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ABSTRACT

Achieving optimal alignment in total knee arthroplasty (TKA) is a critical factor in ensuring optimal outcomes
and long-term implant survival. Traditionally, mechanical alignment has been favored to achieve neutral post-
operative joint alignment. However, contemporary approaches, such as kinematic alignments and hybrid
techniques including adjusted mechanical, restricted kinematic, inverse kinematic, and functional alignments, are
gaining attention for their ability to restore native joint kinematics and anatomical alignment, potentially leading
to enhanced functional outcomes and greater patient satisfaction. The ongoing debate on optimal alignment
strategies considers the following factors: long-term implant durability, functional improvement, and resolution
of individual anatomical variations. Furthermore, advancements of computer-navigated and robotic-assisted
surgery have augmented the precision in implant positioning and objective measurements of soft tissue balance.
Despite ongoing debates on balancing implant longevity and functional outcomes, there is an increasing advocacy
for personalized alignment strategies that are tailored to individual anatomical variations. This review evaluates
the spectrum of various alignment techniques in TKA, including mechanical alignment, patient-specific kinematic
approaches, and emerging hybrid methods. Each technique is scrutinized based on its fundamental principles,
procedural techniques, inherent advantages, and potential limitations, while identifying significant clinical gaps

that underscore the need for further investigation.
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INTRODUCTION

Knee osteoarthritis is recognized as a prevalent degen-
erative joint disease that imposes a significant socio-
economic burden on both society and healthcare sys-
tems. In recent decades, growing global rates of obe-
sity and population aging cause the incidence of knee
osteoarthritis to rise notably*2,

Total knee arthroplasty (TKA) stands as a highly
effective treatment option for individuals suffering
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from severe osteoarthritis. It offers favorable out-
comes, including the ability to resume daily activities
and notable functional improvement. However, despite
significant advancements of surgical techniques and
postoperative care, up to 20% of TKA patients still re-
port dissatisfaction with their outcomes!®. The success
of TKA is determined by several factors that contrib-
ute to a pain-free knee, better function, patient satis-
faction, and long-term implant longevity.

Proper alignment of the knee joint is one of the
utmost crucial factors in determining the long-term sur-
vival of the implant following TKAP!, It is believed that
optimal alignment helps reduce both mechanical and
shear stresses exerted on bearing surfaces within the
knee joint as well as bone-prosthesis interfacel®”). Poor
alignment in TKA has been associated with reduced im-
plant survivor and suboptimal functional outcomes!®8°1,
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Achieving stable postoperative knee neutral alignment
has been a standard principle of TKA!% but emerg-
ing evidence suggests that a significant proportion of
adult men (32%) and women (17%) have constitu-
tional varus in the knees after TKA, which highlights
the need for a more individualized approach to align-
ment correction!?. Various personalized alignment con-
cepts, such as kinematic alignment (KA), inverse kine-
matic alignment (iKA), restricted kinematic alignment
(rKA), and functional alignment, have been developed
to tailor alignment strategies for TKA based on each pa-
tient's unique anatomy and kinematics (Fig. 1).

In this narrative review, by delving into the fun-
damental principles underlying different alignment
techniques employed in TKA, we aim to gain a com-
prehensive understanding of their application in TKA.

ALIGNMENT AXES

Vertical axis

Vertical axis refers to a vertical line extending from the
center of the pubic symphysis (located in the pelvis) to
the ground anteroposterior radiograph
taken during weight-bearing. This line serves as a refer-
ence for assessing the alignment and positioning of the
lower limb relative to the rest of the body!*3.

in a normal

Mechanical axis

Mechanical axis of the lower limb is an imaginary line
from the center of the femoral head (located at the hip
joint) to the center of the ankle joint. This line typically
exhibits a slight inclination of approximate 3 degrees
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relative to vertical axis**. The mechanical axis of the
lower extremity can be further subdivided into femoral
mechanical axis and tibial mechanical axis. Femoral me-
chanical axis extends from the head of the femur to the
intercondylar notch of the distal femur. Tibial mechanical
axis extends from the center of the proximal tibia to the
center of the ankle joint. Hip-knee-ankle angle, also
known as mechanical alignment angle, is formed by me-
dial angle between femoral mechanical axis and tibial
mechanical axis. The hip-knee-ankle angle of a normal
knee is typically slightly less than 180 degrees!*>®,

