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Background: A new morphometric fixed-bearing unicompartmental knee arthroplasty (UKA) system has
been introduced to address the anatomical patient-specific challenges. It was our hypothesis that ac-
curate restoration of the patient-specific anatomy would restore normal knee kinematics after UKA.
Therefore, we aimed in this cadaveric study to analyze the impact of a medial morphometric UKA on (1)
the varus-valgus and anterior-posterior stability of the knee, (2) the knee kinematics during standardized
activities of the daily living, and (3) the patellar tracking, measured using a dedicated robotic testing
protocol.
Methods: Eight human knee specimens underwent full-leg computed tomography CT scanning and
comprehensive robotic assessments of tibiofemoral and patellofemoral kinematics. Specimens were
tested in the intact state and after implantation of a fixed-bearing medial UKA. Assessments included
passive flexion, laxity testing and simulations of level walking, lunge, and stair descent.
Results: Medial and lateral joint laxity after UKA closely resembled intact laxity across the full arc of
flexion. Anterior-posterior envelope of motion showed a close match between the intact and UKA groups.
Net rollback and average laxity were both not statistically different. Simulation of activities of daily living
showed a close match in the anterior-posterior motion profile between the medial condyle and lateral
condyle. Patellar tilt and medial-lateral shift during knee flexion matched closely between groups.
Conclusion: Functional assessment of this UKA system shows nearly identical behavior to the intact knee.
Fixed-bearing UKA with morphometric, compartment-specific geometry and precise mechanical
instrumentation replicates complex knee balance and kinematics.
© 2022 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Unicompartmental knee arthroplasty (UKA) is a proven option
for the treatment of unicompartmental knee osteoarthritis andmay
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offer several clinical benefits over total knee arthroplasty [1e4]. The
use of unicompartmental implants has increased in popularity over
the last decades due to excellent clinical results as it facilitates
minimal invasive surgery, faster recovery, and a higher post-
operative knee function. Several studies have reported good joint
survival and superior function following UKA, especially in young
and very active patients [5e7].

While kinematics similar to a normal knee are expected after
UKA due to preserving both cruciate ligaments and maintaining 2
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Figure 1. Robotic test setup. The femur is mounted on the pedestal, and the robot
applies forces and moments to the tibia via a 6 degree-of-freedom load cell. The
quadriceps force is applied via a pulley system. Patella kinematics are tracked optically.
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compartments, the degree to which UKA is reported to restore
normal knee function varies. In vitro studies demonstrated theo-
retical reproduction of normal knee kinematics with close-to-
normal knee motion following a medial UKA [8e10]. In vivo
studies, however, reported contrasting results regarding physio-
logical motion [8e11].

These reports may be attributed to the challenge to properly
reconstruct the complex anatomy of the knee in the light of joint
degeneration, large physiological variations, and potential limita-
tions in implant and instrument design. When correcting articular
deformity during joint replacement surgery, periarticular soft-
tissue balancing is important with the goal of restoring full range
of motion and stability to the reconstructed joint. When performed
improperly, chronic pain due to increased strain on the medial
collateral ligament in case of overstuffing, component loosening,
and/or progression of osteoarthritis in the preserved compartment
may lead to early revision surgery. To date, normal values of laxity
of the native knee are still subject of discussion [12]. Furthermore,
kinematics in knees with unicompartmental osteoarthritis and
intact anterior cruciate ligament differ from healthy knee motion
patterns due to pathological changes such as cartilage wear,
meniscus degeneration, and osteophytes [13,14]. Lastly, proper
joint restoration may be hindered by nonanatomic implants,
limited size offerings, or instrumentation that impedes accurate
balancing.

Recently, a new morphometric fixed-bearing UKA system has
been introduced to address the anatomical patient-specific chal-
lenges through anatomic compartment-specific shapes, anatomic
articular geometry, broad sizing options, and precise mechanical
instrumentation. It was our hypothesis that an accurate restoration
of the patient-specific anatomy would restore natural knee kine-
matics after UKA. Therefore, we aimed in this cadaveric study to
analyze the impact of the implantation of a medial morphometric
UKA on (1) the varus-valgus and anterior-posterior stability of the
knee, (2) the kinematics of the knee during standardized activities
of the daily living, and (3) patellar tracking, measured using a
dedicated robotic testing protocol.

