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Advancements and Prospects in Personalized Navigation
Systems for Knee Arthroplasty: A Literature Review

Sulyma O.M.", Chornyi V.5.12, Kozik Ye.V."®™=

Summary. Introduction. Traditional methods of knee arthroplasty are based on mechanical
alignment, which ensures long-term component survival but does not always meet patients’
[functional needs. Recent studies indicate that personalized alignment approaches, such as
kinematic and functional alignment, can improve functional outcomes and reduce complication
rates. These methods consider the natural axes of movement and the anatomy of the knee joint,
contributing to the restoration of joint anatomy and function. Individualized navigation systems
represent a modern approach to knee arthroplasty using three-dimensional preoperative models
based on CT or MRI. This method improves the accuracy of fitting the prosthesis components,
considering the patient’s individual anatomical features and biomechanical parameters.
Objective. The objective of this literature review is to analyze the literature on using advanced
navigation systems and evaluate their effectiveness, advantages, and prospects in personalizing
knee joint arthroplasty. Material and Methods. Using PubMed, Scopus, and Web of Science
databases, we reviewed 22 scientific studies on various navigation systems for knee joint
arthroplasty. Studies were selected based on patient numbers, statistical significance, clear
inclusion and exclusion criteria, and availability of objective treatment ouicome data. This
allowed for a detailed analysis and comparison of different navigation methods. Results. Total
knee arthroplasty (TKA) is one of the most effective surgical treatments for knee osteoarthritis.
However, the accuracy of prosthesis implantation remains a critical factor for the long-term
success of the surgery. Deviations in placement can lead to increased wear of components and a
higher risk of complications. Traditionally, standard tools and techniques based on anatomical
landmarks are used for prosthesis placement. In recent years, individualized navigation systems
(INS) based on preoperative three-dimensional modeling of the patient’s individual anatomy
have been introduced. INS aim to improve the accuracy of knee joint component placement,
reduce time of surgery, and lower the risk of complications. Conclusions. The use of patient-
specific surgical instruments and resection (ools in primary and revision knee joint arthroplasty
improves surgical and rebabilitation outcomes. This development allows for a 30% improvement
in implant positioning accuracy and a 10% reduction in CO2 emissions. Standardizing research
methods and increasing surgeon experience may contribute to a better understanding of the
long-term benefits of individualized navigation systems in knee joint arthroplasty. Despite the
identified advantages of INS, further research is needed to determine the long-term clinical
outcomes and cost-effectiveness of these systems. The application of INS is especially important
in cases of significant deformities and bone defects.
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Introduction

A navigation system is a modern technique and set
of tools used for primary, complex, and revision knee
joint arthroplasty. Each navigation technique aims to
improve prosthetic component placement accuracy
depending on the specific prosthetic model’s design
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and mechanical principles. Classic navigation systems
primarily use mechanical alignment. This type of
alignment for valgus or varus deformities does not take
into account the patient’s unique anatomical features
but focuses on creating a new biomechanics for the
prosthetic knee joint. During preoperative planning
and model prototyping, collaboration between the
engineer and the surgeon is essential to input data
on the placement of prosthetic components that
account for the kinematic and biomechanical axes,
ligamentous apparatus, and muscle function [2].
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Traditionally, neutral alignment has been the
standard principle for total knee arthroplasty (TKA)
[3-5]. For mechanical alignment, the femoral and
tibial components are positioned at a 90° angle to
the mechanical axes of the tibia and femur. This
alignment principle in knee arthroplasty was based
on distributing mechanical load on the implant
to reduce wear and aseptic instability, rather than
restoring normal kinematics and knee function.
Mechanical alignment (MA) in TKA has demonstrated
good long-term implant survival but not always
satisfactory functional outcomes [4, 6, 7].

Individualized navigation systems are based on
preoperative three-dimensional models created using
CT or MRI scans [1]. When developing a personalized
navigation system, various individual characteristics
of the knee joint are considered, such as the
kinematic axis, ligament balance, and biomechanical
axis. Proper preoperative planning is crucial in total
knee arthroplasty. For the design of a personalized
navigation system, the detailed bone surface relief of
the distal epiphysis of the femur and the proximal
epiphysis of the tibia is used.

