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KNEE ARTHROPLAS T Y

Targeting ligament boundaries rather than alignment
boundaries in augmented‐reality‐assisted total knee
arthroplasty ensures comparable gait patterns between
operated and contralateral limbs
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Abstract
Purpose: Modern personalised total knee arthroplasty (TKA) techniques
aim to mimic natural knee kinematics by focusing on soft‐tissue dynamics
rather than static alignment. However, a consistent definition of the optimal
ligamentous balance has not yet been established. This study had three
aims: to assess intraoperative collateral ligament tension and the overall
balance between the medial and lateral compartments; to evaluate post-
operative gait analysis parameters and compare them with the healthy
contralateral knee; and to determine whether the achieved intercompart-
mental balance affects the final coronal alignment of the knee.
Methods: A prospective single‐cohort study was conducted to evaluate 102
primary AR‐assisted TKAs performed for end‐stage unilateral knee osteo-
arthritis between September 2021 and June 2024. A total of 17 patients out
of 102 were ultimately included following the application of the study's
inclusion and exclusion criteria. Intraoperative data were collected on MCL
and LCL elongation patterns during passive ROM both before and after trial
component placement. Additionally, the study examined differences in in-
tercompartmental ligament balancing. Postoperative coronal alignment was
radiographically evaluated using the hip‐knee‐ankle (HKA) angle. Func-
tional outcomes were measured using 3D markerless gait analysis at least
9 months after surgery. A repeated‐measures analysis of variance (ANOVA)
and a Pearson correlation were employed to examine trends in ligament
asymmetry and their relationship with alignment.
Results: The medial collateral ligament (MCL) exhibited nearly isometric
behaviour throughout the range of motion (0.3 ± 1.11 at 0°, −2.4 ± 2.71 at
20°, −2.3 ± 3.96 at 40°, −2.3 ± 4.16 at 60°, −1.5 ± 4.03 at 80°, −0.7 ± 4.52 at
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100°, −0.2 ± 4.97 at 120° preoperatively; 2.2 ± 2.98 at 0°, 2.1 ± 3.40 at 20°,
1.4 ± 4.02 at 40°, 1.2 ± 4.41 at 60°, 0.8 ± 4.48 at 80°, 1.5 ± 4.42 at 100°,
1.6 ± 5.09 at 120° postoperatively). Conversely, the LCL showed progres-
sive detensioning (0.0 ± 2.03 at 0°, −3.1 ± 2.07 at 20°, −3.9 ± 2.72 at 40°,
−4.9 ± 3.34 at 60°, −6.6 ± 3.63 at 80°, −8.5 ± 4.13 at 100°, −9.6 ± 4.40 at
120° preoperatively; −2.1 ± 5.16 at 0°, −3.1 ± 4.03 at 20°, −4.7 ± 3.80 at 40°,
−5.8 ± 3.19 at 60°, −7.0 ± 3.86 at 80°, −6.6 ± 4.55 at 100°, −7.0 ± 5.08 at
120° postoperatively), leading to asymmetric ligament balancing with the
opening of the lateral compartment. This trapezoidal soft‐tissue configura-
tion persisted postoperatively. No significant differences were observed in
gait parameters between the operated and contralateral limbs, all p‐values
being > 0.05. A notable negative correlation was seen between post-
operative HKA and ligament asymmetry at early flexion angles (0°, 20°, 40°;
r = −0.63, r = −0.67, r = −0.48, respectively), indicating that soft‐tissue bal-
ancing affects coronal alignment.
Conclusions: Focusing on dynamic soft‐tissue boundaries rather than
static alignment targets may preserve knee kinematics after TKA. Aug-
mented reality‐assisted balancing techniques provide real‐time, persona-
lised ligament management, which aligns with the patient's native
kinematics and could be an encouraging direction in modern knee ar-
throplasty. More research is needed to confirm these findings across larger
groups and different technologies.