Anatomic axis

The anatomic axis of the femur or the tibia is an imagi-
nary line centered on the diaphysis or the shaft of each
bone. Two methods are commonly employed to deter-
mine the anatomic axis of the femur; one is to draw a
line from the proximal to the distal end of the femur
within the intramedullary canal, and the other is to
draw a line passing through two points, one point lo-
cated at the center of the femoral shaft and the other
10 cm above the knee joint, i.e., at an equidistant dis-
tance between the medial and lateral cortex of the fe-
murtt4),

In anteroposterior evaluation, the mechanical and
anatomic axes of the tibia are generally parallel to each
other. However, in the case of the femur, there is typi-
cally a 5-7 degrees inclination difference between ana-
tomic axis and mechanical axis!*”).

Anatomic tibiofemoral angle is determined by
measuring the angle between the anatomic axes of
the femur and the tibia. This angle provides valuable
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Figure 1. A summary illustration of various alignment techniques employed in total knee arthroplasty.
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information about the alignment and potential defor-
mity of the knee joint. On average, anatomic tibio-
femoral angle is approximately 173-175 degrees. This
physiological value serves as a reference for assessing
any deviation from normal alignment{*4.

Kinematic axis

Mechanical and anatomical axes can be well visualized
and described using plain X-rays. These axes provide
important information about the structural alignment
of the knee joint. However, when it comes to under-
standing the dynamic motion of the knee, a different
concept—kinematic axis—comes into play!*9],

Knee kinematics focuses on the relative motion
and position of the femur, patella, and tibia at differ-
ent flexion angles rather than on the forces in the
knee. Kinematic alignment is based on three func-
tional kinematic axes that describe the motion of the
knee joint!**2%, The first kinematic axis of the knee is
the transverse femoral axis in the femur, around
which the tibia flexes and extends. It passes through
the center of a circle that coincides with the articular
surface of the femoral condyles. The second kinematic
axis is the transverse axis of tibia, around which the
patella flexes and extends relative to the femur. It is
located proximally anterior to and parallel to the first
transverse axis. The third axis is longitudinal axis of
the tibia, around which the tibia rotates internally and
externally on the femur. This axis is perpendicular to
the first two axes. Together, these three kinematic
axes capture the complex and dynamic movements of
the knee, including flexion, extension, patellar motion,
and tibial rotationt%21:22],

ALIGNMENT TECHNIQUES IN TKA

Anatomical alignment

In 1985, Hungerford and Krackow introduced the con-
cept of anatomical alignment in total knee replace-
ment surgery!?3. They introduced the idea of aligning
the components of the knee prosthesis in a manner
that closely mimics the natural anatomy of the knee
joint. This technique focuses on achieving an oblique
joint line that is typically positioned at a 2°-3° valgus
angle relative to the mechanical axis of the limb!,
This systematic approach involves restoring the entire
limb alignment to a neutral position and eliminating
the need for external rotation of the femoral compo-
nent.
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Anatomical alignment strategy is believed to offer sev-
eral advantages, including the optimization of load dis-
tribution within the tibial component and the enhance-
ment of patellofemoral biomechanics. By anatomically
aligning the components to replicate the joint line,
forces exerted on the knee joint during weight-
bearing can be distributed more evenly across the
tibial surface, thereby reducing the risk of excessive
stress on specific areas of the implant. Additionally,
the technique is designed to align the patella in a
manner that reduces the risk of stretching lateral reti-
nacular ligament during knee flexion!?,

Although short-term outcomes appeared favor-
able, it is worth noting that catastrophic wear of poly-
ethylene component has been reported to occur in 5%
of cases, leading to the need for additional interven-
tions and early revision surgey®!. However, a study
by Yeo et al. confirmed that the wear characteristics
and durability of modern-day polyethylene and im-
plants have improved. The use of robotics in TKA al-
lows for precise alignment of implant components.
This contributes to better functional outcomes and im-
proved joint stability[?4,

In the past, technical challenge of achieving pre-
cise osteotomies posed the risk of excessive varus
alignment of the limb or improper positioning of tibial
implant!?>2%, However, recent advances in surgical
techniques such as navigation systems and robotics
have addressed these challenges!?”:28,