However, the functional results of TKA with
navigation systems remain controversial. Bonnin et
al. found that 75-89% of patients with TKA reported
significant discomfort after surgery with the
restoration of the knee joint’s mechanical axis [8].
Other studies have shown that discomfort during daily
activities is a major cause of patient dissatisfaction
with kinematic alignment TKA [9-10].

Asystematic review by Moser et al. reported that the
mean angle between the hip, knee, and ankle (HKA)
ranged from 176.7° to 180.7° in non-arthritic knees.
Most studies in the review did not report neutral limb
alignment at 180°, except for Hovinga and Lerner,
and Khattak et al. [11-13]. The variability in anterior
knee joint alignment without osteoarthritis raises the
question of whether 180° limb alignment is «<normal».
Such alignment may not be a suitable goal for all
TKA patients. Hess et al. reviewed the femorotibial
alignment in osteoarthritic knees and concluded that
there are large differences in overall limb alignment,
as well as in isolated femoral and tibial alignment.
This observation continues to stimulate debate and
classification of limb alignment. In a randomized
cohort of 250 adults, Bellemans et al. identified
neutral alignment as 180 £ 3°, constitutional varus as
below 177°, and constitutional valgus as above 183°
(14, 15].

Later studies further classified TKA positioning by
including femoral and tibial mechanical angles (FMA
and TMA, respectively). This classification is more
useful and explains how modern concepts of altering
femoral and tibial bone cuts affect final alignment
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and improve knee arthroplasty outcomes [16-18].

Since the MA concept was challenged in the
1980s, Krakow and Hungerford described anatomical
alignment to improve functionality by more accurately
restoring the knee’s original position, though the
alignment was the same for all and not personalized.
This led to the development of several individualized
alignment concepts (kinematic, inverse kinematic,
restricted kinematic, and functional). The distinction
between these alignment concepts can sometimes
be difficult to interpret, and the literature presents
conflicting reports on them [3, 19].

The use of individualized navigation systems
allows for more accurate positioning of prosthetic
components, accounting for various factors such as
valgus, varus, angular, and rotational deformities,
deformities of joint surfaces from fractures of
the femoral and tibial condyles, deformities from
osteotomies, and congenital dysplasia of knee joint
bones.

Kinematic alignment (KA), described by Howell et
al. in 2006, is a2 method that restores anatomy prior
to arthritic changes and preserves the ligamentous
apparatus and biomechanics of movement [20]. In
this method, the knee is viewed along three kinematic
axes relative to the femur’s posterior and distal joint
lines. Figure 1 shows the types of alignment: one
transverse axis in the femur, around which the tibia
extends and flexes; one axis around which the patella
extends and flexes; and one axis around which the
tibia rotates externally and internally on the femur.
All three axes are either parallel or perpendicular to
the joint lines [21].

By addressing the knee joint, the KA method aims
to align the axes and joint lines of the implants with
the three «kinematic» axes and joint lines of the native
knee. The surgeon performs a femoral resection
while maintaining pre-arthritic angles, femoral joint
lines, and adjusts the extension and flexion gaps by
resecting the proximal tibia. Sometimes, KA involves
complex algorithms for balancing extension and
flexion gaps using resections and tenotomies [22].
Tibial compensation may lead to more oblique
varus tibial resections with a greater medial cut of
the tibia compared to MA (mechanical alignment).
The thickness of the tibial and femoral resections
is verified with calipers and must correspond to
the thickness of the implants after the resections.
Kinematic alignment (KA) restores the ligament
extension observed before the development of
arthritis, avoids creating ligament imbalances, and
minimizes the need for ligamentotomies. KA requires
precise surgical technique and can be performed
using several methods: traditional instruments,
computer navigation, personalized instruments, or
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Fig. 2. Types of lower limb alignment.

robotic navigation systems [23-25]. Figure 2 shows Taking into account the latest trends in the
the different types of alignment in a prosthetic knee development and design of personalized navigation
joint. systems for knee arthroplasty, we can say that this
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technology has rapidly advanced over the past 5
years. Currently, this technology has been significantly
refined and shows promising results, but it is not
yet the gold standard. Advocates of personalized
knee arthroplasty emphasize the potential of using
a personalized navigation system to improve the
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accuracy of prosthesis component positioning (Fig. 3).

