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Abstract

AIM: To introduce the navigation system of software
and instruments designed specifically for revision total
knee arthroplasty (TKA).

METHODS: We present an imageless navigation
system for revision TKA, with optical point and tracker
identification to assess kinematic and anatomical land-
marks. The system automatically positions the cutting
guides with a motorized cutting unit. The cutting unit
is placed on the distal femur with a femoral clamp
and acts as a rigid body and the base for all femoral
cuts. The surgical technique for using the navigation
system for revision TKA is based on the technique used
in primary TKA. However, there are some important
differences. The most notable are: (1) differences in
estimation of the position of the primary implant relative
to the bone and the mechanical axes; (2) the specific
possibilities the revision navigation software offers in
terms of optimal joint level positioning; and (3) the
suggested “best fit” position, in which the clock position,
stem position and offset, femoral component size, and
mediolateral position of the femoral component are taken
into account to find the optimal femoral component
position. We assessed the surgical technique, and
accompanying software procedural steps, of the system,
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identifying any advantages or disadvantages that they
present.

RESULTS: The system aims to visualize critical steps
of the procedure and is intended as a tool to support
the surgeon in surgical decision-making. Combining
a computer-assisted cutting device with navigation
makes it possible to carry out precise cuts without
pinning. Furthermore, the femoral clamp provides a
stable fixation mechanism for the motorized cutting
unit. A stable clamp is paramount in the presence
of periarticular bony defects. The system allows the
position of the primary implant relative to the bone and
mechanical axes to be estimated, at which point any
malalignments can be corrected. It also offers an optimal
joint level position for implantation, and suggests a “best
fit” position, in which the clock position, stem position
and offset, femoral component size, and mediolateral
position of the femoral component are considered. The
surgeon can therefore make decisions intraoperatively
to maximise alignment and, hence, outcomes. Based on
the intraoperative findings of joint stability, the surgeon
can modify the preoperative plan and switch from a
constrained condylar system to a hinged version, or vice
versa.

CONCLUSION: The system is flexible and easy to learn
and allows improvements in workflow during TKA.

Key words: Knee; Navigation system; Revision total
knee arthroplasty; Computer-assisted surgery; Surgical
technique

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The obscuring of bony landmarks by the pre-
vious implant, scar formation, the loss of bone stock
and ligamentous insufficiency, make revision total knee
arthroplasty very demanding. Current navigation systems
do not typically allow reconstruction of the anatomic joint
line, which is an important factor in implant survival, or
compensation for the absence of classical landmarks. We
present an imageless navigation system for revision total
knee arthroplasty. The system automatically positions
the cutting guides with a motorized cutting unit. We
assessed the surgical technique, and accompanying
software procedural steps, of the system, identifying any
advantages or disadvantages that they present.

Hoffart HE, Dinges H, Kolbeck S, Ritschl P, Hommel H. Novel
computer-assisted method for revision arthroplasty of the knee.
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INTRODUCTION
Primary total knee arthroplasty (TKA) is generally a
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successful procedure'™, but the lifespan of the prosthesis

is finite””. Patients may require revision TKA due to
mechanical wear; aseptic loosening, infection, instability,
or malalignment, among other reasons'**, Implant
positioning is closely linked to outcome in primary
and revision TKA, and the criteria for an acceptable
result include restoration of physiological joint line
position and correct implant component position in the
sagittal, coronal and transverse planes'*. Patients have
been shown to have better functional outcomes when
coronal alignment is within 3° of neutral alignment®>°..
Proper rotational alignment is particularly important for
successful flexion gap stability, and affects patellofemoral
mechanics during knee flexion™ ', Rotational malali-
gnment has been associated with postoperative pain in
primary TKAI*),

Successful revision TKA relies upon achieving the
same results as a primary TKA™®'”), Nevertheless,
revision TKA is an even more demanding procedure than
primary TKA due to previous implants hiding commonly
used anatomical landmarks, scar formation, the loss
of bone stock, and the frequent presence of osteolytic
lesions, severe osteoporosis, lack of anatomical bony
landmarks and ligamentous insufficiency that are often
seen after the removal of the failed prosthesis*'*%,
A further complicating factor is that the patient’s bone
may provide insufficient stability for the resection
guides, due to the underlying osteoporosis and the
presence of bone defects. Ligamentous tissue may also
be distended, destroyed or retracted as a result of bone
degradation, surgical over-exposure, or fibrous scars
from previous procedures'™.

