
IIntroduction: Robotic technology in total knee arthroplasty has been proven to improve accuracy of compo-nent positioning, achieve alignment targets, and balance the knee objectively. However, the utility of robotics

in correction of severe varus deformities of the knee has not been investigated in detail. The aim of this paper

was to establish the utility and describe the technique of robotic-arm assisted total knee arthroplasty (RA-

TKA) in achieving pre-balance in severe varus deformities of the knee.

Materials and Methods: Among the existing Mako (Stryker, Kalamazoo, Michigan) RA-TKA workflows, pre-

resection workflow is limited to knees which can be pre-balanced by component positioning according to

functional alignment. Mid-resection workflow (distal femur/tibia first) is reserved for complex cases, whereby

the extension gap is balanced first. In our experience, both workflows could not achieve pre-balance in severe

varus deformities, necessitating the need to develop a novel technique. The ability of the robot to execute

precise bone cuts allows for a provisional postero-medial femoral bone cut in flexion, giving access to remove
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Acceptable coronal alignment and lig-
amentous balance are important factors
which can affect functional outcomes and
survivorship after total knee arthroplasty
(TKA). Many studies have demonstrated
excellent survivorship and functional
outcomes with the widely accepted
alignment target of 0 +/- 3° after
TKA.1–4 However, many patients delay
seeking treatment due to various factors,
resulting in severe knee deformities
where TKA becomes quite a challenging
procedure, which can be complicated by
instability, necessitating higher con-
straint.5
In manual jig-based TKA (MTKA)

with measured resection techniques, sur-
geons need to commit to bone resections
first, followed by soft tissue releases to
balance the knee. The instrumentation
available often enables a 90° tibial cut at a
pre-defined resection depth and slope. In
severe varus deformities, standard jig-
based bone resection results in a greater
amount of bone removed from the later-

al tibial plateau and a smaller amount of
bone from the medial tibial plateau. This
perpetuates the already existing lateral
laxity and medial tightness in severe
varus knees.6 The thickness and angula-
tion of bone resection dictates the
amount of soft tissue release required to
balance the knee. Studies have reported
high variability in surgeon-assessed or
subjective “balance” of the knee in these
manual techniques.7
To the contrary, in robotic-arm assist-

ed TKA (RA-TKA), the correctible knee
can be balanced before the bone cuts are
made, which is known as pre-balancing
the knee.8 RA-TKA has already proven
to be superior to MTKA in achieving
planned alignment targets (0 +/- 3°).9,10
Pre-balancing the knee with functional
placement of components, even before
the cuts are made, ensures that the most
conservative bone cuts are made and
optimal soft tissue releases are per-
formed, which translates into less post-
operative pain, improved knee range of
motion (ROM), achievement of earlier
rehabilitation goals, and a reduction in

length of hospital stays.11-13
To the best of our knowledge, the uti-

lization and benefit of RA-TKA in severe
varus deformities of the knee has not
been reported in detail. There is little
evidence to suggest that robotic assis-
tance can aid in achieving pre-balance
and alignment targets in complex prima-
ry TKAs with severe coronal deformi-
ties. Marchand et al.14 published their
experience using RA-TKA in correcting
coronal deformities, with a mean of 10°
(range, 7 to 18°), and reported achieving
near neutral alignment (within 3° of
neutral HKA) in all cases of severe varus
deformity. In their study, alignment tar-
gets set during RA-TKA were met in all
cases, without over-correction of defor-
mities in any case.
Presently, there are two existing sur-

gical workflows in RA-TKA to achieve
pre-balance: pre-resection workflow and
mid-resection workflow (distal femur to
proximal tibia cut). Pre-resection work-
flow is used for correctable deformities
in which adjusting the implant position
within certain limits can achieve both
balance and targeted alignment. Once
the knee gap is balanced, all bone cuts
are made sequentially without the need
for jigs or major soft tissue releases. The
mid-resection workflow is reserved for
those knees where pre-balance cannot be
achieved by adjusting the implant posi-
tion. In these cases, the extension gap is
balanced first, followed by the flexion
gap. 
The delay in patients seeking surgical

treatment for advanced osteoarthritis,
gave us the opportunity to implement
the mid-resection workflow and to
establish its utility in correction of severe
varus coronal deformities. This work-
flow in its current form begins with the
proximal tibial and distal femoral cuts to
balance the extension gap. Even after the
cuts were performed, the extension gap
remained unbalanced in some severe
varus deformities. The only available
option was to finish all of the cuts arbi-
trarily and balance the knee later in a
similar manner to an MTKA, thus losing
out on a key feature of RA-TKA, with its
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INTRODUCTION 

large inaccessible posterior osteophytes and the tight posterior capsule, thus balancing the knee in extension.