Objective: The objective of this literature review
was to analyze literary sources on the use of modern
navigation systems and determine their effectiveness,
advantages, and prospects in the individualization of
knee joint arthroplasty.

Fig.3. Individualized navigation systems.
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Materials and Methods

A review of the use of various navigation systems,
including classic mechanical navigation systems,
combined and individualized navigation systems for knee
joint arthroplasty, was conducted. The review included
studies available in recognized databases such as PubMed,
Scopus, and Web of Science. During the selection of
material for the review, key terms such as «total knee
arthroplastyy  «patient-specific ~ instrumentation,»
«conventional instrumentation,» «kinematically aligned,»
«native alignment, and «treatment outcomes» were used
to ensure maximum objectivity and representativeness of
the results. The selection of specific articles was based on
quantitative data and an objective comparative analysis
of the outcomes. Special attention was given to studies
that included a large number of patients and provided
sufficient statistical significance. Only those studies with
clear inclusion and exclusion criteria, as well as objective
data on treatment outcomes, were included in the
review. In total, 22 scientific publications were selected
for further consideration, allowing for a comprehensive
review and comparison of methods. The results of the
literature search are described in Table 1.

Table Ne1
Results of the literature search

Articles found in
the PubMed
database (n = 319)|

Articles found in the
Embase database (n = 405)

Identification

Manual search foradditional articles (n = 4)

Articles that remained after removing
duplicate publications (n = 515)

Review

Selected full-text articles (01=22) | | Excluded publications (n = 411)

Compliance

Full-text articles excluded with

Analyzed articles (n =31) reasons (a=79)

Publications included in the review (n =22.)

Inclusion

Results and Discussion

Total knee arthroplasty is one of the most effective
surgical methods for treating knee osteoarthritis.
The accuracy of implant placement remains a
critical factor for achieving long-term surgical
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success. Misalignment can lead to increased wear
of components and a higher risk of complications.
Traditionally, standard instruments and techniques
based on anatomical landmarks have been used for
implant placement. In recent years, individualized
navigation systems (INS) based on preoperative
three-dimensional modeling of the patient’s specific
anatomy have beenintroduced. INS aim to improve the
accuracy of knee joint component placement, reduce
surgery time, and lower the risk of complications.

In the context of improving outcomes in total knee
arthroplasty, modern technologies such as patient-
specific instruments (PSI) and computer-assisted
surgery play an important role. Patient-specific
instruments (PSI) are designed based on preoperative
images, allowing the creation of specially tailored tools
for each patient. This ensures more precise alignment
and implantation, reducing the risk of mechanical
errors and improving implant stability. The use of INS
is particularly effective in kinematic alignment (KA),
where alignment accuracy is critical for restoring the
natural kinematics of the knee joint [206)].

The  computer-assisted  navigation  system
(CAS) provides surgeons with real-time detailed
information about the patient’s anatomy, allowing
for adjustments to the implant positioning during
surgery. This ensures high accuracy and predictability
of outcomes, reducing the risk of deviations from
the planned alignment. CAS is especially useful
in functional alignment (FA), where achieving an
optimal balance between bone structures and soft
tissues is crucial [27].

The integration of INS and CAS into various
alignment methods, such as KA (kinematic
alignment), inverse kinematic alignment (iKA),
restricted kinematic alignment (rKA), FA (functional
alignment), and mechanical alignment (MA),
significantly improves the accuracy of implant
positioning. This contributes to better preservation
of the joint line, optimal patellar kinematics,
reduced complication rates, and improved functional
outcomes in the postoperative period.

Despite the potential advantages, research results
regarding the effectiveness of navigation systems in
knee joint arthroplasty remain ambiguous due to
the significant variability and diversity of the studies
conducted. Researchers used different concepts,
clinical and instrumental evaluation methods,
as well as varying techniques and instruments
for arthroplasty. The evaluation considered both
clinical and instrumental data. Clinical outcome
comparisons remain a subject of active discussion
among orthopedic surgeons. The key criteria for
different types of alignment are presented in Table 2
ananalyzed.
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Table Ne2
Comparison of alignment types
Parameter Kinematic Kgggg;fic Iléf;g;c;teii Functional Mechanical
Alignment (KA) Alignment (iKA) | Alignment (rKA) Alignment (FA) | Alignment (MA)
Personalized . . .
. . . Restores functional | Aligns the mechani-
Method Features | Restores kinematics approaqh to the Hybrid approach mechanics cal axis
patient
Comph%‘;}:)“’“ rate 3.9% 3.5% 3.7% 3.8% 44%
. | More often uses PSI | Use of robotic as- | Use of individual CT| Robotic assistance | Standard instru-
Use of technologies and CAS sistance scans for accuracy ments
. Individualized . Indilvidualized Significant resec-
Bone resection Minimal resection resection Similar to KA resection, focus on tion required
preservation q
Radiological Better alignment o L . Strong correlation
parameters than MA Similar to KA Similar to KA Balanced alignment With OUtCOMES
Better balance Improved balance |  Additional cor-
Soft tissue release combared to MA Similar to KA Similar to KA through robotic rections may be
P assistance needed

