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	� KNEE

ISTA Award 2023: Toward functional 
reconstruction of the pre-diseased state in 
total knee arthroplasty

Aims
The surgical target for optimal implant positioning in robotic-assisted total knee 
arthroplasty remains the subject of ongoing discussion. One of the proposed targets is to 
recreate the knee’s functional behaviour as per its pre-diseased state. The aim of this study 
was to optimize implant positioning, starting from mechanical alignment (MA), toward 
restoring the pre-diseased status, including ligament strain and kinematic patterns, in a 
patient population.

Methods
We used an active appearance model-based approach to segment the preoperative CT of 
21 osteoarthritic patients, which identified the osteophyte-free surfaces and estimated 
cartilage from the segmented bones; these geometries were used to construct patient-
specific musculoskeletal models of the pre-diseased knee. Subsequently, implantations 
were simulated using the MA method, and a previously developed optimization technique 
was employed to find the optimal implant position that minimized the root mean square 
deviation between pre-diseased and postoperative ligament strains and kinematics.

Results
There were evident biomechanical differences between the simulated patient models, but 
also trends that appeared reproducible at the population level. Optimizing the implant 
position significantly reduced the maximum observed strain root mean square deviations 
within the cohort from 36.5% to below 5.3% for all but the anterolateral ligament; and 
concomitantly reduced the kinematic deviations from 3.8 mm (SD 1.7) and 4.7° (SD 1.9°) 
with MA to 2.7 mm (SD 1.4) and 3.7° (SD 1.9°) relative to the pre-diseased state. To 
achieve this, the femoral component consistently required translational adjustments in 
the anterior, lateral, and proximal directions, while the tibial component required a more 
posterior slope and varus rotation in most cases.

Conclusion
These findings confirm that MA-induced biomechanical alterations relative to the 
pre-diseased state can be reduced by optimizing the implant position, and may have 
implications to further advance pre-planning in robotic-assisted surgery in order to restore 
pre-diseased knee function.

Cite this article: Bone Joint J 2024;106-B(11):1231–1239.

Introduction
Total knee arthroplasty (TKA) is a highly effective 
operation in treating end-stage knee osteoarthritis 
(OA), yet some patients report limited function of 
the implanted joint, impacting overall satisfaction 
after surgery.1 Optimal positioning of the implant 
has been described as one of the determinants of 

postoperative functional outcomes,2 and remains 
a subject of discussion.3 Knee implants are tradi-
tionally placed according to mechanical align-
ment (MA) principles, striving to restore a neutral 
mechanical axis of the lower limb. This systematic 
approach, however, disregards the patient-specific, 
pre-diseased knee anatomy and may induce 
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non-physiological tension of the periarticular soft-tissues and, 
consequently, altered kinematics.4

Previous research suggests that restoring constitutional varus 
knees to neutral may be suboptimal, necessitating some degree 
of medial soft-tissue releases to achieve symmetrical, balanced 
flexion, and extension gaps;5 the effects of over-correcting 
preoperative varus deformity have been shown in several 
studies.6,7 It therefore appears necessary to define a more indi-
vidualized positioning target based on the patient’s knee pheno-
type.8 Utilizing robotic-assisted TKA enables the pursuit of 
alternative alignment strategies, allowing for a personalized 
approach to implant positioning.3

Restoration of the pre-diseased functional status in a person-
alized manner can be defined as a logical target for robotic-
assisted surgery. Recently, the functional alignment technique 
with a preoperative MA plan has been proposed to re-estab-
lish joint line obliquity of the knee as prior to the onset of the 
disease, subject to the mediolateral soft-tissue laxity profiles, 
while restoring pre-diseased knee kinematics.9,10 Further-
more, the surgical precision with robotic assistance contrib-
utes to making these positioning targets more reproducible, 
with minimal postoperative outliers,11 although the degree 
of improvement in functional outcomes appears inconsis-
tent.12-14 This implies that optimal implant position may vary 
based on the unique morphology of the patient’s knee, and it is 
important to preoperatively simulate the biomechanical effects 
of implant positioning in order to ensure optimal postoperative  
joint function.