The flexion gap is subsequently matched to the extension gap by alterations in axial component positioning. 

Conclusion: This novel “enhanced mid-resection workflow” technique establishes the utility of the RA-TKA in

balancing severe varus deformities of the knee. We also propose an algorithm which simplifies and helps surgeons

choose between the three workflows to pre-balance knees irrespective of the severity of the varus deformity.

Figure 1. Preoperative CT-based 3D model of the knee showing large postero-femoral and tibial osteo-
phytes.
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ability to pre-balance and functionally
place the components. This prompted us
to look for possible modifications of the
mid-resection workflow in order to
achieve coronal pre-balance. 
There are several reports on the cor-

rection of severe coronal deformities of
the knee,15,16 but we are not aware of any
that have studied the utility of RA-TKA
in the management of severe varus
deformities. In this surgical technique,
we report on our modification, known as
the “enhanced mid-resection workflow”
of RA- TKA. We also present an algo-
rithm for surgeons to choose between
three workflows to manage cases with
optimal pre-balancing being the end-
point.

Surgical Technique

The robotic-arm-assisted TKA cases
were operated on using the Mako system
(Stryker, Kalamazoo, Michigan), which is
an image-based semi-autonomous robotic
system. The implant used was the
cemented Triathlon (Stryker, Kalamazoo,
Michigan). In all cases, the posterior cru-
ciate ligament (PCL) was sacrificed and
all patients received cruciate-retaining
femoral components used in conjunction
with a condylar-stabilizing (CS) insert. 

Preoperative planning
Since this is an image-based system,

all patients undergo a preoperative
computed tomography (CT) scan of
the ipsilateral hip, knee, and ankle by a
standard protocol. A patient-specific
three-dimensional (3D) model of the
knee is developed from the CT using
the process of segmentation so that 3D
preoperative planning can be per-
formed. The tibial sizing is based on
the antero-posterior fit, and femoral
sizing is planned based on medio-later-
al  f it, matching the trochlea, the
restoration of the PCO (posterior
condylar offset), and the appropriate
flexion of the femoral component in
order to avoid notching. Both femoral
and tibial components are neutral to
the mechanical axes in the coronal
plane in the preoperative plan, and
these are changed intraoperatively to
balance the knee.

Surgical exposure, array set-up,
and bony registration
All cases were operated using a mid-

line incision and a medial para-patellar
arthrotomy, followed by a deep medial

collateral ligament (MCL) release. The
PCL was sacrificed in all cases. This is
followed by insertion of the femoral and
tibial pins for array placement. The gross
and fine registration of the native bone is
done in a manner such that it matches
the 3D-CT model of the knee to less
than 0.5mm accuracy. Importantly, any
accessible osteophytes are removed only
after bone registration.

Dynamic joint balancing
Balancing the knee begins with the

assessment and recording of the flexion
and extension gaps. The knee is ten-
sioned both in flexion and extension to
restore physiological lengths of the col-
lateral ligaments by using either manual
stresses or osteotomes. Once the gaps
are captured, the implant position can be
altered in 6° of freedom in order to
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Figure 2. Screenshot from the Mako robotic system monitor showing a coronal deformity of 25° varus and
a fixed flexion deformity of 18°. The medial side (4mm gap) is markedly tighter when compared to the lax
lateral side (23mm gap).

Figure 3. Partial correction of deformity with complete removal of accessible medial femoral and tibial
osteophytes. Varus reduced from 25 to 18°. The lateral and medial extension gaps captured are 24 and
14mm respectively.

