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Abstract

Purpose: It was hypothesized that robotic arm-assisted total knee arthroplasty
(RA-TKA) using additionally a gap-balancing instrumentation will show high
accuracy in executing the planning in femoral and tibial component placement
throughout the range of knee motion (ROM) during TKA surgery.

Methods: Prospectively collected data were analysed for patients under-
going RA-TKA. A cruciate retaining cemented design was implanted using
the MAKO® robotic system. Lower limb alignment at 0°, 30°, 45°, 60° and
90° of flexion was recorded at the beginning of surgery and finally after
implantation of the components. A ligament tensioner was inserted after
tibial precut to measure the extension and flexion gap, and final component
placement was planned based on 3D CT images. Femoral and tibial
component placement was measured in all three planes.

Results: A total of 104 patients were included (mean age 69.4 £ 9 years; 44
male, 60 female). The difference in component placement after planning
and final implantation showed less valgus of 0.7°+1.4° (p<0.001), less
external rotation of 0.6°+£1.9° (p=0.001) and less flexion of 0.9°+1.8°
(p<0.001) for the femoral component. The tibial component was placed in
more varus of 0.2° +0.9° (p = 0.056) and more posterior slope of 0.5° £0.9°
(p<0.001). The lower limb alignment in extension was 4.4° £5.2° of varus
of the native knee and changed to 1.2° £ 1.9° of varus after TKA (p <0.01).
Conclusion: Robotic-assisted TKA helps to achieve the target of alignment
and component placement very close to the planning. It allows optimal
component placement of off-the-shelf implants respecting patient's specific
anatomy.

Level of Evidence: Level Il.
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INTRODUCTION

Robot-assisted total knee arthroplasty (RA-TKA) aims
to improve clinical outcomes and patients' satisfaction
by improving accuracy. It also may help to reduce the
risk of aseptic loosening or polyethylene wear due to
surgical accuracy [4, 13, 14].

Based on the variety of phenotypes, there is a need
to customize lower limb alignment and component
placement. It requests accurate positioning of the
implant during planning but also final execution of the
plan respecting, in addition, the soft tissues specified
for each patient as well [6].

Three aspects are important when considering TKA
surgery: the natural lower limb alignment, joint line obliquity
and soft tissue balancing. Robotic arm-assisted systems
may fulfil the requirements for accurate component
placement in regard to the initial planning [26].

Currently, there is a lack of evidence in the scientific
literature regarding the accuracy between the 3D
planned and final component placement in TKA when
a more personalized philosophy is followed.

A meta-analysis reported about improvement in
accuracy and consistency when using robotic TKA [1].
However, all the publications were cohort studies and
36% retrospectively designed. Some studies did not
find significant differences between RA-TKA and
conventional surgery, and the level of certainty for
many aspects remains unclear for providing strong
recommendations towards the need for RA-TKA usage
[16]. RA-TKA can only be as helpful as the surgeon
who uses this novel technology plans component
placement correctly, and robotic technology helps to
transfer the information into the final placement.

RA-TKA offers precise intraoperative planning of both
lower limb alignment and component positioning respect-
ing patients' bony morphology and soft tissue tension
throughout the knee range of motion close to the natural
knee. Assessment was not limited to full extension and 90°
of knee flexion as analysed in most of the previous studies.
Assessment throughout the range of knee motion offers
the comparison between the native knee and after TKA in
a much higher complexity.

It was hypothesized that RA-TKA using additionally
a gap-balancing instrumentation will show high accu-
racy in executing the planning in femoral and tibial
component placement when using the functional
alignment philosophy. Preserving lower limb alignment
and bony anatomy throughout the range of knee motion
might be of advantage in clinical outcome after TKA.

MATERIALS AND METHODS

A prospectively designed cohort study was performed,
including patients who underwent RA-TKA at a single
centre between March 2021 and March 2023, adhering
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to current reporting standards in orthopaedics [19]. The
study was approved by the ethical committee of the
state Brandenburg (AS 113[bB]/2016). All patients
gave their written consent. A cruciate retaining (CR)
cemented TKA design (Triathlon, Stryker) was used in
all patients using the MAKO robotic arm-assisted
system (Mako Surgical Corp. [Stryker]).