Previously, we have used active appearance modelling-based 
techniques to recreate the patient’s knee morphology as it was 

before the appearance of osteophytes, referred to here as the 
pre-diseased state from a geometrical point of view. Based on 
this information, we constructed a personalized musculoskeletal 
model of the pre-diseased knee; following that, we developed 
a musculoskeletal model-driven optimization workflow, which 
considered a MA knee implant and, subsequently, optimized its 
position in order to mimic the pre-diseased knee’s biomechan-
ical behaviour over the flexion and extension range.15

The rationale of this workflow is to advance further the pre-
planning in robotic-assisted surgery, while also being applicable 
to conventional TKA procedures performed without robotic 
assistance. This will be achieved by providing quantitative 
information, including detailed patient-specific ligament strains 
and tibiofemoral kinematics of the pre-diseased and implanted 
knee over the range of joint motion, which could aid surgeons in 
formulating an optimal, personalized preoperative plan. For this 
specific application, we chose MA as the initial plan, which is 
an established practice for the pre-planning software embedded 
within a commercially available robotic system. Nevertheless, 
the workflow remains adaptable to incorporate any other align-
ment philosophy.

The aim of this study was first to quantify deviations in 
ligament strains and consequent tibiofemoral kinematics, 
comparing mechanically implanted with their corresponding 
pre-diseased knees over a population of patients and, second, 
to utilize the pre-defined optimization technique, fine-tuning 
the implant position, in order to recreate the pre-diseased func-
tional profiles of each patient as closely as possible. This study 
ultimately sought to establish how much we could gain by 
employing a personalized approach relative to MA, how large 
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Schematic of the study’s workflow, including preoperative CT of the patient’s lower limb, active appearance model (AAM)-based image 
segmentation, patient-specific musculoskeletal (MS) modelling of the pre-diseased and mechanically aligned (MA) knee, and MS model-based 
optimization, which finds the optimal implant position to recreate the pre-diseased knee biomechanical profiles. An example showcases the lateral 
collateral ligament (LCL) strain during flexion in the pre-diseased (black dashed curve), MA (red dash-dotted curve), and optimized (solid blue 
curve) total knee arthroplasty (TKA) models; the same comparison was performed for other ligaments and kinematic parameters. This flow required 
approximately one hour to process the segmented geometries and personalize the MS knee model, and 32 additional hours to find the optimal 
implant position for each patient, utilizing a 64-core 2.9 GHz processor.
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the component positional changes were with regard to MA, and 
whether these changes exhibited clear patterns.

Methods
The data used in this study were part of the knee functional 
flexion axis dataset.16 Preoperative CT scans of bilateral lower 
limbs were collected from 21 OA patients, featuring different 
stages of osteophyte severity, who underwent primary TKA, 
performed using the Stryker Knee Navigation system (Stryker, 
USA). These images were automatically segmented using an 
active appearance model-based methodology to reconstruct the 
hip, ankle, and OA knee bone surfaces.17 An osteophyte volume 
detection algorithm,18 provided by Imorphics (Stryker, UK), 
was employed to subtract the osteophytic features from the 
outer surface of the cortical bone and recreate the osteophyte-
free femoral and tibial bone geometries (pre-diseased 
state).17,19,20 Related techniques have been validated elsewhere.21 
The articular cartilage of the pre-diseased knee was estimated 
by applying an MRI-derived training shape model that follows 
an established segmentation protocol.22 Anatomical landmarks 
were extracted from the segmented hip, ankle, and pre-diseased 
knee bones to determine the origin and orientation of the 
femoral, tibial, and patellar reference frames based on a pre-
defined convention.23

As described in an earlier study,17 the generated knee struc-
tures reflecting the pre-diseased state, including bones and 
cartilage, of this cohort of patients were used to morph the 
geometry of a musculoskeletal reference model and to estimate 
the ligament attachment sites, applying a non-linear morphing 
technique;24 these personalized models are described here as the 
pre-diseased knees from a geometrical perspective (Figure 1).

