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Abstract

BACKGROUND

Computer-assisted systems obtained an increased interest in orthopaedic surgery over
the last years, as they enhance precision compared to conventional hardware. The
expansion of computer assistance is evolving with the employment of augmented
reality. Yet, the accuracy of augmented reality navigation systems has not been

determined.

AIM

This study aims to examine the accuracy of component alignment and restoration of the
affected limb’s mechanical axis in primary TKA, utilizing an augmented reality
navigation system and to assess whether such systems are conspicuously fruitful for an

accomplished knee surgeon

METHODS




From May 2021 to December 2021, 30 patients, 25 women and five men, underwent a
primary unilateral total knee arthroplasty. Revision cases were excluded. A
preoperative radiographic procedure was performed to evaluate the limb’s axial
alignment. All patients were operated on by the same team, without a tourniquet,
utilizing three distinct prostheses with the assistance of the Knee+™ augmented reality
navigation system in every operation. Postoperatively, the same radiographic exam
protocol was executed to evaluate the implants’ position, orientation and coronal plane
alignment. We recorded measurements in 3 stages regarding femoral varus and flexion,
tibial varus and posterior slope. Firstly, the expected values from the AR system were
documented. Then we calculated the same values after each cut and finally, the same
measurements were recorded radiologically after the operations. Concerning statistical
analysis, Lin's concordance correlation coefficient was estimated, while Wilcoxon

Signed Rank Test was performed when needed.

RESULTS

A statistically significant difference was observed regarding mean expected values and
radiographic measurements for femoral flexion measurements only (Z score = 2.67, p-
value = 0.01). Nonetheless, this difference was statistically significantly lower than 1
degree (Z score = -4.21, p-value < 0.01). In terms of discrepancies in the calculations of
expected values and controlled measurements, a statistically significant difference
between tibial varus values was detected (Z score = -2.33, p-value = 0.02), which was

also statistically significantly lower than 1 degree (Z score =-4.99, p-value < 0.01).

CONCLUSION

The results indicate satisfactory postoperative coronal alignment without outliers across
all three different implants utilized. Augmented reality navigation systems can bolster
orthopaedic surgeons’ accuracy in achieving precise axial alignment. However, further

research is required to further evaluate their efficacy and potential.
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Core Tip: Augmented reality navigation systems can bolster orthopaedic surgeons’

accuracy in achieving precise axial alignment.

INTRODUCTION

Total Knee Arthroplasty (TKA) is indubitably one of the most common orthopaedic
procedures ordinarily performed for knee joint osteoarthritis. In the USA, over 600,000
TKAs/year are carried out, with the numbers soaring annually [l.

The preponderant goals of TKA are pain relief, joint function restoration and
prostheses’ longevity. TKA’s success and artificial joint longevity are achieved with the
restoration of limb alignment. Malalignment is recurrently associated with copious
long-term complications, such as tibiofemoral and patellofemoral instability, joint
stiffness, patellar fractures, increased polyethylene wear and implant loosening [23l.
Diligent comprehension of the fundamentals and the employment of precise
instrumentation are pivotal for executing reproductively a well-aligned TKA.
Computer-assisted systems acquired escalated interest in orthopaedic SLﬁery over the
last two decades, as they have been demonstrated to ameliorate accuracy over
conventional instruments. The next generation of computer assistance is being
developed using Augmented Reality (AR). AR systems are broadly considered to
exhibit some essential advantages over traditional computer navigation platforms, as
they diminish the requirement for massive external detection equipment or reflecting

markers by utilizing little detectors with built-in detecting mechanisms attached to the