Inclusion criteria were patients suffering from
advanced knee osteoarthritis of grade IV according to
Kellgren and Lawrence [11]. Patients were excluded,
who received previous correction osteotomies on either
tibia or femur, hip replacement or reported about a
history of fracture at the lower limb.

Preoperative planning required CT scans (MX 16,
Philipps) of the lower limb, including the hip, knee and
ankle. The CT images were exported, processed by the
manufacturer and uploaded to the robotic system. A
three-dimensional knee model served for three-
dimensional planning of the implant position. Final
planning was performed intraoperatively on the monitor
by the surgeon taking the CT data of the knee and the
soft tissue envelope into account.

A force-controlled ligament tensioner (Mathys®
Comp.) was inserted after tibial precut to measure
both extension and flexion gap at a force of 200N to
take the tension of the collateral ligaments and the
posterior cruciate ligament into account. Final planning
was performed for implanting a CR design. Thus,
individual bone morphology and ligament tensioning
were respected during surgery. The target was to
create a symmetrical extension gap of 18 mm and a
flexion gap of 19 mm. Thus, planning was based on
both patient's bony morphology and soft tissue tension.

Three-dimensional reference axes were used
based on the bony landmarks of the preoperative CT
scan such as (1) femoral mechanical axis, the axis
between the hip centre and the most distal point of the
trochlear groove; (2) surgical transepicondylar axis
(sTEA), the line connecting the tip of the lateral
epicondyle and the sulcus of the medial epicondyle;
(3) posterior condylar axis (PCA), the tangent to the
outlines of the posterior condyles; (4) tibial mechanical
axis, the axis connecting the midpoint between the
tibial spines with the midpoint between the most
prominent point on the medial and lateral malleoli;
and (5) anteroposterior (AP) tibial axis, the axis
between the centre of the posterior cruciate ligament
insertion site and the medial third of the tibial tubercle
according to Akagi [21].

Radiographs were taken such as long leg weight
bearing view, AP, mediolateral (ML) and Merchant's
views prior to surgery and taken five days after surgery,
except for the Merchant's view.

Three-dimensional femoral and tibial component
position was recorded during surgery using the robotic
system. Lower limb alignment at 0°, 30°, 45°, 60° and
90° and maximum degree of flexion were recorded in
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the native knee after planning and final implantation of
the TKA.

The mean values and the standard deviations of
three-dimensional component placement were
recorded during planning and after cementing of the
prosthesis. On the femoral site varus and valgus
position of the component were measured in the
coronal plane, the rotation regarding the sTEA in
the transversal plane and the component flexion in
the sagittal plane. The medial slope in the coronal
plane and the posterior slope of the tibial component in
the sagittal plane were also recorded.

All data are presented as mean and standard
deviation of the mean. The one-arm and two-arm
paired t-test were used to compare the alignment
before and after placement of the trial component and
after final component placement. A p-value of less than
0.05 was set as statistically significant.

Estimating a mean difference with a standard
deviation of 1+2° to be clinically relevant between
planning and result, resulting in an effect of 0.33, using
t-tests for dependent means, a sample size of 101 is
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required. Sample size calculation was performed with
G*Power 3.1.

RESULTS

A total number of 104 knees in 104 patients with
preoperative and intraoperative data was included. The
mean age of the study cohort at the time of surgery was
69.4 £ 9years (range: 51-86). Of these patients, 44
(42%) were male and 60 (58%) were female.

The distribution of the femoral component position
is shown after planning and final implantation in the
coronal, sagittal and transversal plane (Figure 1a—c).
The data is normally distributed (Kolmogorov—Smirnoff
test p>0.1).

The difference between the planned and final
component placement for the femoral component was
0.7° £ 1.4° more varus in the coronal plane (p <0.001),
more internal rotation of 0.6° + 1.9° relative to the TEA
in the transversal plane (p=0.001), and less flexion of
0.9° £ 1.8° in the sagittal plane (p <0.001).
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FIGURE 1 (a—c) Distribution of femoral component position after planning (black dotted line) and final implantation (grey dotted line) in the

coronal (a), sagittal (b) and transversal (c) plane in degrees.
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FIGURE 2
dotted line) and final implantation (grey dotted line).

