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Abstract

Introduction

New implants with different designs and more advanced surgical operating
tools have been developed due to a growing demand for knee arthroplasty
surgery and the urge for clinical improvement. Robotically assisted computer
navigation (robotic) was developed in the pursuit of more precise implant
positioning and balancing, theoretically leading to better alignment accuracy
and increased implant survivorship as well as patient satisfaction. The purpose
of this thesis was to compare the effects of new technology and implant design
on the results after knee arthroplasty. We compared robotically assisted total
knee surgery with conventional surgery using a responder analysis, Patient
Reported Outcome Measures (PROMs), radiological measurements and
migration studies for a novel cemented bi-cruciate stabilized total knee
arthroplasty. We also compared the newest Oxford uni-compartmental knee

(UKA) designs to a previous design.

Methods

The thesis is based on results from a randomized controlled trial (RCT) and
data from a prospective observational national register study.

In paper |, we compared the new twin-peg cemented and uncemented Oxford
partial knee with the established single-peg cemented Oxford phase lll knee,
in a study from the Norwegian Arthroplasty Register (NAR). The overall relative
risk of revision, and the risk of revision for specific causes, up to 5 years after
surgery, were studied.

In paper I, the first 51 patients in a RCT were assessed with radiostereometric
analysis (RSA) after randomization to either robotic or conventional technique,
to compare migration patterns of the tibial component, between the groups.

In paper I, 209 patients were enrolled to compare clinical and radiological

results in a randomized controlled trial after 24 months. We used PROM
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responder analysis, PROMs, radiographical measurements, and physical tests
to compare robotic or conventional operation techniques for a cemented total

knee arthroplasty.

Results

The results in Paper | did not show any difference in the overall risk of revision
between the cemented Oxford partial and cemented Oxford phase Il in the 5-
year period, but the uncemented Oxford partial had an increased risk of
revision for infection, compared to cemented Oxford 11l and more periprosthetic
fracture compared to cemented Oxford partial. The uncemented Oxford partial
had a lower risk of revision for pain and instability compared to cemented
Oxford Ill, and the cemented Oxford partial had a lower risk of revision for
femoral component loosening compared to cemented Oxford IIl.

Paper Il showed a higher mean migration for the robotic compared to the
conventional group, but the overall migration pattern for the bi-cruciate
stabilized implant was acceptable.

Paper Il did not show any difference between robotic and conventional groups
with respect to the PROM responder analysis, PROMs, or physical tests. The
femoral components were more flexed, and tibial components more sloped in

the robotic group. The operating time was 11 minutes longer.

Conclusions

The new twin-peg cemented Oxford Partial Uni appears to be an acceptable
replacement for the single-peg cemented Oxford Ill. The cemented version
should be preferred over the uncemented version.

The robotically operated bi-cruciate stabilized TKAs migrate more up to 24
months, but this study did not find any difference in the clinical results between
the two techniques. The cost- and time-effective conventional technique

should still be considered the “gold standard” for primary total knee arthroplast
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Introduction

1. Background

Knee osteoarthritis is a degenerative disease in which the cartilage, covering
the joint surfaces, degenerates. Loss of cartilage leads to narrowing of the joint
space, development of osteophytes, hard sclerotic bone and-/ or erosions into
the bone. The loss of cartilage and bone height can lead to loss of ligament
integrity, disruption of the individual knee alignment and result in instability.
Patients with end-stage osteoarthritis are good candidates for knee
arthroplasty with 80-90% chance of a good or very good result(1-6).

Knee arthroplasty has been on the rise in Norway and globally for the past two
decades, and this increase has been driven by an aging population, rising
obesity, and an increasing prevalence of osteoarthritis. Also, a rising optimism
for the results after surgery has contributed, as have new prostheses,
improved conventional instrumentation and advances in computer-assisted
surgery and robotics. The number of primary knee arthroplasties performed in
Norway has increased steadily from around 1000 procedures in 1994 to above
9000 operations in 2024.(7) The last five years (2020-2024) the proportion of
Uni-compartmental knee arthroplasty (UKA) have increased from 12.6% to
17.1%.

With a high development rate in a growing field, independent control systems
are crucial for a safe introduction into market. Registry studies as well as well-
designed randomized controlled trials play a major role as “gate keepers” in
this field, where new technology seems to play an increasing role. Patients
have good access to information and often request or even demand the
newest and most accurate options available. It is our duty as surgeons to use
well documented implants but also operating tools that are proven to benefit
the patients, without adding unnecessary cost or operating time. In this thesis
we used a register-based study to compare the risk of revision of a re-
designed UKA with an established design (paper I), and a randomized

controlled trial to evaluate the difference in migration pattern (paper 1) and
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clinical result between robotically assisted surgery and conventional technique

for a novel type TKA (paper ).

2. Robotic computer navigation (robotic) and the NAVIO project
Robotically assisted computer navigation (robotic) is the latest development in
technology-assisted surgery of the knee. Computer assisted surgery (CAS)
was first used in neurosurgery before it got introduced into knee arthroplasty
surgery a few decades ago(8-11). In robotic surgery the bone cuts or milling
get executed precisely by either a robotic arm or a hand-held robotic burr, as
opposed to CAS where the surgeon performs the cuts through cutting guides,
aided in place by the CAS system. The robotic execution theoretically leads to
more precise implant fitting and placement relative to the intraoperative plan
developed on the touch screen. The core principles of computer navigation
technology are the same for both robotic and CAS. The systems are
developed to give the surgeon information needed to take a decision on the
most optimal placement of the prosthesis components relative to bony
structures, soft tissue tension and bone-specific- and overall alignment.
Computer technology in knee arthroplasty surgery has evolved from a basic
setup with a goal of reaching an alignment target without soft tissue
considerations, to more complex robotized computer navigation systems which
also aid in execution of surgery and ligament balancing of the knee. The latest
CAS systems have a system for balancing the soft-tissue envelope, but no
robotized execution function. There are a wide variety of systems where some
are image based (CT or MRI) with the advantage of preoperative planning,
potentially reducing the operating time, and some imageless (as NAVIO/ CORI
used in our study) (figure 1,2). The disadvantages of image-based systems are
higher costs and radiation exposure. Imageless systems make use of
intraoperative mapping of the bony structures. Most systems are only open to
the few implants of the company providing the system.

Robotic technology is on the rise and is presently the preferred non-

conventional technique for both TKA and UKA. The Australian national register
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(AOANJRR) reports that 40% of TKAs are robotically assisted(12). In Norway
it was a slight decline in technology assisted procedures the last years with
only 6% computer assisted TKAs reported to the Norwegian Arthroplasty
Register (NAR) in 2024 and 4.7% robotic(7). In the USA the utilization of
robotic assisted knee surgery grew from 0.01% in 2008 to 8.5% in 2020 and
have increased rapidly since, reaching an estimated 70% by 2030(13).

The main advantage of robotic assisted technology is that one can make a
precise plan of component positioning before executing the bone cuts,
whereas in conventional technique the cuts are done by bony landmark
guidance combined by intra- or extramedullary anatomical axes, and soft
tissue guidance. Manipulation of the soft tissue envelope (ligament loosening)
is more often necessary with the conventional technique, but doesn’t
necessarily lead to inferior results(14,15)

Robotic gives the option to use any alignment technique, but a mixed
technique called functional alignment is perhaps the most popular method for
achieving balanced flexion and extension gaps(16), often without soft-tissue
manipulation. The functional alignment is dependent on the very precise
positioning allowed by robotics and computer navigation. Restricted functional
alignment uses a neutral mechanical overall alignment as default, before
moving the components to match the bony structures (shape matching) of tibia
and femur. Lastly, the components can be adjusted according to the ligament
tension to create a natural soft tissue balance(17).

Most studies on CAS or robotic report less coronal overall alignment
outliers(4,18-23), but no improvement for the clinical results or satisfaction
rates(24,25). Correct alignment is crucial for function of the knee, limb and the
entire locomotor system. The CPAK classification(26) shows that not all
patients are constitutionally straight, so correcting all limbs to neutral
mechanical alignment could be unnatural. Certain limitations for corrections in
the coronal plane into varus or valgus are advised, since shear forces
potentially can lead to early loosening of the components. The tibial

components are designed to get implanted 90° on the axis of tibia.
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Pin-site tracking related fractures(27) and infections(28) used to be downsides
with robotically assisted surgery, but has largely been overcome with smaller
pins (<4 mm) which are placed in the metaphysis within the skin incision rather
than the diaphysis(29). The systems are associated with higher costs and
increased operating time, as well as a learning curve of 15-50 cases(30-32). In
the present study we used the NAVIO system from Smith and Nephew (figure
1, 2) which is an imageless closed robotically assisted system. Infrared light is
reflected from discs mounted on 3 mm pins that are drilled into the proximal
tibia and femur, to a camera placed about 2 meters away from the operating
table. After the surgical approach is made, information on the center of tibia,
femur, ankle and hip is fed into the computer by a pointer with reflector discs
drawing over the bony structures (figure 2). The ligament laxity is then noted
with valgus and varus stress (aided by a Z retractor) to the knee in the entire
range of motion. Planning is done on the touch screen, where the prosthesis
components can be moved in three dimensions. The burr is then used for
milling out the distal femoral cut and holes for the femoral and tibial cutting
guides. After the trial components are inserted, the ligament laxity and

alignment can be assessed before cementing the final prosthesis.

A cemented bi-cruciate stabilized total knee arthroplasty (Journey Il BCS) was
developed to mimic the kinematic pattern of a native pre-arthritis average
shaped knee(33). The prothesis’ joint line obliquity is 3-degree apex distal,
meaning it is 3 degrees varus relative to mechanical axis from the hip center
via the knee to the ankle (HKA), and parallel to the ground, which is true for an
estimated 75% of the native knee constitutionally(26,34). The prosthesis is a
posterior stabilized (PS) type implant with a more kinematically similar
movement from full extension to flexion, where femur rotates (pivots) outwards
on tibia in the first part of the motion to roll-back of both femoral condyles
toward the end of the flexion motion. The bone fitting surfaces of both the tibial
and femoral components are similar previous implants (Legion/ Genesis Il)

from the same company (Smith and Nephew) despite internal mechanical
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differences. There are strict EU regulations for the release of implants (CE-
marked) into market, however no long-term clinical results are demanded. This
is the reason that NAR demands ODEP classification(35) of 10A, good results
after 10 years in the Norwegian Arthroplasty Register (NAR), other registries,
or an acceptable 2-year migration results from RSA studies. This will classify
an implant as well documented and advised used in common clinical practice.
We were curious about this CE-marked, but not well documented new implant,
and found it to be a suiting implant to use in a randomized controlled trial to
assess if robotic computer navigation is superior to conventional
instrumentation due to its potentially unforgiving and rather complex design.
We wanted to evaluate whether a more complex implant needed a more
precise tool of implantation to achieve a good result. To evaluate the effect and
usefulness of robotic assisted surgery, and to get a wide scope of assessment,
we designed a study containing a variety of outcomes. Short term implant
migration as measured with RSA has been shown to predict the risk of aseptic
loosening in the longer term. Therefore, we measured the migration of this
novel tibial implant. We also wished to evaluate if surgical technique (robotics
vs conventional) had an influence on the migration of the implant. The study
would also gain insight into the midterm survivorship of the prosthesis in the
present study with regards to its introduction into market. To assess the clinical
results after TKA, we designed a randomized controlled trial (RCT) with a

responder analysis(36) as the primary endpoint to assess the results linearly.
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2 cameras

Infrared light

Computer

Figure 1. NAVIO robotic assisted computer navigation system from Smith and

Nephew (Memphis, TN, USA)

Reflexion discs

Computerscreen

Figure 2. Image illustrating intraoperative setup for NAVIO
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3. Unicompartmental Knee arthroplasty (UKA)

UKA is only used if the patient has uni-compartmental osteoarthritis. The
anterior and posterior cruciate ligaments as well as the collateral ligaments
must be intact, and patients should not present with a flexion contracture, as
well as a valgus deformity or lateral joint space narrowing to be considered for
a medial UKA. Some retro-patellar osteoarthritis is accepted. There is a higher
revision rate for UKA patients(37), but lower risk of postoperative complication,
higher forgotten joint score (FJS) (38-42), an accelerated recovery and better
post operative range of motion (ROM) (43) than the TKA. Cemented UKA had
lower pain levels than the uncemented versions in a prospective register study
(44), while the results for pain score in a systematic review did not find any
difference comparing UKA to TKA (39). Patient selection can be a challenge
for UKA, and the operating technique is sensitive to surgical error. A low
hospital volume is associated with higher revision risk (45,46). UKAs has
historically shown a higher revision rate than total knee arthroplasty (TKA),
especially for aseptic loosening and progression of osteoarthritis (37,47,48).
Attempting to increase the implant-longevity a twin-peg femoral component
(Oxford partial) replaced the single-peg version (Oxford phase Ill) of the widely
used Oxford medial UKA. The aim of the new design was to improve the
fixation of the femoral component. The new prosthesis was developed with two
pegs, taking advantage of the two femoral holes for the cutting guide. The
Oxford Microplasty instruments were introduced in Norway in 2012, along with
this new version of the Oxford UKA, allowing for implantation in a more flexed
position, which is believed to reduce shear forces and the risk of anterior
impingement. These instruments were developed to make the operation easier

and placement of the components more accurate.(49-53).
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4. Radiostereometric analysis (RSA) and implant migration

Conventional radiostereometric analysis (RSA) with intraoperative implantation

of tantalum markers into bone and poly-insert (figure 3 and 4) is still
considered the gold standard for measurement of three-dimensional implant

migration using radiographic images. A rigid body is defined by the markers

that make up each segment, in the present study polyethylene insert and tibial

bone. To be able to identify each segment the markers had different sizes. The

RSA examinations were taken with the knee inside a bi-plane calibration cage

with tantalum markers positioned to make a system of coordinates as a

reference to the patient markers (cage 10; RSA Biomedical, Umea, Sweden)

(figure 3). Radiographs were uploaded to a software program that aided in the

analysis of micromotion of the tantalum markers relative to one another
(UmRSA Digital Measure version 6.0, RSA Biomedical). The rigid body
movements between examinations were used to calculate translations and
rotations around the x-, y- and z axis. The Maximum Total Point Motion
(MPTM) represents the magnitude of motion and is the 3-D measure of the
marker that moved the most. With repeated Examinations, a 3-D motion of
each marker can be calculated. Migration-patterns can be used in the risk-
assessment of early aseptic loosening for knee prosthesis components. The
technique was first described by Selvik et al in a Swedish research group in
1974 (54). It has been shown that increased early implant migration can
correspond to the risk of aseptic loosening at midterm (55). Linear motion as
small as approximately 0.2 mm and rotations from 0.2°-1.2° can be detected
by this method. The benefit of being able to evaluate small changes in
migration is that few patients are needed to achieve high statistical power.
Valstar et al published in 2005 guidelines for standardization of RSA studies
(56) and these guidelines were updated through systematic reviews in
2012(57) and 2023 from the same research group (58). Downsides of
conventional RSA are increased cost, difficult and labor-intensive X-ray

procedure, operating time and its invasive nature.
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Figure 3. The knee inside a bi-plane RSA cage. One lateral- and one
frontal radiograph is captured at the same time,

Figure 4. A frontal radiograph showing a knee with a total knee arthroplasty
and tantalum markers implanted into the proximal tibia and polyethylene
insert.
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5. Responder-analysis and Patient Reported Outcomes (PROMs)

In the present study, we included a cemented bi-cruciate stabilized total knee
prosthesis (Journey |l BCS, Smith and Nephew), that was developed to mimic
the kinematic movement of the native knee. The prosthesis was not well-
documented according to what is advised from the Norwegian Arthroplasty
Register (NAR) and had a ODEP rating of 3A(35). We found this implant to be
optimal, with its advanced design for comparison of robotic assisted surgery to
a conventional technique, asking if robotic has advantages over conventional
technique for this theoretically less forgiving and more complex implant. Many
often-used PROMs are riddled with the ceiling effect issue, which occurs when
a high proportion of respondents (>15%) achieve the maximum score or near
it. This means that the questionnaire is insufficiently sensitive to measure
further improvement(59).

To avoid the ceiling-effect we used responder analysis(36,60) as the primary
outcome. The individual patient longitudinal differences can be assessed with
minimal clinical important change (MCID) and then the proportions that meet
MCID criteria can be compared between the groups. The Western Ontario and
McMaster Universities Outcome Index (WOMAC) and Knee Injury and
Osteoarthritis Outcome Score (KOOS) were used to calculate responders. To
get a wide scope we wanted a diversity of outcomes and included three
physical tests. Two were evaluated and well documented for testing knee
arthroplasty patients (walking test and chair test)(61,62). The last one is only
validated for use in a rehabilitation setting for patients with osteoarthritis(63). In
addition, we included radiographic measurements of the overall coronal
alignment as well as the positions of the prosthesis components in the sagittal
plane. Lastly, we included the most used PROMs, Knee Society Score (KSS),
KOOS, EQ-5D, Visual Analogue Score (VAS) pain and the forgotten joint score
(FJS), a PROM not prone to ceiling effect.