apposite places in the operating field [>4. Also, AR systems compared to conventional
computer navigation offer patient-specific CT imaging, thus developing a personalized
initial plan for the surgeon, while also being able to visualize the mechanical axis and
registration points. AR systems’ hardware is featured as more compact and
uncomplicated contrasted to computer navigation, which could lead to reduction in
associated capital expenditures and maintenance costs [#5l. Nonetheless, the exactness of
augmented reality navigation has yet to be established Bl. These systems” utilization
ranges from preoperatively surgical planning and simulation to navigation systems
assisting surgeons intraoperatively [51With the implementation of navigation systems,
orthopaedic surgeons can precisely track and visualize surgical instruments in real-
time, conforming to the anatomical structures Pl.
The growingly prompt evolution of AR technologies features the prospect of attaining
the exemplary form of the human-machine interface [¢l. Each AR system comprises
distinct hardware and software, which provides the surgeon Vﬁ'th real-time computer-
processed imaging data. AR systems project their information to the surgeon in a way
at combines real-life objects with superimposed computer-generated images 7111, A
system control software utilizes the data from a position-tracking system, transforming
the input into images, which are conveyed to a display system, where the
amalgamation with the real-scene view transpires in front of the surgeons’ eyes [1213],
Knee+™ AR navigation system (Pixee medical company, Besancon, France) comprises a
pair of smart glasses worn by the surgeon, specific markers (QR-code) connected to the
tibial and femoral cutting guides and a central laptop (Figure 1). The Knee+™ system
assists the surgeon in determining reference alignment axes in relation to anatomical
landmarks for precise positioning of cutting guides &garding computed mechanical
axis (Figure 2). The smart glasses (Vuzix 2000) enable the surgeon to visualize the tibial
and femoral axis superimposed on the patient in real-time during operation, providing
meaningful information concerning surgical decisions. With this information, surgeons
can accurately specify the distal femoral cut, flexion/extension gaps, the varus/valgus

axis, and the tibial cut’s posterior slope. Smart glasses can also offer real-time




information to the surgeon regarding the accuracy of osteotomies according to the
operative plan, combining the difference in the axis between the anatomical cut and the
computerized plan. At this point, the system allows the surgeon to deliberate on the
osteotomies and reach a new surgical plan.

This case series endeavors to scrutinize the accurateness of component alignment and
restoration of the affected limb’s mechanical axis in primary TKA, employing the
Knee+™ system. Additionally, this study aims to evaluate whether such systems are

substantively beneficial for a high-experienced knee surgeon.

MATERIALS AND METHODS

Study population

In our study, 30 patients underwent a primary unilateral TKA for osteoarthritis with
AR guidance from May 2021 to December 2021. The average age of patients was 71.6
years, with five men and 25 women. Patients were included irrespective of age,
diagnosis, deformity and body mass index (BMI). Revision surgery cases were
excluded.

Preoperative examination

Preoperatively, radiographic exams (simple A/P and lateral knee x-rays) and full leg-
length A/P x-rays were performed to all patients to assess the axial limb alignment
(Figure 3A). The radiographic examinations were performed in the same center,
utilizing the same software protocol. All radiological views were obtained with the
patients on standing position. With regard to full leg-length A/P x-rays particulars, the
images included in each set of radiographs were hip, knee and ankle views, with each
image dimension being 3408*3320 pixels and with a resolution of 150*150, as well as a
full-length lower limb x-ray performed by the same versed radiologist. The digital
radiography system employed was the “NOVA FA” (Sedecal , Madrid, Spain), which
featured a flat panel detector. The distance between the x-ray source and the patient
was 160 cm. This specific system was a linear system in which the x-ray source moved

from top to bottom to capture the images. It is pivotal to underline that this special




preoperative imaging examination is routinely not necessary for the utilization of
Knee+™ system intraoperatively, and we carried out this protocol for the purposes of
our study.

Surgery

All patients were operated on by the same adept orthopaedic surgeon, under combined
regional anesthesia and without a tourniquet. The following prostheses were employed:
Evolution® Medial-Pivot Knee System / MicroPort Orthopedics (7 cases), BalanSys
BICONDYLAR® Knee System / Mathys European Orthopaedics (12 cases) and
Vanguard® Complete Knee System / Zimmer Biomet (13 cases).

All operations were conducted with the assistance of the Knee+™ augmented reality
navigation system (Pixee medical company, Besancon, France), using a standardized
protocol of cutting first the tibial and then the femoral component. Concerning
intraoperative soft tissue balance assessment, depending on the type of implant
utilized, pertinent spacer blocks were employed for diligent evaluation of flexion and
extension gaps in valgus and varus stress.

Postoperative course and imaging

Acute postoperatively, plain knee x-rays (A/P and lateral) were carried out.
Subsequently, all patients were mobilized 2-3 h after the surgery with the aid of
physiotherapists specialized in rapid recovery rehabilitation techniques. On the second
postoperative day, following intensive physiotherapy sessions, a new full leg-length x-
ray was performed in each patient, employing the same radiographic exam protocol as
pre-surgery, for confirming the implants’ position, orientation and alignment in the
coronal plane (Figure 3B).