Material and methods

In this cadaveric study, 8 fresh-frozen full-leg cadaveric human
knee specimens (4 males, 4 females, mean age 55 ± 11 years, mean
body mass index 23 kg/m2 ± 5) were included. All specimens had
functional ligaments but no evidence of bone deformities, previ-
ous surgery, or trauma. The study design involved robotic evalu-
ation of the intact knees for stability, activities of daily living, and
patellar tracking. After testing the native knees, all specimens
were implanted with the same fixed-bearing cemented UKA ac-
cording to the same standardized previously published technique
[15]. The implanted specimens underwent the same robotic
testing protocol.

Specimen preparation

After obtaining full-leg computed tomography (CT) scans, the
soft tissue approximately 16 cm below and above the epicondylar
axis was removed, and the femur, tibia, and fibula were embedded
in aluminum cylinders using polyurethane resin (Neukadur Mul-
tiCast 20 hardener ISO 5, Altropol Kunstoff Gmbh, Stockeldorf,
Germany). Four aluminum beads were implanted in the patella. All
soft tissue around the knee including the skin was preserved. After
preparation, a second set of CT scans was obtained. Three-
dimensional bone geometries were reconstructed from the full-
leg CT scans (Mimics; Materialise, Leuven, Belgium) and served as
bases to establish anatomical references. Anatomical coordinate
systems were defined using a modified Grood and Suntay
convention [16]. The medial and lateral flexion facet centers (FFCs)
[17] were derived from the axis of a cone fitted to the posterior
condyles. The femoral joint center was defined as the midpoint
between the FFCs. The anatomical references were registered to the
robot via the CT scans of the potted specimens. Prior to testing, the
specimens were thawed for at least 48 hours and conditioned by
manual manipulation.
Robotic testing

The specimens were reproducibly mounted in a 6 degree-of-
freedom KUKA robotic simulator (KR140 comp; Augsburg, Ger-
manydrepeatability ±0.15 mm) allowing comprehensive,
load-controlled assessments of tibiofemoral kinematics (Fig. 1). The
setup limit for extension was 7� recurvatum and 140� of flexion.
Tibiofemoral assessments included limb alignment in extension,
passive flexion, laxity testing, and simulated activities of daily
living. Laxity testing was performed at 7 flexion angles (0�, 15�, 30�,
45�, 60�, 90�, and 120�) and involved loading the knee with 12 Nm
in the varus and valgus directions and 100 N in the anterior and
posterior directions in combinationwith a compressive load of 44 N
ensuring tibiofemoral contact. Three activities of daily living (lunge,
level walking, and stair descent) were simulated by applying in vivo
flexion profiles in combination with in vivo loading profiles in the
remaining 5 degrees of freedom. The loading profiles were based on
in vivo telemetric implant data [18] and were scaled to 35% to avoid
specimen damage.

Patellofemoral kinematics were measured during robotic play-
back of the previously established tibiofemoral kinematics during
passive flexion. The quadriceps tendon was loaded (196 N) in the
direction of the anterior superior iliac spine via a pulley system.
Patellofemoral kinematics were tracked optically (Prime 41, Opti-
Track; NaturalPoint, Corvallis, OR) using marker frames attached to
the femur and patella registered to the potting cylinders and
aluminum beads embedded in the patella.



Table 1
Overall alignment and range of motion for the intact state and after medial UKA.

Specimen Varus/valgus alignment Extensionb Flexionc

Intact UKA Intact UKA Intact UKA

1 0.2� varus 1.1� varus 0� 0� 138� 140�

2 5.7� varusa 5.5� varus 0� 3� 137� 125�

3� 1.5� varus 0.3� varus �6� �7� 140� 140�

4� 1.3� varus 0.9� varus �5� �5� 140� 140�

5� 2.2� valgus 0.8� valgus 3� �2� 126� 137�

6� 1.0� varus 1.8� varus �5� �7� 140� 140�

7� 0.2� valgus 1.4� varus 0� �4� 117� 127�

8� 0.8� varus 1.2� varus �6� �7� 140� 133�

Average 1.0� varus 1.4� varus �3� �4� 135� 135�

Std 2.1� 1.7� 3.3� 3.5� 8.1� 5.8�

P .25 .26 .91

Values in italics described the values observed during the testing where the setup limits were reached
a Extra-articular deformation.
b Negative values represent hyperextension; setup limit: �7.
c Setup limit: 140.
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Data analysis

Postprocessing and statistical analyses were performed using the
software Matlab (R2013b; The MathWorks, Natick, MA). The 6 com-
ponents of knee motion were computed following the method
described by Grood and Suntay [16]. Envelopes of motion were
calculated as positive and negative extents ofmotion in a given degree
of freedom throughout flexion [19]. Medial and lateral openings were
calculated as range of movement of the medial or lateral FFC in the
proximal-distal direction during valgus or varus loading, respectively.
Net rollback was calculated as the difference between the centers of
the anterior-posterior envelope at 0� and 120� flexion. The similarity
of kinematics between the UKA and intact state was expressed by the
root mean square of deviations (RMSDs) along the curves. The paired
Student’s T-test (a ¼ 0.05) was used to detect significant differences
between the intact and UKA situation.
Surgical technique