To investigate the results of the newest and re-designed Oxford UKA, we
designed a register study (paper I) with no PROM scores. To compare the new

robotic system (NAVIO) with conventional technique for the novel cemented
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Bi-cruciate stabilized TKA (Journey Il BCS) we designed a randomized
controlled trial (RCT). The first 60 patients participated in a radiostereometric
migration analysis (RSA) (paper Il), and 209 patients were randomized to

compare the groups for clinical results (paper Ill).

6. Radiological outcome

To assess the overall alignment and the position of the prosthesis
components, long legged (Hip-Knee-Ankle (HKA)) radiographs were taken
before and after surgery (figure 5). The arithmetic HKA angle was calculated
using Medial Proximal Tibial Angle (MPTA)- Lateral Distal Femoral Angle
(LDFA). This value represents the constitutional overall coronal alignment
without taking the osteoarthritis and joint line collapse/ thinning) into account. It
is not the same as the actual (osteoarthritic) overall alignment measured from
the center of the hip through the middle of the knee and to the ankle. The
constitutional angle plus the joint line conversion angle (JLCA) adds up to the
overall actual alignment (HKA). To evaluate the position of the femoral
component and the tibia in the sagittal view, we measured the femoral flexion
and tibial slope as seen on figure 6a and 6b. The aims with these
measurements were to assess if the position of the components were different
when using robotically assisted surgery. The advantages of robotics are the
unlimited adjustment opportunities for both the femoral and tibial components.
The conventional instruments used in this study did not have that possibility. All
patients in the conventional group were operated with an intramedullary (IM)
rod for the tibia cut, with a fixed 3° slope, and the femoral component had a
limited freedom of positioning in the sagittal plane depending on where the

entry point of the IM rod into distal femur would be.
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Figure 5. Hip-Knee- Ankle (HKA) radiographs with measurements for

calculating constitutional arithmetic HKA and joint line obliquity angle.
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Figure 6a. Sagittal radiographic view with measurements of femoral

component flexion. The horizontal line is drawn on top of the box which is 90°
on the component longitudinal axis.

Figure 6b. Measurements of tibial component slope.
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Aims of the studies

Study I: Using data from the Norwegian Arthroplasty Register (NAR), we
asked: (1) Has the 5-year implant survival (free from revision for any cause)
improved with the medial Oxford unicompartmental knee after the introduction
of new designs? (2) Did the causes of revision change between the old and
new designs? (3) Is there a difference in risk for specific revision causes

between the uncemented and cemented versions of the new design?

Study II: Compare migration between robotically and conventional techniques
in cemented bi-cruciate stabilized TKAs, using radiostereometric analysis

(RSA) based on a secondary analysis of a randomized controlled trial (RCT).

Study Ill: Compare clinical results of a hand-held robotic-assisted functionally
aligned technique (NAVIO, Smith and Nephew) to conventional technique, for

a cemented bi-cruciate stabilized TKA, in a randomized controlled trial (RCT).
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Method

1. Paper |

1.1 Prospective observational register study (Oxford UKA)

Oxford Uni-condylar knee replacements reported to the Norwegian
Arthroplasty Register (NAR) from 2012-2021 were included in this prospective
observational study. The NAR was first established for reporting hip
replacements in 1987(64), and other types of joint prostheses including knee
replacements followed in 1994(65). After surgery a form (electronic or on
paper) is completed and sent to the register with information on gender, age,
ASA-category, date of surgery, previous knee surgery, prosthesis brand/ type,
antithrombotic medication, prophylactic antibiotic brand and doses, previous
knee surgery, approach, surgical method, use of computer navigation or
robotic surgery, fixation method (uncemented or cemented), intraoperative
complications, status of the cruciate ligaments, and if the present surgery was
a primary or secondary (revision) operation. Complete or partial removal of
implant is defined as a revision, as is addition of a component. The unique
identification number, joint and laterality of a Norwegian residents link primary
surgery to any subsequent revisions.

NAR has a high completeness for reporting of both primary operations (95%)

as well as revisions (93%)(37)

1.2 Inclusion (Oxford UKA)

After excluding patients with missing data, hybrid fixation, lateral Oxford UKAs
and patients with a combination of the two generation Oxford implants, there
were 908 medial cemented Oxford Ill, 4715 cemented Oxford Partial (twin-
peg), and 1821 uncemented Oxford Partial UKAs eligible for inclusion. The
cemented Oxford Ill was reported from 2012-2017, when it was replaced
entirely by the cemented Oxford Partial (reported from 2012-2021) while the
newest uncemented Oxford Partial was reported from its debut in 2014 until
2021. The data were censored at 5 years to avoid confounding due to different

follow-up times. The median follow-up times were 5 years for cemented Oxford
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Partial, 4 years for the cemented Oxford Il and 3 years for the uncemented
Oxford Partial.

1.3 Statistics (Oxford UKA)

To assess baseline characteristics of the three different study groups,
descriptive analyses were used. Chi-square test was used to determine p-
values for binary/ categorical variables, and a one-way ANOVA test was used
to calculate continuous variables. Cox regression multivariate analyses were
used to calculate Hazard Ratio (HR) adjusting for age, gender, ASA
classification, diagnosis and time-period to compare risk of revision for all
causes. We used adjusted Cox regression analyses to assess the risk for each
specific revision cause. For the overall survival analysis, proportional hazards
assumption was tested and found valid. Fine and Grey analysis was used for
specific revision causes and checked against the Cox analysis. The Fine and
Grey SHR estimates were reported if the values differed. The Kaplan-Meier
method was used to measure cumulative survival, and intact implant with no
part removed, added or exchanged defined a surviving prosthesis. For

statistical differences, a log-rank test was used.

1.4 Ethics

Norwegian Arthroplasty Register has a concession from the Norwegian Data
Inspectorate to collect and analyze data based on patient written consent. The
registration of data was performed confidentially on patient consent and
according to the Norwegian Data Protection Regulations (Ref. no. 03/00058-
20/CGN
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2. Paper

2.1 Randomized controlled trial (RSA study)

This study is based on an analysis of RSA data from the first 60 of the 209
patients in the randomized controlled trial described in paper Ill. Patients were
randomly assigned to robotic (NAVIO) or conventional surgery (allocation ratio
1:1). Two surgeons performed all the operations after 10 pre-study robotic
cases done together. A cemented Journey Il BCS total knee arthroplasty
(Smith and Nephew, Memphis, TN, USA) was implanted in all patients (fig 7.),
using Palacos R+G cement (Haraeus, Hanau, Germany). We chose adjusted
mechanical alignment technique(17), with room to adjust the distal femur cut to
preserve native deformity within a limit of -/+ 1°, for the conventional knees. A
restricted functional alignment technique was used in the robotic group, where
the overall coronal plane alignment was restricted to 2° valgus - 4° varus. All
cases were patellar resurfaced, using the “onlay” method. The robotic system
used in this study was the hand-held NAVIO robotic system (figure (Smith and
Nephew, Memphis, TN, USA). The conventional operations were all performed
with cutting guides on intramedullary rods for both tibia and femur. No drains
were used, and a tourniquet was used for all cases.

In the robotic group a hand-held burr was used for the distal femoral cut, and a
conventional cutting guide for the rest of the osteotomies. The burr was also
used for making holes ventrally into tibia to support a cutting guide. The cut
surfaces were verified and sometimes refined with the burr.

A 1-stage cementing technique was used after pulsed lavage and the
tourniquet was deflated in all cases when the wound was closed. For skin
closure we used running mattress sutures. The Knee was positioned in 90° of
flexion for 2 hours postoperatively, and a compression dressing was applied to
minimize bleeding. Patients were allowed full weightbearing after surgery but
were advised to use crutches for 6 weeks to prevent falling.

All the patients in this study had tantalum markers inserted. Six markers were
implanted into the polyethylene insert (0.8 and 1.0 mm in diameter) through

small drill holes, and 9 into the proximal tibia. (1.0 mm in diameter). The index
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RSA images were taken between 1 and 3 days after surgery and repeated
after 3, 12 and 24 months. A double examination was performed 12 weeks
after surgery, for the purpose of calculating precision values. The images were
sent to BioMat lab, Orthopedic department, Haukeland University Hospital for
analysis, and the evaluators were blinded to patient allocations. The RSA trial

will end after reporting data at 5 years follow up.

2.2 Inclusion

Males and females from 45-85 years, with primary- or secondary osteoarthritis
(OA) in the need of a total knee replacement, were eligible and invited into the
study. Only patients in American Society of Anesthesiologists (ASA) category
1-3 were included.

Patients with ongoing infection, metastasizing disease, degenerative
neurological disease, severe cardio-pulmonary disease, dementia, serious
systemic disorders, ASA class 4 and previous fractures or deformity in the tibia

or femur were excluded.

2.3 Statistics

To determine the number of patients necessary for inclusion, a power analysis
from a previous similar study(66) was used, claiming 0.1 mm to be a relevant
difference between groups, with an anticipated repeatability of 0.1 mm in the
RSA measurements. A 2-sided, 2-sample t-test was used to calculate the
group sizes necessary. To detect a difference of 0.1 mm with a standard
deviation of 0.1 a group size of 17 would achieve 80% power with a
significance level of 0.05. To ensure proper groups sizes up to 5 years it was
decided that 60 patients (30 in each group) would be sufficient.

The difference between doble measurements was calculated at 12 months, to
evaluate the measurement precision. (67). The standard deviation (SD) of the
differences with respect to zero was also calculated. The Pearson and
Saphiro-Wilk test showed that the migration data were not normally distributed,

so both median and interquartile range (IQR) are reported in table 2. Migration
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magnitude and progress were reported with mean values, and for the
differences between groups, the median values were used. This is similarly
reported in previous studies where the migration data were not normally
distributed(66,68), and the group numbers were small. To compare robotic
assisted surgery to the conventional group for migration we used Mann-
Whitney test. For the differences in descriptive data like age, gender,

diagnosis Pearson’s chi-square test was used.

2.4 Ethics

This study was approved by the regional committee for medical and health
research ethics (REK) on March 4, 2020 (ref.n0.68448 NAVIO HSR) in
Bergen, Norway, and the trial was registered in the trial database at
ClinicalTrials.gov (identifier: NCT04525950) on September 7, 2020.
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3 Paper lll

3.1 Randomized controlled trial (Clinical outcome)

This paper reports on the two-year clinical outcomes from a randomized
controlled trial comparing robotically assisted surgery (NAVIO) to conventional
instrumentation for a Bi-Cruciate stabilized total knee arthroplasty (Journey |l
BCS) (Figure 7). 209 patients were assigned randomly in a 1:1 ratio. Two
experienced surgeons (S and @G) from the same hospital (HSR) operated
all the cases in the study, the first 60 together. Long-legged radiographs in
addition to calibrated lateral views were taken preoperatively (for template

planning) and after 1 year (for radiological evaluation) of all patients.

3.2 Inclusion; see paper Il

3.3 Statistics

A sample size of 97 would achieve 80% power to detect a clinical important
difference of 0.17 in the rate of “non-responders” and “high-responders”
between the groups, with a standard deviation of 20 and a 0.05 significant
level. 209 patients were included to ensure proper sample size.

To compare mean improvements of KOOS, FJS, WOMAC, KSS, EQ-5D, and
mean radiograph angles we used an independent sample t-test with a 95%
confidence interval (Cl). All tests were two-sided and p-values above 0.05
were considered significant. IBM SPSS statistics program version 30.0 IBM

Corp., Armok, NY, USA was used for the statistical analyses.

3.4 Ethics
See paper I
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Figure 7. Journey Il bi-cruciate stabilized (BCS) total
knee arthroplasty from Smith and Nephew
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Summary of papers

Paper 1

Background:

Despite of superior function and less risk of infection, uni-compartmental knee
arthroplasty (UKA) has shown higher revision rates than total knee
arthroplasty (TKA), especially the femoral component.

A twin-peg femoral component (Oxford Partial) has replaced the single-peg
version (Oxford Phase lll) of the widely used Oxford medial UKA, with the aim
of improving femoral component fixation. The introduction of the Oxford Partial
Knee also included a fully uncemented option. However, there has been
relatively little evidence regarding the effect of these changes on implant
survival and revision diagnoses from groups not associated with the implant
design. Using data from the Norwegian Arthroplasty Register, we asked: (1)
Has the 5-year implant survival (free from revision for any cause) improved
with the medial Oxford uni-compartmental knee after the introduction of new
designs? (2) Did the causes of revision change between the old and new
designs? (3) Is there a difference in risk for specific revision causes between

the uncemented and cemented versions of the new design?

Methods:
We performed a registry-based observational study, using data from the
Norwegian Arthroplasty Registry, a nationwide, mandatory and governmental
registry with a high reporting rate. Between 2012 and 2021, 7549 uni-
compartmental knee arthroplasties were performed, and 105 were excluded
due to combinations of the three designs, lateral compartment replacement, or
hybrid fixation, leaving 908 cemented Oxford Phase Il single-peg (used from
2012 to 2017), 4715 cemented Oxford Partial twin-peg (used from 2012 to
2021) and 1821 uncemented Oxford Partial twin-peg (used from 2014 to 2021)
UKAs available for the analysis. The Kaplan-Meier method and Cox regression
multivariate analysis were used to find the 5-year implant survival and the risk
of revision (hazard ratio), when adjusting for age, gender, diagnosis, ASA
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grade, and time-period. The risk of revision for any cause, and the risk of
revision for specific causes were compared, first for the older with the two new
designs, and second for the cemented with the uncemented version of the new
design. Revision was defined as any operation exchanging or removing

implant parts.

Results:

The 5-year Kaplan-Meier implant overall survival (free from revision for any
cause) for the medial Oxford Partial uni-compartmental knee did not improve
over the past decade. The 5-year Kaplan-Meier survival was different (p =
0.03) between the groups: it was 92% (95% confidence interval [CI] 90% to
94%) for the cemented Oxford Ill, 94% (95% CIl 93% to 95%) for the cemented
Oxford Partial, and 94% (95% CI 92% to 95%) for the uncemented Oxford
Partial. However, the overall risk of revision during the first 5 years was not
different between the groups (Cox regression HR 0.8 [95% CI1 0.6 to 1.0]; p =
0.09 and 1.0 [95% C1 0.7 to 1.4]; p = 0.96, for the cemented Oxford Partial and
the uncemented Oxford Partial, respectively, compared with cemented Oxford
Il [HR 1]). The uncemented Oxford Partial had a higher risk of revision for
infection within the first year (HR 4.1 [95% CI 1.3 to 13.5]; p = 0.02) compared
with the cemented Oxford Ill. The uncemented Oxford Partial had a lower risk
of revision for pain (HR 0.5 [95% CI 0.2 to 1.0]; p = 0.045) and instability (HR
0.3 [95% CI1 0.1 to 0.9]; p = 0.03) compared with the cemented Oxford Ill. The
cemented Oxford Partial had a lower risk of revision for aseptic femoral
loosening (HR 0.3 [95% CI 0.1 to 1.0]; p = 0.04) compared with the cemented
Oxford Ill. When comparing the uncemented and cemented versions of the
new design, the uncemented Oxford Partial had a higher risk of revision for
periprosthetic fracture (HR 15 [95% CI 4 to 54]; p < 0.001) and infection within
the first year (HR 2.1 [95% CI 1.2 to 3.9]; p = 0.02) than the cemented Oxford
Partial.
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Conclusion:

Considering that we found no difference in overall risk of revision during the
first 5 years, but we found a higher risk of revision for infection, periprosthetic
fracture, and higher per implant cost, we currently would recommend against
the use of uncemented Oxford Partial over the cemented Oxford Partial or the

cemented Oxford Ill.
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Paper 2

Background

Robotically assisted computer navigation (robotic), has been developed to
improve the positioning of total knee arthroplasties (TKAs), attempting to
achieve better functional results and longevity of the prostheses. However, the
benefit of robotics is still controversial. The aim of our study was to compare
migration between robotic and conventional techniques in cemented bi-
cruciate stabilized TKAs, using radiostereometric analysis (RSA) based on a

secondary analysis of a randomized controlled trial (RCT).

Method

We enrolled 60 TKA patients from one hospital (2020-2021), with osteoarthritis
and arthritic disease. The patients were examined up to 24 months after
surgery, to estimate the mechanical stability of the tibial component. The
maximum total point motion (MTPM) representing the magnitude of migration,
the largest negative (subsidence) and positive (lift-off) value for y-translation,
and prosthetic rotations were measured. The migration in the two groups was
compared and the precision evaluated.