Mechanical alignment
Mechanical alignment technique in TKA, originally de-
scribed by Insall et al., involves making a femoral os-
teotomy and a tibial resection perpendicular to the
mechanical axes of the femur and tibia, respec-
tively?l. Insall et al. believed that anatomical align-
ment could result in failure of medial tibial plateau
fixation due to uneven loading forces. Additionally,
they advocated external rotation of femoral compo-
nent by 3° in TKA to achieve a balance between flex-
ion and extension gaps!®®!. Femoral component is com-
monly positioned to align with trans-epicondylar axis,
which serves as the reference axis for flexion-
extension movements in the kneel®*?). The optimal dis-
tal femoral incision is commonly performed at a 2°-7°
valgus angle to femoral shaft axis. This valgus align-
ment helps to obtain a neutral mechanical alignment
of the knee joint!3!,

Restoring a neutral mechanical axis is commonly
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believed to be beneficial in terms of implant durability
and patient function after TKAP?, The achievement of
load symmetry by restoring a neutral mechanical axis
has been instrumental in preventing asymmetrical wear
and tear of polyethylene platform, which has been a
significant and common complication in the past,

Maintaining alignment within £ 3° of neutral me-
chanical axis is believed to minimize the risk of compli-
cations such as excessive wear, implant loosening,
and instability. This long-held belief has served as a
guideline for surgeons when determining optimal
alignment during the surgical procedurel®!. Studies
have shown that both computer-assisted TKA and
robot-assisted TKA achieve higher mechanical axis
alignment and more precise component placement
than conventional surgical techniques!®>3°],

Nevertheless, despite these improvements, it
must be acknowledged that functional outcomes are
not satisfactory, with around 50% of patients experi-
encing residual symptoms including pain, instability,
stiffness, and swelling following mechanical alignment
TKAs. Additionally, 10% to 20% of patients expressed
dissatisfaction with the procedure's outcomes!®”,
Moreover, the relationship between alignment within
+ 3° of neutral mechanical axis and functional out-
comes in TKA has been a subject of investigation. Al-
though achieving alignment within the * 3° range
may be considered ideal, it is not the sole determinant
of functional success!®*],

Accurate assessment of mechanical alignment in
TKA requires comprehensive imaging of the entire
limb, including the hip, knee, and ankle. CT or radio-
graphic imaging of the whole limb allows for a more
thorough evaluation of limb alignment and component
positioning. However, it is noteworthy that many stud-
ies on TKA outcomes have primarily relied on short X-
rays. The extensive reliance on short X-rays in studies
of TKA outcome suggests a potential gap in the analy-
sis of mechanical alignment. Limited imaging may not
capture a complete picture of component position and
limb axis, leading to incomplete assessment and po-
tential inaccuracies in alignment(32:4°],

The focus of mechanical alignment is to achieve
a neutral hip-knee-ankle axis where the mechanical
axes of the femur and tibia should ideally form an
angle of 180°, indicating a perfectly alignment of the
knee joint. However, it has been observed that only a
very small percentage of individuals are born with this
neutral alignment. MacDessi et al. discovered that
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only a small percentage of normal knees (15.4%) and
arthritis-affected knees (14.6%) achieved mechani-
cally neutral alignment and joint line. This means that
for the majority of individuals (approximately by
85%), mechanically neutral joint replacement does
not fully restore native joint alignment*!l, This high-
lights the need for further investigation into alterna-
tive alignment methods and strategies to improve out-
comes for these patients.

Kinematic alignment

Howell et al. have advocated kinematically aligned to-
tal knee replacements with the aim of restoring the
alignment of knee joint to its pre-arthritic state, with-
out the need to release collateral ligaments. By repli-
cating the pre-arthritic axis, KA aims to restore the
natural kinematics of knee joint and potentially im-
prove postoperative functional outcomes. Additionally,
KA helps to achieve physiological patellar tracking, as
it take into account the restoration of the native Q
angle (the angle between the quadriceps tendon and
the patellar tendon)t?+42431,