Better tracking and

fewer patellofemo- Improved tracking

Possible tracking

Similar to KA, but issues, additional

Patellar kinematics ral complications and zsl;:élé)jﬂtléy Nch(im- Similar to KA better b%nce than corrections may be
than MA P needed
. . . Similar to KA, but | More difficult cor-
Axis preservation Bs([)trir 2 igzegaﬁgn Clz)rrerseecr;gtéoon ‘t}‘i](l;:lls Similar to KA better alignment | rection, potential
P P than MA for complications

As seen in Table 2, the study by Courtney et al.
showed significantly higher Knee Society Score (KSS)
and Oxford Knee Scores (OKS) for KA compared to
MA [29]. In the study by Grave et al., iKA and rKA
demonstrated promising results similar to KA, with a
significant improvement in OKS for both techniques
[29]. Functional alignment also shows improved knee
scores, with higher Knee injury and Osteoarthritis
Outcome Score (KOOS) and OKS compared to MA
[30]. However, Waterson et al. did not find significant
differences in KOOS between KA and MA, suggesting
the need for further research [31].

The complication rate is an important factor in
evaluating the safety and effectiveness of alignment
techniques in TKA. Studies show that KA, iKA, rKA, and
FA slightly increase the complication rate compared
to MA. A systematic review by Klasan et al. found no
significant differences in complication rates between
KA and MA [26]. Courtney et al. also reported similar
complication rates for KA and MA (3.9% versus 4.4%)
[28]. iKA and rKA show comparable complication
rates with KA, according to the study by Grave et al.
(3.5% and 3.7%, respectively) [29]. FA, using robotic
assistance, also shows a low complication rate (3.8%)
[27].

Patellofemoral kinematics and its tracking are
important for the longevity and functionality of the
knee prosthesis. KA, iKA, rKA, and FA demonstrate
promising results in improving patellar kinematics

compared to MA. Dossett et al. found that KA provides
better patellar tracking and fewer complications
compared to MA [32]. Similar results were shown in
the study by Chang et al. for FA, which demonstrated
better patellar kinematics with robotic assistance [32].
iKA and rKA also show improved patellar kinematics,
highlighting improved tracking and stability of the
prosthetic knee joint. These results suggest that
alternative alignment techniques may offer benefits
in patellar kinematics, potentially reducing the risk
of complications [29].

Axis preservation is critical for maintaining the
natural biomechanics of the knee. Studies show that
KA, iKA, rKA, and FA may better preserve the axis
compared to MA. Hutt et al. showed that KA better
preserves the axis, leading to more natural kinematics
[34]. Steer et al. also reported better axis preservation
results for FA compared to FA [27]. iKA and rKA also
show comparable axis preservation results with KA
[29]. These results highlight the potential benefits of
alternative alignment techniques in preserving the
joint line, which is important for long-term knee
function.

The use of modern technologies such as
individualized navigation systems (INS) and
computer-assisted navigation systems (CAS) is
common in KA and MA techniques. These technologies
improve the accuracy of implant positioning and
alignment. Klasan et al. highlighted the use of INS in
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KA, which allows for more precise alignment of the
implant and better outcomes. Steer et al. also noted
the advantages of using robotic assistance in FA to
achieve precise alignment and improve functional
outcomes [26, 27].