Results

51 RSA marked TKAs were available for a comparison of tibial migration
between robotically assisted (n = 26) and conventional operations (n =

25). The Maximal Total Point Motion (MTPM) the first year was 0.44 mm and
0.64 mm, and at 24 months 0.46 mm and 0.75 mm, for the conventional and
the robotic groups, respectively. The robotic group migrated more than the
conventional group at 2 years, 0.21 mm (95% confidence interval [CI] 0.05—
0.44; P = 0.01). The overall median MTPM for the investigated implants (both
groups) up to 12 months was 0.54 mm (Cl 0.44-0.63), and 0.19 mm between
12 and 24 months (CI 0.16—0.22). The magnitude of migration and rotation
around the 3 axes was small for both groups, but flexion/extension migration of
the tibial component was slightly higher in the robotic group 0.14° (Cl 0.00—
0.33; P =0.049).
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Conclusion
MTPM and flexion/extension migrations of the tibia component were higher for
the robotic group, up to 24 months. The overall migration pattern for the bi-

cruciate stabilized implant was acceptable.
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Paper 3

Background

Robotic-assisted total knee arthroplasty (TKA) was developed to improve the
accuracy of implant positioning and clinical function. The benefits of TKA are
controversial. The aim of the present study was to compare clinical results of a
hand-held robotic-assisted functionally aligned technique (NAVIO, Smith and
Nephew) to a conventional technique, for a cemented bi-cruciate stabilized
TKA, in a randomized controlled trial (RCT)

Method

We enrolled 209 TKA patients from one hospital (2020-2023) and compared
the clinical and radiological results at 24 months. A responder analysis using
OMERACT-OARSI (Outcome Measures in Rheumatology-Osteoarthritis
Research Society International) criteria using WOMAC and KOOS scores was
performed. In addition, Knee Society Score, Forgotten Joint Score, Visual
Analogue Score pain, and EuroQol-5 Dimensions scores were evaluated.
Objective measures were the walking test, chair test, climb-up test, and

radiographical measurements.

Results

There were 191 patients available for comparison between conventional
(n=97) and robotic (n=94). We found no difference between the techniques,
with respect to proportion of high (73.2% and 73.4%), moderate (22.7% and
18.1%) and non- responders (4.1% and 8.5%) p=0.4 KOOS, KSS, FJS, EQ-
5D, or objective measures. The femoral component was more flexed (4.40°
(Cl: 2,50) vs 2.95° (ClI: 2,69)), and the tibial component was more posteriorly
sloped (2.90° (ClI: 2,36) vs 1,52° (Cl: 1,67)) in the robotic group. The mean

post-operative arithmetic Hip-Knee-Ankle (aHKA) alignment was similar.
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Conclusion
The robotic-assisted functionally aligned technique did not contribute to better
clinical outcome the first two years, compared to a conventional technique, for

a bi-cruciate stabilized TKA.
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Discussion
1. Method

1.1. Study designs

The NAVIO project paper Il and IlI

-A randomized controlled trial

The development of new technology meant for aiding planning and more
precise implant positioning is rapidly growing. There are strict regulations for
the release of new prostheses into market, and equally important it is to
assess the effect of new operating tools like computer assisted surgery (CAS)
and robotically assisted surgery (robotic). The medical community should be
concerned with the cost-effectiveness versus the improvement in results after
surgery with these tools. To evaluate the effect and usefulness of robotic
technology, the first challenge in the project was to select appropriate
parameters and study designs. A randomized controlled trial was performed
comparing robotically assisted surgery to conventional technique for a
cemented bi-cruciate stabilized total knee arthroplasty. Paper Il discusses the
migration patterns of the tibial components operated with the two techniques to
assess and compare the prospective longevity between the groups. Paper lli
compared clinical and radiological outcomes between the two operating
techniques. In the project we included a novel total knee arthroplasty that was
not considered well-documented with ODEP rating of 3A(35) at the initiation
phase of the study. ARCT is a prospective study, considered the gold standard
in comparing the results of two treatments/ interventions. The randomization
act balances the participant characteristics and thus minimizing selection bias.
In some instances, RCTs may not be applicable due to narrow patient eligibility
criteria, but in the present study the inclusion criteria are made as broad as

possible, and the exclusion criteria are relatively few.
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Register studies

On the scope of assessing new implantation tools and prostheses changes,
we designed a prospective observational study based on data from the
Norwegian Arthroplasty Register (NAR) to evaluate the effect of a femoral
component design development on the risk of early revision for the Oxford
UKA.

Register studies are well suited for assessing weakness of implantation tools
and implant designs. A register study is based on data from a wide variety of
surgeons and orthopedic departments, with different experience, skills and
traditions, and the results thus have good external validity for the “average”
surgeon. Even though one of the groups in paper | consisted of “only” 908
patients, the numbers are higher than in any RCT reported in the field, making
the statistical power high. This entails an opportunity to detect small
differences, and to do sub-analyses, as we did in paper |. Implant survivorship
is an important measure, but it doesn’t give information on patient function and
satisfaction with the implant, so one of the weaknesses or limitations of our
register study is that the endpoint is only risk of revision. A component that has
not been revised does not automatically equal to good function and a satisfied
patient. In paper 1, the prospective design from register data is relevant, since
the changes are mostly done on the bone-implant interface of the femur (twin-
peg vs mono-peg), for better fixation. A disadvantage with registry studies is
that the populations from the groups compared are heterogenous adjustments
for confounders are necessary. The register data include some factors but lack
others. This can skew the results. Due to unmeasured confounding this
weakness cannot be fully compensated. In the present study selection bias
could have occurred due to incomplete follow-up of patients. Another selection
problem could have happened due to selection of the cemented instead of
uncemented Oxford partial in cases of extra small tibias as well as in the older
patients for the few departments that have both options. An information bias
can occur in register studies if there is misclassification of exposure (type of

Oxford implant) or outcome (revision)(69). If misclassification of exposure is
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dependent on misclassification of outcome the results may be influenced by
information bias. This is not likely to have happened in the present study, since
the chances are low for mis-registration of a prosthesis that does not have any
options for different bearings or prosthesis components, except the sizes. The
prostheses also get registered from product numbers on stickers attached with
the implants and are therefore identified correctly. Register studies in Norway
do not necessary give the same result or represent the same as studies from
different countries due to differences in surgical traditions, demographics,
indication for surgery, economic funding and the health care system. These
are factors that potentially influence revision causes and implant-survival. So,
a register study from Norway will give added value as opposed to studies

coming from other countries registry data.
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Blinding

Physiotherapists, patients, and statisticians were fully blinded to the group
assignment in study Il and lll. The holes for the reflector-disc pin assembly in
femur and tibia were all visible on the first postoperative radiographs. This
could have made the radiological evaluators and the surgeons aware of
method. The radiographs were all measured by the first author and to assess
the accuracy of the measurements a selection of 40 images (20 HKA and 20
sagittal projections) were measured again by the main author (intra-rater
reliability) as well as by a resident (inter-rater reliability). The fact that all the
pin assemblies were within the primary incisions and not through stab-
incisions strengthened the blinding. During the operations the robotic systems
were inside the operating rooms but not switched on during all the cases.
Patients were behind a curtain out of sight of the robotic system, sedated and
with little chances of detecting the method used. We believe the blinding
procedure was adequate, although the most scientific optimal blinding
procedures would have involved the surgeon, which was of course impossible
in this situation. Future studies might consider blinding the radiological
evaluator by covering up the pin holes and the area which would have
contained pin holes on the radiographs. Evaluating radiographs taken after 6
months or later might also be better, since signs after the pin holes are not

visible on most of these radiographs.
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1.2. Limitations and strengths of the prospective observational register
study

The most important limitation to Study 1 is that the patients in the uncemented
Oxford partial group were only followed for a median of 3 years, whereas the
median follow-up time for the cemented Oxford Ill was 8 years. Under 200
patients were followed for the full 5 years in the uncemented group, whereas
all except one patient were followed for 5 years in the Oxford Il group, and
thus they had more time to fail. Aseptic loosening, which is expected to
increase as time passes, might have been more often reported in the latter
group. Revision causes like infection and fracture are more likely to occur early
in the follow-up period and would be less affected by the difference in the
follow-up between the groups. We adjusted for time periods as well as
censored data at 5 years, to reduce the confounding and have more similar
follow-up times.

Type | error could have weakened the results of this paper, due to multiple
testing for the different revision causes.

Another limitation to this register study from a population of both female and
male cases, despite adjusting for gender, is that the results do not necessarily
apply equally to men and women.

An advantage of the register study is the ability to detect rare events and
evaluate differences in the risk of these rare events. In paper |, we found a
difference in the risk of revision for rare events like fracture and infection, and
surgeons are advised to take these risks into consideration, when choosing
implant and fixation method. The average surgeon volume for Oxford UKA in
Norway is relative low(46), so the ability to detect these events in a surgical
practice is therefore limited well- designed studies of register data can give the
average surgeon useful information. A randomized trial to study such rare
events would be highly unpractical and costly to perform due to the large

number of cases that would be needed.
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For patients doing poorly, but do not wish to undergo revision surgery or are
unsuited for another operation, PROM results can add valuable information on
patient satisfaction and function. There is a certain level of “under-reporting” of
“bad” or malfunctioning arthroplasties. This does not disqualify the results in
paper |, because it is no reason to believe that this affects one group more
than the other. PROM data were not available yet in the Norwegian
Arthroplasty Register for these implants in this period but is available for future
studies of later time-periods.

A limitation to this specific study is that the newest uncemented Oxford partial
was added later in the inclusion period than the cemented implants, and with a
new fixation technique, it could potentially have added a learning curve, the
results from the two other implants did not suffer from. The learning curve
could have spanned over some time, especially taken the relative low surgeon
volume of UKAs in Norway into account. This is true for the impaction
technique, that is proven to be sensitive to early periprosthetic fractures for the
uncemented implant(70-72) as we found in our study. Longer follow-up as well
as studies of later periods of the uncemented group will give us valuable
information on this issue.

In registers, surgeons have the option to report more than one reason for
revision, without ranking them in relation to which one is the most plausible
root cause. This would be similar between the groups but adds more
granularity to the results.

A register’s role on reporting implants is well understood, but it also has a role
in assessing operating tools. In Paper I, the change from one set of
implantation instrument to another happened in the inclusion period and could
than have influenced the three groups differently, since the newest Oxford
“Microplasty” instruments were mostly used in the cemented and uncemented
Oxford partial UKA cases, but also for some cases of the cemented Oxford Il.
The type of instruments used is not reported to the registry, but information on

which hospitals and time periods they were introduced can be obtained from
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the industry. “Microplasty” have certain advantages over previous instruments,

like less bone loss and more accurate placements of the components.

1.3 Limitations and strength of the RCT — Clinical results
Responder-analysis

In general, most studies comparing operating techniques or different
prostheses designs measure baseline scores and scores after surgery at
different time points and compare the mean scores. There are several patient
reported outcome measure (PROM) forms, and most of them assess pain and
function. One weakness of this type of reporting is that the patients do not get
evaluated in a linear fashion where the variation of each individual case
counts. Many of these PROMSs are also riddled with the ceiling effect issue(59).
Results are often so high on the scale (often represented as a value between
0-100), that a Minimum Clinical Important Difference (MCID) of at least 10
points, as is the reported MCID for subscales of the KOOS score, is
impossible to reach, when comparing mean result after 2 years post-surgery.
Another problem is that the results of mean PROM data are expressed as
continuous data, which may not be useful for the surgeon, as it could be
challenging to interpret changes in the follow-up period. Surgeons should
know if the patients either respond (responders) or do not respond (non-
responders) to a treatment/ operation. The MCID is not meant for the
difference between means, but rather for one individual case’ change or
improvement. OMERACT-OARSI (Outcome Measures in Rheumatology-
Osteoarthritis Research Society International) set of responder criteria(73) is a
approach to measure patients response to a treatment, based on a
combination of absolute and relative changes of pain, function and global
assessment of the patients. In paper Ill we used the WOMAC score to
calculate responders based on if they had an improvement in pain or function
of 250% and an absolute change of =20. If the patients did not reach these

criteria, they could still be responders or moderate responders if 2 of the 3
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following criteria were met: 1. Pain 220% and absolute change of 210; 2.
Function 220% and absolute change of 210. 3. KOOS QoL Pain 220% and
absolute change of 210.

The responder analysis(36,60) evaluates the patients longitudinally. In this
outcome, the ceiling effect is avoided in addition to the fact that the result of
every patient is counted separately. The downside to this analysis, which is
based on both absolute and relative changes from pre- to postoperative
PROM scores, is in some (rare) instance, it is very hard or impossible to be a
responder. This is if the preoperative PROM score was relatively high. One
patient in this RCT did not qualify as a responder despite having the highest
possible postoperative PROM scores. The reason for this was that he had a
high preoperative score. The WOMAC pain-score evaluates the pain while
walking but does not rate walking distance. The same is true for pain while
weightbearing. WOMAC does not state the magnitude of the weight or what
distance it has been carried. This same can be said about the WOMAC
function score, which does not take the magnitude of activities into account.
This can lead to a high preoperative score, even though the patient struggles
to walk any distance. The non-responding patient had bone-on-bone
osteoarthritis on preoperative radiographs and had pain while walking some
distance or going up and down stairs. With a perfect postoperative score, the
patient reported to be very satisfied with the operation.

The EQ-5D PROM used for paper lll is a very simple but reliable short
questionnaire with only 5 questions. This test also suffers from ceiling effect
where patients report maximum score with substantial residual issues, but
lower than the previous EQ-5D 3L(74).

The Knee Society Score (KSS) is very reliable, responsive and sensitive to
clinical changes(75), but relies on the surgeon or physical therapists
assessment, and have outdated alignment criteria(76).

The forgotten joint score (FJS) is reliable for tracking outcome in the long-term
since it is sensitive at picking up nuances in patient satisfaction. It has less

ceiling-effect than many other PROMs and can better distinguish between
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good and excellent outcomes(77). The tests limitations include loss of score if
3 or more missing answers, and some patients find it difficult to understand the
questions.

The KOOS score is robust and sensitive to changes in symptoms and pain as
well as daily activities, making it an efficient satisfaction measuring tool, but it
has ceiling-effect and high burden on the respondent due to the amount of
questions(78).

The WOMAC score is widely used for assessing pain and function in total
knee arthroplasty (TKA) and is sensitive to clinical changes but is also riddled
with the ceiling-effect issue as well as poor sensitivity to knee stiffness. The
score measures difficulty of different tasks, but not the volume or frequency of
an activity (walking etc.)(79).

A limitation that could influence the results in paper lll, is that the operating
surgeons (@G and @S) had only operated 10 cases before including patients
to the RCT. An initial learning-curve of 50 cases was defined in a previous
study assessing the NAVIO system(80). Most papers reporting on learning
curve reported on the difference in operating time and did not find changes in
PROM results or radiological outcomes(81). In the present RCT, the first 30
robotic patients (paper Il) had an average operating time of 103 minutes
versus 90 minutes for the last 64 included robotically operated patients in
paper lll.

Another limitation to this study is that the exclusion or inclusion criteria lack
information on limb alignment. Patients with relatively large varus preoperative
deformities, defined on the long-legged radiographs (HKA) were included in
the study, and might have added granularity, even though the mean
preoperative HKA angles were similar between the groups. Studies show
better results for knees with large deformities that are navigated or robotically
assisted(82,83).
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Physical tests

When designing a RCT to compare the results between two operating
techniques or toolsets of implantation, in addition to different alignment
philosophies, we wanted the comparison to be as broadly scoped as possible,
after our primary endpoint was defined. The walking test is a validated test for
functional recovery after total knee arthroplasty surgery and a good measure
of function(61). We chose to report on the walking speed (m/s), which is easy
to grasp and understand. For more diversity and to test different aspects of
ADL functions the chair-stand test was added. This tests the ability to get up
and sit back on a chair repeatedly and gives information on the knee function
in this very important daily activity(84). The stability, strength and stamina of
the knee are tested. Lastly, walking stairs is an important function, and is
known as one of the most demanding tasks in daily activities(85,86).
Osteoarthritis (OA) leads to malalignment and changed kinematic pattern in
the knee motion, instability, pain and reduced strength due to sarcopenia.
Stair-climbing, or descending a flight of stairs is often the first debilitating
complaint of patients with OA(87). To emulate this motion, we used a test
validated for evaluating patients with OA and to measure rehabilitation
improvements. The test has not yet, as far as the author knows been used to
evaluate the effect of arthroplasty knee surgery(63). The climb-up test set-up is
a rack where the height of the step can be adjusted from 3 to 47 cm, and the
patients step up without arm-support. Stability and strength of the knee, but
also the entire locomotor system is tested. In regular stair climbing, the height
of the step is constant, and the step is repeated several times, as opposed to
the stair-climbing test where we test how high the patients can reach. The
limitation is the variable patient heights and other conditions that can lead to
dizziness or general walking instability and compromise the test results.
Osteoarthritis in the ipsilateral knee or hips will, like the other physical tests,
influence the results. Another limitation to the test is the fact that 47 cm was
the maximum height available on the rack, but some patients could have

climbed higher. An aspect not covered with these three tests is the fact that OA
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patients, and patients with suboptimal results after knee arthroplasty surgery,
have difficulties descending stairs. This is often the first sign of compromised
function(88-90). Ascending and descending stairs on time is done in previous
studies(90), but no test is available, for testing the height of which patients can
safely descend from. Developing good tests for evaluating function for OA-

and TKA patients is important and should be encouraged.

1.4 Limitations and strength of the RCT — RSA results

A limitation to an RCT with low number of cases is the ability to evaluate
subgroups, like age, implant sizes or even alignment differences for the two
different groups. In paper Il we evaluated only the tibial component for
migration; migration of the femoral or patellar component was not measured.
The tibial component is more susceptible to midterm aseptic loosening and
was therefore the chosen component to study.