Unlike previous mechanical and anatomic align-
ment techniques, KA is a three-dimensional approach
to aligning the components in TKAM3, This means that
the implant components are positioned in a way that
replicates the patient's pre-arthritic joint geometry?*.
During KA procedure, the objective is to remove an ap-
propriate amount of bone and cartilage in the distal,
posterior, and tibial regions. This resection takes into
account the degree of wear and damage to the carti-
lage that will be replaced by the TKA compo-
nents?4244 These systems can assist in achieving
precise bone resections and component placement!*>4¢],

KA in total knee replacement has been recog-
nized as having several potential benefits, with one of
the advantages being the potential for better func-
tional outcomes. By restoring natural alignment and
joint kinematics, KA may help improve range of mo-
tion, joint stability, and overall knee function. In addi-
tion, KA has the potential to reduce postoperative
pain compared to other alignment techniques*”). This
approach is particularly favorable for valgus-aligned
knees. Its approach minimizes the need for extensive
soft tissue manipulation and simplifies an otherwise
complex surgical procedure!“®],

In the study conducted by Dossett et al.[**in 2012,
the six-month follow-up showed significant improve-
ments in various outcome measures in the KA group
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compared to the mechanical alignment group. The KA
group had a 16-point improvement in the WOMAC
(pain, stiffness, and physical function) score, a
7-point improvement in the Oxford Knee score, and a
25-point improvement in the combined Knee Society
score. Additionally, the KA group demonstrated a 5°
greater flexion compared to the mechanical alignment
group. Similarly, KA has better functional outcomes
compared to mechanical alignment. However, a meta-
analysis by Courtney and Lee found similar complica-
tion rates between KA and mechanical alignment TKA
over a two-year follow-up!*®!, The majority of revision
cases in that study were attributed to patellofemoral
problems accounting for 1.2% of the total cases. Ac-
cording to the first published ten-year follow-up, KA
demonstrated a remarkable success rate with a sur-
vival rate of 97.5%. This indicates the long-term dura-
bility and effectiveness of KA technique in TKAP%,

In a study by Shelton et al.®1], satisfaction rate
was evaluated in patients who underwent a kinemati-
cally aligned TKA on one knee after previously receiv-
ing a mechanically aligned TKA on the other kneel*!,
They found that 83% of the patients expressed satisi-
faction with mechanically aligned TKA during the tran-
sition to kinematically aligned approach. Furthermore,
during follow-up evaluation, kinematically aligned TKA
achieved a notable increased satisfaction rate, with
92% of patients expressing satisfaction®s. Similarly,
Bellemans et al.[>3! investigated KA in TKA customized
to native knee phenotypes and showed that KA ap-
plied in TKA improves early clinical outcomes, includ-
ing pain relief and functional recovery, surpassing tra-
ditional methods, emphasizing its role in personalized
TKA.

While KA has shown promise in TKA, the optimal
range for component positioning remains uncertain. It
is important to determine a safe and effective range
for KA of total knee components. Additionally, it
should be noted that the biomechanics of the osteoar-
thritic knee may differ from its pre-arthritic state,
which further adds to the complexity of alignment con-
siderations in KA,

Mechanical alignment has been extensively stud-
ied with long-term follow-up of authors from diverse
backgrounds, but KA has not been investigated at the
same level. The short follow-up period for KA limits our
understanding of its long-term outcomes and the po-
tential implications of larger follow-up on outcomes!®?.
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Adjusted mechanical alignment
It is recognized that the knee joint line in most indi-
viduals is not parallel to the ground, but instead has a
natural tendency towards varus, typically around 3 de-
grees. To address this concern adjusted mechanical
alignment (aMA) approach emerged in the field of
TKAP3), The aMA technique is a considerable modifica-
tion of conventional mechanical alignment technique.
In order to achieve optimal correction, aMA usually
corrects frontal deformity on the femoral side to less
than 3 degrees of maximum correction by adjusting
implant positioning, which consequently correcting
tibial deformity to neutral mechanical alignment®*>71,
Several studies have reported that aMA technique
successfully addressed anatomical constitutionaly varus
or valgus knees deformity with favorable outcomes in
terms of survivor and patient satisfaction. However,
these studies were non-comparative and lacked direct
comparisons to other alignment techniques>®®!, A re-
cent study conducted by Graichen et al.l*”) showed that
the aMA technique successfully achieve desired hip-
knee-ankle alignment and gap balance in more than
90% of cases. However, non-anatomical tibial resection
in aMA may lead to patients dissatisfaction after TKA.
Long-term studies involving a large number of cases
are necessary to thoroughly assess the short-term out-
comes of this technique™®.