The mean posterior slope of the tibial component
during planning was 3.6° £ 0.9° and at the final position
4.1°+1°. A medial tibial slope of 1.8°+1.2° was
planned and showed finally 1.9° +1.2° (Figure 2).

The difference between the planned and the final
tibial component placement resulted in more varus of
0.7°+£0.9° in the coronal plane (p=0.056). The
posterior tibial slope increased by 0.5°+0.9° in the
sagittal plane (p <0.001).

The most significant change was found in femoral
component placement in the axial plane (Figure 3). The
femoral component was placed in more internal
rotation referenced to the sTEA. Especially the medial
and posterior slope of the tibial component showed
high accuracy.

This distribution was significantly reduced after trial
and final component placement (Figure 4). The differ-
ence between the planned and the final lower limb
alignment at 0°, 30°, 45°, 60° and 90° of knee flexion
was less than 0.5° (Figure 5). The alignment changed
significantly at 0°, 30°, 45° and 60° of knee flexion
between the native knee and after final component
placement (p<0.01).

The lower limb alignment changed from 4.4° +5.2°
of varus to 1.2° £ 1.9° of varus in full extension. There is
a significant reduction in the distribution of the lower
limb alignment throughout the range of motion.

DISCUSSION

The main finding of the study was the high accuracy in
lower limb alignment between the planned and final
component placement. Recent studies have shown
that there is a remarkable individuality in bony
morphology when analysing the joint line obliquity
and lower limb alignment considering the neutral
phenotype of 180°+1.5° as the most common one
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(a, b) Distribution of the tibial component position in degrees in the coronal plane (a) and sagittal plane (b) after planning (black
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FIGURE 3 Difference between planning and final implantation of
the femoral and tibial component in the transversal, coronal and
sagittal plane in degrees.

[9]. However, 60% of the patients are rather outside of
this range and thus attention needs to be paid when
performing a more individualized TKA. Proper quantifi-
cation of ligament tension during surgery seems to be
important.

The ML balancing during surgery was studied
previously at 10°, 40° and 90° of knee flexion based
on the nine different phenotypes of the coronal plane
alignment of the knee (CPAK) classification [12]. The
authors demonstrated the variability in ML balancing
within and between the phenotypes and concluded that
alignment philosophy solely based on bony landmarks
may not be sufficient to balance all knees. Therefore,
proper ligament tension must be included in the final
planning of component placement during surgery. The

85U80|7 SUOWILWIOD BAITID) 3ot |dde ayy Aq pausenob a1 sspie YO ‘88N Jo S8|ni 10} ArIq1T 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH WD A8 | IM A RIq 1 Ul UO//:SANY) SUOTIPUOD pue SWs | 8U188S *[5202/#0/T0] Uo AriqiTauliuo A8 (1M ‘110zzR 101pedonio inis| A 8802T €SH/200T OT/I0P/W0 48| 1M Aleiq 1 BulUO'S euIno fexsse//:sdny wioly pepeojumod ‘€ ‘v202 ‘LyELEErT



ROBOTIC ARM-ASSISTED SYSTEM & GAP-BALANCING INSTRUMENT
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FIGURE 4 (a—c) Distribution of the lower limb alignment at 0° (a), 45° (b) and 60° (c) of flexion of the native knee (black dotted line) and after

total knee arthroplasty (grey dotted line).
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FIGURE 5 Lower limb alignment of the native knee (black

column) and after total knee arthroplasty (grey column) at 0°, 30°,
45°, 60° and 90° of knee flexion.

biomechanical properties of the collateral ligaments
differ between the medial and lateral one in both knee
flexion and extension, and the implementation of these
findings has not been considered so far [8]. Tibial
component placement in the coronal plane almost
matched between the planning and final component
position adjusted to each patient-specific anatomy
(Figure 2a). This cut is crucial because the subsequent
femoral component placement was based on gap
balancing separately for the medial and lateral com-
partments in both knee extension and flexion, targeting
a symmetrical extension and flexion gap.