The conventional and robotic groups were slightly different in the fact that the
robotic patients had two drill holes in both the femur and tibia, in addition to a
different cutting guide in the robotic group that made some of the tibial
osteotomies slightly more distal than in the conventional group.

The alignment techniques were different. The robotic system has more options
through a restricted functional alignment technique to adjust both the tibial and
femoral components. The conventional mechanical alignment restricted the
distal femoral cut to the 5-7° valgus range and the tibial cut was in all cases
aimed at 90 degrees on the mechanical (and anatomical) axis. The groups are
thus heterogeneous. This is a limitation when only comparing two operating
tools. If the alignment philosophies in the two groups were identical and the
femoral and tibial osteotomies had the same boundaries with regards to
angulations relative to mechanical axis, the confounding would be less. On the
other hand, a functional alignment strategy respect native alignment anatomy
and soft-tissue balance, and minor deviations from neutral mechanical

alignment have shown not to impact long-term implant survivorship
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significantly(91,92). Comparing two groups with RSA measurements for
migration would then potentially add an extra insight into the risk-profile for
both an alignment technique as well as the robotic tool used. Conventional
technique is shown in several previous studies to give more outliers than
computer navigation and robotic(18-23), so using an individualized alignment
strategy like kinematic or functional alignment combined with a conventional
technique could potentially lead to severely mal-aligned knees. Caution is
therefore advised, and in this study the well-documented, gold standard of
mechanical alignment was chosen for the conventional knees.

One of the patients in the robotic group had an HKA angle of 12 ° before
surgery and was revised after 2 years. The migration was 1.5 mm up to 12
months, which is an unacceptable level. Hindsight, this patient should not have
been included due to an indication for a more constraint implant with fixation in
Zone 2 and 3 in the tibia.

@hrn et al showed in a randomized controlled trial that computer tomography
(CT)-based migration analysis showed sufficient precision for femoral implants
in total knee arthroplasty (93,94). The same group showed that a CT-based
analysis can be used with low effective radiation doses to evaluate the
migration pattern of the tibial component, in a comparison of marker/ model-
based RSA with CT RSA. Migration values up to 12 months were lower in the
CT RSA group (95). CT-based RSA is less costly, time effective and is now an

alternative to conventional RSA.
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2. Results

2.1 Functional outcome, operating time and complications

Functional outcome

In paper Ill we found no differences for any of the outcome measures,
including the responder analysis of WOMAC, other PROMs and the physical
tests. Like in many studies(96), robotic technology was associated with longer
operating time, conventional technique is more cost effective, and there were
no differences between robotic and conventional technique in clinical outcome
measures. The functional outcomes were many and we attempted to avoid
ceiling effect with the responder analysis, and the forgotten joint score (FJS).
With addition of the physical tests, the ability to find clinically important
differences between the groups should be high. All patients in this study were
primary TKA cases, and very few had significant deformities. In this setting the
need for robotized operating tools may be unnecessary, according to our
results.

The mean range of motion (ROM) at one year was similar between the groups
(125° in conventional and 126° in robotic group), despite of slightly more flexed
femoral component in the robotic group (4.4° vs 3.0°). Across studies
evaluated in a recent systematic review, a slight flexion of the femoral
components was associated with better clinical results as well as improved
ROM(97). In the present study both groups had a rather minor flexion in the
component, and the difference between groups, even statistically significant,
was small. The tibial components had higher tibial slope in the conventional
group (3.0° vs 1.5°) This was most likely due to flexion space being adjusted
with tibial slope in the robotic group whereas the conventional instruments set

had a set slope of 3°.
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Operating time

In the present RCT the mean operating time was 83 minutes for the
conventional and 94 minutes for the robotic patients. The 11-minutes overall
difference decreased after the average operating time of the first 60 patients
(15 minutes difference; conventional 88 minutes and robotic 103 minutes).
This presents a limitation where surgeons are still in the learning curve for
robotic procedures and the implant during the study. On the other hand, the
operating time on the conventional cases also reduced after the first 60
patients, most likely due to an increasing surgeon and hospital volume in that

period.

Complications

There were two patients in each group that suffered from a superficial wound
complication the first period after surgery due to a hard suture type used for
subcutaneous closure. The suture-ends kept the skin from closing, leading to
wound revision with removal of suture debris. None of these cases developed
a deep periprosthetic infection.

There were no major complications in the groups, and only one patient in the
robotic group was revised to a more constrained type of revision prosthesis,
due to aseptic loosening of the tibial component. There are reported
complications to robotically assisted surgery such as pin-hole infections and
pin-hole associated fractures(28). There were no fractures in the present study
in which the pins were drilled into bone relatively close to the joint. At that
location the bone can handle torsional and bending stresses better than the
diaphysis(29,98), making fractures less likely(99). Using smaller pins (3.0 mm)
as advised in previous studies, was another preventing measure to avoid pin-
site fractures(100). Pin-site infections are very rare when pins are inserted in
the primary wound(99), as opposed to through stab incisions into tibia with

less soft tissue between skin and bone.
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2.2 Implant survivorship and revision causes

Based on data from the NAR we performed a prospective observational
register study aiming to find out how new design elements of the Oxford UKA
femoral component would perform with regards to survivorship, overall risk of
revision and specific risks of revision. Revision for implant loosening is a well-
known problem and involves both components. Previous studies showed that
25-50% of aseptic loosening involves the femoral component of the UKA. In
TKAs the femoral component is less likely to loosen. The new twin-peg
cemented Oxford partial did not have better survivorship nor better results for
overall risk of revision for all causes compared to the mono-peg cemented
Oxford Il in the present study, but the risk of revision for the femoral
component was reduced with the new design. Other studies showed an
advantage for the twin-peg prosthesis(101-103). The uncemented Oxford
partial, with the same design elements as the cemented version, except the
hydroxyapatite-coated titanium mesh on the backside surface, did differ from
the two other UKAs in the risk of revision for infection and peri-prosthetic
fracturs up to one year. Even though the uncemented version had a higher risk
of infections the first year, it is still lower than the risk for many total knee
arthroplasties(104), and the uncemented performed best from 1-5 years for
overall risk of revision. In paper |, we present the 5-year results for the three
prostheses and based on this it is advised to use the cemented version of the
twin-peg Oxford partial over the uncemented version. It is shown in previous
studies that the risk of periprosthetic fracture is significantly higher in patients
with small size tibias(72), making use of the cemented version a safe choice.
The uncemented version is also more expensive. On the other hand, this is not
reason enough to discard the uncemented version, that can be a good choice
if used in high volume hospitals with a good impaction technique(70), with a
cemented version for selected patients with small tibias and the osteoporotic
elderly demographic. Data from 10-year follow-up is available from the NAR
soon and will give us valuable information on the midterm results of the three

UKAs, but mostly on the comparison of the cemented and uncemented Oxford
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partial. Microplasty instrumentation was introduced in 2011 but used parallel
with the older instrumentation for all three UKAs and will be less of a
confounding factor when assessing the 10-year results, since Microplasty has

been used for all Oxford UKA, the last 5 years.

Journey Il BCS from paper Il and lll, has evolved from Journey | BCS, which
had weaknesses in that the polyethylene insert post was too short and thick in
the sagittal plane, leading the femoral component to luxate over the post, and
lateral knee pain due to exaggerated rollback. The design was changed to
overcome these flaws. The Journey prosthesis has a very different design
philosophy and multiple new design elements compared to its predecessor,
Legion or Genesis from Smith and Nephew, and it is therefore important to
assess it for future introduction into market. The RSA study in paper
suggests that the risk of midterm aseptic loosening is probably not a concern
with this implant. The result from paper Ill shows that it also performs well
clinically.

It is equally important to assess prostheses that are not totally redesigned or
designed from scratch but rather evolved through minor changes. This is what
paper | evaluate through a register study. One study showed that a minor
change to an implant can cause a large clinical difference(105). The results
from Paper | show that a minor change can lead to better result for the femoral
component, and that the fixation method (cemented vs uncemented) is equally

important to assess.

57



2.3 Migration differences between robotic and conventional

In paper Il we did a secondary analysis of the migration patterns of 60 patients
from the RCT reported in Paper lll. The 51 patients that were analyzed
showed an overall acceptable migration pattern for Journey Il BCS TKA. The
tibial component migrated the most three first months for both the robotic and
conventional groups whereafter it was minimal. The robotic group had a
statistically significantly larger Maximum Total Point Motion (MTPM) migration
up to 12 and 24 months, compared to the conventionally operated tibial
components. Even the robotic group had acceptable migration values despite
the differences reported, so the finding is not likely clinically significant. On the
other hand, the findings are valuable when adapting to new systems, like
robotically assisted surgery, where small adjustments to the technique can
influence the result. With robotic technique the tibia was cut a bit lower
meaning that the cut surface likely had less sclerotic bone than with the
conventional technique. We argue that this can be the reason for more
migration of the tibial component in the robotic group. The overall alignment
was similar in the two groups, and the osteotomies were 90° on the tibial
mechanical axis for most cases, not likely affecting the outcome. Paper Il
reports on the results up to 24 months, but future publication will report on the
5-year results from this study. This will give valuable information on the strict
continuous migration patterns(55). The patients with alarming migration
patterns can be followed individually with radiographs to see if they have
developed radiolucent lines and if there are clinical signs of early aseptic

loosening.
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2.4 Alignment, intra-/ interobserver correlation

Coronal alignment

Both the mean preoperative arithmetic Hip Knee Ankle (aHKA) angles (1.2°
varus) and the postoperative mean aHKA angles (1.5° varus) were similar
between the groups. The functional alignment technique used in the robotic
group focuses on ligament balance. Varus malalignment is the most common
deformity in osteoarthritic knees, and accordingly adjusting the femoral
component into more varus was the most frequent deviation from in the robotic
group. It was rarely necessary to adjust the tibial component from its 90° cut
on the mechanical axis, but some tibias were slightly less sloped to balance
the flexion gap in the robotic group. Mild varus position in an aHKA varus knee
is probably kinematically advantageous(106). In the conventional group, the
principles of adjusted mechanical alignment were used (aMA), where the cuts
were predominantly executed according to bony anatomical landmarks, and
adjusted with soft tissue balancing is needed. The difference from strict
mechanical alignment is the choice of 5-7 degrees valgus on the distal femoral
cut, adjusting the femoral component more in varus for varus knees and
perhaps less for a valgus knee. This could explain the similar results between
the groups for the mean overall alignment. The tibial cuts were comparable in
the groups, rarely altered from 90° on mechanical axis, even in the robotic
cases. This can be done quite precisely for the conventional knees with an
intramedullary (IM) rod in most instances, but with an S-shaped tibia it is
advised to use an external guide for the cutting block to achieve a precise tibia

cut.
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Intra- and interobserver correlation for radiological measures

In paper lll, twenty sets of radiographs were measured twice by the first
author, and once by an orthopedic resident. The inter- and intra-observer
correlation coefficient was calculated for the overall coronal alignment, and
flexion of the femoral component and posterior slope of the tibial component
on the lateral view. The intra-rater reliability coefficients were considered
“excellent agreement” for the Medial Proximal Tibial Angle (MPTA), Lateral
Distal Femoral Angle (LDFA) (preop and postop) and tibial component slope.
For the femoral component flexion, the intraclass coefficient was considered
within “good agreement”. The inter-class reliability scores were within “ almost
perfect agreement” for all measurements, except femoral component flexion
and tibial component slope, which came under “substantial agreement”(107).
The differences between the coronal and sagittal view measurement accuracy
are variations of how much of the femoral- and tibial length that is captured on
the lateral radiographs. The longer view of the tibia or femur would probably
yield higher accuracy than an image containing only small parts of the bones.
The accuracy of the coronal measurements was excellent, probably because
all images contained the necessary points needed for the measurements (Hip,
Knee and Ankle).
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Conclusions

1. The redesigned Oxford uni-compartmental knee did not show
improvements over the older version for the overall revision risks up to 5
years after primary surgery. The new cemented Oxford Partial displayed
a reduced risk of revision for femoral aseptic loosening compared to the
older cemented Oxford I, and a lower risk of revision for periprosthetic
fracture and infection than the uncemented Oxford Partial. Thus, the
cemented Oxford Partial seems to be a good replacement for the older
cemented Oxford Ill and should be preferred over the uncemented

version.

2. We found more migration for the cemented bi-cruciate stabilized total
knee prosthesis when operated with robotic assisted computer
navigation compared to conventional technique but from 1 to 2 years,
the migration patterns did not differ between the two techniques. We
consider the overall migration, as well as the migration patterns for each

technique to be within safe limits.

3. We did not find any advantage of robotically assisted surgery for the
cemented bi-cruciate stabilized total knee arthroplasty over the
conventional technique up to two years, based on the results from a

responder analysis, comparison of physical tests and PROMs.

In summary: As surgeons we should evaluate all aspects of surgeries we are
involved with in the pursuit of long-lasting good results for our patients. In this
thesis we evaluated and compared the newest form of operating tool
(Robotically assisted surgery) for total knee arthroplasty to conventional
instrumentation, which we found to still be the gold standard. In this RCT we

included the novel, and not previously well documented Journey Il BCS TKA,
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which has design elements that make it more advanced and complex. This
implant was evaluated and proven with migration studies and acceptable
clinical results from paper Ill. The prosthesis can be used safely with robotic
assistance and conventional instrumentation. Furthermore, it is equally
important to evaluate implants that evolve, as opposed to brand new
prostheses with respect to implant-longevity, but also since even small
changes can give clinical consequences. The twin-peg Oxford Partial femoral
component showed acceptable results with respect to survival. The fixation
method was also evaluated with the uncemented version which showed more
early infections and periprosthetic fractures. These results could be taken into

consideration when choosing implant.
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Implications and future research

The development of new implants and specifically operating tools is going very
rapidly due to new advances almost monthly. In this thesis we confirmed that
using robotic assisted surgery is on par with conventional surgery but failed to
show any advantages. The same has been found by others(22,108-110). With
the system that we used the reflector disc assembly-pins were of a proper size
(under 4 mm) and drilled into bone in an area, less prone to fracture. This
probably contributed to the fact that we had no pin-hole complications. Such
complications have been rather frequent in some studies.(111,112). However,
robotic systems are more expensive, and operating time is usually longer
compared to conventional technique(113-115). One evaluation from American
College of Surgeons National Quality Improvement Program (NSQIP) based
on machine learning algorithms point out that the variation in surgery duration
is more attributable to the surgical team proficiency(116). Most patients with
primary osteoarthritis (OA) have a mild varus deformity with joint deterioration
mainly in the medial compartment. Approximately 1/3 of a population with non-
osteoarthritic knees are in varus constitutionally according to the result of the
study supporting the CPAK classification(26). In paper Il 37,5% had varus
(>2°) constitutional coronal overall alignment (arithmetic HKA angle). Only 7
patients were above 6° varus and 41% had a neutral mechanical alignment
(from <2° valgus to <2° varus) preoperatively. One patient had a preoperative
varus aHKA angle of 12° and had to be revised within 2 years after surgery
with a more constrained prosthesis, due to aseptic loosening. The post
operative coronal alignment was 3° varus after the primary surgery, as
intended. This case should have been operated primarily with a more
constrained and stemmed prosthesis. The patient-population in this study
presented mostly with technically relatively unchallenging deformities that can
be safely operated with conventional instrumentation for the novel cemented
bi-cruciate stabilized total knee arthroplasty. Robotic technology may be more
useful for advanced cases with large varus- or valgus- as well as extraarticular

deformities, as the technology is very precise and gives less outliers from
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aimed target(19-21). In cases of previous fractures or previous surgery altering
the integrity of femur or tibia making use of an intramedullary rod in femur less
accurate or impossible, robotic assisted surgery has an advantage. Patient
specific instruments based on 3-D reconstructions from preoperative images
like computer tomography or magnetic resonance imaging can also be used
for these cases, but proves less accurate than robotic assisted surgery(117)
and is associated with more complications(118). The challenges with designing
good randomized controlled studies with a patient population with a wide
variety of deformities are the heterogenicity and the fact that very few
departments can include enough cases to get statistical power. So, only well-
designed multi-center randomized controlled trials, and prospective
observational studies on register data, can give valuable information on the
effect of robotic assisted surgery compared to conventional surgery for more
advanced cases. Reporting preoperative coronal alignment information to the
registers could be useful. Varus, valgus or neutral overall alignment as well as
the degree of malalignment, could then be linked to implant survivorship.
Revision knee surgery is another field in which the technological advances of
robotic are promising due to the need of precision and accuracy in assessing
the joint line position, bone loss and optimal alignment(119). The valgus or
varus laxity is notably higher in revision patients than the general TKA
patients(120), making accurate alignment tools useful. Optimal alignment is
only achievable when using short, cemented stems, which have the
advantages of being adjustable. Long uncemented stems don’t have this due
to their fixed position in the intramedullary canals. The malalignment seen in
some revision cases could potentially have been avoided with the combination
of robotic and shorter stems. Robotic also have the potential to create
machine learned algorithms based on the information gained both during and
after surgery with respect to clinical and radiological results, to make the
planning phase more standardized and result-based(121-126). This could
potentially decrease the operating time, perioperative costs and optimize the

quality in both simple primary and more advanced cases(127,128). Future
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studies with long term follow-up and a variety of outcome measures will give
insight into potential advantages of robotic surgery in revision cases. It is a
challenge that the groups are potentially even more heterogeneous than

primary cases, and the volume low.