Soft tissue mobilization is an important aspect
that affects postoperative pain, function, and
recovery. Studies show that KA may require fewer soft
tissue releases compared to MA. An et al. reported
that KA required fewer soft tissue releases, resulting
in less trauma and better postoperative outcomes
[35]. Abhari et al. also found that KA led to fewer
soft tissue releases compared to MA, contributing to
higher patient satisfaction. These results suggest that
KA may offer advantages in soft tissue management,
leading to improved recovery and patient outcomes
[30].

Bone resection affects the stability and durability
of the implant. Studies show that KA requires less
bone resection compared to MA. An et al. reported
that KA required less total bone resection compared
to MA (16.7 mm versus 18.9 mm, p < 0.0001). This
reduction in bone resection helps preserve bone
stock and potentially improves long-term outcomes
[35].

Radiological parameters are critical for assessing
the accuracy and success of alignment techniques.
Studies show that KA leads to better radiographic
outcomes compared to MA. Hirschmann et al. found
that KA leads to better radiographic alignment with
less deviation from the intended alignment compared
to MA [18]. Steer et al. also reported that KA achieves
better radiographic outcomes, which more closely
match the patient’s natural knee anatomy [27].
Longstaff et al. also reported that KA achieves better
frontal alignment, contributing to better balance and
reducing the risk of implant instability [37].

Conclusions

The use of custom-made tools and resection
guides in primary and revision knee arthroplasty
improves surgical and rehabilitation outcomes. The
development of this approach allows for up to 30%
improvement in implant positioning accuracy and a
10% reduction in CO2 emissions.

Standardizing research methods and increasing
surgeons’ experience can help better understand the
long-term benefits of custom navigation systems in
knee arthroplasty. Despite the identified advantages
of INS, further research is needed to determine the
long-term clinical outcomes and cost-effectiveness
of these systems. The use of INS is more important
in cases of significant deformities and bone defects.
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JOCATHEHHA Ta NEPCHEKTUBH MNEPCOHATi30BAHHUX HABiraliiHUX CHCTEM
IS €HAOMPOTE3YBAHHSA KOJIHHOTO CYITI00a: OIJIAZ JiTepaTypu

Cyauma O.M.", Yopuuii B.C."#, Kosik €.B."
LIV ducmumym mpasmamonoeii ma opmonedii HAMH Vkpainu», Ykpaina, Kuie
’Hayionansnuil meowunuti ynisepcumem imeni 0.0. bozomonvys, Vkpaina, Kuig