Level of Evidence: Level III.
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INTRODUCTION

Total knee arthroplasty (TKA) is increasingly evolving
towards personalised procedures that incorporate knee
phenotypes into surgical planning [20]. The potential
benefit of this personalisation is its capacity to restore
natural knee kinematics more effectively than a stan-
dard, one‐size‐fits‐all approach [18]. To accurately
replicate the knee phenotype, various classifications
have been used [15, 24], all of which refer to anatom-
ical landmarks identified on static, full‐length leg
radiographs (LLRs) or computed tomography (CT)
scans. Unfortunately, many of these classifications
overlook a crucial biomechanical parameter of knee
motion: the viscoelastic behaviour and tension of peri‐
articular soft‐tissue. From a purely biomechanical per-
spective, joint laxity refers to intra‐articular displace-
ments and rotations that occur in response to applied
forces or moments [39]. Since the 1990s, dedicated
knee simulators have been developed to assess
cadaveric specimens and TKA constructs, aiming to
standardise and measure the viscoelastic behaviour of
the knee joint. The advent of enabling technologies
has enhanced the surgeon's ability to quantify native
knee laxity, including the excessive or reduced laxity
patterns observed in extreme phenotypic variants
during TKA [10, 11].

However, because there is no clear definition of
safe soft‐tissue boundaries in knee arthroplasty, it ulti-
mately falls to the surgeon to decide whether to accept
or adjust knee laxity during TKA. Although there is no
clear consensus on safe limits for knee laxity, a com-
monly accepted goal is to replicate the isometric be-
haviour of the medial collateral ligament (MCL) [38].
Current research lacks data linking intraoperative
measurements of MCL and lateral collateral ligament
(LCL) elongation with objective postoperative kinematic
outcomes, limiting our understanding of how different
balancing strategies affect function. To address this
gap, a few of the available augmented reality (AR)
systems [30, 34] can restore both the native joint line
orientation and natural knee laxity through accurate
soft‐tissue tensioning, aiming to replicate more natural
knee motion.

The primary aim of this study was to assess liga-
ment behaviour throughout the knee's flexion–
extension range, focusing on the tension and relaxation
of the individual MCL and LCL, as well as the overall
balance between the medial and lateral compartments.
The second objective was to evaluate patient outcomes
using objective gait analysis data and to compare them
with those of the healthy contralateral knee. The third
goal was to determine whether the achieved inter-
compartmental balance was associated with the final
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coronal alignment of the knee. The authors hypothe-
sised different ligamentous behaviours, with no differ-
ences in gait analysis parameters between the surgical
and healthy contralateral knees, and no correlation with
the final hip‐knee‐ankle (HKA) axis.

MATERIAL AND METHOD

Study design and setting

A prospective single‐cohort study was conducted at our
institution to evaluate 17 patients among 102 consec-
utive TKAs performed for end‐stage unilateral knee
osteoarthritis (OA) between September 2021 and June
2024. All procedures used the same medial pivot GMK
Sphere implant (Medacta International SA) and were
assisted by the NextAR system.

Inclusion and exclusion criteria

The study's inclusion criteria were: age between 18 and
80 years; isolated end‐stage knee OA; healthy con-
tralateral knee with Kellgren‐Lawrence 0 or maximum
1; minimum follow‐up of 9 months; absence of mus-
culoskeletal or neurological disorders affecting the
lower limbs; no previous surgeries on the knees, hips,
ankles, feet or spine; no radiographic posttraumatic,
lower limb deformities. Varus (HKA < 177°) or neutral
knees (177° ≤ dHKA ≤ 183°) [2, 29] were included in the
analysis. Conversely, patients were excluded if they
experienced major postoperative complications (such
as infections and revision surgeries), had advanced
radiographic OA or referred pain in the contralateral
knee or any lower extremity joint, or were unwilling to
participate in the study.

After the telephone interview and applying the
criteria above, only patients who met the patient‐
acceptable symptom state (PASS) thresholds for
functional outcome scores were considered eligible for
gait analysis. Specifically, inclusion required an Oxford
Knee Score of at least 32 [5, 6] and a Forgotten Joint
Score‐12 of at least 77 [33].

Surgical technique

All patients underwent a preoperative hip, knee and
ankle CT to determine the patient phenotype and the
static alignment of the lower limb. Preoperative plan-
ning was performed before surgery, utilising restricted
kinematic alignment (rKA) principles to establish
alignment boundaries within ±5° of an HKA angle, a
modification of the original technique [30].