In revision TKA, implants with an intramedullary
stem are typically used. The angle between the surface
of the femoral prosthesis and the femoral stem, which
is given by the manufacturer, limits the possibility to
align the femoral implant in the coronal plane. This can
be a further restricting factor during surgery to achieve
correct alignment.

It is therefore unsurprising that revision TKA is less
successful at producing high quality outcomes than
primary TKA®"., Currently, 10-year survival following
revision TKA is estimated at 74%"™?, substantially less
than the expected survival rate after primary TKA*!,

Stability in revision TKA is achieved through the
balance of collateral ligaments, the peripheral capsule,
tendons, and other elements™, and cannot rely simply
on the stabilisation mechanism of the implant®*. Accu-
rate soft tissue balancing, proper three-dimensional
restoration of limb alignment and joint line height,
correct alignment of the patella, and a functional
extensor mechanism are all important factors to achieve
a successful functional outcome and long-term implant
survival®?,

An anatomic joint line must be restored at the time
of revision surgery!?”). Due to the frequent absence
of the classical landmarks, this objective may be
difficult to achieve. It cannot be assumed that an
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Figure 1 Revision total knee arthroplasty performed using the PiGalileo
Revision Navigation instruments.

appropriate joint line was established at the primary
surgery. In fact, it may be that an inappropriate joint
line may have contributed to the failure of the primary
arthroplasty™”.,

Standard navigation software can significantly
improve the accuracy of prosthesis implantation™.
However, the use of systems designed primarily for
primary TKA may be of limited benefit in a revision
setting®'!. Dedicated software potentially allows
the specific aspects of revision TKA to be addressed.
The software aims to assist the surgeon with three
dimensional implant alignment, medio-lateral positioning
and antero-posterior shift, offset of the femoral com-
ponent, and joint line reconstruction®®,

Here, a recently introduced navigation system for
revision TKA is presented. The revision navigation soft-
ware and instruments aim to guide surgeons through
revision TKA. They have been designed for use with
a dedicated constrained condylar knee system, and
with a rotating hinged revision system. In this paper,
the system, the surgical technique, and the potential
advantages and disadvantages of the system are dis-
cussed.

MATERIALS AND METHODS

System description

The navigation system for revision TKA (PiGalileo, Smith
and Nephew Orthopeadics, Aarau, CH) is an imageless
navigation system for revision TKA, with optical point and
tracker identification to assess kinematic and anatomical
landmarks. The system automatically positions the
cutting guides with a motorized cutting unit. The cutting
unit is placed on the distal femur with a femoral clamp
and acts as a rigid body and the base for all femoral
cuts (Figure 1).

The basic surgical technique for using the navigation
system for revision TKA is based on the technique
used in primary TKA described by Hoffart et al** and
Matziolis et al®**. While there are many similarities
between the techniques used in primary and revision
TKA, there are some important differences. The most
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Figure 2 Centre of rotation using the PiGalileo Revision Navigation
software. Kinematic analysis of the centre of rotation of the hip using 6 leg
positions in different conditions of flexion and add/abduction.

notable are: (1) differences in estimation of the position
of the primary implant relative to the bone and the
mechanical axes; (2) the specific possibilities the
revision navigation software offers in terms of optimal
joint level positioning; and (3) the suggested “best
fit” position, in which the clock position, stem position
and offset, femoral component size, and mediolateral
position of the femoral component are taken into
account to find the optimal femoral component position.

