ ++

arthroscopy and video conferences as well as an in-
tegrated documentation system.

Richard Wolf (Knittlingen, Germany): CORE.
Richard Wolf offers integrated yet modular solu-
tions for endoscopic and arthroscopic surgeries
with video transmission.

Smith & Nephew (Marl, Germany): Condor.
Smith & Nephew also offer an integrative system for
arthroscopies with image processing capabilities.

Emphasis on Modular Infrastructure and Communi-
cation Maquet (Rastatt, Germany): AV-Solutions.
Besides flexible and modular operating room infra-
structures, Maquet offers an audiovisual communi-
cation system (AV-Solutions).

S-Cape (Reichenbach, Germany): S-Cape is an
integrative solution with a central video processing
capability in the operating room. Connection with
the KIS/PACS system is also possible for processing
and archive imaging.

The magnitude of the investments often lead to
difficulties with funding, which becomes critical
especially during times of internal service account-
ing and intragroup cost allocation. The model of
Ulm, starting in June 2012, will have to prove that
multiple disciplines are able to design and build an
operating room system that can be used even for
emergencies.
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B Tab. 19.2 Different solutions to ergonomic and
engineering aspects

Voice Touch- Ceiling-
control panel bound
sterile
Brainlab - + +
BrainSuite
Karl Storz + + +
OR-1
Maquet + + +
AV-Conference
Olympus - + +
EndoALPHA
S-Cape - + +
Medical Multi-
console
Smith & Nephew  + + +
Condor
Stryker + + +
iSuite
Wolf + + +
CORE
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167

B Tab. 19.3 Connectivity of the different operating
room solutions

Video- Connec- Connec-
confer-  tivity tivity of
ence PACS/KIS  third-party
hardware

Brainlab + + +

Karl Storz + + +

OR-1

Maquet + + +

AV-Con-

ference

Olympus + + +

EndoALPHA

S-Cape + + +

Medical Multi-

console

Smith & + + +

Nephew

Condor

Stryker + + +

iSuite

Wolf + + +

CORE
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