This planning has always been considered preliminary,
as the final alignment was determined intraoperatively

based on the tension of the MCL and LCL. The AR system
used in this study (comprising a pair of smart glasses, two
small single‐use wireless sensors attached to the femur
and tibia with pins, and a control unit) enables in-
traoperative, dynamic landmarking of the knee after stan-
dard capsulotomy. This process includes not only the
planning of bone cuts and component positioning but also
monitoring the intraoperative behaviour of the MCL and
LCL during passive range of motion (ROM) as part of the
planning. Varus/valgus stress across the entire ROM was
applied for the AR system to define the limits of maximum
elongation and shortening of the collateral ligaments. The
final planning included, first, reproducing a slight ligament
asymmetry (aiming for MCL isometry and slight LCL de‐
tension during ROM) and second, an alignment based on
rKA principles. Once the knee was evaluated for residual
laxity, the pins and trial components were removed and the
final components were cemented into place.

Demographic and radiographic data

Demographic variables, including age, sex, body mass
index (BMI) and operated side, were recorded. The pre
and postoperative HKA measured on LLRs were ana-
lysed. The mean preoperative HKA was classified ac-
cording to the coronal plane alignment of the knee
(CPAK) classification [24].

Intraoperative ligamentous data

The ligament data for both the MCL and LCL were
expressed as normalised, dimensionless values rela-
tive to a subject‐specific length (L₀). The reference
length L₀ was predicted preoperatively using CT‐
derived three‐dimensional anatomical modelling from
the NextAR system. Ligament length variations were
therefore reported as relative changes rather than
absolute millimetre values to reduce intersubject vari-
ability. The system provides measurements with a
resolution of 0.1 units. All quantitative analyses were
performed under passive conditions, with the knee
allowed to flex and extend under gravity, without varus
or valgus stress.

The intraoperative tension and detension behaviour
of the MCL and LCL were expressed as elongation
values (when positive) or shortening values (when
negative) relative to the baseline length. In the present
study, when a ligament had negative values, it indicated
that the ligament had de‐tensioned, and therefore, the
corresponding compartment had opened. Conversely,
when a ligament showed positive values, it meant that
the ligament maintained or increased its tension, keep-
ing the corresponding knee compartment closed.

All ligament measurements were recorded both at
the end of intraoperative planning (preop) and after
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placing the trial components (postop). The inter-
compartmental ligamentous balancing (Δ) was calcu-
lated as the difference between the behaviours of
the MCL and LCL at all knee flexion‐extension angles
(Δ ligamentous balancing θ =MCL θ – LCL θ).

Gait analysis

Formal gait analysis was conducted at least 9 months
after surgery. We used a modern, markerless in-
strumented treadmill (Walkerviewer—WV by Tecno-
Body, Italy) equipped with an instrumented belt
embedded with eight load cells, a 48‐inch wide liquid
crystal display screen providing continuous virtual
reality and biofeedback, a 3D camera for motion cap-
ture (Kinect v2, Microsoft) and a 15‐inch touchscreen
connected to a personal computer.

The WV‐integrated software allowed the collection
of spatiotemporal parameters, including walking speed,
cadence, step length (for both the operated and non-
operated limbs), symmetry and contact time per limb.
ROM at the hip and knee was recorded for both limbs.

Postural control was evaluated by analysing trunk
motion in both the sagittal (flexion/extension) and
frontal (lateral bending) planes, as well as the dis-
placement of the centre of gravity (COG), measured in
centimetres and as a percentage of the gait cycle.
Specific knee joint kinematic parameters were obtained
from the gait knee graphs using PlotDigitizer Software.
In particular, the following parameters were considered:
knee flexion at heel strike, knee maximum flexion
during the stance phase, knee maximum extension
during the stance phase, knee ROM amplitude during
the stance and knee maximum flexion during the swing
phase.

Parameters of the surgical limb were compared to
those of the contralateral, healthy knee.

Statistical analysis

Data were collected and organised using Microsoft
Excel (Microsoft Corp.). Statistical analysis was per-
formed with SPSS 26 (IBM Corp.). The normality of the
continuous variables was confirmed using the Shapiro–
Wilk test. Continuous variables are reported as
mean ± standard deviation (SD), while categorical
variables are presented as absolute frequencies and
percentages. The tension and detention behaviour of
the MCL and LCL during knee motion, both before and
after surgery, was evaluated using paired t‐tests com-
paring each flexion angle to the baseline at 0°. Bon-
ferroni correction was applied to reduce type I error. A
repeated measures analysis of variance (ANOVA),
followed by Bonferroni analysis, was conducted to
assess the significance of the Δ ligamentous balancing

across the full range of knee flexion, both pre and
postoperatively.