Strains of the anterior cruciate ligament (ACL), poste-
rior cruciate ligament (PCL), deep medial collateral ligament 

(dMCL), superficial medial collateral ligament (sMCL), lateral 
collateral ligament (LCL), anterolateral ligament (ALL), oblique 
popliteal ligament (OPL), and posterior capsule (PC) were 
calculated for each patient, simulating a knee extension motion 
from 60° to 0° with only the gravitational force acting along the 
longitudinal axis of the system. Tibial kinematics relative to the 
femur, including anterior-posterior (AP), lateral-medial (LM), 
and proximal-distal (PD) translations, and external-internal (EI) 
and varus-valgus (VV) rotations, were estimated over the same 
arc of motion based on Grood and Suntay’s definition.25

The patient-specific models were implanted with the 
Triathlon single-radius, cruciate-retaining total knee system 
(Stryker, USA) according to the principles of MA. The MA 
position was automatically determined using pre-planning 
software by Stryker, leveraging the patient’s preoperative CT 
image, bone segmentations, and anatomical landmarks.

Sizing of the femoral component ensured anatomical congru-
ence with the condyles, preventing anterior cortex notching 
greater than 3  mm, as this is associated with periprosthetic 
fracture,26 and mediolateral overhang exceeding 3 mm, which 
may cause soft-tissue impingement and consequent postopera-
tive pain.27 Accordingly, the size selection of the tibial compo-
nent ensured tibial coverage with minimal tray overhang at the 
cortical bone edges. The implants had a tibial insert thickness 
of 9  mm, which is a common choice in clinical practice and 
has been shown to offer a good compromise between the depth 
of tibial resection and strains of the collateral ligaments.28,29 
Surgeons could opt for an alternative available insert thick-
ness, depending on the intraoperative stability assessment. 
The patellae were not resurfaced. The MA-TKA models simu-
lated the same activity as the pre-diseased models to study 
the effect of mechanical implantation on the ligament strains  
and kinematics.
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a) The progression of the normalized objective function value over the number of iterations for a single, representative patient case, starting from 
the mechanical alignment (MA) position (value 1) and reaching the optimal implant position (approximate value 0.4), which corresponds to a 61.3% 
reduction. b) Illustration of the optimally positioned implant in situ relative to MA position for this particular case. Black arrows complement this 
visualization, highlighting certain positional adaptations of the components. The displayed coordinate systems represent the origin and orientation 
of the optimized femoral and tibial component position, respectively.
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Differences in the predicted strain and kinematic curves 
between the pre-diseased and MA-TKA models were quantified 
using the root mean square deviation (RMSD). An optimization 
algorithm that we developed in previous work was subsequently 
used to find the optimal position of the components that mini-
mized the RMSD between the pre-diseased and postoperative 
biomechanical profiles.15 The objective function of this optimi-
zation problem consisted of three distinct components: the first 
two, equally weighted components involved the summation of 
the RMSD for each individual ligament strain and kinematic 
variable, respectively, while the third pertained to a penalty 
factor added to the resulting function value, as provided in the 
following equation:
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	 lb < x < ub�

where  x indicates the degrees of freedom of the components 
subject to the lower and upper bounds, denoted as lb and ub, 
respectively; the boundary conditions were defined relative to 
MA. More precisely, the translational variation of the femoral 
component was constrained to within approximately 6 mm in the 
AP, LM, and PD directions, whereas the translational placement of 
the tibial component was maintained unchanged to ensure conver-
gence to a global optimum position. The rotational variation of 
the femoral and tibial components was confined within approx-
imately 3° and 6°, respectively, for flexion-extension (FE), and 
within  approximately 6° for EI and VV rotations. Further, n 

indicates the dimension of the solution space equal to the number 
of x positional variables (n = 9), m is the number of strain or 
kinematic variables involved in the objective function, and w is 
the weighting factor assigned to the ith ligament and jth kinematic 
variable, which was calculated such that the strain and kinematic 
errors were given equal importance. Finally, t denotes the number 
of discrete time steps of the model simulation (t = 60) from 0° to 
60° (θend), and y indicates the predicted strain or kinematic value 
of the ith ligament and jth kinematic variable, respectively, for the 
x positional variable in the implanted model configuration, or in 
the pre-diseased situation, at flexion angle θ.