The mean difference between planning of final
femoral component placement was on average less
than 1° in all planes. The femoral component was
placed 0.6° £ 1.9° in internal rotation with respect to the
sTEA. The current data show that functional alignment
protects femoral component mal-rotation reducing
patellar maltracking important for a good functional
outcome [5, 27]. Slightly internal rotation of the femoral
component has been shown in the current study to
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mimic the native anatomy of the trochlea in a better
way. Despite the internal rotation of the femoral
component, the Whiteside line matched well with the
trochlea grove of the implant presuming native patella
tracking after TKA.

Three-dimensional femoral and tibial component
placement was also analysed recently by other authors
and compared between robotic-assisted and conven-
tional surgery [17]. Three out of the four centres
targeted a neutral mechanical axis, different to the
current study. The deviation from surgeons' planning
was comparable to the current results. Being more
anatomical may help to be more accurate in component
placement because less compromises are required
during surgery when compared with the mechanical
alignment, for instance.

The posterior tibial slope was increased by
0.5°+0.9° when comparing planning and final tibial
component placement. Thus, the flexion gap was
slightly increased and may show an impact on posterior
cruciate ligament tension. However, this finding was
compensated by the reduction of the femoral compo-
nent flexion position with the definitive components,
while a ‘combined flexion’ of both the femoral and tibial
component should not exceed eight degrees to prevent
anterior impingement between the components in full
extension. It has also been shown that robotic arm-
assisted surgery helps to restore the posterior condylar
offset ratio (PCOR) and the Insall-Salvati Index (ISI)
[24]. Smaller mean differences in PCOR and preserva-
tion of the ISI result in superiority in ROM at 1 year
following surgery.

The aim of the functional alignment is to maintain the
native orientation and height of the joint line as closely
as possible, thus obtaining a personalized alignment of
the patient's limb based on an adequate ligament
balance. Any additional soft tissue release becomes
rather unlikely [10, 23]. A robot-assisted approach
based on CT planning helps to respect patients' specific
anatomy better [26]. Figures 4 and 5 show that there is a
distinctly lower dispersion of results, with narrower post-
op alignment rates towards those mechanically safer
grades in each of that range of motion degrees, and by
pairing the wider differences between the possible
alignments natives arguing that robot-assisted surgery
is an accurate and reproducible procedure, while
maintaining the concept of personalization with respect
to the patient. This can be achieved due to precise
preop planning and correct positioning of the compo-
nents with respect to ligament balancing. Respecting the
patients' specific knee may help to increase clinical and
functional outcomes. Potentially less revision surgery
can be expected considering the fact that stiffness and
instability as one of the main causes in up to 44% of
these cases [15, 20]. Robotic arm-assisted surgery
helps to achieve the desired bone cuts and target limb
alignment, along with symmetrically balanced flexion
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and extension gaps calculated intraoperatively [3].
However, to mimic native knee kinematics, even better
asymmetric gap balancing in flexion should be con-
sidered allowing more opening in the lateral compart-
ment and thus more femoral rollback during flexion. The
anatomo-functional implant positioning was introduced
recently, and improvement in knee and function score
was reported [18].

Numerous studies have already highlighted how
robotic surgery can increase this accuracy through an
intraoperative decision-making process [2, 7]. They
showed how lower limb alignment was accurate
overall, with the alignment being within 1° of the neutral
mechanical axis in 13/28 cases (46%) and within 3° in
28/28 cases (100%) [25]. However, the next step is the
need to pay more attention to soft tissue around
the knee.

The study solely focused on intraoperative data.
Specifically, the clinical relevance needs to be analysed
when using functional alignment in order to identify
potential factors, which may show an impact on
outcome. It includes the question of how much of
patient's anatomy should be respected. Safe zones for
coronal alignment were recommended recently and
require further evaluation [22].

CONCLUSION

Modern philosophy in TKA follows rather the pheno-
type, and patient's specific surgery can be more easily
performed when using 3D planning and robotic-
assisted execution of the planning in high accuracy
taking in addition soft tissue balancing into account. It
remains unclear whether the increase in accuracy in
individual component placement and lower limb align-
ment will improve clinical and functional outcomes
after TKA.
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