Assessing new implants with totally new design elements, and prostheses
more subtly evolved through small changes, is an important task of well-
established national registries. Future studies should focus on both PROM-

results as well as survival analyses, and link these for a better understanding

of how risk of early or mid-term revisions are linked to preoperative as well as
1 year PROM-results. PROMs have been added to the NAR and can be used

in the analysis of 10-year results for Oxford UKA. PROMs in registries also

enable international comparisons of patient-centered outcomes after knee

arthroplasty surgery, since scores may vary between registry populations, and

can thus give valuable insight(129)
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FORESP@RSEL OM DELTAKELSE | FORSKNINGSPROSJEKTET

JOURNEY Il BCS KNEPROTESE,
KONVENSJONELL OPERASJONSTEKNIKK
(VANLIG)

VS

ROBOTISERT COMPUTER NAVIGASJON
(NY)

Dette er et spgrsmal til deg om & delta i et forskningsprosjekt. Du skal opereres med en kneprotese. Dette er en

etablert behandling med gode resultater for de aller fleste pasienter. Operasjonen innebaerer at man setter inn
nye leddflater av plast og metall som festes med ben-sement. Som annen medisinsk behandling er ogsa
kneprotesekirurgien i stadig utvikling, og man forsgker hele tiden a finne Igsninger som ytterligere vil bedre
behandlingsresultatene. Som ledd i var sgken etter bedre Igsninger vil vi nd sammenligne kneproteser operert
med vanlig, standard metode og kneproteser operert ved hjelp av sakalt robotisert computernavigasjon.

Vi bruker i dag en protese som kalles «Journey Il BCS», som er godkjent for bruk i bade USA og Europa.
«Journey Il BCS» er utviklet med tanke pa kneets egentlige utforming og bevegelsesmgnster. Flere mindre
studier viser at denne protesen fgrer til blant annet bedre bevegelse og styrke, og fglelsen av et mer naturlig
kne. En stgrre studie pa over 2000 pasienter fra USA og Europa viser at varigheten av protesen etter 5 ar er like
god som de beste protesene pad markedet i dag. Sammen med Journey-protesen er det utviklet et robotisert
navigasjonssystem (Navio), som skal sikre at protesen blir plassert ngyaktig og riktig i forhold til anatomien din.
Alternativet er @ bruke konvensjonell (vanlig) operasjonsteknikk.

| denne studien gnsker vi @ sammenligne den nye robotiserte operasjonsteknikken (Navio) med standard
(konvensjonell) operasjonsteknikk. | utgangspunktet er operasjonsteknikkene like gode. Den nye teknikken er
kostbar og dersom den ikke gir bedre resultater, er det viktig at Helse-Norge ikke bruker penger pa slikt utstyr.
Pa den annen side, hvis resultatene blir bedre med den nye teknikken, vil det veere mer aktuelt a investere i
denne.

Ulempen ved & ta i bruk nytt utstyr er at man ikke vet om det vil oppsta nye utfordringer med denne metoden,
selv om den teoretisk skal vaere bedre enn den vanlige metoden. Derfor anbefaler Nasjonalt register for
leddproteser at pasienter som opereres med slik ny teknologi bgr innga i en studie.

Du blir herved forespurt om du vil delta i en studie som har til hensikt & sammenligne behandlingsresultatet
med disse to operasjonsmetodene.
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HVA INNEBZRER PROSJEKTET?

Studien innebarer at man ved loddtrekning velger hvilken metode pasienten skal opereres med. Oppfglgingen
vil ogsd veere den samme uavhengig av metoden. Pasienter som deltar i studien, vil under operasjonen fa satt
inn sma metallmarkgrer (0,8-1mm) av metallet tantal i benet rundt protesen og i plastkomponenten. Disse
metallmarkgrene har vaert benyttet til dette formalet internasjonalt i flere tidr og har ingen paviste
bivirkninger. Ved hjelp av markgrene og helt spesielle rgntgenbilder kan man pavise mikroskopisk bevegelse av
protesedelene og slitasje av plasten. Grad av bevegelse og slitasje sier noe om protesens stabilitet og derved
kvalitet. Pasienter som deltar i studien vil fa en ekstra ngye oppfglging med rgntgenundersgkelser etter 3, 12
og 24 maneder, samt vanlig rtg. kontroll og undersgkelse etter 5 ar.

| prosjektet vil vi innhente og registrere opplysninger om deg. De opplysninger og data som framkommer
gjennom studien vil samles og analyseres. Dataene tas fra din vanlige pasientjournal fra opphold ved
innleggelse for operasjon, pafglgende rgntgen og polikliniske kontroller hos lege og fysioterapeut. Vi registrerer
plassering av protesen, bevegelse av protese, grad av smerte, funksjon, andre sykdommer, eventuelle
bivirkninger og bruk av medikamenter. Alle opplysningene vil bli behandlet konfidensielt og lagres elektronisk
pa en egen forskningsserver hos Helse Vest IKT. Opplysningene skal kun brukes slik som beskrevet i denne
informasjonen. Alle opplysninger er sikret mot innsyn fra uvedkommende. Direkte identifiserbare opplysninger,
herunder navn, fadselsnummer eller andre personentydige kjennetegn, lagres adskilt fra de gvrige
opplysningene pa den sikrede forskningsserveren hos Helse Vest IKT. En kode knytter deg til dine opplysninger
giennom en navneliste. Bare prosjektlederen og avdelingsoverlegen ved ortopedisk avdeling HSR har tilgang til
navnelisten og kan finne tilbake til dine opplysninger. Resultater fra studien skal publiseres pa fagmgter og i
nasjonale og internasjonale medisinske tidsskrifter. Resultater basert pa analyser fra studien vil ikke kunne
tilbakefgres til enkeltindivider.

MULIGE FORDELER OG ULEMPER

Studien involverer bruk av et verktgy (Navio) som er relativt nytt og dermed har kort observasjonstid. Man vet
ikke sikkert om dette nye verktgyet gir bedre, darligere eller like gode resultater som med den vanlige
operasjonsmetoden. Pa den annen side er verktgyet utviklet for a gi bedre presisjon og dermed bedre funksjon
og holdbarhet av protesen, men det gjenstar a teste ut, blant annet gjennom studier som denne.

FRIVILLIG DELTAKELSE OG MULIGHET FOR A TREKKE SITT SAMTYKKE

Det er frivillig @ delta i prosjektet. Dersom du gnsker a delta, undertegner du samtykkeerklaeringen pa siste
side. Du kan nar som helst og uten a oppgi noen grunn trekke ditt samtykke. Dette vil ikke fa konsekvenser for
din videre behandling. Dersom du trekker deg fra prosjektet, kan du kreve a fa slettet innsamlede prgver og
opplysninger, med mindre opplysningene allerede er inngatt i analyser eller brukt i vitenskapelige
publikasjoner. Dersom du senere gnsker a trekke deg eller har spgrsmal til prosjektet, kan du kontakte
prosjektleder og overlege @ystein Ggthesen, Haugesund sanitetsforenings revmatismesykehus, ortopedisk
avdeling. Telefon 52 80 50 00 eller e-post post@hsr.as.

Side2/5



Journey Il BCS kneprotese, konvensjonell op.tekn vs robotisert computer navigasjon, 08.01.20, versjon 1

HVA SKJER MED OPPLYSNINGENE OM DEG?

Opplysningene som registreres om deg skal kun brukes slik som beskrevet i hensikten med prosjektet. Du har
rett til innsyn i hvilke opplysninger som er registrert om deg og rett til a fa korrigert eventuelle feil i de
opplysningene som er registrert. Du har ogsa rett til a fa innsyn i sikkerhetstiltakene ved behandling av
opplysningene.

Alle opplysningene vil bli behandlet uten navn og fgdselsnummer eller andre direkte gjenkjennende
opplysninger. En kode knytter deg til dine opplysninger gjennom en navneliste. Det er kun prosjektleder
@ystein Ggthesen, forsker @ystein Skaden og forskere ved nasjonalt register for leddproteser (Ove Furnes og
Anne Marie Fenstad) som har tilgang til denne listen.

Prosjektet avsluttes ar 2032. Alle innsamlede forskningsdata vil anonymiseres den 31.12.2036. Vanlige
journalopplysninger vil ikke slettes.

FORSIKRING/ANSVAR

Du har de samme rettigheter og forsikringsordninger som du ellers ville hatt som pasient i det offentlige
helsevesenet jfr pasientskadeloven.

GODKJENNING

Regional komité for medisinsk og helsefaglig forskningsetikk har vurdert prosjektet, og har gitt
forhandsgodkjenning (REK ref.nr. 68448, datert 04.03.20)

Etter ny personopplysningslov har behandlingsansvarlig Haugesund Sanitetsforenings Revmatismesykehus og
prosjektleder @ystein Gpthesen et selvstendig ansvar for a sikre at behandlingen av dine opplysninger har et
lovlig grunnlag. Dette prosjektet har rettslig grunnlag i EUs personvernforordning artikkel 6 nr. 1a og artikkel 9
nr. 2a og ditt samtykke.

Du har rett til 3 klage pa behandlingen av dine opplysninger til Datatilsynet.
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KONTAKTOPPLYSNINGER

Spgrsmal vedrgrende studien kan rettes til din behandlende lege ved HSR eller Haugesund sanitetsforenings
revmatismesykehus, ortopedisk avdeling v/avdelingsoverlege @ystein Skaden. Telefon 52 80 50 00 eller e-post
post@hsr.as.

Studien ledes av @ystein Ggthesen (PhD), overlege og spesialist i ortopedisk kirurgi ved Haugesund
sanitetsforenings revmatismesykehus (HSR).

Personvernombud ved institusjonen er pivind.armando.reinertsen@haraldsplass.no
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JEG SAMTYKKER TIL A DELTA | PROSJEKTET OG TIL AT MINE PERSONOPPLYSNINGER

BRUKES SLIK DET ER BESKREVET

Sted og dato Deltakers signatur

Deltakers navn med trykte bokstaver
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Robotisert navigasjon vs konvensjonell metode v/TKA.

Kjonn: Mann Kvinne  (sett kryss)

Diagnose:

Primeer gonartrose
Sequele fraktur

RA

Psoriasis / Bechterev

SNk W=

Side: Ho
Ve

Charnley Kklasse: A -Unilateral knelidelse
B -Bilateral knelidelse
C -Multippel leddlidelse eller annen sykdom som nedsetter
gangfunksjonen

Status i kontralaterale kne:
1. Normal funksjon
2. Moderat nedsatt funksjon
3. Alvorlig nedsatt funksjon

Tidligere inngrep i aktuelle kne:
Apen/Artroskopisk meniskreseksjon/debridement
a. 0-1 &rsiden
b. >1 arsiden

2. Osteosyntese etter fraktur:

a. Patella

b. Femur

c. Tibia

d. Kombinasjon av ovennevnte
3. Artroskopisk bdndoperasjon

a. ACL

b. Annet (inkl pcl, mcl, lcl, menisksutur etc)

Tidligere sykdommer:
1. DVT i aktuelle underekstremitet
2 DVT i kontralaterale underekstremitet
3 Lungeemboli
4. Hjerteinfarkt
5. Atrieflimmer/flutter
6 Annen hjerterytmeforstyrrelse
7
8

Hjerteklaft-sykdom
. TIA
9. Sequele etter hjerneslag/hjernebladning
10.  Revmatoid artritt
11. Psoriasis artritt

12. Polyartritt
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Pasientskjema side 2

Allergier: Penicillinallergi: Ja_ Nei_
Medikamenter:
Medikament | Dose Sluttdato Gjenoppstarts | Pagaende (ikke
(vedlikeholds-) preop -dato pOStOp iif,g:)en preop — sett
1. Marevan mg pr uke
2. Albyl-E mg pr dag
3. Plavix mg pr dag
4. Pradaxa mg pr dag
5. Persantin mg pr dag
6. Eliquis mg pr dag
7. Annet mg pr dag
Heoyde (cm):
Vekt (kg):
Blodprever:
Preoperativt: Hb

Postoperativt dag 2-3: Hb

Transfusjoner (totalt antall enheter SAG):

Operasjonsdato:

Operator:

Blodtomhetstid (min):
Knivtid (min):

Anestesitype/postop sm.regime:
1. Spinal/epidural
2. Narkose/annet

Komplikasjoner/bivirkninger:
Dyp infeksjon

DVT

Lungeemboli
Hjerteinfarkt

Hjerneslag

Fraktur

Utstyrssvikt (spesifiser!)
Annet
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Abstract

Background Unicompartmental knee arthroplasty (UKA)
has generally shown higher revision rates than TKA, and
this is particularly true for the femoral component. A twin-
peg femoral component (Oxford Partial) has replaced the

component fixation. The introduction of the Oxford Partial
Knee also included a fully uncemented option. However,
there has been relatively little evidence regarding the effect
of these changes on implant survival and revision di-

single-peg version (Oxford Phase III) of the widely used
Oxford medial UKA, with the aim of improving femoral

agnoses from groups not associated with the implant
design.
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Questions/purposes Using data from the Norwegian
Arthroplasty Register, we asked: (1) Has the 5-year implant
survival (free from revision for any cause) improved with
the medial Oxford unicompartmental knee after the in-
troduction of new designs? (2) Did the causes of revision
change between the old and new designs? (3) Is there a
difference in risk for specific revision causes between the
uncemented and cemented versions of the new design?
Methods We performed a registry-based observational
study using data from the Norwegian Arthroplasty
Register, a nationwide, mandatory and governmental reg-
istry with a high reporting rate. Between 2012 and 2021,
7549 Oxford UKAs were performed, and 105 were ex-
cluded due to combinations of the three designs, lateral
compartment replacement, or hybrid fixation, leaving 908
cemented Oxford Phase III single-peg (used from 2012 to
2017), 4715 cemented Oxford Partial twin-peg (used from
2012 to 2021), and 1821 uncemented Oxford Partial twin-
peg (used from 2014 to 2021), UKAs available for the
analysis. The Kaplan-Meier method and Cox regression
multivariate analysis were used to find the 5-year implant
survival and the risk of revision (hazard ratio), when
adjusting for age, gender, diagnosis, American Society of
Anesthesiologists grade, and time period. The risk of re-
vision for any cause and the risk of revision for specific
causes were compared, first for the older with the two new
designs, and second for the cemented with the uncemented
version of the new design. Revision was defined as any
operation exchanging or removing implant parts.

Results The 5-year Kaplan-Meier overall implant survival
(free from revision for any cause) for the medial Oxford
Partial unicompartmental knee did not improve over the
study period. The 5-year Kaplan-Meier survival was dif-
ferent (p = 0.03) between the groups: it was 92% (95%
confidence interval [CI] 90% to 94%) for the cemented
Oxford 111, 94% (95% CI 93% to 95%) for the cemented
Oxford Partial, and 94% (95% CI 92% to 95%) for the
uncemented Oxford Partial. However, the overall risk of
revision during the first 5 years was not different between
the groups (Cox regression HR 0.8 [95% C10.6to 1.0]; p=
0.09 and 1.0 [95% C1 0.7 to 1.4]; p=0.89 for the cemented
Oxford Partial and the uncemented Oxford Partial, re-
spectively, compared with cemented Oxford III [HR 1]).
The uncemented Oxford Partial had a higher risk of re-
vision for infection (HR 3.6 [95% CI 1.2 to 10.5]; p=0.02)
compared with the cemented Oxford III. The uncemented
Oxford Partial had a lower risk of revision for pain (HR 0.5
[95% CI 0.2 to 1.0]; p = 0.045) and instability (HR 0.3
[95% C1 0.1 to 0.9]; p = 0.03) compared with the cemented
Oxford III. The cemented Oxford Partial had a lower risk of
revision for aseptic femoral loosening (HR 0.3 [95% CI 0.1
to 1.0]; p = 0.04) compared with the cemented Oxford III.
When comparing the uncemented and cemented versions
of the new design, the uncemented Oxford Partial had a
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higher risk of revision for periprosthetic fracture (HR 15
[95% CI 4 to 54]; p = 0.001) and infection within the first
year (HR 3.0 [95% CI 1.5 to 5.7]; p = 0.001) than the
cemented Oxford Partial.

Conclusion Considering that we found no difference in
overall risk of revision during the first 5 years but we found a
higher risk of revision for infection, periprosthetic fracture,
and higher per implant cost, we currently would recommend
against the use of uncemented Oxford Partial over the
cemented Oxford Partial or the cemented Oxford III.