A penalty factor, denoted as P and set equal to 103 – the objective 
function’s output was in the order of magnitude 102 – was applied 
to the objective function if the force residual at any given flexion 
angle, as calculated by the model’s force-dependent kinematics 
solver,30 exceeded the specified tolerance of 5 N, thus ensuring 
dynamic consistency of the simulations. In case multiple posi-
tioning solutions resulted in similar objective function values, 
indicating minimal deviations relative to the pre-diseased state, 
the solutions closest to MA were chosen to facilitate their clin-
ical feasibility.31 Figure 1 provides a schematic description of the 
study’s workflow spanning preoperative image segmentation to 
musculoskeletal modelling and model-based implant positioning 
optimization. To assess the effect of optimization on minimizing 
the strain and kinematic deviations between the pre-diseased and 
MA-TKA models, we used the non-parametric Wilcoxon signed-
rank test, and set the significance level to p < 0.05.

Results
Large variations in the pre-diseased ligament strain and 
tibiofemoral kinematic profiles were observed among the 21 
patient cases. The standardized MA could not accommodate 
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Root mean square deviation (RMSD) in the a) strain of the ligamentous structures and b) tibiofemoral kinematic variables between pre-diseased and 
total knee arthroplasty (TKA) models with mechanical alignment (MA) and optimized implant position. The bars show the mean values, while the 
whiskers indicate the SD. ALL, anterolateral ligament; AP, anterior-posterior; dMCL, deep medial collateral ligament; EI, external-internal; LCL, lateral 
collateral ligament; LM, lateral-medial; PC, posterior capsule; PCL, posterior cruciate ligament; PD, proximal-distal; OPL, oblique popliteal ligament; 
sMCL, superficial medial collateral ligament; VV, varus-valgus.*p < 0.01, †p < 0.05.
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these individual profiles. Consequently, adopting a personal-
ized, targeted approach became necessary to achieve optimal 
implant positioning. Strains of the ligaments in the MA-TKA 
models exhibited deviations of up to 36.5% in the medial collat-
eral ligaments (dMCL (3.0 to 36.5), sMCL (1.7 to 17.7)), 6.2% 
and 13.8% in the lateral collateral (LCL, 0.0 to 6.2) and antero-
lateral (ALL, 2.2 to 13.8) ligaments, respectively, and up to 
7.5% in the posterior ligamentous structures (PCL (0.1 to 1.8), 
OPL (0.2 to 7.5), PC (0.4 to 7.2)) relative to the pre-diseased 
state. The predicted knee kinematics showed a RMSD of 3.8 
mm (SD 1.7) for translations and 4.7° (SD 1.9°) for rotations 
compared to their corresponding pre-diseased knee over all 
patients. The optimization process resulted, on average, in a 
48.6% reduction of the objective function value compared to the 
MA position among patients. Figure 2 depicts the progression 
of the objective function value for an individual, representative 
patient case, starting from the MA position and reaching the 
optimal position. For all patients, optimizing the implant posi-
tion reduced the strain deviations to less than 5.3% in the dMCL 
(1.2 to 5.3) and sMCL (0.3 to 4.1), 4.1% and 8.5% in the LCL 
(0.0 to 4.1) and ALL (2.1 to 8.5), respectively, and 3.7% in the 
PCL (0.1 to 1.8), OPL (0.2 to 2.0), and PC (0.2 to 3.7) structures 
in relation to the pre-diseased state; and resulted in kinematic 
deviations of 2.7 mm (SD 1.4) and 3.7° (SD 1.9°). Intra-patient 
comparison revealed significantly lower deviations in the AP 
and LM translations and VV rotation with the optimized TKA 
models compared to MA controls. Similarly, the reduction in 

ligament strains was significant for all ligaments except for the 
PCL (Figure 3). The required adjustments in the position of the 
femoral and tibial components to reproduce the biomechanical 
status of the pre-diseased knees are summarized in Table I.