Prosthetic implantations were performed by 2 experienced
knee surgeons (F.B. and S.P.) using a standard technique. Through a
medial, minimal invasive subvastus approach with respect to the
integrity of the deep and superficial medial collateral ligaments,
specimens were implanted with a cemented, fixed-bearing, medial
partial knee (Persona Partial Knee; Zimmer Biomet, Warsaw, IN)
following previously published techniques for UKA [15]. After im-
plantation and cementation, the capsule, soft-tissue approach, and
skin were meticulously closed.
Figure 2. Average envelope motion for the varus-valgus laxity assessment before and
after UKA. Circular markers indicate statistically significant differences. Error bars
represent standard deviations and are plotted unilaterally for clarity.
Results

Limb alignment and range of motion

Mean limb alignment before implantation was 1.0� varus, with
varus alignment in 6 out of 8 cases (range 0.2� to 5.7�). In one case
there was an extra-articular varus deformity (5.7�). In the other 2
cases there was an initial 0.2� and 2.2� valgus alignment. After im-
plantation, an overall varus alignment of 1.4� was seen (P ¼ .25).
Preimplantation evaluation of the range of motion showed a mean
hyperextension of 3� (range �6� to 3� of flexion) and a mean flexion
of 135� (range 117� to 140� [setup limit]). After implantation, a mean
hyperextension of 4� (P ¼ .26) and a mean flexion of 135�

(P¼ .91) were found. Specimen-specific data are provided in Table 1.
Varus-valgus balancing

The envelope of varus-valgus motion (Fig. 2) and the medial and
lateral openings during the varus-valgus balancing assessment of
the UKAs closely resembled the intact measurements across the full
arc of flexion. Differences in compartmental openings were below 1
mm and not statistically significant at the majority of flexion angles
(Fig. 3, Table 2). The medial opening was nearly constant across
flexion, and its average across all flexion angles was not statistically
different between the intact (2.9 ± 0.8 mm) and postimplantation
situations (3.1 ± 1.0 mm) (P ¼ .58). The lateral opening increased
with knee flexion. The opening was nearly identical between the
groups in extension (intact: 2.2 ± 1.0 mm, UKA: 2.4 ± 1.1 mm,
P ¼ .03) or 90� of flexion (intact: 6.0 ± 1.9 mm, UKA: 6.0 ± 1.8 mm,
P ¼ .99).

Anterior-posterior stability

Anterior-posterior envelope of motion assessments revealed a
close match between the intact and UKA groups (Fig. 4). Net roll-
backwas not statistically different (intact: 10.9 ± 1.5 mm, UKA: 10.7
± 1.2, P¼ .64). Similarly, average laxity was not statistically different
(intact: 7.7 ± 3.2 mm, UKA: 8.6 ± 2.5 mm, P ¼ .09). Individual
specimen data are reported in Table 3.



Figure 3. Average lateral and medial opening during varus-valgus laxity testing of the intact and UKA groups. Circular markers indicate statistically significant differences. Error
bars represent standard deviations and are plotted unilaterally for clarity.
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Lunge, level walking, and stair descent

Activities of daily living exhibited a close match in the anterior-
posterior motion profile of the medial condyle (RMSD: lunge, 2.2 ±
1.0 mm; level walking, 2.4 ± 0.9 mm; stair descent, 2.2 ± 0.6 mm)
and lateral condyle (RMSD: lunge, 2.4 ± 1.4 mm; level walking, 2.2
± 1.4 mm; stair descent, 2.8 ± 2.0 mm). The average curves for the
lunge activity are shown in Figure 5. Individual specimen com-
parisons for all activities are reported in Table 4.

Patellar tracking

Patellar medial-lateral tilt (RMSD: 3.4 ± 3.8�) and medial-lateral
shift (RMDS: 1.5 ± 0.6 mm) during knee flexion matched closely
between groups (Fig. 6). Individual specimen comparisons are re-
ported in Table 4.