Surgical technique

Once the computer-assisted saw guide unit and femoral
clamp have been assembled and fixed flush to the
ventral aspect of the distal femoral corticalis, the center
of rotation of the hip is determined (Figure 2). This is
performed through kinematic assessment of the lower
extremity. The existing implant remains in situ at this
point. The distal definition of the femoral mechanical
axis is pinpointed by identifying the most dorsal part
of the trochlea above the intercondylar notch on the
implant or at the medial insertion point of the posterior
cruciate ligament (Figure 3). Next, the medial and
lateral epicondyles are identified.

On the tibial implant, the intersection point of the
mechanical axis on the old implant is measured, and
the location of the medial and lateral deepest points
of the existing tibial plateau identified. The direction
of tuberosity, aligned parallel to the tibial plateau, is
determined, and the position of the medial and lateral
malleoli is identified. These latter measurements
represent the distal definition of the tibial mechanical
axis (Figure 4). The stability of the existing implantation
is tested via the varus/valgus in extension/flexion to
establish an early range of motion. This gives the surgeon
an overview of the existing implant malalignment
and stability of the knee, including the status of the
ligaments. Consequently it offers the surgeon the
opportunity to choose an alternative implant before
any surgical steps with the original implants have been
carried out. This early range of motion assessment is
stored in a final report, thus giving evidence in case of
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Figure 3 Mechanical axis - femur. The distal definition of the femoral
mechanical axis using the PiGalileo Revision Navigation software.
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Figure 4 Mechanical axis - tibia. This measurement determines the tibial
mechanical axis and therefore the extension of the mechanical axis, as defined
for the femur.

any previous malalignment and instability (Figure 5).

The existing polyethylene is then removed to create
space for the subsequent measurements. Next, further
femoral landmarks are measured on the original
implant and on the existing bone. The whiteside line
and distal and posterior condyles of the original implant
are measured. The condylar width is determined by
identifying the medial and lateral edge of the medial
condyle on the bone. The endpoint of the anterior
shield of the implant on the anterolateral cortex is then
pinpointed.

Next, the implants are removed, and the intram-
edullary canal is opened and reamed until a stable
reaming can be achieved. The orientation of the last
reamer is also measured to identify the anatomical
axes. The motorized cutting unit is then placed and
calibrated.

The surgeon now aligns the cuts and plans the
implant position. The alignment of the mechanical axes
can be performed by using either an anatomical axes
orientation or a mechanical orientation, depending on
the length of the chosen stem.

Before cutting, the position is checked and shifted,
if necessary, in 0.5 mm steps distally or proximally
to achieve minimal bone resection. Additionally the
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Figure 5 Early range of motion. Encompassing varus/valgus, in extension/
flexion, this measurement tests the “initial stability” of the existing implant to
establish a “before” and “after” illustration.

cutting block is raised or lowered closer to the bone
to minimize saw blade twisting. The resection is per-
formed through the 0 cut slot, or the -5, -10 or -15 cut
slot if wedges are required.

The system then presents a “best fit” position,
which includes size, offset and position of the intra-
medullary stem, medio-lateral implant position, and
clock position. The surgeon then assesses these
parameters, including in rotation, and then performs
the anterior resection. The motorized unit also allows
anteroposterior adjustment in 0.5 mm increments.

Posterior and anterior chamfer resections are
performed next, followed by the posterior chamfer
cut and reaming of the intramedullary canal, with
the guide moved to the correct mediolateral position
beforehand. The cutting guide/block is then removed,
before returning the motorized cutting unit to the zero
position.

The tibial procedure is similar, with the intramedullary
rod inserted through the intramedullary adaptor and
into the tibial canal. The anatomical and mechanical
axis is displayed on-screen for both varus/valgus and
flexion/extension. This helps to determine the optimal
varus/valgus alignment of the resection. The tibial
resection is performed with the existing tibia cut block
used for the revision implant. For proper alignment,
resection height, varus/valgus and slope are checked.
After implantation of the trial components, the range of
motion can be measured to assess the stability of the
joint and correct the polyethylene height, if necessary.