Discussion
This study investigated the effect of mechanically and optimally 
aligning a knee implant, aiming to reproduce physiological 
ligament strains and tibiofemoral kinematics across a patient 
population. To achieve this, we compared MA-TKA models 
with their pre-diseased counterparts, and subsequently used a 
formerly established technique to optimize the implant position, 
thereby recreating the pre-diseased knee functional status as 
closely as feasibly possible. The findings of this study suggest 
that adjusting the position of the individual components rela-
tive to MA results in a closer match between the pre-diseased 
and postoperative biomechanical conditions. We found variable 
optimal positions among patients, but could identify distinct 
positional patterns within the patient population that enabled us 
to achieve the surgical target.

MA of the knee implant had a clinically important effect on 
the strains of the ligaments, with concomitant changes in the 
tibiofemoral kinematics. The dMCL and sMCL strains were 
consistently larger in the MA-TKA models, exhibiting mean 
deviations of 11.9% and 7.3%, respectively, compared to the 
pre-diseased state among patients (Figure  3). This corrobo-
rates the work of Delport et al,32 who showed that restoration to 

Table I. Implant positional adjustments required to recreate the pre-diseased functional conditions with reference to mechanical alignment. Positive 
values denote posterior, medial, and proximal translations, and flexion, internal, and varus rotations.

Patient Femoral component Tibial component*

Translation, mm Rotation, ° Rotation, °

AP LM PD FE EI VV FE EI VV

1 -2.9 -1.9 1.8 0.1 -4.9 1.9 3.7 2.9 5.7

2 -0.2 -1.9 3.0 0.8 -2.2 1.8 4.1 -0.8 2.7

3 -0.5 -0.9 4.4 0.9 -4.0 -0.3 1.6 -1.0 1.8

4 -1.8 -5.5 0.4 0.1 -2.0 0.5 1.2 1.9 4.1

5 -1.7 -2.5 1.5 0.5 -5.2 2.2 5.1 -1.8 0.0

6 -3.3 -2.9 0.7 -0.2 1.5 -0.9 0.8 1.0 3.8

7 -1.7 -2.3 3.3 -1.1 -3.3 4.2 4.2 0.3 0.5

8 0.1 -3.0 2.8 -0.4 -1.3 1.6 3.6 -0.1 4.0

9 -3.6 -2.4 2.5 -1.0 -1.3 -0.5 3.7 -1.6 2.1

10 -2.0 -2.1 0.1 -0.6 -1.9 -2.5 3.1 0.7 2.2

11 -4.1 -3.4 2.4 0.3 0.9 1.2 4.4 1.9 0.2

12 -2.8 -0.5 2.0 -0.2 -1.1 0.1 3.0 -1.0 2.1

13 -0.1 -0.7 0.4 -0.2 -3.2 0.9 4.6 -2.3 3.5

14 -3.5 -1.3 2.3 -0.8 -0.9 -0.7 3.1 -1.2 1.6

15 -3.2 -1.3 0.3 -0.3 1.3 -2.0 2.6 -1.6 3.4

16 -2.3 -2.5 3.1 -0.1 -3.7 1.5 2.8 -0.2 2.2

17 -2.8 -3.0 4.4 0.2 0.3 -3.5 2.6 -0.8 1.5

18 -4.3 -4.2 1.2 0.6 -3.2 0.6 0.5 -2.7 0.9

19 -2.3 -1.0 0.9 0.6 0.3 1.3 4.7 1.0 0.6

20 -1.3 -0.3 2.3 0.7 -0.6 -2.5 1.6 -0.7 -0.7

21 -1.5 -4.7 5.4 1.7 1.6 -2.9 -2.6 -2.0 3.1

Range† -4.3 to 0.1 -5.5 to -0.3 0.3 to 5.4 -1.1 to 1.7 -5.2 to 1.6 -3.5 to 4.2 -2.6 to 5.1 -2.7 to 2.9 -0.7 to 5.7

*The translational position of the tibial component in all three directions remained unchanged.
†Including the endpoints.
AP, anterior-posterior; EI, external-internal; FE, flexion-extension; LM, lateral-medial; MA, mechanical alignment; PD, proximal-distal; VV, varus-
valgus.
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absolute neutral MA can increase the collateral strain deviations 
from the native knee during passive flexion-extension.