Regarding gait data, a paired t‐test was per-
formed to assess the significance of the difference
between the surgical and healthy knees. Pearson
correlation coefficients were calculated between the
postoperative HKA angle measured on LLRs and the
postoperative Δ ligamentous balancing θ at
each degree of ROM to investigate potential links
between final coronal alignment and compartmental
soft‐tissue balancing. Significance was set at an
alpha value of 0.05. An a priori power analysis was
performed assuming a two‐tailed paired design, a
statistical power of 80%, an alpha error probability of
0.05 and a calculated effect size of 0.72. The calcu-
lated effect size was deemed appropriate based on
previous gait analysis literature reporting moderate to
large standardised effects for gait‐related outcomes
after total knee replacement [25], with effect sizes
ranging from approximately 0.33 to 0.89 [27]. Based
on these assumptions, the minimum required sample
size was 16 subjects.

Ethical aspects

The study was approved by the Internal Review Board
(IRB: SABES 71/2023) and was conducted in accord-
ance with the Helsinki Declaration.

RESULTS

Seventeen patients were ultimately enrolled following
the study's inclusion and exclusion criteria.

The eligibility process is also illustrated in Figure 1.
Among them, 8 (47.1%) were male and 9 (52.9%)

were female. The left knee was involved in nine
cases (52.9%), while the remaining eight cases
(47.1%) involved the right knee. The average age at
surgery was 69 ± 9.04 years, with a mean BMI of
28.22 ± 5.13.

MCL and LCL dynamic behaviour

MCL's tension and detention behaviour are shown as
average values in Table 1 and are depicted in Figure 2.
Positive numbers indicate MCL stretching beyond full
extension (0°), signifying the medial compartment
remains tight, while negative numbers suggest liga-
ment de‐tensioning.

According to the paired t‐test, the dynamic pattern
of the MCL did not show statistically significant differ-
ences at any flexion angle compared to baseline (0°),
either before or after the operation, except for the
preoperative measurement at 20° (Table 1).

4 | LIGAMENT BOUNDARIES TKA ALIGNMEN
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The MCL tension/de‐tension trend during ROM
exhibits a behaviour that is close to isometric.

LCL's tension and detention behaviours are
shown as average values in Table 2 and are depicted
in Figure 3. Positive values represent an increase in
LCL tension relative to full extension (0°), whereas
negative values indicate detensioning of LCL fibres,
which corresponds to opening of the compartment.
Paired t‐test analysis showed that the progressive
shortening of the LCL at all flexion angles, compared
to baseline (0°), was consistently statistically signifi-
cant, except for the postoperative measurement at
20° (Table 2). The LCL trend during ROM indicated
increasing laxity.

F IGURE 1 Patients' eligibility criteria. AR, augmented reality; HKA, hip‐knee‐ankle; OA, osteoarthritis; TKA, total knee arthroplasty.

TABLE 1 MCL values and statistical differences through the range of motion.

Degrees of flexion

MCL

Preop behaviour (Mean ± SD) p‐Value Postop behaviour (Mean ± SD) p‐Value

0° 0.3 ± 1.11 ‐ 2.2 ± 2.98 ‐

20° −2.4 ± 2.71 <0.008 2.1 ± 3.40 0.794

40° −2.3 ± 3.96 0.008 1.4 ± 4.02 0.174

60° −2.3 ± 4.16 0.013 1.2 ± 4.41 0.158

80° −1.5 ± 4.03 0.053 0.8 ± 4.48 0.142

100° −0.7 ± 4.52 0.303 1.5 ± 4.42 0.446

120° −0.2 ± 4.97 0.607 1.6 ± 5.09 0.587

Note: In bold significant values according to Bonferroni when compared to 0°.
Abbreviations: MCL, medial collateral ligament; SD, standard deviation.

F IGURE 2 MCL's close‐to‐isometry behaviour during knee
flexion. MCL, medial collateral ligament.

LIGAMENT BOUNDARIES TKA ALIGNMEN | 5
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Asymmetric ligament balancing

The mean Δ ligamentous balancing was calculated for
each degree of flexion‐extension (both pre and post-
operatively); results are shown in Table 3.