Data collection

We recorded measurements in three steps during the entire procedure for the femoral
varus and flexion, for the tibial varus and posterior slope (Figure 4). At first, we
documented the expected values preoperatively after the evaluation of joint deformity

and the mechanical axis from the AR system. Afterwards, we recorded the same




measurements after each cut intraoperatively, and ultimately, we also measured these
values radiologically after the operation.

Statistical analysis

Lin's concordance correlation coefficient (CCC) was estimated in terms of statistical
analysis. Also, results for Bland and Altman’s limits-of-agreement (LOA) procedure are
provided as the mean of the two values, minus and plus 1.96 standard deviations. CCCs
between 0.60 and 0.80 are considered substantial, while coefficients greater than 0.80 are
considered excellent. As the discrepancies between the measurements could not be
assumed to be normal, the Wilcoxon Signed Rank Test was also performed to examine
whether there was a significant difference between the mean values of the expected
values and the radiographic measures, as well as between the mean values of the
expected and controlled values. If a statistically significant difference was detected, a
Wilcoxon Signed Rank Test was carried out to test if the differences were significantly
different from the 1 degree. The level of statistical significance was set to 0.05.
RESULTS

A total of 30 patients were included in the study. For patients’ femur calculations, the
difference between the controlled and the expected varus/valgus values ranged from -1
to 1 degree, whilst there was no discrepancy in terms of radiographic measurements.
Regarding flexion values, the difference between expected and controlled values (which
refer to the calculated varus/valgus values from the AR system after the osteotomies
have been executed) ranged from -1 to 1 degree. The same was observed for the
difference between expected values and radiographic measurements. The mean
differences between all paired comparisons varied from 0 to 0.33 degrees (Table 1, 2).
Concerning tibia calculations, the discrepancy between controlled and expected values
for varus ranged from -1 to 1 degree with a medium value of zero degrees, while the
difference between radiographic measurements and expected values for varus ranged
from 0 to 1 degree with a medium value of zero degrees. Finally, the difference between

controlled and expected values for the posterior slope ranged from -2 to 1 degree and




between radiographic measurements and expected values from -1 to 1 (Table 1, 2). The
corresponding median values were equal to zero. The mean differences between all
paired comparisons were narrow, varying from 0 to 0.23 degrees (Table 3).

Near-perfect CCCs were reckoned for comparisons only between estimated flexion
values and controlled and radiographic measurements in the femur and between
estimated posterior slope values and controlled and radiographic measurements in the
tibia, varying from 0.66 to 0.89. Also, as mentioned before, no deviation was observed
between expected varus values and radiographic measurements in the femur. The 95%
limits of agreement were within -1.46 to 1.52 degrees, and most estimates lie within the
indicating (Table 3). Low CCC was estimated for expected and controlled values of
varus in the femur and tibia. A graphical display of the data and their agreement are
presented (Table 4).
A Wilcoxon Signed Rank est was performed to determine whether there was a
statistically significant difference regarding the expected values and radiographic
calculations. The test revealed a statistically significant difference in mean expected
values and radiographic measurements only for femoral flexion measurements (Z score
= 2,67, p-value = 0.01). However, this difference was statistically significantly lower
than 1 degree (Z score = -4.21, p-value < 0.01). Concerning discrepancies in the values of
expected values and controlled measurements, a statistically significant difference
between varus values measured in tibia was noted (Z score = -2.33, p-value = 0.02),
which was also statistically significantly lower than 1 degree (Z score = -4.99, p-value <
0.01). Finally, it is of utmost importance to mention that there was no difference

between the different implants used.

BISCUSSION

Our study aimed to denote the reproducible accuracy of an AR system (Knee+™, Pixee
Medical) in 30 TKA patients compared to their inFoperati\re measurements. At this
time, to the best of our knowledge, this is one of the largest clinical studies of this size to

examine the accuracy and efficacy of this system, but the first to include implants with




different characteristics. The results indicate that good varus/valgus alignment was
accomplished without outliers, whilst sagittal alignment was generally featured
satisfactory. The procedure was performed comfortably and repeatedly by the same
team. With regard to the rigorous limits and standards employed for the goals of our
study, it is vitally important to emphasize that a difference of 1° in final implants’
position is unlikely to be clinically significant, as numerous studies have demonstrated
that differences in coronal alignment after TKA of up to 3° (or even up to roughly 6°)
result in good clinical outcomes ['4l. This exact point is crucial when considering the
position of AR systems irﬁhe overall context of TKA.