Level of Evidence Level 111, therapeutic study

Introduction

The main problem with unicompartmental knee arthroplasty
(UKA) survival has been the risk of revision for aseptic
loosening. Data from the Norwegian Arthroplasty Register
shows that aseptic loosening was the main cause of revision
for UKA (81%) at 10-year follow-up [6, 8]. Other registries,
including the Australian and Swedish arthroplasty registries,
have also shown that this is a global problem [2, 19].
Previous studies have shown that between 25% and 50% of
aseptic loosening in UKAs involve the femoral component
[8, 13]. The Oxford UKR (Zimmer Biomet) is one of the
most commonly used UKA implants worldwide [2, 15, 16,
19]. To address femoral loosening and improve survival, the
implant was changed. The Oxford Phase III femoral com-
ponent is, like its predecessors (the Phase I and II), spherical
with only one anchoring peg for insertion into the femoral
condyle. The new Oxford Partial femoral component was
designed with two pegs to achieve more stable fixation,
taking advantage of the two femoral holes used for the cutting
guide. To support an extra peg, the femoral component was
advanced 15° anteriorly (of a sphere), resulting in a larger
surface area for support (Fig. 1). The Oxford Microplasty
instruments were introduced in Norway in 2012, along with
this new version of the Oxford UKA, allowing for implan-
tation of the femoral component in a slightly more flexed
position, which is believed to reduce shear forces and the risk
of anterior impingement.

The Oxford Partial UKA was introduced in some countries
in 2004, but it was not widely available in Norway until 2012.
In the Norwegian Arthroplasty Register, the cemented Oxford
Partial has been reported since 2012, the uncemented Oxford
Partial since 2014, and the Oxford Microplasty instruments
have primarily been used for Oxford Partial UKAs in our
registry. The difference between the cemented Oxford Partial
and uncemented Oxford Partial designs is the hydroxyapatite-
coated titanium mesh of the backside surfaces of the unce-
mented prosthesis, with the tibial components and the poly-
ethylene bearings largely unchanged. One cohort study
reported good midterm results (98% survival after 9 years) for
the twin-peg cemented Oxford Partial [23]; another cohort
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Fig. 1 (A) A single-peg cemented Oxford Il is shown here. (B)
This figure demonstrates a twin-peg cemented Oxford partial
implant.

study [9] found 97% S-year survival for the uncemented
Oxford Partial. A study from the National Joint Registry for
England, Wales, Northern Ireland, and the Isle of Man pub-
lished in 2020 a matched comparison between the two
cemented Oxford UKRs; the results showed an improved
survival for the new twin-pegged femoral component (96.2%
versus 94.8% S-year survival) [14]. It is important that new
technology and new implants are introduced to the market
with care and ultimately to the benefit of our patients [1].

As the Oxford UKA is the most widely used UKA im-
plant worldwide, improved survival would have an impact
on many patients. The results with the new design have been
promising in a cohort study and in the National Joint Registry
(NJR) [15, 23]. However, it is uncertain whether the new
design represents an improvement compared with the Oxford
III because in many countries, the Oxford Partial knee was
introduced with both cemented and uncemented versions
along with the Oxford Microplasty instruments.
Furthermore, the uncemented version of the new design may
have introduced new problems and risks to be assessed,
through analyses of causes for revision.

Using data from the Norwegian Arthroplasty Register,
we asked: (1) Has the 5-year implant survival (free from
revision for any cause) improved with the medial Oxford
UKA after the introduction of the new designs? (2) Did the
causes of revision change between the older and newer
designs? (3) Is there a difference in revision causes between
the uncemented and cemented versions of the new design?

Patients and Methods

Study Design and Setting

This study analyzed arthroplasty data from the Norwegian
Arthroplasty Register, which covers a population of about

5.2 million people. Although the NJR reports have been
promising for the new design, the data in that registry
contains data from many high-volume surgeons involved
in implant development. The results from a country like
Norway, with a high reporting rate and less influence from
the designing surgeons, would be valuable. Furthermore,
results from different registries may vary due to different
surgical traditions, indications for surgery (primary and
revision), demographics, economic funding, and public
health systems. All these factors will influence the survival
and revision causes. If the results from the NJR can be
reproduced and verified in other registries, they will be
viewed as more valid for the average orthopaedic surgeon
worldwide.

Improvements in surgical technique and more experi-
ence with UKAs over the years may have influenced the
results. However, if the improvement was not directly re-
lated to the new design, there would be no reason to replace
the Oxford III with the Oxford Partial knee. To detect what
variables may have influenced survival, an analysis of the
revision causes needs to be done.

Moreover, the two variants of the new design (cemented
and uncemented) seem unnecessary if they have similar
results. In Norway, the cost is higher for the uncemented
variant, and this extra cost should be justified. If un-
expected risks and challenges occur, the presumed benefit
of improved fixation with cementless designs may be re-
duced by added complications.

Data Sources

The data from the Norwegian Arthroplasty Register in-
cluded patient-, implant-, and surgery-specific in-
formation. After each surgical procedure, the surgeon
completed a standard form and forwarded it to the reg-
ister. The surgeon recorded the implant catalogue num-
bers of all implant parts on the form [8]. The registration
completeness exceeds 95% for primary operations and is
greater than 93% for revisions [6, 16]. We extracted
anonymized data from the Norwegian Arthroplasty
Register, including all primary Oxford UKAs in a 10-
year period between January 2012 and December 2021
(Fig. 2). We chose 2012 as the starting year because the
twin-peg Oxford femoral component UKA was first
reported to the registry that year.

Patients
After excluding lateral Oxford UKAs, hybrid fixation,
and combined implantations (old and new implants) and

patients with missing data/lost to follow-up, we were left
with 908 medial cemented Oxford III, 4715 cemented
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All Oxford UKA

2012-2021 Excluded (n = 105)
n=7549 e Lateral Oxford
UKA (n = 43)
»> e Hybrid Oxford
L UKA (n =53)

Medial Oxford UKA

e Different tibia
and femur (n =

n=7444 9)
A A A4
. Uncemented Oxford
Cemented Oxford Partial . Oxford I
Partial
n=4715 n=1821 n =908

Fig. 2 After applying our exclusion criteria, 7444 Oxford UKAs performed from 2012 to

2021 were included in our analysis.

Oxford Partial (twin-peg), and 1821 uncemented Oxford
Patrial UKAs eligible for study inclusion (Fig. 2).
Median follow-up was 8 years for the cemented Oxford
I11, 4 years for the cemented Oxford Partial, and 3 years
for the uncemented Oxford Partial. The longer follow-up
time for the cemented Oxford I1I was because it was used
until 2017, when it was replaced by the new Oxford
Partial prostheses. Use of the cemented Oxford I1I and the
cemented Oxford Partial implant overlapped from 2012
to 2017. Use of the uncemented Oxford partial was first
reported in 2014, but in a relatively low number the first 2
years. The cemented Oxford Partial was reported during
the entire study period but with lower numbers the first 3
years. To avoid confounding due to different follow-up
times, the data were censored after 5 years, with 5 years of
median follow-up for the cemented Oxford I11, 4 years for
the cemented Oxford Partial, and 3 years for the unce-
mented Oxford Partial.

Descriptive Data

The mean age of patients was 65 = 9 years for the cemented
Oxford III and 66 *= 9 years for both the cemented and
uncemented Oxford Partial, but the gender distribution dif-
fered between the groups. There were slightly more women
than men for the Oxford III, but the opposite was true for the
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newer cemented and uncemented Oxford Partial. The
American Society of Anesthesiologists (ASA) classification
also differed marginally between the groups, where the
Oxford III group reported a higher percentage (89%) of ASA
I classification than the two other designs (84% and 85%).
These marginal differences between the groups were ad-
justed for in the analyses, and they were considered too small
to have influenced the main results beyond the adjustments
(Table 1). The primary indication for surgery was osteoar-
thritis (96% [7117 of 7444])).

Primary and Secondary Study Outcomes

Our primary study goal was to analyze whether the rede-
signed Oxford Partial prostheses (cemented and unce-
mented) had better overall survival compared with the
older cemented Oxford phase III. To achieve this, we es-
timated the 5-year Kaplan-Meier survival and an adjusted
Cox regression HR, comparing the older cemented Oxford
IIT with the cemented and uncemented Oxford Partial,
adjusting for age, gender, diagnosis (osteoarthritis/other
joint disease), ASA grade (ASA I/ASA II/ASA III+), and
time period (2012 to 2016/2017 to 2021).

Our secondary study goals were to assess (1) whether
the risks of revision causes differ when moving from the
old to the new designs and (2) whether the risks of revision
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Table 1. Demographics
Oxford Il Oxford Partial Oxford Partial p value
cemented cemented uncemented (Oxford Il

Covariate (n =908) (n =4715) (n =1821) p value excluded)
Gender 0.02 048

Female 52 (471) 47 (2209) 48 (871)

Male 48 (437) 53 (2506) 52 (950)
Age at surgery 65*9 66 £ 9 66 + 9 < 0.001 0.35
Primary 0.001 0.007
diagnosis

Primary OA 93 (852) 95 (4500) 97 (1765)

Other 6 (56) 5(215) 3 (56)
ASA grade < 0.001 0.21

| 89 (795) 84 (3873) 85(1514)

Il 11 (10) 17 (763) 15 (271)

Il or above
Year of surgery < 0.001 < 0.001

2012-2016 100 (907) 39 (1824) 14 (247)

2017-2021 0(1) 61 (2891) 86 (1574)
Year of surgery

2012 330 106 0

2013 232 204 0

2014 198 373 7

2015 129 513 59

2016 18 628 181

2017 1 543 296

2018 0 564 399

2019 0 577 368

2020 0 597 200

2021 0 610 31

Data presented as % (n) or mean = SD. p values were determined using a chi-square test for binary/categorical variables and one-

way ANOVA for continuous variables.

causes vary between the cemented Oxford Partial and
uncemented Oxford Partial designs.

Variables

Revision was defined as surgery with removal, exchange,
or addition of one or more prosthesis components. The
surgeons could report one or more of the following reasons
for revision: loose femoral component, loose tibial com-
ponent, dislocation, instability, malalignment, deep in-
fection, fracture, pain, worn or broken polyethylene, or
progression of OA; surgeons were also allowed to choose
their own descriptions. All reported revision causes were
included in the analyses, with no censoring or hierarchical
selection. If more than one cause of revision was given,
they were all included in the subanalyses for specific re-
vision causes to avoid underestimation of the individual

revision causes due to a hierarchy. Confounding by com-
peting risks was additionally tested by Fine and Gray
analyses and did not alter the results.

Ethical Approval

Ethical approval was not sought since the Norwegian
Arthroplasty Register has a concession from the
Norwegian Data Inspectorate to collect and analyze data
based on written consent from the patients. The registration
of data and the study was performed confidentially on
patient consent and according to the Norwegian Data
Protection regulations (reference number
03/00058-20/CGN) and Norwegian and EU data pro-
tection rules. Data may be accessible upon application to
the Norwegian Arthroplasty Register. The Norwegian
Arthroplasty Register fully financed the study.
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Statistical Analysis

For our primary outcome, we used the Kaplan-Meier
method to estimate cumulative survival. Survival was de-
fined as an implant free of any revision where parts were
exchanged or removed. Statistical significance was tested
with a log-rank test. Furthermore, an HR was calculated
using a Cox regression multivariate analysis, adjusting for
age, gender, ASA classification (ASA /ASA I/ASA 11I+),
diagnosis (osteoarthritis/other joint disease), and time pe-
riod (2012 to 2016/2017 to 2021), to compare risk of re-
vision for all causes. For our secondary outcomes, an
adjusted Cox regression analysis for each specific revision
cause was performed. Firstly, we compared the cemented
Oxford Partial and uncemented Oxford Partial UKAs with
the cemented Oxford III UKAs (Oxford III as reference).
Secondly, we compared the uncemented Oxford Partial
with the cemented Oxford Partial UKAs. Proportional
hazards were tested and found valid for the overall survival
analysis. For the specific revision causes, we performed a
Fine and Gray analysis and checked it against the Cox
regression analysis. If the results differed, the Fine and
Gray estimate was reported. For demographics, p values
were determined using a chi-square test for binary/cate-
gorical variables and one-way ANOVA for continuous
variables.

All statistical analyses were performed using IBM
SPSS version 22.0 (IBM Corp) and STATA version 17.0
(STATA Corp). All p values less than 0.05 were con-
sidered significant, with a presented 95% confidence in-
terval (CI).

Results

Has Survival of the Medial Oxford Unicompartmental
Knee Improved With the New Design?

Survivorship did not improve with the new design of the
medial Oxford UKA. Overall 5-year survival for the
cemented Oxford Partial was 94% (95% CI 93% to 95%)
compared with 94% (95% CI 92% to 95%) for the
uncemented Oxford Partial and 92% (95% CI 90% to
94%; p = 0.03) for the cemented Oxford III (Fig. 3). We
found no difference for the overall risk of revision
comparing the cemented and uncemented Oxford Partial
with the cemented Oxford III in the reported time period,
2012 to0 2021, when adjusting for age, gender, diagnosis,
ASA classification, and time periods (Table 2).
However, for the uncemented Oxford Partial, the overall
risk of revision was lower than the older design
cemented Oxford III from 1 to 5 years of follow-up
(Table 2).
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Fig. 3 Five-year survival for the cemented Oxford Partial was
94%, it was 94% for the uncemented Oxford Partial, and it was
92% for the cemented Oxford lIl. A color image accompanies
the online version of this article.

Did the Indications for Revision Change Between the Older
and Newer Design?

The main indications for revision changed with the in-
troduction of the new design. The risk of revision for
femoral loosening was lower for the cemented Oxford
Partial compared with the cemented Oxford III (HR loos-
ening 0.3 [95% CI 0.1 to 1.0]; p = 0.04). The uncemented
Oxford Partial had a higher risk of revision for infection
(HR 3.6 [95% CI 1.2 t0 10.5]; p=0.02) and a lower risk of
revision for pain (HR 0.5 [95% C1 0.2 to 1.0]; p <0.05) and
instability (HR 0.3 [95% CI 0.1 to 0.9]; p = 0.03 (Table 2).

Did the Indications for Revision Differ Between the
Uncemented and Cemented Designs?

The revision causes differed between the cemented Oxford
Partial and the uncemented Oxford Partial designs. When
comparing the uncemented Oxford Partial with the cemented
Oxford Partial (HR 1), we found a higher risk of revision for
periprosthetic fracture (HR 15 [95% CI 4 to 54]; p < 0.001)
and infection up to 1 year (HR 3.0 [95% CI 1.5t0 5.7]; p =
0.001, and polyethylene wear the first 2.5 years (HR 7.8 [95%
CI 1.5-40]; p = 0.02, for the uncemented version (Table 3).

Discussion

A primary issue with UKA survival has been the risk of
aseptic loosening, particularly of the femoral component.
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Table 2. Cox multivariate regression analysis of the three design options for the Oxford medial UKA

Oxford Ill cemented Oxford Partial cemented Oxford Partial uncemented
(n =908) (n = 4715) (n =1821)
HR HR
Diagnosis of revision Number HR Number (95% Cl) p value Number (95% Cl) p value
All diagnoses (overall)® 71 1 205 0.8 (0.6-1.0) 0.09 89 1.0 (0.7-1.4) 0.89
All diagnoses year 0-1 1 78 0.8 (0.5-1.4) 0.47 61 1.7 (0.9-3.1) 0.08
All diagnoses year 1-5 1 127 0.8 (0.5-1.1) 0.16 28 0.5 (0.3-0.9) 0.02
Infection® 1 30 1.6 (0.6-4.3) 0.34 20 3.6 (1.2-10.5) 0.02
Infection year 0-1 1 22 1.4 (0.5-4.2) 0.56 20 4.1 (1.3-13.5) 0.02
Periprosthetic fracture® 3 1 15 15 (4-54) < 0.001
Polyethylene wear/damaged 0.3 (0.1-1.6) 0.17 1.4 (0.2-8.6) 0.69

Femoral loosening
Tibial loosening®

8 0.3 (0.1-1) 0.04
29 0.9 (0.4-1.9) 0.80

7

1 0.2 (0.0-1.5) 0.11

6 0.7 (0.2-2.2) 0.56
0.34 5 2.3 (0.4-13) 037

1

6

- W = = v ow
No LU g8 anNnNg owos~undY

1

1

1
Tibial loosening year 0-1.5 1 15 2.1 (0.5-9.7)
Tibial loosening year 1.5-5 1 14 0.6 (0.2-1.6) 0.31 0.2 (0.0-2) 0.18
Progression of osteoarthritis 1 45 1.0 (0.5-1.8) 0.91 0.4 (0.1-1.2) 0.10
Pain 1 65 0.7 (0.5-1.2) 0.19 12 0.5 (0.2-1.0) 0.045
Instability 1 39 0.5 (0.2-1.2) 0.11 10 0.3 (0.1-0.9) 0.03
Malalignment 1 17 04 (0.2-1.1) 0.07 5 0.3(0.1-1.2) 0.10
Luxation of polyethylene 1 20 0.7 (0.2-1.8) 041 15 1.2 (0.4-3.8) 0.79
Other 1 32 1.2 (0.5-3.1) 0.69 17 1.7 (0.6-4.9) 0.35

Risk of revision for specific indications for revision and overall risk of revision (Cox — adjusted for gender, age, diagnosis, ASA, and
time period).

Separate time periods to fulfill proportional hazards assumption.

bOxford Ill excluded from analysis.