RESULTS

This navigation system for revision TKA consists of two
elements: a bone referencing imageless navigation
system and a computer-assisted cutting device. It
has been designed to cope with a number of surgical
issues that are specific for revision knee arthroplasty.
The system aims to visualize critical steps of the
procedure and is intended as a tool to support the
surgeon in surgical decision-making. Combining a
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Figure 6 Presentation of a “best-fit” proposal.

computer-assisted cutting device with navigation
makes it possible to carry out precise cuts without
pinning. Furthermore, the femoral clamp provides a
stable fixation mechanism for the motorized cutting
unit. A stable clamp is paramount in the presence of
periarticular bony defects.

As the position of the primary implant is measured
first, the surgeon should correct for any malalignments,
including rotational, that occurred with the primary
implant. In standard revision TKA, the commonly used
anatomical landmarks disappear once the implants
have been removed, making correct placement of the
prosthesis, especially in the presence of pre-existing
malalignments, extremely challenging.

Based on the intraoperative findings of joint stability
(status of joint capsule and ligaments), the surgeon
can modify the preoperative plan and switch from a
constrained condylar system to a hinged version, or
vice versa.

Joint-level planning can be based on the old pros-
thesis or on a calculated algorithm based on the
relationship between epicondylar distance to the medial
and the lateral condyles developed by Romero et al>*.

In revision TKA, implants with an intramedullary
stem are typically used. The angle between the
surface of the femoral prosthesis and the stem generally
measures 6° of valgus. Using such an implant will result
in a perpendicular angle of the mechanical axis to the
joint surface of the knee. The implant itself therefore
has a restricted guidance and the surgeon has limited
opportunities to change the alignment in the varus/
valgus direction (In the tibia, the anatomical and
mechanical axis typically coincide.). When using a short
stem, the navigation software offers the possibility,
alongside intramedullary and mechanical axis align-
ment, of an alignment “in between” the optimal
anatomical and mechanical alignment, achieving an
ideal implant position based on the given anatomical
constraints of the individual patient.

As implant sizing and positioning is difficult to achieve
in revision TKA, the navigation system calculates the
optimal position of the femoral implant based on size,
the anteroposterior and mediolateral dimensions,
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and the clock position of the offset. In addition, the
software gives the optimal configuration for the chosen
implant. Based on this algorithm, the best six options
with regard to implant configuration (including clock
position and offset), component size, position, and stem
position, depending on the stem offset, are suggested
to the surgeon (Figure 6).

The workflow of the surgery may be adapted to
personal preferences or surgical requirements by
rearranging individual functional sections or “blocks” of
the surgical workflow, via drag and drop. Some changes
are possible even during the procedure. However, the
system also was designed to refuse modifications if a
specific workflow is not possible for safety or technical
reasons. This offers the opportunity for the surgeon to
examine the consequences of each decision taken, and
to assess different implant solutions, and, if ultimately,
an intraoperative switch to another implant.

For these reasons, the authors believe the system
is suitable to serve as a teaching tool for understanding
revision TKA.

DISCUSSION

Revision TKA is frequently a highly complex and difficult
procedure, as commonly used anatomical references
are hidden by previous implants and disappear after
the failed implants are removed. Some degree of
bone loss is typically encountered in all cases during
revision surgery, and may often be underestimated™”
Causes of bone loss include stress shielding, osteolysis,
infection, mechanical bone loss generated from a loose
implant, and iatrogenic loss during implant removal®**?,
Additionally, decreased bone mineral density is ob-
served™, which compromises pin fixation and promotes
fractures. The degree of bone loss is variable, ranging
from situations in which the epicondyles remain in situ to
massive bone loss where the traditional bony landmarks
are no longer available. Consequently, exact positioning
of the revision cutting devices is aggravated™!,

During revision surgery, osteoporosis and bony
defects at the distal femur can lead to suboptimal
positioning of the pins and, hence, the cutting blocks.
In addition, inadequate rigid fixation of the cutting
blocks to osteoporotic bone may cause oscillations of
the sawblades that change the position of the cutting
blocks. This may result in discordant cutting planes
on the condylar back surfaces of the implant, thus
jeopardizing implant bone contact and, potentially,
implant longevity.

