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ABSTRACT

Background: Mechanical alignment (MA) has historically been the standard in total knee arthroplasty (TKA) because of its reproducibility and
strong long-term registry support. Kinematic alignment (KA) was introduced to better reproduce native knee anatomy and kinematics, prompting
sustained debate regarding functional benefit, durability, and safety. Purpose: To critically synthesize contemporary evidence comparing MA and
KA in primary TKA, with emphasis on patient-reported outcome measures (PROMs), range of motion (ROM), functional recovery, patellofemoral
considerations, implant survivorship, and the emerging role of phenotype-based and technology-assisted alignment strategies. Methods: A
narrative review was conducted using PubMed, Embase, and Cochrane Library databases (January 2000—September 2025). Search terms included
“total knee arthroplasty,” “mechanical alignment,” “kinematic alignment,” “restricted kinematic alignment,” “functional alignment,” and
“phenotype-based alignment.” Priority was given to randomized controlled trials, meta-analyses, large cohort studies, and registry reports.
Biomechanical and gait studies were used to support mechanistic interpretation. Studies were qualitatively synthesized with attention to effect size
and clinical relevance. Results: Meta-analyses and comparative trials demonstrate that KA may confer small early improvements in selected
PROMs and feeling of naturalness; however, these differences are frequently below established minimal clinically important differences and tend
to diminish with longer follow-up. No statistical long-term differences were seen in postoperative ROM, postoperative pain and gait mechanics.
Long-term implant survivorship remains most robustly supported for MA, while survivorship data for KA particularly unrestricted manual KA are
limited and heterogeneous. Conclusions: Current evidence supports broadly equivalent mid-term clinical outcomes between MA and KA in
primary TKA. MA retains the strongest long-term survivorship evidence, whereas personalized strategies such as restricted KA or functional
alignment, especially when executed with enabling technologies, may offer a pragmatic balance between anatomic restoration and mechanical
safety. High-quality, phenotype-stratified trials with standardized alignment definitions and long-term follow-up remain necessary.
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INTRODUCTION

Knee osteoarthritis (KOA) is the is the 11" leading cause of disability
amongst adult and obese individuals globally [1]. The primary surgical
management option for knee osteoarthritis is total knee arthroplasty
and is gold standard when non-surgical options are ineffective. This
procedure can help in restoring function and alignment, pain reduction

years. It allows even distribution of joint load resulting in reduced
eccentric wear and enhanced survivorship of prosthesis which at 15-20
years exceed 95% as documented In several long-term registries [8,9]

Patient perceived outcomes remained unsatisfactory with almost 20-
25% of the patients described the knee as unnatural with MA[10,11].

and correction of deformities [2]. Accurate alignment minimizes
aseptic loosening, enhances patient satisfaction and function, and
reduces revision rates. Long-term registry analysis consistently
demonstrate that alignment accuracy remains a key predictor of
implant longevity extending beyond two decades [3].

MECHANICALALIGNMENT

1

Mechanical Alignment (MA)
Figure 1: The Philosophy of MAvs KA[7]

Kinematic Alignment (KA)

Insall and his colleagues [4] first introduced the philosophy of
mechanical alignment (MA) (figure 1) in the late 1970s where the aim
was to position the femoral and tibial components perpendicular to the
mechanical axis of the femur and tibia. This was further supported by
radiographic studies such as Jeffrey et al [5] that established a safe zone
of + 3° from neutral in the coronal plane and reinforced the strong
association between improved longevity of implants and neutral hip-
knee-ankle axis (HKA axis). Deviation beyond this threshold-
particularly into varus-has been associated with asymmetric loading,
increased medial compartment stress, and accelerated wear [6]. This
principle of alignment configuration of achieving a neutral hip-knee
axis (HKA axis) of 180° + 3° remained the gold standard for over 30

Beverland et al while reviewing the relative patient satisfaction at 10
year follow up following knee replacement found out that around 7%
of the patients were never happy [12]. The dogma of uniform
mechanical neutrality was challenged by the recognition of
constitutional varus and valgus morphotypes found in nearly 30% of
the normal population [13].

KINEMATICALIGNMENT

The concept of Kinematic alignment (KA) was introduced in 2008 by
Howell etal. The principle was to restore the patient's pre-arthritic joint
line aiming at a more enhanced natural proprioception and more
natural feeling knee [14]. The surgeon carries out symmetrical
resections of the medial and lateral femoral condyles, and medial and
lateral tibial plateaus, having compensated for wear. The tibial slope is
matched to the patient's native slope. The axial rotation of the femur is
set according to the posterior condylar axis, having compensated for
wear. Axial rotation of the tibia is set perpendicular to a line drawn
from the centre of the medial and lateral tibial plateaus[ 15].
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MacDessi et al [16] introduced the Coronal Plane alignment of the
knee (CPAK) classification by categorizing the knees into 9 subtypes
on the basis of the HKA angles (fig 2), joint line obliquity and limb
morphology. With the recent advancements in computer navigation,
robotic assistance and patient specific instrumentation that allow
reduced variability by facilitating millimetre level accuracy in bone
resection and component placement [17], The debate amongst these
alignment strategies is more active than ever amongst the orthopaedic
community.