Table 3. Cox multivariate regression analysis of the two newer design options for the Oxford medial unicompartmental knee
replacement

Oxford Partial cemented (n = 4715) Oxford Partial uncemented (n = 1821)
Number HR Number HR (95% CI) p value
Periprosthetic fracture 3 1 14 15 (4-54) < 0.001
Polyethylene wear/damaged?® 4 1 7 4.7 (1.3-17) 0.02
Polyethylene wear/damaged year 0-2.5 2 1 6 7.8 (1.5-40) 0.02
Infection® 30 1 20 2.2 (1.2-4.1) 0.01
Infection year 0-1 22 1 20 3.0 (1.5-5.7) 0.001
Loosening femur 8 1 1 0.5 (0.1-3.9) 047
Loosening tibia 29 1 6 0.8 (0.3-2.0) 0.59
Progression of osteoarthritis 45 1 6 0.4 (0.2-1.1) 0.07
Pain 65 1 12 0.6 (0.3-1.2) 0.15
Instability 39 1 10 0.6 (0.3-1.3) 0.20
Malalignment 17 1 5 0.8 (0.3-2.1) 0.60
Luxation of polyethylene 20 1 15 1.8 (0.9-3.7) 0.11
Other 32 1 17 1.4 (0.7-2.6) 0.32

Risk of revision for specific diagnoses of revision and overall risk of revision (Cox - adjusted for gender, age, diagnosis, ASA, and time
period).
“Not valid due to proportional hazard assumption not fulfilled.
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Data from the Norwegian Arthroplasty Register shows that
aseptic loosening was the main cause of revision for UKA at
10-year follow-up [8]. One cohort study [23] and a registry
study [14] have suggested that the overall survival has im-
proved with the new design of the Oxford unicompartmental
knee, and there was hope that the uncemented version of the
new design had diminished the problem of radiolucencies and
aseptic loosening. This study shows that the design changes of
the Oxford UKA changed the causes for revision without
improving the overall survival. The ability to identify the
effect of changes in implant designs is an important task of
well-established national registries, and data from a country
with a high reporting rate and little influence from the
designers/manufacturers is especially valuable when evalu-
ating new or redesigned implants. Other registries have
shown that revision for implant loosening is a global problem,
and previous studies have shown that 25% to 50% of aseptic
loosening in UKAs involve the femoral component [8, 13].
We analyzed data from the Norwegian Arthroplasty Register
to compare the newer design cemented and uncemented
Oxford partial UKA to the previous Oxford Phase III design.
We found no difference in the overall revision risk between
these three implants. When comparing the specific reasons for
revision, we found that revisions for aseptic loosening of the
femoral component were higher for the cemented single-peg
Oxford III compared with the twin-peg cemented Oxford
Partial. Revision risk for pain was lower for the uncemented
Oxford Partial compared with the Oxford III. Periprosthetic
fracture as a revision cause was higher for the uncemented
Oxford Partial compared with cemented Oxford Partial. This
latter finding is alarming with respect to the causes for early
failure in the uncemented Oxford Partial group. The cemented
Oxford Partial has replaced the older cemented Oxford III in
the market. It has similar 5-year survival to the cemented
Oxford III, and in this study, we found no alarming new
causes of revision for the cemented Oxford Partial knee.
Additionally, in Norway, the uncemented version is more
expensive, and with the differing risks of revision for the
uncemented implant in mind, the cemented version should be
preferred.

Limitations

One important limitation to this study is the relatively short
follow-up with different median follow-up times for the
groups. The cemented Oxford III implants have had more
time to fail, and certain causes of revision such as aseptic
loosening, which are expected to increase with time, might be
more often reported in this group. To minimize this con-
founder and achieve more similar follow-up times, the in-
clusion of data was stopped at 5 years of follow-up. The
difference in revision causes reported, such as fracture and
infection, occur early in the period, hence they will be
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detected despite the short follow-up. Furthermore, prostheses
and surgical technique may improve with time and volume.
However, this possible bias is likely to have impacted all
three groups equally, and there is no reason to believe that
one group would be more affected than the other.

The multiple testing for different revision causes may have
introduced the risk of a statistical Type I error, weakening our
results. On the other hand, the strength of registry studies is
the ability to detect and analyze relatively rare events, like
revisions. Due to the serious implications for patients, these
rare occasions must be addressed and surgeons must be
alerted that they exist. Gender must also be considered in our
study results, because one cannot assume that a finding drawn
from a population of men and women would apply equally for
men and women separately. In this study, the only outcome
measure is revision, which is a crude measure, but gender was
adjusted for in the analyses to reduce this bias. PROMs could
identify patients who are doing poorly but who chose not to
undergo another surgery; however, PROMs were not avail-
able in the Norwegian Arthroplasty Register for these im-
plants in this period. Revision as the only endpoint is a
limitation for all registries because of the issue with patients
who may have pain due to a loose implant but who are not
candidates for revision surgery or who choose not to undergo
revision surgery. This does not disqualify the findings here
because there is no reason to think it more likely in one group
than another.

We do not have any data on the potential learning curve
for the newest uncemented Oxford Partial, which
represents a limitation to this study. Another limitation is
that surgeons can report more than one revision cause
without classifying which cause is the most plausible rea-
son for implant failure. Again, this limitation would apply
equally to all groups but also allows for more granularity in
reporting of the revision indications. The low number of
revisions in this study may be the reason why we were not
able to show statistically significant differences for the
various revision causes. Furthermore, the Oxford
Microplasty instrumentation became available in 2011 and
was mostly used for cemented and uncemented Oxford
Partial but also for some of the cemented Oxford III op-
erations throughout the study period. This may have
influenced the results in favor of the newer designs, since
the new instrument set aids in more accurate placement of
the components, with a modified implantation technique.
Conversely, there is always a learning curve with new
instrumentation.

Has Survival of the Medial Oxford Unicompartmental
Knee Improved With the New Design?

We found no difference in the overall revision risk between
the three Oxford UKA implants we analyzed. The
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unadjusted survival estimates from the Kaplan-Meier
analysis showed a statistically but not clinically signifi-
cant difference. When adjusting for age, gender, diagnoses,
ASA class, and time, the Cox regression hazard ratios
showed no difference. A register-based study with a large
number of patients that compared single-peg with twin-peg
Oxford UKAs in a matched comparison similarly showed
no difference in the overall revision risk at 5 years between
cemented Oxford Partial and cemented Oxford III [14]. A
cohort study found better survivorship for the cemented
twin-peg Oxford partial when compared with the cemented
single-peg Oxford [23]. Based on these findings, we rec-
ommend the use of the cemented Oxford Partial implant,
which has replaced the single-peg cemented Oxford III,
over the more costly uncemented Oxford Partial. For the
first 1 to 5 years, however, the uncemented Oxford Partial
had a lower risk of revision overall compared with the older
cemented Oxford III; this result might leave some opti-
mism and is the reason why further research with longer
follow-up is needed.

Did the Indications for Revision Change Between the Older
and Newer Design?

We found that the twin-peg cemented Oxford Partial had a
lower risk of revision for femoral loosening compared with
the single-peg Oxford III. This finding supports previous
results that the combination of microplasty instruments
and a new twin-peg design creates a stable situation with
less chance of revision for a loose femoral component. Two
cadaver studies also showed better strength of fixation for
the twin-peg femoral component [17, 18]. The uncemented
Oxford Partial had more revisions for periprosthetic frac-
ture and infection but a lower risk of revision for pain than
the Oxford I1I. All the cemented Oxford UKAs in this study
utilized antibiotic bone cement (ABC), which slowly re-
leases antibiotics in the early period after surgery. Most
cemented arthroplasties in Norway use ABC. The fact that
the uncemented prosthesis only get antibiotics in-
travenously around the surgery could perhaps explain the
difference in infection rate. To elaborate this infection risk
further, large registry or randomized controlled studies
must be performed. The cemented technique might be
preferred over the cementless because it is less traumatic to
the bone. The impaction of bone and pressfit technique of
the uncemented design might introduce a risk of fracture.
The new Oxford Microplasty instruments were in-
troduced along with the cemented Oxford Partial and
uncemented Oxford Partial to improve the reproducibility
of implant positioning and to minimize tibial bone re-
section. Two studies comparing Oxford Microplasty to
conventional instrumentation showed a reduced risk of
malalignment of the femoral component and more accurate

tibial bone resection, with less bone loss [21, 22]; another
study reported reduced revision rates with the new in-
strumentation [20]. This new instrument set, mostly used
for the newest designs, may have influenced the results in
favor of the Oxford partial prostheses.

The causes for revision indicated by the surgeon may
have changed over time along with the design changes.
Previously, the revision indication of pain was more ac-
ceptable as a sole reason for revision. One study showed
that the results after revision for pain alone had less fa-
vorable outcomes than revision for a known cause of pain
[L1]. Our study showed that the uncemented Oxford Partial
knee had a lower risk of revision for pain. This finding
might be because the uncemented Oxford Partial had been
included later in the observation period.

Did the Indications for Revision Differ Between the
Uncemented and Cemented Designs?

Periprosthetic fracture as a revision cause was more
common in the uncemented Oxford Partial compared with
the cemented Oxford Partial, which is supported by pre-
vious studies [12, 13]. Nevertheless, a recent meta-
analysis concluded that good results can be achieved for
uncemented UKAs, comparable to cemented prostheses,
when surgeons are aware of the different risk factors of
causing fracture, like excessive press fit (interference fit)
and impaction technique [5]. The interference fit may
introduce an additional risk and be less forgiving of sur-
gical errors, especially for patients at higher risk of peri-
prosthetic fracture. One small study suggested techniques
for intraoperative testing of the bone quality as a tool to
select fixation methods [7]. Hiranaka et al. [10] found an
increased fracture risk in patients with very small tibial
components; the authors recommended cemented fixation
for this group. Consequently, the implantation of an
uncemented tibial component may be a more challenging
procedure, requiring more surgical experience and skill.
The risk of fracture with uncemented implants needs to be
further investigated. Badawy et al. [3, 4] showed that in
general, the results for UKAs are better for hospitals
with a higher patient volume. Thus, for low-volume
hospitals and surgeons, the cemented implant might be the
best option. However, data on surgeon case load and ex-
perience were not reported to the Norwegian Arthroplasty
Register. There was a higher revision risk for poly-
ethylene wear/damage the first 2.5 years for the unce-
mented Oxford Partial compared with the cemented
version, and it was more common that this reason for
revision was reported with polyethylene luxation.
Polyethylene damage could have been a consequence of
the luxation. Again, this would lead the authors here to
recommend use of the cemented Oxford Partial, given that
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it can be more widely used, independent of bone quality,
size of bone, gender, or age of the patient.

Conclusion

This study did not find any overall differences in the re-
vision risk at 5 years between the three Oxford uni-
compartmental knee designs. We found an improvement
with less risk of femoral loosening for the cemented Oxford
Partial compared with the older Oxford III, but we found
more periprosthetic fractures and infections for the unce-
mented Oxford Partial knee. The cemented Oxford Partial
appears to be an acceptable replacement for the previous
Oxford III at 5 years and should be preferred over the
uncemented version. Future studies should focus on rea-
sons for infection and fracture associated with the use of an
uncemented implant.

This is an open-access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives
License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from
the journal.
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Background and purpose — Robotically assisted com-
puter navigation (robotic) has been developed to improve the
positioning in total knee arthroplasties (TKAs), attempting to
achieve better functional results and longevity of the prosthe-
ses. However, the benefit of robotics is still controversial. The
aim of our study was to compare migration between robotic
and conventional techniques in cemented bi-cruciate stabi-
lized TKAs, using radiostereometric analysis (RSA) based on
a secondary analysis of a randomized controlled trial (RCT).

Methods — We enrolled 60 TKA patients from one hospi-
tal (2020-2021), with osteoarthritis or arthritic disease. The
patients were examined up to 24 months after the surgery,
to estimate the mechanical stability of the tibial component.
The maximum total point motion (MTPM) representing the
magnitude of migration, the largest negative (subsidence)
and positive (lift-off) value for y-translation, and prosthetic
rotations were measured. The migration in the 2 groups was
compared and the precision evaluated.

Results — 51 RSA marked TKAs were available for a
comparison of tibial migration between robotically assisted
(n = 26) and conventional operations (n = 25). The MTPM in
the first year was 0.44 mm and 0.64 mm, and at 24 months
0.46 mm and 0.75 mm, for the conventional and the robotic
groups, respectively. The robotic group migrated more than
the conventional group at 2 years, 0.21 mm (95% confidence
interval [CI] 0.05-0.44; P=0.01). The overall median MTPM
for the investigated implants (both groups) up to 12 months
was 0.54 mm (CI 0.44-0.63), and 0.19 mm between 12 and
24 months (CI 0.16-0.22). The magnitude of migration and
rotation around the 3 axes was small for both groups, but flex-
ion/extension migration of the tibial component was slightly
higher in the robotic group 0.14° (CI 0.00-0.33; P = 0.049).

Conclusion — MTPM and flexion/extension migrations
of the tibial component were higher for the robotic group,
up to 24 months. The overall migration pattern for the bi-
cruciate stabilized implant was acceptable.

Total knee arthroplasty (TKA) is an effective treatment for
severe osteoarthritis (OA), with an excellent overall survival
rate [1]. However, up to 20% of patients are reportedly dissatis-
fied due to residual pain, discomfort, and restricted knee func-
tion [2]. Computer navigation systems aid in accurate implant
positioning and alignment but have not yet shown to improve
clinical results and longevity of the implant [3-10]. Robotic
computer navigation systems execute bone cuts/burring in the
pursuit of even more precise implant fitting than regular com-
puter navigation systems. The downsides are higher costs and
increased operating time. Conventional instrumentation is cost
effective, with the challenge being repeatable accuracy in com-
ponent positioning and extremity alignment. Ggthesen et al. [11]
showed in a study from the Norwegian Arthroplasty Register
(NAR) that the short-term risk of revision was either the same
or higher for computer-assisted surgery (CAS) compared with
conventional surgery (CONV) and depended more on the brand
of the prosthesis. A later study from Dyrhovden et al. [8] with
longer follow-up showed similar results for CAS compared
with conventional TKAs, but fewer revisions for malalign-
ment for CAS. A bi-cruciate stabilized prosthesis emulating the
native anatomy and kinematics of the human knee (Journey II
BCS, Smith & Nephew, Memphis, TN, USA) was developed in
pursuit of a better functional outcome. This implant has not yet
been evaluated through a radiostereometric analysis (RSA). A
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10-year survivorship with ODEP (Orthopaedic Data Evaluation
Panel) 10 A, or a minimum of 2 years’ RSA evaluation show-
ing safe migration patterns, is advised before use of prosthesis
implants in everyday clinical practice in Norway, to avoid using
implants susceptible to early aseptic loosening and revision
[12]. To our knowledge this is the first RSA analysis comparing
arobotic with a conventional technique for TKA.

The aim of our study was to compare migration between
robotic and conventional techniques in cemented bi-cruciate
stabilized TKA using radiostereometric analysis (RSA).

Methods

Study design

This is a study based on a secondary analysis of RSA data
collected from the first 60 patients enrolled in a larger random-
ized controlled trial (RCT). The results from the primary RCT
will be reported as 2-year clinical and radiological outcome
of robotic versus conventionally operated total knees (214
patients) when follow-up is completed.

The trial was designed and conducted according to the
CONSORT statement guidelines for reporting of parallel
group randomized trials [13], and the checklist from the guide-
line for RSA implant migration measurements was used [14].

Patients were block-randomized (2 or 4 cases in each block)
and assigned, in a 1:1 ratio, to either robotically assisted or
conventional TKA, to ensure equal numbers of each method
per surgeon. The randomized lists for each surgeon were cre-
ated according to software randomization and kept at a sepa-
rate location from the operating department. Surgeons called
a research assistant before surgery and were informed of the
assigned method (conventional or robotic).

The patients and observers (physiotherapist and radiolo-
gists) were blinded to which surgical method was used. 60
patients were enrolled in the RSA analysis, where 36 (18 in
each arm) had complete data sets and 51 had index plus 1 or
more image(s) ready for analysis.

Setting

Patients were recruited and treated at Haugesund Hospital
for Rheumatic Diseases (HSR) in Norway by 2 experienced
arthroplasty surgeons (22 and 29 operations each in the study).
The surgeons performed 10 robotically assisted TKAs, as well
as cadaver operations prior to patient inclusion in the trial.

Patients

Inclusion criteria were patients with an age from 45-85 years
old, with primary or secondary osteoarthritis (OA).

Exclusion criteria included active infection, degenerative
neuromuscular disease, active metastasizing cancer, severe
cardio- or pulmonary disease, ASA class 4, dementia, serious
systemic disease, and previous fracture or deformity making
use of intramedullary rods impossible.