Provenzano et al33 identified the onset of fibre plastic defor-
mation at 5.1% strain in the medial collateral ligamentous 
structures; sub-failure strains above the specified threshold can 
induce nearly complete ligament disruption and, postopera-
tively, increased medial laxity, hindering the overall functional 
stability. The observed higher strains in the medial collaterals 
in our study could conceptually be associated with the rela-
tively large valgus angulation, as reflected in the VV results 
(Figure 3). Although the LCL showed a relatively low average 
strain deviation at 2.2% from the pre-diseased knee, individual 
deviations, such as those observed in one patient case (6.2%), 
cannot be disregarded and may cause pain when exceeding the 
ultimate ligament strain.34

The ALL reported clinically relevant strain deviations at a 
mean of 6.2%, which could be due to larger anterior tibial trans-
lation during flexion.35 Such deviations may have consecutively 
contributed to the increased EI rotational deviations, as this 
ligament restricts internal tibial rotation,36 although the func-
tional role of the ALL is still controversial.37

Optimizing the implant position resulted in a statistically 
significant reduction in the average strain deviations of the 
medial (< 3.0%) and lateral (1.4%) collateral ligaments and 
posterior capsular structures (< 1.1%) (Figure 3) within the clin-
ically acceptable range.32,33,38 These results are consistent with 
other research that emulated native collateral ligament elonga-
tion patterns using a patient-specific, model-driven response 
surface methodological technique.39

Although, statistically, there was a significant reduction of the 
ALL strain deviation at 4.7% on average from the pre-diseased 
knee, some individual patient models exhibited deviations of up 
to 8.5%, well above the pre-defined damage threshold,33 which 
are likely to be related to the nearly unchanged EI angulation 
and could lead to anterolateral knee pain. Modifying the objec-
tive function to give more weight to the strain of the particular 
ligament could potentially mitigate this issue.

Following the ligament adjustments, there was a concomitant 
reduction of the observed mean kinematic deviations by 28.9% 
for translations and 21.2% for rotations, resulting in a RMSD 
of 2.7 mm and 3.7°, respectively (Figure 3). This aligns with 
a recent study,40 which approximated native kinematics within 
a similar order of deviations based on cadaveric model-based 
artificial neural network optimization.

The AP translational deviations in our study remained higher 
than in the pre-diseased situation for some patients; in one case, 
the disparity in the overall AP displacement of the tibia relative 
to the femur reached up to 9.3 mm, which may be in part due 
to the altered geometry and conformity of the articular surface. 
Patient-specific implants have been shown to reduce such devi-
ations, exhibiting femoral rollback closer to the normal knee 
than standard designs since they better match the shape of the 
patient’s knee.41,42

The optimal position of the implant was found to be 
within  4  mm and  4° from MA in 70% of patients, which 
is a clinically acceptable range from the MA position of the 
components,43-45 although some patients required slightly larger 
changes. This implies that MA is a reasonable functional target 

that can be improved utilizing techniques similar to the one 
proposed in this study.

The precise positional adjustments revealed certain direc-
tional pathways toward achieving optimal placement of the 
individual components. In most patient cases, the femoral 
component was placed in a more anterior, lateral, and prox-
imal position, rotated externally relative to the tibia, with 
increasing varus alignment of the tibial component. Placing 
the femoral component in a more proximal position could 
lead to the elevation of the joint line, which is not desired.46 
This suggests that the initial femoral component position was 
comparatively at a lower level relative to the pre-diseased 
knee; nevertheless, whether this originates from assump-
tions inherent in the pre-diseased model or the MA procedure 
remains to be determined.

Coronal alignment of the femoral component was more vari-
able and less clear, but the majority of patients still required 
some degree of varus. Bellemans et al5 described that a relevant 
proportion of the normal knees has a limb alignment of 3° varus 
or more; therefore, slight under-correction to approximate pre-
diseased alignment, as might have occurred in our study, could 
be more physiological for these patients,47 potentially producing 
functional results close to the pre-diseased situation.