The ligamentous balancing between the MCL and
LCL was always asymmetric, with the MCL's elongation
consistently being less than the increase in laxity of the
LCL. This created an asymmetric ligament balance,
characterised by constant tension in the MCL and
increasing laxity in the LCL, leading to a greater
opening of the lateral compartment. The resulting
trapezoidal asymmetric ligament behaviour is shown in
Figure 4.

Preoperatively, the repeated measures ANOVA
showed a statistically significant effect of flexion angle
on ligament balance asymmetry (p < 0.001). Post hoc
pairwise comparisons with Bonferroni correction indi-
cated that asymmetry increased significantly at higher
flexion angles compared to full extension. The post-
operative ANOVA did not reveal significant differences
in intercompartmental ligament asymmetry across
flexion angles (p = 0.222).

Gait analysis results

Gait analysis data collected after the asymmetrical
ligament balancing of the TKAs are reported in Table 4.
When compared to the contralateral healthy knee, no
statistical differences were found for both kinematic
and spatiotemporal gait parameters.

Radiological assessment

The mean preoperative HKA was 177.6 ± 3.96, with 15
out of 17 knees classified as CPAK I and the remaining
two as CPAK III. The cohort mean postoperative HKA
increased to 178.9 ± 3.50. Pearson correlation analysis
confirmed a significant negative relationship between
postoperative HKA and the postoperative asymmetric
ligament balancing at 0°, 20° and 40° (r[15] = –0.63,
p = 0.007; r[15]) = –0.67, p = 0.004; r[15] = –0.48, p =
0.049, respectively), with lower postoperative HKA
values (i.e., more varus alignment) being associated

TABLE 2 LCL values and statistical differences through the
range of motion.

Degrees of
flexion

LCL

Preop
behaviour

p‐Value

Postop
behaviour

p‐ValueMean ± SD Mean ± SD

0° 0.0 ± 2.03 ‐ −2.1 ± 5.16 ‐

20° −3.1 ± 2.07 <0.008 −3.1 ± 4.03 0.109

40° −3.9 ± 2.72 <0.008 −4.7 ± 3.80 <0.008

60° −4.9 ± 3.34 <0.008 −5.8 ± 3.19 <0.008

80° −6.6 ± 3.63 <0.008 −7.0 ± 3.86 <0.008

100° −8.5 ± 4.13 <0.008 −6.6 ± 4.55 <0.008

120° −9.6 ± 4.40 <0.008 −7.0 ± 5.08 <0.008

Note: In bold significant values according to Bonferroni when compared to the 0°.
Abbreviations: LCL, lateral collateral ligament; SD, standard deviation.

F IGURE 3 LCL's progressive laxity during knee flexion. LCL,
lateral collateral ligament.

TABLE 3 Asymmetric ligament balance during the arc of motion.

Degrees of flexion Preop Δ ligamentous balancing (mean ± SD) Postop Δ ligamentous balancing (mean ± SD)

0° 0.4 ± 1.97 4.2 ± 6.39

20° 0.7 ± 3.49 5.1 ± 5.80

40° 1.6 ± 4.71 6.1 ± 5.20

60° 2.6 ± 4.74 7.0 ± 4.95

80° 5.1 ± 4.54 7.8 ± 4.86

100° 7.8 ± 5.32 8.0 ± 5.65

120° 9.3 ± 5.51 8.6 ± 6.02

Abbreviation: SD, standard deviation.
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with greater postoperative ligament asymmetry.
Indeed, negative correlations at higher flexion angles
remained weaker and nonsignificant.

DISCUSSION

The most important findings of this study were derived
from a basic science assessment of an AR‐assisted
TKA surgical technique focused on reproducing an
asymmetric ligamentous balance, characterised by
near‐isometric MCL behaviour during flexion and
increasing LCL laxity. When the TKA was balanced
according to this ligamentous asymmetry, gait analysis
showed no statistically significant differences com-
pared with the contralateral healthy knee, strongly
supporting the functional validity of this targeted,
phenotype‐driven tensioning strategy. Notably, the
observed ligamentous asymmetry showed a significant
negative correlation with postoperative coronal

alignment (HKA) up to 60° of flexion, suggesting an
impact on the final alignment outcome.

The use of enabling technologies in TKA is shifting
the focus of surgical technique from static alignment‐
based planning to real‐time functional personalisation
[14, 19]. While preoperative imaging defines bone
morphology and phenotype, it provides limited infor-
mation about soft‐tissue dynamics [31, 32].