SURGICAL TECHNIQUE
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balance the knee. The goal is to achieve
18mm gaps in both planes, which corre-
sponds to an 8.5mm distal femur
implant thickness + 9.4mm (tibial base
plate + 9mm polyethylene thickness) =
17.9mm. Functional alignment strategy17
was used as a guide to decide the limits
of coronal alignment and rotations of the
implants. In this workflow, we accept an
overall limb varus limit of 5°, with a

maximum of 3° for the tibial component
and 2° for the femoral component. The
tibial slope was set to 3° in the sagittal
plane in all cases. The implant positions
are adjusted to open up the medial side
in a varus knee, and to tighten a lax later-
al extension gap. This involves putting
varus for the tibial component and exter-
nal rotation for the femoral component,
with the fulcrum or pivot point

anchored on the lateral side. A recent
technique report outlined that the ful-
crum of the coronal plane component
placement could be adjusted to differen-
tially affect the medial or lateral gaps.18 If
the gaps are balanced with functional
placement of implants, pre-balance is
achieved and the surgeon can proceed
with bony resections.
If pre-balance is not achieved, we

proceed to the mid-resection workflow.
In this workflow, extension gaps are bal-
anced first by performing the distal
femoral and proximal tibial resections.
The extension gap is then assessed with a
spacer or knee tensioner. Any residual
tightness on the medial side of the tibia
can be dealt with by further release of
the postero-medial capsule and the semi-
membranosus muscle attachments. Most
knees with moderate deformities can be
corrected with these releases.
Severe or substantial varus deformi-

ties of the knee, especially those with
large osteophytes on the postero-femoral
side with associated flexion deformities,
can remain unbalanced even after utiliz-
ing the mid-resection workflow. We pro-
pose the enhanced mid-resection
workflow as the solution to achieve a
pre-balanced knee before definitive bone
cuts are made.

Steps and modifications in the enhanced mid-
resection workflow
1. Preoperative 3D model of the knee
from the Mako Robotic plan show-
ing large posterior femoral and
tibial osteophytes (Fig. 1).

2. In cases of severe varus knee with
flexion deformity, deformity is
recorded before (Fig. 2) and after
osteophyte removal (Fig. 3). These
are the accessible medial femoral
and tibial osteophytes up to the
mid-coronal level.

3. Functional implant positioning.
Tibial and femoral varus is applied
(maximum 3° in tibia and 2° in the
femur) with the pivot point placed
laterally to open the medial exten-
sion space. Tibial varus effects
both medial extension and flexion.
In the illustrated case, following 5°
of varus, the tibial resection was
reduced by 4mm and the distal
femoral resection was reduced by
2mm in order to reduce the lateral
gap from 23 to 18mm (Fig. 4).
Functional positioning of the
implants did not achieve pre-bal-
ance.
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Figure 4. The tibial resection was reduced by 4mm and distal femoral resection reduced by 2mm. This was
followed by 3° of varus applied to the tibial component and 2° varus applied to the femoral component,
with the fulcrum of correction on the medial side. This resulted in an extension gap of 18mm–12mm, and
varus was reduced from 18° to 15°.

Figure 5. After completion of the mid-resection workflow, removal of medial tibial osteophytes and soft tis-
sue release beyond the mid-coronal plane, the extension gap is still unbalanced. Varus is corrected up to
9°.
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4. Mid-resection workflow is adopted
at this stage where the distal femur
and proximal tibial cuts are per-
formed, giving us access to the
tight postero-medial structures on
the tibial side. Further releases are
done on the tibial side in an
attempt to balance the extension
gap (Fig. 5).

5. Since the extension gap is still
unbalanced, we move on to the
“Enhanced mid-resection work-
flow,” that allows us to take a
“provisional postero-medial
femoral resection to gain access
to the postero-femoral osteo-
phytes and tight capsule. Using
the implant planning mode, the
femoral implant is posteriorized,
such that instead of cutting a
standard 8mm, we take a thinner
4 to 5mm cut (Fig. 6). Once the
provisional cut is made with the
help of the robotic arm, a curved
osteotome is used to remove all
osteophytes from behind the
femur and we release the posteri-
or capsule as needed to balance
the gap (Fig. 7). After each step
of the sequential release, the gap
is reassessed. 
A tibial reduction osteotomy to
balance the extension gap is usu-
ally reserved when concomitant
flexion tightness is anticipated. 