There is an expanding interest in surgical variables intraoperatively controlled by
orthopaedic surgeons, involving lower leg alignment, component positioning and soft-
tissue balancing. Punctilious control over these factors is associated with improved
outcomes, which is the main reason why several computer navigation and robotic-
assisted systems have emerged [11-13],

In our study, three different types of implants were used with similar characteristics as
surface arthroplasties. Their main difference lies in femoral flexion and posterior tibial
slope. According to the aforementioned results, the Knee+™ AR system is a repeatable
open platform method, eligible to use with the same accuracy regardless of the
characteristics of the implants employed.

AR solutions can potentially decrease the outcome dependence on the surgeon’s
parameters by providing preoperative planning in the surgeon’s field of view or even
indicating impeccable trajectories for placing implants with overlays [11.12l. Diminishing
cutting errors is the challenge of every AR system assisting total knee arthroplasty.
According to literature data and the system’s design, the system’s accuracy lies
principally in the varus/valgus tibial cut regarding the restoration of the mechanical
axis.

More specifically, a recent study by Benett KM et al suggested that coronal mean error
for femoral and tibial cuts is 1.3° and 1.1°, respectively [13l. That present-day paper

examined total knee arthroplasties carried out with the assistance of Knee+™ AR




system, as in our study. Comparing the two contemporary studies, results are featured
comparatively similar, indicating that the robustness of this AR system regarding
restoration of mechanical axis after primary total knee arthroplasty is perceptibly
rigorous 131 In a 2021 systematic review scrutinizing the accuracy of Knee+™ AR
system by Iacono et al, it was deduced that this system is capable of executing cutting
errors of less than 1° of discrepancy regarding coronal alignment and less than 2° in
terms of posterior tibial slope and femoral extension/flexion, however, the copious
limitations of this study need to be taken into consideration ['°l. Perusing literature, it is
patently evident that there are limited data concerning the effectiveness and accuracy of
other AR systems used in TKA. Tsukada et al examined the efficacy of another AR
system regarding the exactness of bone resection in TKA, concluding that AR
technology can bolster surgeons’ distal femoral resection accuracy compared to
traditional intramedullary-guided techniques [9. Additionally, another study by
Fucentese et al examined the impact of “NextAR” AR TKA system (Medacta
International SA, Castel San Pietro, Switzerland) in prosthesis alignment and
positioning. It was inferred that, despite being employed in a low number of cases, the
initial results seemed promising, requiring further research to corroborate the potency
of this system [17].

The Knee+™ AR system equips the surgeon with a thorough preoperative plan
projected in real-time concerning the alignment of bone components and mechanical
axis restoration [8l. Notwithstanding, after initial cuts are executed, and the system
describes a significant difference, it enables the surgeon to alter their surgical plans and
correct the previously made osteotomies by contrasting the expected and controlled
values. The design of this AR system does not require the utilization of intramedullary
rods for femoral and tibial osteotomies, which are correlated with low-incidence
intraoperative thromboembolic episodes [18].

All measurements are calculated intraoperatively, thus, there is no demand for time and
cost-consuming preoperative radiographic scans that expose the patients to radiation

[1920], During surgery, not using extra pins as markers for restoration of the mechanical




axis is linked with reduced risk of periprosthetic fractures during implantation, chiefly
of the femoral component, and eliminated infection risk. Marker stabilization on the
cutting guides is considered safe because it decreases the risk of systemic malalignment
calculations due to intraoperative pin stretching, triggering imprecise cuts [211.

Although it has been demonstrated that AR might positively impact surgeons by
diminishing surgical errors, verifying the learning curve would be an engrossing aim.
Nonetheless, it is a user-friendly system with an effortless intraoperative setup that
guides the surgeon throughout the surgery and is versatile in amending operative plans
if necessary [22]. In our study, operative time and blood loss were not investigated,
thus further research is incontrovertibly required to evaluate the potential impact of
Knee+™ and other AR systems on this area.