Intraoperative tools, such as AR systems like Nex-
tAR (Medacta, SA), now allow for direct measurement
of ligament behaviour, enabling truly personalised bal-
ancing strategies based on real‐time data [1, 37]. In this
study, AR technology enabled precise measurement of
the MCL's near‐isometric behaviour, as its length (and
thus tension) remained consistent throughout the
ROM, both before and after implant placement, except
at the preoperative measurement at 20°. This finding is
consistent with previous kinematic studies, which indi-
cated that the fibres of the MCL experience minimal
length changes during ROM [8, 13, 23, 38].

F IGURE 4 Pre and postoperative asymmetric ligament balancing.

LIGAMENT BOUNDARIES TKA ALIGNMEN | 7
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Hosseini Nasab et al. [17] specifically examined
3D in vivo joint kinematics using dynamic fluoroscopy
and found that none of the ligament bundles showed
purely isometric behaviour during the activities studied
across any of the implant designs. Conversely, our
results indicated that the LCL gradually loses tension
during flexion, leading to opening of the lateral com-
partment. This observation aligns with previous
reports in the literature, which have noted increased
laxity and shortening of the LCL fibres as knee flexion
progresses [4, 7].

Unlike the present study, a previous cadaveric study
by Belvedere et al. [3] showed that the MCL and LCL
fibres reached their maximum length in full knee ex-
tension and gradually shortened during the flexion arc,
indicating that these ligamentous structures slackened
progressively during passive knee flexion [3]. Given
this premise, accurate soft‐tissue balancing in TKA is
crucial, as variations in ligament tension can cause
instability [40].

Indeed, orthopaedic surgeons understand that TKA
failure is mainly due to infection, instability, loosening
and stiffness [38], rather than to ‘malalignment’ relative
to the original knee phenotype [13]. Furthermore, a
linear relationship has been established between liga-
ment tension and tibiofemoral contact forces, sug-
gesting that ligaments may account for up to 74%–80%

of joint loading during flexion. Verstraete et al. [36]
measured contact forces in the tibiofemoral joint and
found that the medial compartment consistently bears
higher loads than the lateral one (114 N vs. 63 N at 0°
flexion; 30 N vs. 6 N at 90° flexion), supporting the idea
of asymmetric load distribution.

Examining the intercompartmental ligamentous
balance, our cohort showed a notably asymmetric lig-
ament balance, with constant tension in the MCL and
increasing laxity in the LCL. As a result, we observed
greater opening of the lateral compartment, creating a
trapezoidal space and asymmetric ligament behaviour.
First, this approach aligns with the idea of an ‘asym-
metric gap’ in the coronal and sagittal planes, where
physiological laxity gradients are preserved rather than
evened out. Second, this ligament asymmetry reflects
the native knee's biomechanics, enabling the replica-
tion of physiological laxity [35].

This typical MCL/LCL configuration has been iden-
tified as a key factor influencing lateral pivot behaviour
during stance and medial pivot kinematics in the swing
phase of gait [9, 12, 22]. Our findings support this model
by demonstrating that maintaining natural tension
asymmetry is associated with preserved gait character-
istics and a gait pattern comparable to that of the con-
tralateral healthy limb. Notably, no significant differences
were observed in kinematic or spatiotemporal gait

TABLE 4 Gait analysis results.

Gait parameters
General Surgery side Healthy side
Mean ± SD Mean ± SD Mean ± SD p‐Value