Discussion

Medial UKA aims to restore normal joint kinematics through the
preservation of both cruciate ligaments, the lateral compartment,
and the patellofemoral joint. Recently, a new morphometric fixed-
bearing UKA system has been introduced to address the anatomic
patient-specific challenges. It was our hypothesis that a medial
morphometric UKA would restore native knee kinematics. There-
fore, we aimed at analyzing the impact of the implantation of a
Table 2
Lateral and medial compartmental opening during varus-valgus laxity testing in
extension and at 90� of flexion before and after UKA.

Specimen Lateral opening (mm) Medial opening (mm)

0� flexion 90� flexion 0� flexion 90� flexion

Intact UKA Intact UKA Intact UKA Intact UKA

1 1.3 1.5 7.2 7.3 1.9 2.8 1.7 2.0
2 2.6 3.0 8.6 8.2 2.1 2.4 4.2 3.0
3 3.8 3.8 7.3 6.7 2.5 1.9 3.0 1.8
4 3.3 3.7 7.4 7.6 3.2 3.4 3.9 3.0
5 1.2 1.2 4.6 5.4 1.9 3.3 2.3 4.1
6 1.9 1.9 4.6 3.9 1.4 2.4 1.2 0.7
7 1.0 1.2 2.8 3.1 1.5 3.7 2.5 4.1
8 2.2 2.6 5.4 5.7 1.8 2.9 2.2 3.7
Average 2.2 2.4 6.0 6.0 2.0 2.9 2.6 2.8
Std 1.0 1.1 1.9 1.8 0.6 0.6 1.0 1.2
P .03 .99 .03 .74
medial morphometric UKA on (1) the varus-valgus and anterior-
posterior stability of the knee, (2) the kinematics of the knee dur-
ing standardized activities of daily living, and (3) the patellar
tracking, measured using a dedicated robotic testing protocol.

The results of our study demonstrated a restoration of the
preoperative varus-valgus laxity during the full range of motion,
with a preservation of the physiological lateral laxity in flexion after
implantation of a morphometric fixed-bearing UKA. The exhibited
asymmetry in varus-valgus laxity is consistent with a recent meta-
analysis of 76 in vitro studies. The meta-analysis revealed sub-
stantial asymmetry between the anterior-posterior, varus-valgus,
and internal-external laxity dependent on the knee flexion angle
[12].

In vivo and in vitro studies assessing the knee kinematics after
UKA are contradictory [8e11,20]. Nevertheless, most of these
studies reported some level of discrepancy between kinematics
after medial UKA and native knee kinematics [9e11,20e22]. The
main described difference concerned the varus-valgus movement
[23,24]. The varus rotation in flexion was decreased significantly
[25,26], with the loss of lateral laxity in flexion [23]. With a
morphometric implant, we found restoration of the preoperative
varus-valgus movement over the full range of motion, with pres-
ervation of the physiological lateral laxity in flexion. Studies about a
previous model of this prosthesis described that UKA kinematics
Figure 4. Average envelope of motion of the anterior-posterior laxity assessment
before and after UKA. Circular markers indicate statistically significant differences.
Error bars represent standard deviations and are plotted unilaterally for clarity.



Table 3
A/P laxity averaged over all flexion angles and net rollback between extension and
120� of flexion before and after UKA.

Specimen Average A/P laxity
(mm)

Net rollback (mm)

Intact UKA Intact UKA

1 9.6 11.8 10.1 10.1
2 9.6 9.0 11.9 11.2
3 13.4 12.4 12.3 12.2
4 8.8 9.4 10.5 11.4
5 3.9 5.6 12.5 11.0
6 6.4 6.6 7.9 8.4
7 4.4 6.4 11.5 11.7
8 5.8 7.5 10.4 10.1
Average 7.7 8.6 10.9 10.7
Std 3.2 2.5 1.5 1.2
P .09 .64

A/P, anterior-posterior.
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were similar to those of preoperative arthritic knees but not the
same as a normal knee [13,14]. In our study, the assessed knees had
no osteoarthritis. Thus, there was no risk of bias in the implant’s
assessment, as it may be observed in osteoarthritis with stiffness or
knee deformity. Moreover, the femoral and tibial anatomy is not
strictly similar between the healthy knees and operated knees in
the in vivo studies. In addition to amorphometric implant restoring
the extension and flexion gaps, the ideal restoration of the joint line
level and the preservation of the knee envelope thanks to a very
rigorous surgical technique that can explain the satisfying resto-
ration of varus-valgus movement.