Intervention

The bi-cruciate stabilized Journey II BCS total knee replace-
ment (Smith & Nephew, Memphis, TN, USA) was implanted
in all knees using Palacos R+G cement (Heraeus, Hanau,
Germany). The patella was resurfaced, and the lower limit for
remaining patellar thickness was 12 mm. In the conventional
group the measured resection technique [15] with a default of
3¢ tibial posterior slope, and 5—7° valgus on the distal femoral
cut, aiming for a neutral mechanical alignment, was used. For
the robotic group (NAVIO system, Smith & Nephew, Mem-
phis, TN, USA) we used a functional alignment technique
[16], starting with components in mechanical overall align-
ment (software default), then shape-matching to the bony
and cartilaginous structures, and finally adjusting the gaps
in flexion and extension, to comply with good ligament bal-
ance, restricted to 2° valgus and 4° varus. If ligament balance
was not met within these restrictions, soft tissue release was
performed. Tibial posterior slope was rarely altered from the
system default of 3°. A hand-held robotic burr was used for
the distal femoral cut and for holes supporting the tibia cut-
ting guide, which was secured in place by additional speed
pins. The cutting guide position was checked with the navi-
gation system before cuts were performed. The cut surfaces
were in some cases refined with a burr, for better accuracy
and component fitting. Conventional operations were all per-
formed with intramedullary rods for both tibia and femur. A
torniquet was used for all procedures, as well as a 1-phase
cementing technique, after pulsed lavage. Tranexamic acid i.v.
injection 1.5 g was administered 10 minutes before surgery
for all patients. No drains were used. Anti-thrombotic medi-
cation (Fragmin 5,000 U) was administered as a subcutane-
ous injection 10 hours after surgery and continued for 14 days
(self-administration). Antibiotic prophylaxis (cefazoline 2 g
i.v.injection) was administered 30—20 minutes before surgery,
then after 4, 8, and 12 hours. The skin incision was closed with
running mattress sutures. The operated knee was positioned in
90° flexion for 2 hours post-surgery to reduce hematoma. The
patients were mobilized and allowed full weightbearing after
surgery and trained with standardized exercises from the first
postoperative day.

RSA
For the RSA analysis, 6 tantalum markers (diameter 0.8 and
1.0 mm) were inserted during surgery into the polyethyl-
ene through slightly undersized drilled tunnels. In the tibial
metaphysis, 9 tantalum markers (1.0 mm) were inserted
according to a defined protocol, before the tibial component
was implanted. No additional incision was used in this study
as the reflector disc pins were drilled bi-cortically into bone
within the primary incision in both femur and tibia, extending
the incision slightly in some of the robotic cases.

The index RSA radiographs were taken on day 1,2, or 3 (con-
ventional mean 1.7 days, SD 0.5, robotic mean 2.0 days, SD
0.5) after weightbearing, and repeated at 3, 12 (conventional
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mean 386 days, SD 18, robotic mean 386 days, SD 22), and 24
months after surgery. The patients were supine with the knee
positioned inside a biplane calibration cage (cage 10; RSA Bio-
medical, Umed, Sweden) according to a technique described
earlier [17]. 1 portable X-ray tube and 1 gantry-mounted X-ray
tube were used to obtain 2 simultaneous exposures at a 90°
angle. For radiographic imaging, we used high-definition digi-
tal plates (Agfa CR MD 4.0) and for plate reading we used the
ADC compact digitizer (Agfa, Mortsel, Belgium).

The investigators involved in the RSA examinations and
analysis were blinded to the patient allocation. However, the
fixator pin holes securing the reflector discs could be seen on
some of the index images from the robotic group. The RSA
measurements were possible if 3 or more of the markers were
visible in each segment for repeated examinations. Transla-
tion and rotation of the tibial component relative to bone was
calculated using the markers in the polyethylene insert as the
moving segment and tibia as the fixed reference segments
(UmRSA Digital Measure version 6.0; RSA Biomedical, Cha-
tham, Kent, UK).

The precision of the RSA measurements was calculated
after double examinations at 12 months and showed a mean
difference of maximum total point motion (MTPM) of 0.13
mm (CI 0.10-0.17) in the conventional group and 0.14 mm
(C10.10-0.18) in the robotic group.

Mean and SD of number of markers, condition number, and
mean error of body fitting for each rigid body at the primary
follow-up timepoint were 5.72 (0.54), 25.4 (5.31), and 0.08
(0.16) respectively.

Outcomes

The movements of the implant were measured along and
around a medially directed axis (x-axis, anteroposterior rota-
tion [AP]), sagittal axis (z-axis, varus—valgus rotation), and
longitudinal axis (y-axis, internal-external rotation) of the
knee. The condition number was set at 150, and the upper limit
for mean error of body fitting at 0.35 to ensure proper stability
and distribution of the tantalum markers [17,18]. Translations
were expressed as MTPM, subsidence, and lift-off. MTPM
represents the 3-D vector of the prosthetic marker that moved
the most and is a measure of the magnitude of migration only
[19]. The largest positive Y-translation was called lift-off and
the largest negative Y-translation was called subsidence. The
calculations were performed according to the orthogonal
right-handed coordinate system.

The primary outcome for this RSA analysis was MTPM
of the tibial components at 1 and 2 years after surgery with
robotic and conventional technique.

The secondary outcomes were x-, y-, and z rotation, subsid-
ence, and lift-off of the tibial component.

Statistics

A power analysis previously used in a similar study [20] was
used to determine the number of patients included in this

present analysis, claiming 0.1 mm as a clinically relevant
between-group difference, and with an anticipated repeat-
ability of 0.1 mm in the RSA measurements. A group sample
size of 17 would achieve 80% power to detect a difference
of 0.1 between groups with an estimated standard deviation
of 0.1 and with a significance level of (alfa) 0.05, using a
2-sided, 2-sample t-test. To ensure proper sample size at 2
and 5 years we chose to include 60 patients in the study, 30
in each group.

To evaluate the RSA measurement precision, the difference
between double measurements was calculated after 1 year. We
also calculated the standard deviation (SD) of the differences
with respect to zero [21].

Magnitude and progress of migration are presented as mean
values, whereas for the difference between groups the median
values are used, and only absolute values were analyzed. The
Mann-Whitney test was used to compare the conventional
and robotic groups for migration. The Shapiro-Wilk and
Pearson test showed that migration data was not normally
distributed, so both median and interquartile range (IQR) are
reported. Pearson’s chi-square test was used to assess the dif-
ferences in age, sex, and diagnosis. For statistical analysis, the
median difference and the corresponding CI for the median
difference for each migration and clinical parameter were cal-
culated as described by Campbell and Gardner (1988)[22]. P
value < 0.05 was considered significant. Statistical evaluation
was performed using Stata version 18 (StataCorp LLC, Col-
lege Station, TX, USA).

Ethics, registration, data sharing plan, funding, use of
Al, and disclosures
The study was registered in the trial database at ClinicalTri-
als.gov (identifier: NCT04525950) on September 7, 2020.
The trial was approved by the regional committee for medical
and health research ethics (REK), Bergen, Norway on March
4, 2020 (ref.no.68448 NAVIO HSR). Haugesund Sanitets-
forenings Forskningsfond gave financial support. Al tools
were not used at any stage in this submission, and no author
had any conflict of interest. Data is available by contacting the
corresponding author.

Complete disclosure of interest forms according to ICMJE are
available on the article page,doi: 10.2340/17453674.2025.43081

Results

We enrolled 60 patients between September 2020 and June
2021 where 55 were sufficiently tantalum marked, excluding
3 patients with no RSA cage, 1 with no image taken on day
2-3 after surgery, leaving 51 for analysis, 26 in the robotic
and 25 in the conventional group. Some of the patients did not
have a full data set, for various reasons, but were included if
at least 2 RSA examinations, including the index examination,
were performed (Figure 1) and omitted from those time points
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Figure 1. Flowchart of patients included in the study.

Table 1. Patient characteristics and operating time. Data presented
as count or mean (SD)

Conventional Robotic

Factor n=25 n=26
Men 10 14
Mean age (SD) 67.7 (3.9) 65.7 (3.7)
ASA class

1 1 4

2 20 16

3 8 6

Missing 1 —
Diagnosis

Idiopathic osteoarthritis 18 19

Other 7 7
Mean operating time, minutes (SD) 88 (17) 103 (19)

where no images were captured. The last follow-up images
were captured in June 2023.
1 of the included patients died before the 2-year examination.
The operating time was 103 minutes (SD 19) in the robotic
group and 88 minutes (SD 18) minutes in the conventional
group (Table 1).

Outcome

The tibial component migrated most during the first 3 months
for both groups and tapered off thereafter (Figure 2). The mean
MTPM up to 12 and 24 months was higher in the robotic: 0.64
mm (CI 0.49-0.78) and 0.75 mm (CI 0.57-0.92), than in the
conventional group: 0.44 mm (CI10.33-0.56) and 0.46 mm (CI
0.37-0.54), respectively (Table 2). The median difference in
MTPM between the robotic and conventional group was 0.14
mm (C10.02-0.35; P=0.03) and 0.21 mm (CI10.05-0.44; P =
0.01) at 12 and 24 months respectively (Table 3).

Figure 2. Spaghetti plot with individual and mean maxi-
mum total point motion.

No difference was found between the groups for the median
migration between 12 and 24 months, 0.03 mm (CI -0.01 to
0.08; P=0.1) (Table 3).

The overall mean MTPM migration up to 12 months for all
patients was 0.54 mm (CI 0.44-0.63) and the overall mean
MTPM migration between 12 and 24 months was 0.19 mm
(C10.16-0.23).

The median difference between the groups for flexion/
extension migration of the tibia at 24 months was 0.14° (CI
0.00-0.33), P =0.049 (Table 3).

There were no significant differences between the groups
for maximum subsidence and lift-off at 12 and 24 months.

Discussion

This is the first study to compare implant migration in a roboti-
cally assisted computer-navigated technique with conventional
TKAs. The use of robotic assistance for the implantation of
the bi-cruciate stabilized prosthesis was associated with an
increased migration of the tibial component occurring within
the observation period. However, the migration of the robotic
group tapered off, and did not migrate more than the conven-
tional group between 12 and 24 months. The overall migration
for the bi-cruciate stabilized implant, regardless of operating
technique, was within acceptable limits. There were 4 patients
with MTPM migration at 12 months above 1.0 mm in the
robotic group, the highest being 1.5 mm, whereas in the con-
ventional group only 1 patient was above 1.0 mm (1.5 mm).
The mean MTPM migration from 12 to 24 months was not
significantly different between the groups, measuring < 0.2
mm in the conventional and just above 0.2 mm in the robotic
group. In a previous study by Ryd et al., the limit for strict con-
tinuous migration (SCM) was set at 0.2 mm after 12 months,
above which the risk of aseptic loosening was increased [19].
The overall migration up to 12 months was 0.54 mm and
0.19 mm from 12-24 months. Pijls et al. suggested a limit
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Table 2. Migration up to 24 months for the conventional and the robotic group

able survival of the prostheses [23].
These thresholds were reaffirmed in a
recent updated systematic review [24].
In the light of these previous studies, we
conclude that the overall migration in
the present study was within acceptable
limits. A previous randomized clinical

Factor Conventional Robotic
Months FU Median [IQR] Mean (Cl) Median [IQR] Mean (Cl)
X-axis rotation [flexion—extension] (°, absolute value)
3 0.09[0.05-0.22]  0.14 (0.09-0.20)  0.12[0.07-0.26] 0.20 (0.12-0.27)
12 0.14[0.06-0.26] 0.21 (0.12-0.29)  0.32[0.10-0.41] 0.30 (0.20-0.39)
24 0.15[0.05-0.32] 0.20 (0.13-0.27)  0.36[0.14-0.55] 0.39 (0.25-0.53)
Y-axis rotation [internal-external] (°, absolute value)
0.09 [0.04-0.20] 0.13(0.08-0.19)  0.11 [0.08-0.19]  0.14 (0.09-0.20)
12 0.13[0.08-0.24]  0.22 (0.07-0.37)  0.23[0.08-0.33] 0.24 (0.16-0.31)
24 0.14[0.09-0.25]  0.19 (0.12-0.26 0.27[0.07-0.43]  0.30 (0.19-0.42)
Z-axis rotation [varus—valgus] (°, absolute value)
3 0.09 [0.05-0.14]  0.10(0.07-0.13)  0.09 [0.06-0.26] 0.23 (0.10-0.35)
12 0.16[0.06-0.26] 0.17 (0.11-0.24)  0.11 [0.06-0.27]  0.24 (0.11-0.36)
24 0.13[0.07-0.21]  0.17 (0.09-0.24)  0.10[0.05-0.20] 0.24 (0.10-0.37)
Maximum total point motion, mm
0.29[0.20-0.49] 0.35(0.27-0.44)  0.47[0.28-0.77] 0.52 (0.40-0.65)
12 0.39[0.28-0.55]  0.44 (0.33-0.56)  0.48[0.38-0.94] 0.64 (0.49-0.78)
24 0.42[0.26-0.63]  0.46 (0.37-0.54)  0.70[0.40-0.99] 0.75 (0.57-0.92)
12-242  0.16[0.12-0.20] 0.16 (0.14-0.19)  0.19[0.14-0.26]  0.23 (0.16-0.29)
Maximum lift-off, mm
3 0.09 [0.05-0.13]  0.09 (0.06-0.12)  0.13[0.04-0.24] 0.21 (0.11-0.30)
12 0.11[0.07-0.24]  0.14 (0.09-0.19)  0.18[0.11-0.33]  0.25 (0.15-0.36)
24 0.13[0.05-0.22] 0.15(0.10-0.21)  0.15[0.10-0.42] 0.28 (0.17-0.40)
Maximum subsidence, mm
3 0.08[0.05-0.12] 0.10(0.07-0.14)  0.12[0.06-0.16] 0.14 (0.08-0.20)
12 0.09 [0.06-0.17]  0.13(0.07-0.19)  0.13[0.04-0.23] 0.17 (0.05-0.29)
24 0.11[0.04-0,18]  0.13 (0.07-0.20)  0.14[0.04-0.28] 0.21 (0.06-0.36)

RSA study comparing conventional with
navigated cemented Profix CR TKAs
[20] as well as a recent cohort study with
a new ball-in-socket (BS) medial con-
formity CR TKA [25] had lower MTPM
migration values up to 24 months than
the values measured in our study, while
another RSA study comparing the
results of a symmetrical cemented PS
(NexGen, Zimmer Biomet) to an asym-
metrical cemented PS (Persona, Zimmer
Biomet, Warsaw, IN, USA) TKA, had
higher MTPM migration values up to 24
months [26]. A recent RSA cohort study
shows a higher risk of aseptic loosening
for PS compared with CR TKAs [27].
The migration in the robotic group was

2 Migration between 12 and 24 months for conventional and robotic
IQR = Interquartile range; Cl = 95% confidence interval; FU= follow-up.

Table 3. Median difference in migration between robotic and con-
ventional cemented tibial components up to 24 months, and
between 12 and 24 months

Median
difference (CI)

Conventional Robotic

Factor median median P value

Conventional vs robotic at 12 months

X rotation 0.14 0.32 —0.09 (-0.22t0 0.02) 0.1
Y rotation 0.13 0.23 —0.05(-0.15t00.03) 0.3
Z rotation 0.16 0.11 0.01 (-0.06 t0 0.09) 0.7
MTPM 0.42 0.70 —0.14 (-0.35t0 —0.02) 0.03
Lift-off 0.11 0.18 —0.06 (-0.14t0 0.03) 0.1
Subsidence 0.09 0.13 0.01 (-0.06 t0 0.09) 0.7
Conventional vs robotic at 24 months
X rotation 0.15 0.36 —0.14 (-0.33t0 —0.00) 0.049
Y rotation 0.14 0.27 —0.07 (-0.23t0 0.04) 0.3
Z rotation 0.13 0.11 0.00 (-0.07 to 0.06)  0.99
MTPM 0.42 0.70 —0.21 (-0.44 t0o —0.05) 0.01
Lift-off 0.13 0.15 —0.06 (-0.18t0 0.01) 0.1
Subsidence 0.11 0.14 0.03 (-0.06t0 0.12) 0.5
Conventional vs robotic from 12—-24 months
MTPM 0.16 0.19 —0.03 (-0.08 t0 0.01) 0.1
Lift-off —0.02 (-0.06 t0 0.01) 0.3
Subsidence 0.01 (-0.04t0 0.03) 0.8

Cl = 95% confidence interval; MTPM = maximum total point motion.

for unacceptable migration with a high rate of early aseptic
loosening at 1.6 mm at 12 months, and under 0.5 mm was
considered the limit under which all studies showed accept-

higher than in the conventional group in
our study, but lower than the migration
patterns of both tibial components in the
Nexgen-Persona study.

Strengths

The main strength of this analysis is the RCT design compar-
ing migration between robotic and conventional TKA align-
ment techniques. The number of patients was sufficient to
evaluate whether there was a statistically and clinically sig-
nificant difference in implant migration between the groups
[26,28]. 2 experienced arthroplasty surgeons from the same
department (@S and @G) operated on every case together;
consequently, there could be only small variations regarding
the surgery.

Limitation

The main limitation was that the number of participants was
too small to evaluate subgroups (age groups and implant
sizes) within the study population. The study did not evalu-
ate the migration of the femoral component. Only the tibial
component migration was investigated, as aseptic loosening is
more common on the tibial side.

The patients in the robotic group had bi-cortical metaphy-
seal pin holes in the tibia for the reflector disc assembly, more
distal tibial cutting guide fixation, no opening of the tibial
intramedullary canal, different alignment technique, and a
higher degree of femoral component flexion (4° vs 2°). The
alignment target differed between the groups and could theo-
retically lead to more shear forces and changes in migration.
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Conclusion

The cemented bi-cruciate stabilized total knee implant
migrates more in the first 2 years, when operated with robotic
assistance, but after year 1 the migration pattern did not differ
for the 2 techniques. However, the overall migration pattern is
considered within safe limits.
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