The crux is if native kinematics can be restored by KA as opposed to
MA, does this translate clinically to happier patients postoperatively?
This review aims to integrate the biomechanical, clinical and technical
perspectives by emphasizing on patient reported outcomes, implant
survivorship, gait restoration and patellofemoral mechanics to
synthesize contemporary evidence comparing kinematic and
mechanical alignment philosophies in TKA.

Comparison Of Functional And Biomechanial Outcomes In MA vs
KA

Subjective recovery after TKA can be measured by patient reported
outcome measures (PROMs) that include measures such as but not
limited to Oxford knee score (OKS), Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC), Forgotten Joint score
(FJS) and Knee Injury and Osteoarthritis Outcome Score (KOOS)
[18]. Van Essen el at [19] in their meta-analysis concluded that
although KA produced slightly better short term OKS and FJS than
MA, this difference fell below the minimum clinical important
difference (MCID). Stove et al. [20] and Miglioini et al [21] in their
analysis of 39 and 30 clinical studies respectively found no significant
differences between PROMs between the KA and MA group. Rahman
et al. [22] observed the modest early benefits that KA can yield
especially in constitutional varus knees, but long-term outcomes
converged with MA. A 6-month transient improvement in KOOS and
FJS for KA knees was reported by Jeremic et al [23]. A review of 26
clinical studies conducted by Karasvvidis el at [24] concluded that the
early satisfaction differences favoring KA were small, inconsistent and
not sustained.

The advent of robotics and its integration in TKA improves the
accuracy in execution of the surgery regardless of the alignment
philosophy. Agarwal et al [25] demonstrated a 93% satisfaction rate
among patients after robotic MA-TKA even though 86% of the
patients underwent.

Similar outcomes were reported by Bertuguli et al [26] and Bollars et al
[27] concluded that postoperative changes in the CPAK classification
and patient's native joint line does not significantly affect functional
outcomes. Bullens el al [28] and Mancuso el al [29] concluded weak
correlation between global satisfaction and alignment underscoring
the strong contribution of pre-operative education, psychological
readiness and patient preoperative expectations in determining
successful outcomes.

Meta-analyses and comparative studies demonstrate no clinically
meaningful difference in postoperative flexion or extension between
mechanical and kinematic alignment techniques in TKA. Pooled data
show a mean flexion difference of approximately 3°, well below the
MCID threshold (3.8°-6.4°), and no significant difference in extension
deficit (mean difference 0.1°), indicating equivalent postoperative
range of motion outcomes between alignment strategies [30-33].
Several cohort studies report lower pain scores on the visual analog
scale (VAS) [34]. in the KA group. However, on longer follow up [35]
and in pooled studies [21], these differences do not match statistical
significance.

The patellofemoral joint significantly influences functional
satisfaction following TKA. MA typically promotes stable patellar
tracking by restoring neutral femoral component rotation relative to
the posterior condylar axis which reduces the risk of lateral
maltracking, subluxation, and anterior knee pain [36]. In contrast, KA
shifts patellofemoral loading medially or laterally and alters the Q
angle resulting in non-physiological patellar tilt or facet overloading,
particularly in deep flexion, unless executed with robotic precision
[37,38]. Reproducing a patient's native alignment might not always
optimize patellar tracking, especially in cases with pre-existing
deformity [39]. Karasavvidis et al [24] and Wang et al. [40] reported no
significant difference in anterior knee pain or patellar complications

between KA and MA, though both emphasized that KA outcomes were
heavily dependent on surgical experience.

McEwen et al. demonstrated that KA-TKA replicates more natural
femoral rollback and tibial internal rotation during flexion compared
with MA-TKA [41]. However, In a study conducted by Bauer et al,
time-discrete gait analysis variables were studied, including walking
speed, stance phase, cadence, and step length which showed no
significant differences between the two groups post-operatively [42].
Waterson et al [43] and Blakeney et al [44] found higher “naturalness”
reports among the KA patients in the early recovery phases. However,
Stove et al. (2025) and Van Essen et al. (2023) showed these
differences diminish with time. [19,20]

Implant survivorship represents the ultimate benchmark of TKA
success. MA, by aligning the load vector centrally through the knee,
has demonstrated exceptional durability with survivorship exceeding
95 % at 15-20 years [8]. Large registry and cohort studies report
excellent survival rates for MA knees which is displayed in detail in
Table 1

Source / Alignment | Follow-up|Revision | Key Notes

Registry Method Duration |Rate (%)