Restricted kinematic alignment
rKA has emerged as a viable option for patients with
extreme anatomy and can serve as an alternative to
KA, rKA protocol is primarily focused on replicating pa-
tient's natural knee anatomy within a safe rangel*°,
The primary concern with rKA protocol is the boundar-
ies of hip-knee-ankle (HKA) angle. Previous studies
have shown that implant survivorship does not have a
substantial negative effect as long as the HKA angle
remain within a 3-degree range®®. Therefore, firstly
rkKA protocol need to achieve replication of individual
lower limb anatomy while ensuring that overall align-
ment remains within + 3° of neutral alignment®®); sec-
ondly, in order to accommodate the majority of pa-
tients and replicate their individual anatomy, rKA pro-
tocol should emphasize maintaining independent inci-
sions in the proximal tibia and distal femur within 5
degrees of mechanical axis!“®.

Moreover, rKA technique applied in TKA has
achieved a more anatomically accurate and biome-
chanically favorable reconstruction of knee joint. This is
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accompanied by preserving the natural shape and
anatomy of the femur while making any necessary ad-
justments to the tibial®”. Additionally, it has shown sig-
nificant improvement in achieving a more balanced
load distribution across knee joint. In the study by
MacDessi et al.'®!!, 80% of the participants in the KA
group achieved optimal knee balance, compared to
only 35% in the mechanical alignment group. However,
it is worth noting that the long-term clinical outcomes
of rKA in TKA have not been extensively studied.

Inverse kinematic alignment

iKA technique involves achieving an equal amount of
resection of medial and lateral bone during tibial re-
surfacing to ensure the natural obliquity of tibial joint
line to be preserved. By adjusting the resection of the
posterior and distal femurs, iKA achieves a balanced
flexion-extension gap. Therefore, this technique is ef-
fective in preventing tibial over-resection and subse-
quent complications!*6:62],

Winnock de Grave et al.[®%%% introduced and de-
tailed the concept and technique of iKA utilizing a
robotic-assisted system. This technique effectively re-
stores pre-arthritic medial proximal tibial angle, main-
taining it within a safe range of 84°-92°. Additionally,
tibial slope is aligned to be parallel and equal to native
medial tibial slope. After tibial resection, the proce-
dure follows a traditional gap balancing method.
Femoral incision is adjusted to equalize extension and
flexion gaps without the need for soft tissue releases.
KA and iKA differ in the way they balance the knee,
with KA balancing the knee by adjusting tibial incision,
while iKA balancing the knee by modifying femoral in-
cision. Moreover, iKA has the advantage of external ro-
tation of femoral component, which has the potential
to improve functional outcomes, especially in the case
of knee valgus, distinguishing it from traditional KA
techniques.

Winnock de Grave et al.!®3 specifically reported the
efficacy of iKA and showed that there was no significant
difference in clinical outcomes between iKA and aMA at
12 months of TKA; however, restricted iKA showed
greater patient satisfaction and significant improvment
in postoperative Oxford Knee score.

Further research and long-term follow-up studies
are needed to validate these findings and explore the
potential benefits of restricted iKA in a larger patient
population.
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Functional alignment

Functional alignment is a ralatively new approach in
TKA that is built upon the principles of KA. It incorpo-
rates advanced technology and precision-guided tech-
niques to achieve a more accurate and personalized
alignment of the knee joint{6*61,

Functional alignment in TKA is a dynamic intraop-
erative process, in which surgeon uses robotic-
assisted systems to manipulate various factors to re-
store a balanced extension-flexion gap and equalize
medio-lateral soft tissue tension!®*. Robotic-assisted
systems in TKA provide real-time feedback and guid-
ance to the surgeon throughout the procedure, thus
enabling surgeon to make an accurate intraoperative
assessment and necessary adjustments to achieve op-
timal implant sizing, positioning, gap balance, and
joint line heightt6®:67],