Anomauia. Bemyn. Tpaouyitini memoou enoonpome3ysanus KOIHH020 CY2a004a
3ACHOBANE HA MEXAHIMHOMY BUDIBHIOBAHMNI, AKe 3a0e3newye 00620CMPOK06E BUNUBAN-
HA KOMNOHEHMIB, e He 3a6H0U 3a0080AbHAE PYHKUIOHANLHE NOMPeOU NAYIEHMIE.
Ocmanni 00CHiONeHHA NOKA3YIOMb, WO NePCOHANI08aNHI NI0X00U 00 BUDIBHIOBAH-
HA, MAKi 4K Kinemamuumne ma yHKyionasone SUPIBHIOBANHS, MOICYMb NOKPAUUMU
PYHKYIOHANOHT De3YAbMAMU Ma SMEHUUMU YACOMY YCKAAOHeHb. L[i memoou épa-
X08Y10Mb NPUPOOHL OCI PYXY Ma AHAMOMIIO KORIHHO20 CY221004, W0 CNPUAE 8I0HO6AEH -
HI0 anamomii ma QynKyiil cyenoda. Inoueioyanrsi nagieayitini cucmemu npeocmas-
JA0Mb CYUACHUTE NE0XI0 00 eHOONDOME3YBAHHA KOJHHO20 CY2100d, UKOPUCOBY 10U
mpusumipni nepeoonepayiiini mooeri na ocnosi KT abo MPT. I]eti memoo niosuuyye
MOYHICMb NIO20HKU KOMNOHEeHMIE npomesd, 6Paxosyouu iHOUBIOYAIbHI AHAMO-
ML 0COOAUBOCME Ma Olomexaniuni napamempu nayicuma. Mema 00CNiONCeHHA
— NPoananizysamu imepamypy us000 6UKOPUCMANNA NePLo0BUX HAGI2AYIUHUX CUC-
mem i OyiHumy X epexmueHicms, nepesazu ma nNepcneKmuy 6 nepcoHanizayii
eHOoNnpOmMe3y8anti KOMHH020 cyen00a. Mamepianu ma memoou. 3a 001nomo2010 043
danux PubMed, Scopus i Web of Science mu npoeenu 02140 22 HAYKOBUX O0CAIONCEHD,
NPUCBAUCHUX DISHUM HABI2AUIIHUM CUCEMAM 0N eHOONDOME3)Y8aHHA KOJHHO20
cyenoba. JJocnioncenns 6i00UParuc Ha 0CHO8I KLIbKOCI NAYiEHMIs, cCmamucmuunoi
SHAYYUHOCINE, YIMKUX KPUMEPIi8 6KNI0UeHHA Ma BUKIIOUCHHA, a4 MAKONC HAABHOCI
00 EKMUBHUX OAHUX U000 Pe3YAbMamie JKY8anHA. L]e 003604UL0 NPo6ecmu 0emab-
HULL aHani3 i NOPIBHAMHA DI3HUX Haesieayiinux memoois. Pegyrsmamu. Tomanvhe
enoonpomesy8amnns kKoainno2o cy2nooa (TEIIK) € 00num i3 nariegpexmusHiuux xipyp-
2IHUX MeMOOI8 KY8AHHA ocmeoapmpumy Koaina. OOHaKx mounicmos iMnaanmayii
npomesa 3anNumacmsvCs KPUMuuHuMm Gaxmopom 0as 00620CmMPoK08020 YCnixy onepa-
Yii. BiOXuaenua y 6CmMano81enti MoICYms npu3eo0umu 00 nioguljernozo 3Hocy KoMno-
HeHmi6 ma 30LbUEHHA PUSUKY YCKAAOHeHb. TDAouyiino 011 6CMAHO0BACHHA NPOMe3a
BUKOPUCIMOBYIOMBCA CIMANHOAPMHT THCMPYMEHMU MA MeMOOUKU, W0 IDYHMYIOMbCA
HA AHAMOMIMHUX opienmupax. OCmanninu poxamu 0Yau 6npo8aoreri inouUgioyarbHi
nasizayiting cucmemu (IHC), 3acnogani na nepeoonepayitinomy mpusumipromy mooe-
J08aHHT cneyu@iunoi anamomii nayienma. IHC cnpamosani na niosuujerts mowHoc-
mi PO3MauLy8anms KOMNOHKEHMIE KOAHH020 Y1004, CKOPOUeHH uacy onepayii ma
SHUNCCHHA PUSUKY YCKAA0HEeHb. BUCHOBKU. Burxopucmanns inougioyasoHux xXipypeiv-
HUX IHCMPYMeHmMi6 i 3ac00i6 0114 pe3eKyii npu nepeurHomy ma pesiiinomy eHoonpo-
me3y8anHi KOLIHHO20 CY2100a NOKPAUYE XipYp2iuni ma peabinimayiini pe3yiomamu.
I[a mexnonozia 0036024€ Ha 30% ni0SUWUMU MOUHICMb NOSUUTOHYEBAHHA IMNAAHMA-
my ma na 10% 3nusumu euxuou CO2. Cmanoapmu3auis memooié 00CAi0NeHHs ma
nioguLeHHA 00C8i0Y XiDYpP2i6 MONCYMb CNPUAU KDAUOMY DOSYMIHHIO 00820CMPOKO-
BUX nepesaz iHOUBIOYANLHUX HABIZAUIIIHUX CUCTNEM ) eHOONPOMe3)Y8anHT KORHH020
cyenoba. Hessaxcarouu na euseneni nepesazu IHC, neo0Xioni noodansisi 00CiioneHms
O BUHAYEHH 00820CMPOKOBUX KATHIUHUX DE3YIbMAmi6 ma eKoHOMIuHOI 00Uinb-
Hocmi yux cucmem. 3acmocysanns IHC 0co0aU60 6axcauee y BUNaoKax 3Haunux oe-
popmayitl i degpexmis Kicmox.

Knouoegi cnoea: momanshe enoonpomesy8anns KOMHH020 Cy2a00d, iHOUBIOYALb-
Hi HABI2AYIIIHI CUCEMY, MPUBUMIDHE MOOCMIOBANHS, THOUBIOYANbHE IHCMDPYMEHMU,
Kinemamuyre 8UpieHI08aANHA.
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