AOANIJRR [Mechanical |15+ years |3.50% |Stable over 15

(Australia, |Alignment years; gold

2022) [45] [(MA) standard baseline

NIJR (UK, |Mechanical |10+ years [4.20% |Favors MA for

2022) [46] |Alignment reproducibility and
(MA) longevity

NZJR (New |Mechanical | 10+ years [3.90% |Supports MA with

Zealand, Alignment low cumulative

2021) [47] |(MA) revision risk

Table 1: Summary of data reported in National Joint Registries

Conversely, long-term evidence for KA remains limited. Mid-term
studies (25 years) generally report equivalent survivorship between
KA and MA, with no significant differences in revision rates [48].
However, unrestricted KA-particularly when performed manually-can
produce wide coronal variation, raising concerns regarding edge
loading and tibial loosening [49].Howell et al reported over 95 %
survivorship at 10 years in KA cases performed within + 3° of
mechanical neutrality, suggesting that precision and moderation may
be more important than the alignment label itself and giving way for
exploring more personalized alignment options like restricted
kinematic alignment and functional alignment strategies [50].

Limitations Of Current Evidence; [51,52]

- Lack of long-term randomized trials for KA: Most studies report
outcomes at short to mid-term follow up i.e., 5-10 years. Long term
follow up with larger sample size and high volume centers are still
lacking.

- Selection bias in KA cohorts: KA technique was conducted mostly in
normal deformities with lesser bone loss and ligament balance. Most
of the studies excluded severe deformities, bone loss or ligament
imbalance cases leading to non-application of outcomes to all patients.
- Heterogeneity in definitions and techniques: Matar et al [53]
highlighted methodological heterogeneity in alignment research short
follow-up durations, inconsistent PROMs, and inadequate phenotype
stratification limit interpretability.

- Limited evidences in implant survival: in KA technique early results
with short term follow up had showed excellent results and satisfaction
but long term implant survival and wear patterns are yet to be
researched with long term studies.

- Potential confounding factors: Studies conducted on KA patients
donot show reliable outcomes due to differences in patient anatomy,
implant type or rehabilitation protocols. Psychological factors, patient
expectation, and rehabilitation intensity substantially influence
perceived outcomes [54,55] Consequently, alignment philosophy
must be contextualized as one of several interdependent contributors to
postoperative success.

Strengths of MA in TKA
-Even load distribution

Risks associated with KA in TKA
-Potential for malalignment
increasing possibility of
component wear and loosening

-Predictable outcomes
-Suitable for all deformities

-Altered patellofemoral mechanics

-Difficulties in severe varus/valgus|
deformities

-Proven long term durability -Limited long term data
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-Standardized and reproducible |-Surgeon learning curve
technique

-Widely accepted benchmark; |-Instrumentation challenge
regulatory & design

compatibility

Table 2: Strengths of MA vs Risks associated with KA in TKA

Future Directions

The evolution of total knee arthroplasty (TKA) alignment is
increasingly driven by personalized, technology-enabled execution
rather than adherence to a single alignment doctrine. Image-based and
imageless navigation systems provide real-time, three-dimensional
visualization of limb alignment using infrared tracking, allowing
accurate definition of femoral and tibial mechanical axes and precise
control of coronal, sagittal, and rotational bone resections.

Robotic-assisted systems further enhance alignment accuracy by
enabling incremental intraoperative adjustments to bone cuts and
component positioning, resulting in fewer alignment outliers and
improved consistency between surgeons. These technologies offer a
framework in which mechanical alignment targets can be reliably
achieved while selectively accommodating patient-specific anatomy
through restricted kinematic or functional alignment strategies. [56].

Well-designed randomized trials with 10-20-year follow-up, are
required to determine whether deviations from neutral alignment
compromise implant survivorship. Integration of artificial intelligence
driven planning, registry-level analytics, biomechanical modeling,
and wearable gait assessment may further refine alignment targets and
establish data-driven safety boundaries for individualized TKA.

CONCLUSION: The Debate: Longevity Versus Natural
Kinematics

Mechanical and kinematic alignment should be viewed as
complementary strategies along a continuum rather than opposing
doctrines. Mechanical alignment remains the most biomechanically
validated and registry-supported approach, offering reproducible
execution and predictable long-term implant survivorship. Kinematic
alignment, while conceptually appealing for restoring native joint
anatomy, demonstrates at most modest early advantages in function
and satisfaction that generally converge with mechanical alignment
outcomes over time, with long-term durability yet to be conclusively
established.

Hybrid approaches such as restricted kinematic and functional
alignment, particularly when executed with navigation or robotic
assistance, may provide an optimal balance by preserving mechanical
safety while allowing limited personalization of soft-tissue balance
and limb geometry. Until robust long-term evidence confirms the
survivorship of broader departures from neutral alignment,
mechanically guided or restricted kinematic strategies represent the
most evidence-based and clinically reliable methods for achieving
reproducible outcomes, minimizing alignment variability, and
optimizing implant longevity in contemporary TKA.
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