Concerns have been raised regarding the extent of potentially spurious and disturbing
AR information displayed intraoperatively. This AR system does not require substantial
space or instrumentation in the operating room. Compared with other navigation
systems, this digital tool allows the surgeon to concentrate on the surgical field through
smart glasses and not get distracted by other display screens, allowing precious
coordination between the surgical team. Apposite contrast and clarity of the AR
technology and avoidance of masking structures in real patient view are of paramount

significance 23],

CONCLUSION

Present-day literature data propound that AR systems, such as Knee+™, are becoming
comparable to conventional navigation techniques in terms of precision and safety for
routine clinical practice. AR appears to be a robust contemporary digital tool capable of
revolutionizing the field of orthopaedic surgery, providing substantive information
regarding intraoperative guidance and decision-making. In the future, it will distinctly
possibly serve as a transcendent human-computer interface, enabling dexterous
surgeons to attain superior results. Nonetheless, further technological and medical

research is requisite to achieve augmented reality technologies' maximum potential and




cost-effectiveness. Until then, it is vitally important for the orthopaedic surgeon to rely
on their training and adroitness for decision-making and opting wisely to employ an

AR system.

ARTICLE HIGHLIGHTS

Research background

Computer-assisted systems obtained an increased interest in orthopaedic surgery over
the last years, as they enhance precision compared to conventional hardyare. The
expansion of computer assistance is evolving with the employment of augmented
reality. Yet, the accuracy of augmented reality navigation systems has not been

determined.

Research motivation

The results indicate satisfactory postoperative coronal alignment without outliers across
all three different implants utilized. Augmented reality navigation systems can bolster
orthopaedic surgeons” accuracy in achieving precise axial alignment. However, further

research is required to further evaluate their efficacy and potential.

Research objectives

This study aims to examine the accuracy of component alignment and restoration of the
affected limb’s mechanical axis in primary TKA, utilizing an augmented reality
navigation system and to assess whether such systems are conspicuously fruitful for an

accomplished knee surgeon.

Research methods

From May 2021 to December 2021, 30 patients, 25 women and five men, underwent a
primary unilateral total knee arthroplasty. Revision cases were excluded. A
preoperative radiographic procedure was performed to evaluate the limb’s axial

alignment. All patients were operated on by the same team, without a tourniquet,




utilizing three distinct prostheses with the assistance of the Knee+™ augmented reality
navigation system in every operation. Postoperatively, the same radiographic exam
protocol was executed to evaluate the implants” position, orientation and coronal plane
alignment. We recorded measurements in 3 stages regarding femoral varus and flexion,
tibial varus and posterior slope. Firstly, the expected values from the AR system were
documented. Then we calculated the same values after each cut and finally, the same
measurements were recorded radiologically after the operations. Concerning statistical
analysis, Lin’s concordance correlation coefficient was estimated, while Wilcoxon

Signed Rank Test was performed when needed.

Research results

Further research is required to evaluate their efficacy and potential.

Research conclusions
The results indicate satisfactory postoperative coronal alignment without outliers across
all three implants. Augmented reality navigation systems can bolster orthopaedic

surgeons’ accuracy in achieving precise axial alignment.

Research perspectives

A statistically significant difference was observed regarding mean expected values and
radiographic measurements for femoral flexion measurements only (Z score = 2.67, p-
value = 0.01). Nonetheless, this difference was statistically significantly lower than 1
degree (Z score = -4.21, p-value < 0.01). In terms of discrepancies in the calculations of
expected values and controlled measurements, a statistically significant difference
between tibial varus values was detected (Z score = -2.33, p-value = 0.02), which was

also statistically significantly lower than 1 degree (Z score =-4.99, p-value < 0.01).




89376 _Auto_Edited.docx

ORIGINALITY REPORT

Su

SIMILARITY INDEX

PRIMARY SOURCES

. 0
xxg.fronﬂersm.org 89 words — 2 /0
. : 0
mzvmzy.ncbl.nlm.nlh.gov 79 words — 2 /0
1] H : H H 0
D Gomez. "Anatomical distribution of colorectal 21 words — 1 /0

cancer over a 10 year period in a district general
hospital: is there a true "rightward shift"?", Postgraduate
Medical Journal, 2004

Crossref