Although some patients required internal rotation of the 
femoral component, more than half exhibited an externally 
rotated component. External rotation within 5° (Table I) using the 
central referencing technique seems acceptable, with minimal 
compromise of the mediolateral condylar symmetry.48,49 The 
surgeons should, however, be aware of component overhanging 
that could arise at the posterior aspect of the lateral condyle, 
which can cause impingement with the capsular fibres. Further, 
it is important to consider that excessively rotating the femoral 
component either internally or externally has consequences for 
patellar tracking,50 potentially inducing anterior knee pain.51

At the tibial level, Innocenti et al52 showed that reposi-
tioning the tibial component to 2° and up to 6° varus intuitively 
increased the strain in the LCL beyond physiological capacity, 
as compared to neutral mechanical configuration, which could 
detrimentally affect clinical outcomes. These findings, however, 
were not confirmed in the current study, possibly because the 
concurrent rotational adjustment of the femoral component 
compensated for any such effect. Furthermore, the tibial compo-
nent consistently required more posterior slope in the optimal 
position relative to MA. This is in agreement with an earlier 
investigation, which suggested that increasing the tibial slope 
with reference to the centre of the tibial plateau is relevant to 
restoring the biomechanics of the native knee.53 Surgeons often 
strive for a slope between 0° and 7° based on the implant manu-
facturer’s recommendations; the average slope in the present 
study was 3.1° (SD 1.3°), falling inside this range. Nonetheless, 
it is important to consider individual variations in native tibial 
slopes, as insufficient slope correction may inhibit the overall 
stability of the joint.54

The strength of this simulation-based study is that it thor-
oughly examines the feasibility of postoperatively restoring 
the pre-diseased knee function in a population of OA patients, 
which would be unfeasible in a cadaveric or intraoperative 
setting. Furthermore, it attempts to quantify the knee ligament 
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strains and kinematics as they were before the onset of the 
disease in a patient-specific biomechanical situation and, subse-
quently, to use this information to optimize the position of the 
implant with regard to the existing MA technique.

It is important to emphasize, however, that we do not intend 
to replace the existing alignment philosophies, but rather to 
present a framework for recreating the knee’s pre-diseased 
biomechanical conditions. This could help guide the formu-
lation of a personalized preoperative plan, feeding a robotic 
system with that specified target for its precise execution. 
Intraoperatively, the surgeon may further adjust the compo-
nent’s position, if necessary, until the desired symmetry in 
the mediolateral gaps is achieved, following the functional 
alignment principles. With our rationale, the laxities would be 
expected to approximate closely those of the pre-diseased state. 
Our methodology can additionally aid in selecting different 
TKA designs or designing a more personalized implant which 
better matches the patient’s pre-diseased articular geometry, 
employing the osteophyte-free active appearance model-
based technique, which maintains alignment results close to 
normal kinematics.

The present study has some limitations. First, the accuracy 
of the model predictions has not been assessed against experi-
mental measurements of soft-tissue strains and knee kinematics. 
Previous validation of comparable models revealed kinematic 
errors in the order of observed deviations,24,55 which accentuates 
the relevance of performing dynamic, in vivo measurements of 
knee mechanics in response to implant position to determine the 
accuracy and reliability of the model outputs before the patient-
specific clinical application.

Second, the menisci were excluded from the pre-diseased 
knee models since these were not distinct structures to segment 
from the CT scans. This may have caused tibiofemoral kine-
matic alterations, for instance in the posterior and mediolateral 
displacement, as well as internal rotation, of the tibia relative 
to the femur,56 potentially resulting in a disparity between the 
actual kinematic behaviour of a pre-diseased knee and the 
model’s predictions.