Early knee arthroplasty alignment strategies
lacked clear targets for joint line obliquity and height
and often relied on subjective assessment of soft tis-
sue. In contrast, functional alignment addresses this is-
sue by incorporating unique variations in joint line oblig-
uity into alignment considerations and emphasizing the
importance of maintaining the natural height of joint
linel?>438] Funtional alignment takes into account the
fact that each individual has unique constitutional bony
anatomy and soft-tissue characteristics and develops in-
dividualized alignments based on these factors rather
than using a "one-size-fits-all" approach(®®,

Functional alignment is a novel approach that fo-
cuses on restoring the natural three-dimensional align-
ment of the knee joint while preserving the integrity
of the soft tissue envelope. Maintaining the integrity
of the soft tissue envelope is to preserve the natural
tension and balance of the ligaments and surrounding
structures!®*®8, One of the main advantages of robotic
platform is the ability to pre-assess and correct errors
in final implant position before any bone cut are
made. This help minimize the occurrence of errors
and misalignments during the surgery!®”:6%,

In the study conducted by Sires and Wilson!®?, the
accuracy of intraoperative component alignment using
a robotic-assisted TKA system was assessed using post-
operative CT scans. The results showed that 93% of
surgical measurements were within 3 degrees of CT
measurements, indicating the high precision in the
alignment achieved with the robotic-assisted system.

However, the issue of safe limits for implant posi-
tioning in TKA remains a concern. A study by Jeon
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et al.’% found that robot-assisted TKA did not show
significant improvement in long-term clinical and radio-
logic outcomes compared to traditional methods. These
results highlight the limitations of current robotic technol-
ogy in achieving superior patient outcomes in knee re-
placement surgeries. The lack of clear definitions and
limited evidence for rigid limits pose challenges in deter-
mining optimal thresholds. Further research is necessary
to establish precise guidelines for implant positioning in
TKA and to determine the optimal range that ensures fa-
vorable outcomest(®®,

CONCLUSIONS

Conventional alignment techniques in TKA have
shown improved durability of implants but come with
functional limitations. Personalized alignment strate-
gies such as KA, which address these limitations by
considering individual patient anatomy, are gaining
popularity. KA has been demonstrated promising early
clinical outcomes, but its effectiveness in patients with
anatomical variations is still under evaluation. Hybrid
alignment techniques like aMA, rKA, and iKA have also
gained attention, but long-term clinical outcomes re-
quire further research. Early knee arthroplasty align-
ment lacked specific targets for joint line obliquity and
height, relying on subjective assessment. The concept
of functional alignment has emerged to address this
limitation by acknowledging individual variations and
tailoring alignment based on patient factors, optimiz-
ing outcomes and preserving natural joint line height.

In the evolving field of TKA, the quest for deter-
mining optimal co-alignment remains a topic of ongo-
ing debate and divergence. Further research is essen-
tial to determine the optimal alignment ranges for
TKA using modern implants. The goal is to strike a bal-
ance between restoring patient-specific kinematics to
improve functional outcomes and adhering to the safe
boundaries of neutral mechanical alignment to opti-
mize implant durability. Surgeons must consider indi-
vidual patient factors such as bone quality, ligament
balance, and preexisting deformities, when determin-
ing the appropriate alignment targets for each patient.

This narrative review summarizes the current un-
derstanding, techniques, and outcomes of alignment
methods in TKA. It explores the principles and tech-
niques associated with each alignment method, shed-
ding light on their advantages and limitations.
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Take-home messages

= Mechanical alignment and anatomical alignment
techniques have shown better long-term implant
durability but come with functional limitations.

= New approaches in total knee arthroplasty (TKA) are
shifting towards personalized alignment strategies
that consider the unique anatomy of each patient.

= Kinematic alignment (KA) technique in TKA has dem-
onstrated promising early clinical outcomes. However,
its effectiveness in patients with significant anatomical
variations is yet to be proven.

= Hybrid alignment techniques, such as adjusted me-
chanical alignment, restrict KA, and inverse KA
emerge as attractive options for addressing unique
anatomical variations. However, further research is
necessary to evaluate the mid- and long-term clinical
outcomes.

= Unlike previous approaches, functional alignment in
TKA modifies alignment based on individual bony
anatomy and soft-tissue laxity assessment, aiming for
definable and reproducible targets.
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