Trunk flexion/extension (°) 11.0 ± 4.76

Trunk lateral flexion (°) −0.4 ± 1.42

Hip ROM (°) 33.1 ± 4.21 32 ± 3.72 0.288

Knee ROM (°) 49.0 ± 9.34 48.6 ± 8.24 0.837

Symmetry (%) 2.8 ± 2.72

Walking speed (Km/h) 2.0 ± 0.62

Cadence (cycle/s) 0.8 ± 0.15

Step lenght (cm) 36.6 ± 8.87 37.6 ± 9.23 0.341

Step_lenght (%) 7.8 ± 3.62 8.2 ± 5.29 0.728

Contact time (s) 1.0 ± 0.25 1.0 ± 0.26 0.625

COG vertical oscillation (cm) 1.7 ± 0.58

COG vertical oscillation (%) 1.9 ± 0.59

Heel strike (°) 10.3 ± 8.78 8.5 ± 8.31 0.135

Stance max flexion (°) 9.3 ± 5.99 8.7 ± 6.42 0.524

Stance max extension (°) 5.1 ± 5.89 3.7 ± 3.19 0.309

Stance ROM amplitude (°) 7.4 ± 7.10 7.2 ± 7.38 0.889

Swing max flexion (°) 52.6 ± 7.68 50.5 ± 9.06 0.249

Abbreviations: COG, centre of gravity; ROM, range of motion; SD, standard deviation.
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parameters: the prosthetic knee with the ligamentous
balancing approach performed similarly to the contra-
lateral healthy limb. Furthermore, this asymmetric func-
tional behaviour underpins the biomechanical basis for
medial pivot kinematics. Hodgeson et al. [16] reported
that medial pivot and medially congruent TKA designs
simulate natural knee motion by establishing a stable
medial centre of rotation and a more mobile lateral
compartment that follows an arcuate path.

Interestingly, our cohort's preoperative asymmetric
ligament balancing showed considerable variability,
highlighting the unstable, pathological nature of asym-
metry typical of arthritic knees. Postoperatively,
although asymmetry persisted, it became more con-
sistent and no longer statistically significant, suggesting
a shift towards more normal ligament behaviour after
implantation.

Finally, ligament asymmetry showed a significant
negative correlation with HKA up to 60° of knee flexion.
This indicates that, during early flexion, variations in
coronal alignment are associated with changes in lig-
ament balance, likely reflecting the predominant role of
passive stabilisers, particularly the collateral ligaments.
Beyond 60° of flexion, this relationship was no longer
observed, suggesting that additional factors, such as
dynamic stabilisers and implant‐related kinematics,
may increasingly contribute to knee behaviour at higher
flexion angles.

These findings align with a previous study in which
we observed a progressive varus trend in the HKA up
to 60°, followed by partial recovery that did not fully
restore neutral alignment [28]. Interestingly, another
recently published cross‐sectional study [26] estab-
lished a correlation between the coronal axis and lig-
ament behaviour: the authors noted a progressive shift
of a tight MCL in flexion in varus phenotypes towards
loosening of the MCL in valgus phenotypes, making the
arithmetic HKA a reliable predictor of MCL behaviour
across the ROM.

Additionally, a recent study by Graichen et al. [10]
examined the relationship between coronal laxity and
HKA angle, analysing medial‐lateral laxity patterns
during both extension and flexion under different
alignment strategies. Using a personalised bony phe-
notype approach, they found only a weak correlation
between HKA and laxity in extension and no correlation
in flexion. In contrast, a standard mechanical alignment
method showed a strong correlation in extension and
more consistent laxity patterns in flexion. However, the
current study assessed ligament behaviour dynami-
cally across the full ROM, measuring the uneven bal-
ance between the MCL and LCL. This dynamic,
function‐focused assessment differs from a static,
gap‐based method and suggests that individualised
ligament balancing could have a more direct and
measurable impact on coronal alignment than models
based solely on bony structures have indicated [21].

This study has several significant limitations. First,
the patient cohort is small due to strict inclusion criteria,
and not all CPAK phenotypes are represented. The
authors included only patients with isolated knee OA to
prevent involvement of other joints (hips, knees, an-
kles, spine) from affecting gait analysis outcomes. All
included patients met the established PASS thresholds
for functional outcome scores, ensuring a homoge-
neous cohort with respect to clinical status at follow‐
up. Second, intraoperative data collection was
operator‐dependent, potentially leading to variability in
ligament elongation measurements.

Third, the extensor mechanism was left open during
intraoperative measurements because tracker pins
were present within the joint; this could have influenced
soft‐tissue tension during recording. Additionally, the
gait analysis platform used in this study could not
obtain 3D data, so the impact of knee axial rotation
during gait phases could not be assessed. Finally, only
one image‐based AR system has been studied, indi-
cating that the current results might not apply to other
AR systems. Future research should explore whether
these findings can be reproduced using different en-
abling technologies and larger patient groups.

CONCLUSION

In this study, the target of ligament asymmetry
throughout the ROM was associated with comparable
gait kinematics between the operated and contralateral
healthy knees. These findings suggest that in-
traoperative evaluation of soft‐tissue behaviour across
knee flexion may complement alignment‐based ap-
proaches in personalised TKA and warrant further
investigation in larger, dedicated cohorts.
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