Third, the ligament mechanical properties were not patient-
specific but instead derived from comparable intact knee models 
in the literature and remained unmodified in the implanted 
configuration, although they are likely to change over time due 
to OA. Nonetheless, using the same ligament properties for 
both pre-diseased and implanted models ensured equal levels 
of uncertainty in their predictions, which eventually allowed us 
to isolate the influence of implantation on the joint’s mechanics. 
Further analysis could involve incorporating intraoperative 
laxity information, acquired possibly through the software of 
a robotic total knee system, into the musculoskeletal model; 
this would allow refinement of the ligament mechanics, thereby 
simulating the inherent laxities existing in OA patients.

Fourth, the models were limited to simulating only a gravity-
assisted flexion-extension activity; in theory, it would be 
possible to analyze other motor tasks, as previously reported,29 
yet the particular activity can be performed intraoperatively to 
assess whether the joint is adequately aligned and whether the 
surrounding soft-tissues are appropriately tensioned to allow 
for a balanced motion during flexion and extension. Another 

fact worth discussing is that this study focused solely on the 
MA technique. Employing alternative alignment techniques, 
such as the (restricted) kinematic alignment, may alter the 
deviations observed between the implanted and pre-diseased 
knee models, consequently impacting the positional adjust-
ments required toward reproducing the pre-diseased biome-
chanical situation.

In particular, kinematic alignment has been used to re-estab-
lish the obliquity and level of the femoral and tibial joint lines to 
the native knee.57 This could theoretically result in kinematics 
that more closely resemble those of the pre-diseased. Neverthe-
less, our model-based approach advances these considerations 
further by enabling a detailed quantification of the soft-tissue 
strains and kinematics across the flexion and extension range, 
which is unfeasible to monitor preoperatively irrespective of the 
alignment technique employed.

We should further acknowledge that the recreation of the 
pre-diseased state depends on the patient’s Coronal Plane 
Alignment of the Knee (CPAK) type,58 which was not consid-
ered in this study. Classifying the patients into their respec-
tive CPAK type would possibly help identify in advance those 
patients who would benefit most from a personalized align-
ment approach over systematic MA or any other alignment 
philosophy. This could provide more insight into the adapta-
tions required in the implant’s position for each patient and the 
observed positioning trends.

Two aspects deserve emphasis in this context: firstly, our 
focus was specifically on the intra-knee alignment of the joint, 
excluding an analysis of the overall limb alignment, or relevant 
parameters such as the hip-knee-ankle angle, which is integral 
to the CPAK classification; secondly, and most importantly, 
patients in the current study were categorized according to their 
own individual phenotype – the pre-diseased functioning of 
their knee. Furthermore, the study results may have been influ-
enced by the use of a standard, single-radius, cruciate-retaining 
implant design, and hence they should be interpreted within the 
context of this choice.

Recent evidence suggests that alternative designs, such as the 
medial-pivot or bicruciate-retaining prostheses, have a direct 
influence on postoperative knee biomechanics;59,60 therefore, 
testing other implant designs would help determine whether 
the observed deviations and positioning trends persist or are 
largely affected by design. Finally, given that the proposed 
method lacks clinical validation, a clinical trial is necessary to 
assess whether it aids in improving the postoperative functional 
outcomes and, ultimately, patient satisfaction.

In conclusion, MA-TKA can induce clinically relevant 
changes in the strains of the ligaments and tibiofemoral kine-
matics compared to the knee’s pre-diseased condition, which 
could, be mitigated by optimizing the position of the compo-
nents. Optimal placement was variable and patient-specific, 
yet certain trajectories in the spatial positioning of the femoral 
and/or tibial components were identified at the population level 
for the implant design studied. These findings provide relevant 
information to quantify the positional target in robotic-assisted 
TKA toward reconstructing the pre-diseased functional state of 
the knee as closely as possible, thereby improving knee func-
tion and overall patient satisfaction.
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Take home message
  - Mechanical alignment in total knee arthroplasty may induce 

clinically relevant alterations in ligament strains and knee 
kinematics compared to the knee’s pre-diseased state. These 
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  - The implant’s optimal position was variable and patient-specific, yet 

certain positional trajectories were identified at the population level for 
a cruciate-retaining design.
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implant positioning that can be executed precisely through robotic-
assisted surgery.
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