In contrast, the presented navigation system offers
rigid fixation of the cutting blocks, as the motorized block
is secured on the distal femur corticalis with a clamp. The
construct remains stable even in the presence of bony
defects. From our initial experience, the rigidity leads to
precise cuts, with good contact between the bone cuts
and the prosthesis. A disadvantage is that the femoral
clamp needs some space in region of the suprapatellar
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pouch. Even if the brackets of the clamp are provided
with spaces for fixation in the cortical bone, the clamp
can compress the periosteum/soft tissue around the
bone.

The additional fine adjustment of the distal and
posterior cutting planes in 0.5-mm increments allows
further adaptation of the flexion and extension gap.
In the presence of distal and dorsal bone defects, it is
paramount that the surgeon is able to resect as little
bone as possible.

A known issue associated with conventional instru-
mentation in TKA revision is joint line proximalization.
There is always distal femoral bone loss during revision
surgery, and there is a tendency to undersize the femoral
component. In addition, there is usually a relatively large
flexion space after component removal compared to the
extension space'®, To compensate for this, the surgeon
frequently fills the flexion space with a thicker inlay to
balance the flexion and extension gaps. This, however,
comes at the price of an elevated joint line.

It is also possible that the joint line was already
elevated during primary surgery. In that case, radiographs
of the primary TKA may not reflect the true anatomical
position before primary TKA®*. Thus, the restoration of
the anatomical joint line in revision TKA is challenging,
especially in the presence of preoperative deviations.
The presented navigation system implements the
findings of Romero et al*", who described an algorithm
to calculate the position of the joint line that can be
used even in absence of classical landmarks. They used
the linear correlation between epicondylar width and
the perpendicular distance from the medial and lateral
epicondyle of the joint-line tangent. Consequently, the
joint line in revision TKA can be determined accurately
and can be compared on-screen with the former joint
line. Based on our initial experiences, we believe this
feature will be helpful as further guidance to achieve an
anatomic joint-line reconstruction.

Another consideration is that standard revision
TKA surgery, and surgeries using navigation systems
originally developed for primary TKA, rely on anatomical
landmarks that are frequently no longer present. In
such situations, anatomical references need to be
taken from preoperative X-rays or be acquired from
implant components that are to be removed"®. This
may result in suboptimal implant positioning and joint
line restoration (as mentioned above)**”, and indicates
that native anatomy should be taken into account.
It has also been observed that primary navigation
systems used in revision TKA lack the flexibility to cope
with mismatches between stem alignment and the
articular resection. In such instances, the implanted
prosthesis may be forced in the direction of the
diaphyseal axis™.

The current system, however, identifies the anat-
omical and mechanical axes to achieve optimal implant
alignment, to a feasible extent. This gives surgeons a
range of options, depending on the implants to be used.
For example, when using a long femoral stem, the
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system allows alignment from the endosteal cortex of
the intramedullary canal, which is a reliable method of
achieving satisfactory alignment in most, but not in all,
revision TKAs™¥, In cases where satisfactory alignment
cannot be obtained, the use of short femoral stems will
be beneficial. The navigation systems for revision TKA
allows the surgeon to compromise between neutral
anatomical and mechanical alignment, which may be
valuable in femoral alignment.

The navigation system we describe is based on a
bone-referencing technique. Future enhancements
with the possibility of ligament balancing are currently
being developed. At present, our experience indicates
that a good estimate of stability is obtained after
three passes of early ROM with the system. The first
reading is performed under application of a valgus
stress, the second with varus stress and the third
with a spontaneous ROM as a reference. As a result,
the surgeon has a good indication of the stability of
the joint and ligaments, and the required level of
constraint from the implant (i.e., a hinged design or a
constrained condylar design). The decision can then
be made intraoperatively to go ahead with the planned
implant or change the implant type. Overall, this is
only the first attempt at including soft tissue balancing
in the navigation algorithm and will be developed
further.