6. After the extension gap is bal-
anced (Fig. 8), the femoral
implant position is reverted back
to the original 8mm postero-
medial resection. The knee is
flexed to 90° and the flexion gap
is captured again using the ten-
sioning device (Fig. 9). This is
paramount because the tibial
varus is applied and releases may
affect the medial flexion gap.
Now, residual medial flexion
tightness is corrected with appro-
priate femoral external rotation
with the pivot point placed on the
lateral epicondyle (Fig. 10). Once
the flexion gap is balanced, the
remaining bone resections (ante-
rior, anterior and posterior cham-
fer, posterior medial, and lateral
femoral) can be completed.

7. With trialling, the surgeon achieves
a perfectly balanced knee using
the enhanced mid-resection
workflow, with optimal combina-
tion of bone cuts and soft tissue
releases (Fig. 11).

Discussion

Patients who have advanced knee
arthritis associated with severe varus
deformities are commonly encountered
in our surgical practice. Our ability to
use RA-TKA in these severe deformity
cases allows us to explore and establish
the utility of various existing workflows

to achieve pre-balance. Pre-resection
workflow is reserved for knees in which
pre-balance is achieved simply by alter-
ing the position of the implants with
minimal or no soft tissue releases. Lustig
et al. reported that soft tissue releases
are rarely performed or reduced in cases
of kinematic or functional alignment.19
For knees with partially correctible or
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Figure 6. Provisional postero-medial femoral cut planned on the Mako implant planning screen by moving
the femoral component posteriorly. The femoral component is restored to the preset plan (8mm postero-
medial femoral bone resection depth) after removal of the posterior femoral osteophytes. 

Figure 7. Intraoperative photograph shows the original 8mm postero-medial femoral condyle bone resec-
tion marked. A provisional bone cut is taken at a smaller 5mm thickness, thus providing the surgeon
access to posterior osteophytes and tight posterior knee capsule.

DISCUSSION
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un-correctable deformities, mid-resec-
tion workflow is recommended. In our
experience, while this workflow helped
us in achieving pre-balance, in some
cases, the initial two cuts allowed us to
gain access on the tibial side to do soft
tissue releases and or to perform a
reduction osteotomy. For some severe
varus deformities with large femoral
osteophytes and a tight posterior cap-
sule, we found that mid-resection work-
flow was not sufficient to obtain
pre-balance. It was very evident from
our experience that recommendations in
the algorithm could not be based on the
degree of deformity, but rather on the
ability to achieve pre-balance or not. The
degree of deformity could not be used as
a predictor to choose between the three
workflows. 
Severe varus deformities with medial

bone loss and soft-tissue contracture
result in medial tightness with compen-
satory lateral laxity. In MTKA, jigs allow
surgeons to perform the tibial resection
perpendicular to the mechanical axis,
with more bone resected from the un-
involved lateral tibial plateau, and this
further contributes to lateral laxity and
persistent medial tightness. If too much
or too little tibial bone is removed, it can
result in increased lateral laxity (as these
knees may have lateral laxity to begin
with) or medial tightness, respectively.
The degree of medial tightness in rela-
tion to the lateral gap usually dictates the
amount of medial release needed to bal-
ance the knee.6 Bone resection has been
shown to be error-prone and variable
with manual jig instrumentation.20,21
Studies have also shown a wide variation
in the valgus correction angles needed to
restore the femoral mechanical axis, as
variations in the relationship between the
posterior condylar axis and the trans-epi-
condylar axis affect the rotation of the
femoral implant.22–24 Standard jig-based
bone resections are an over-simplifica-
tion of the surgical plan needed to opti-
mize femoral rotation to balance the
flexion gap in these primary TKA
cases.24 RA-TKA is superior to manual
jig-based instrumentation in terms of
accuracy of bone resection and compo-
nent positioning.25–27
In RA-TKA, surgeons can preopera-

tively assess and plan bone resections,
based on the mechanical axes and rota-
tional landmarks, which are accurately
derived from the CT scan. This obviates
the need for measuring the valgus cor-
rection angle. Surgeons can decide
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Figure 8. With removal of the femoral osteophytes and release of the tight posterior capsule through the
provisional cut, the extension gap is now balanced. 

Figure 9. Tensioning device used to assess the flexion gap. The femoral posterior-medial resection
thickness is restored to the originally planned 8mm, before flexion gaps are recaptured. In this case
illustration, the lateral and medial flexion gaps were captured as 18mm and 16mm respectively.