For the surgeon experienced in revision TKA, the
software is easy to use and, by providing a number of
choices, ensures that they are in control of the procedure
while being guided on a step-by-step basis. However,
it should be seen as a tool to facilitate the execution of
thorough preoperative planning, instead of replacing
it. The system facilitates precise implementation of
a thoroughly prepared preoperative plan, and allows
the surgeon to intraoperatively adapt the preoperative
plan if necessary, based on feedback and feed-forward
provided by the system.

Based on a complex measurement algorithm, the
system visually and numerically presents six proposals
of femoral implant configurations to the surgeon. These
configurations contain details on implant size, offset
and position of the intramedullary stem, medio-lateral
implant position, and clock position that is adaptable
by the surgeon, based on his experiences and
preferences.

The system also allows the location of the primary
implant to be documented at the time of revision,
which may be beneficial in medico-legal situations.

The presented navigation system aims to further
improve surgical strategy and accuracy over navigation
systems designed solely for primary TKA. The system
requires validation for accuracy and reproducibility in
a variety of clinical settings, both in comparison with
standard surgical approaches and with more traditional
assisted navigation systems. The intraoperative adv-
antages highlighted above must be carefully weighed
against the expected increase in surgical time.
Radiographic evidence from robust clinical studies will
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also be needed to prove that the current navigation
system leads to improved implant alignment. Femoral
component alignment in the coronal plane is largely
determined by the stem component and the femoral
diaphysis. For this reason, surgical navigation may not
necessarily improve alignment in the coronal plane.
The use of shorter stem components, as suggested
in this paper, will offer additional possibilities to align
the femoral component. In practice, this may be of
marginal benefit, as this strategy is also at the disposal
of the experienced surgeon who uses standard instru-
mentation. In addition, the additional flexibility of
femoral component positioning must not be at the cost
of implant fixation.

Once early results with this system for revision TKA
will become available, it will doubtless present some
limitations. For example, surgeons will be required
to undergo training in order to be able to use the
technology correctly and effectively, both in terms
of accurate and careful data acquisition and use of
the computer-assisted saw guide. Nevertheless, the
system has been designed with this specifically in
mind, with an in-depth of set of on-screen instructions
and procedure guides. It is therefore anticipated that,
for experienced surgeons, the learning curve will be
no greater than in taking up a standard computer-
assisted navigation system for primary TKA, and will
assist surgeons in taking on more complex revision
TKA procedures.

In summary, revision TKA is a demanding procedure,
and current computer-assisted navigation systems
typically do not allow surgeons to identify the pre-
primary TKA anatomical and mechanical axes in order
to arrive at the optimal revision implant position. The
presented system for revision TKA is thought to offer
surgeons a tool to improve workflows for total knee
revision arthroplasty.
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A recently introduced navigation system for revision TKA is presented. The
revision navigation software and instruments aim to guide surgeons through
revision TKA. In this paper, the system, the surgical technique, and the potential
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Revision TKA is less successful at producing high quality outcomes than
primary TKA. Currently, 10-year survival following revision TKA is substantially
less than the expected survival rate after primary TKA. Current computer-
assisted navigation systems typically do not allow surgeons to identify the pre-
primary TKA anatomical and mechanical axes in order to arrive at the optimal
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revision implant position.

Innovations and breakthroughs

The current system for revision TKA is thought to offer surgeons a tool to
improve workflows for total knee revision arthroplasty. The current navigation
system aims to further improve surgical strategy and accuracy over navigation
systems designed solely for primary TKA.

Applications

The intraoperative advantages must be carefully weighed against the expected
increase in surgical time. The system requires validation for accuracy and
reproducibility in a variety of clinical settings, both in comparison with standard
surgical approaches and with more traditional assisted navigation systems.

Terminology

Computer-assisted revision arthroplasty described in the papers uses an
imageless navigation system for revision TKA, with optical point and tracker
identification to assess kinematic and anatomical landmarks. The system
automatically positions the cutting guides with a motorized cutting unit.
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