Figure 10. With a femoral external rotation of 1° now applied to balance the flexion gap, all the bone
resections are completed to achieve a balanced knee. The spacer, when inserted, depicts a perfect 18mm
gap. 
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femoral rotation, relative to the
PCA/TEA, and accurately manage flexion
gap imbalances. Pre-balancing the knee
using the feature of dynamic joint balanc-
ing gives the ability to either reduce the
lateral extension gaps for lateral laxity or
increase the medial gaps in a severely
varus knee. Sherman et al. reported on
the ease of balancing the knee by applying
varus/valgus and femoral rotational
changes by adjusting the fulcrum point
during RA-TKA.18 Balancing the knee
with equal flexion-extension gap values
derived from the robotic system has been
quantitatively shown to achieve balance by
definition of intra-compartmental pres-
sure difference assessment with sensor
technology.8 The precision of robotic arm
assisted bone preparation, along with
dynamic gap balancing, helps us predict
the gaps consistently, even before the
bone resections are done. 
We wanted to investigate if severe

varus knees could be pre-balanced using
the extension-gap first technique of a
mid-resection workflow. After the distal
femur/proximal tibial cuts and removal of
osteophytes around the tibia are done, the
extension gaps remained unbalanced in
many severely deformed varus knees. The
only way to balance the extension gaps

further is to gain access to the femoral
osteophytes on the medial side and the
tight postero-medial capsule. The precise
and accurate bone cuts performed by the
robotic arm gave us the ability to make
provisional postero-medial cuts on the

femoral side. The usual postero-medial
cut in a triathlon femur is 8mm. We
decided to perform a provisional posteri-
or-medial femoral bone resection, less
than the planned 8mm; just enough to
gain access to the posterior structures. For
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Figure 11. Final achievement of a balanced knee in flexion and extension, with no residual medial tight-
ness or lateral laxity. A 9mm insert was used in this case with the limb varus matching a planned varus of
5°. 

Figures 12a and b. Algorithmic approach to varus deformities with the Mako robotic system.

a b
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the sake of uniformity, we took the cut
around 4 to 5mm, which is exactly 50%
of the originally planned resection thick-
ness. This is done by temporarily moving
the femoral component posterior on the
robotic surgical plan. A definitive cut is
not taken since the rotation of the femur
and the flexion gap assessment has not
been done yet. Once the provisional cut is
made, the femoral osteophyte removal is
done first followed by postero-medial
capsular release. This release is sequential-
ly done until the lateral and medial exten-
sion gaps are balanced to 18mm.
Matching the flexion gap to extension gap
is now relatively easy to achieve and
involves optimizing the rotation of the
femoral component, based commonly on
the intent to close the lateral flexion or
open the medial flexion gap.18
Apart from quantitative balancing,

the enhanced mid-resection workflow
has other advantages. Firstly, it optimizes
the thickness of bone cuts, and thus the
technique is bone conserving. Secondly,
gap balancing is more objective and can
be accomplished in a gradual manner as
each release can be quantified and con-
firmed in a step-wise fashion with visual
feedback on the screen. This is better
than relying on the subjective feel of the
surgeon to assess correction of gaps.7
Thirdly, the conservative bone resection
and limited soft-tissue release allows the
surgeon to balance the knee and restore
the joint line using a relatively thin poly-
ethylene insert. 
It has also become evident that we

cannot make recommendations in the
algorithm based on the degree of varus
deformity as there was no consistency
between the degree of varus and when
the knee could be pre-balanced. Hence
the proposed algorithm is driven by
when the knee gets pre-balanced. We are
confident that the algorithm will guide
surgeons to choose between the pre-
resection, mid-resection, and enhanced
mid-resection RA-TKA surgical work-
flows (Figs. 12a and 12b) in order to
achieve consistent results both in terms
of functional alignment and adequate
balancing irrespective of the nature of
varus deformity. 

Conclusion

Robotic technology has been estab-
lished in an attempt to improve the accu-
racy of bone resection, for accurate
component positioning, and to reduce
soft tissue damage compared to manual
TKA. However, the utility of robotics has
mostly been assessed in cases with mild
to moderate varus deformities. The utili-
ty and benefit of robotics in severe coro-
nal deformities has not been studied
widely. To our knowledge, this is the first
surgical technique outlining the
approach to severe varus deformities of
the knee using RA-TKA. With this new
surgical technique, surgeons can achieve
pre-balance in severe coronal deformities
in a reliable and consistent manner. 
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