The second difference between the healthy knee and the knee
after UKA concerned the restoration of the physiological rollback
and screw-home mechanism. Although some studies reported that
the femoral axial rotation after UKA was close to that of normal
knees [9,10,27], the loss of the stabilizing effect of the meniscus can
lead to decreased internal tibial rotation and increased posterior
translation of the medial femoral condyle for fixed-bearing UKA
[13,28,29]. Our study did not find a significant difference in the
femoral rollback motion between preoperative and postoperative
knees. The advantages of the morphometric implants in the UKA
positioning have been described in a previous comparative study
[30]. They allow to optimize the rotational-coverage ratio and the
femoral fit, avoiding the compromises between size and posi-
tioning. A better implant positioning can explain this satisfying
restoration of normal knee kinematic.
Figure 5. Average lateral and medial anterior-posterior FFC motion during simulated lung
ferences. Error bars represent standard deviations and are plotted unilaterally for clarity.
In cadaver studies, the knee motion after UKA has been
described close to normal [8,10], but when performed in vivo, the
results were sometimes less obvious [22,25e27]. An in vitro
assessment with more complex movements is thus interesting. A
cadaveric study assessing 6 knees before and after UKA implanta-
tion with a dynamic knee simulator system reported less internal
tibial rotation and a more posterior position of the femoral medial
condyle during simulation of squatting after UKA [9]. The authors
explained this difference by a nonanatomical femoral implant, with
a modification of the femoral medial condyle center. This difference
of knee kinematics was not demonstrated during passive and open-
chain motion for the same 6 cadaveric knees [9]. In our study, the
simulation of activities of daily living showed a close match in the
anterior-posterior motion profile between the medial condyle and
lateral condyle. Our study demonstrated that morphometric medial
UKA restored the native knee kinematics even in complex move-
ments, independent of functional characteristics of patients. One of
the advantages of cadaveric studies was to avoid bias due to pa-
tients’ diseases or complaints. In vivo, simple daily activities, such
as squatting motion or stair ascent, were assessed by fluoroscopy or
gait analysis after UKA. The knee kinematics in vivo after fixed-
bearing or mobile-bearing UKA was not completely restored dur-
ing squatting [13,23] or stair ascent [25]. Moreover, the patients
with medial UKA displayed a reduced range of knee flexion
compared with the healthy population during daily activities
[25,26]. These are muscularly demanding daily functional activities
and, therefore, an excellent functional evaluation of UKA. Our study
did not report a significant difference in knee range of motion
during the lunge, level walking, or stair descent. The extension
defect in UKA patients reported in vivo was probably secondary to
weaker knee extensor strength on the UKA limb [31]. These
muscular alterations are currently not assessable with the robotic
simulator. Some studies have described a significant interindividual
variation in kinematics following UKA [27,32], which might be
partially due to the individual anatomy, functional recovery, as well
as surgical and implant-related factors. These data cannot be
assessed in vitro and would need a clinical study with this
morphometric implant.

Patellar tracking is not assessed in the literature after medial
UKA. However, a poor restoration of knee kinematics could impact
the patellar tracking or stability [33]. In our study, the patellar
medial-lateral tilt and medial-lateral shift during knee flexion
matched closely between preoperative and postoperative knees.
Close restoration of limb alignment, varus-valgus movement, and
e activity before and after UKA. Circular markers indicate statistically significant dif-



Table 4
Comparison of tibiofemoral kinematics for activities of daily living and patellofemoral kinematics for passive flexion between the intact state and after medial UKA.

Specimen Tibiofemoral Patellofemoral

Lunge Level walking Stair descent Passive flexion

RMSD of FFC A/P (mm) RMSD of FFC A/P (mm) RMSD of FFC A/P (mm) RMSD of M/L
shift (mm)

RMSD of
tilt (deg)

Lateral Medial Lateral Medial Lateral Medial

1 1.2 1.8 1.7 4.0 1.8 2.6 1.1 0.9
2 4.3 0.9 5.4 2.5 6.9 2.1 2.1 1.4
3 2.3 1.6 2.4 2.4 4.3 2.7 1.9 12.2
4 3.4 3.4 2.6 2.5 3.2 3.1 1.7 0.9
5 0.4 1.1 1.2 1.4 1.6 2.3 1.2 3.1
6 1.7 2.3 1.5 1.6 1.2 1.4 0.6 4.5
7 4.2 3.4 1.0 1.6 1.6 1.7 2.3 1.3
8 1.8 2.9 2.1 3.3 1.6 1.8 1.3 2.7
Average 2.4 2.2 2.2 2.4 2.8 2.2 1.5 3.4
Std 1.4 1.0 1.4 0.9 2.0 0.6 0.6 3.8

A/P, anterior-posterior.
Curve differences are expressed by the RMSD along the curves.
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screw-home mechanism allows for obtaining a satisfying patellar
tracking in this robotic simulation.

Several limitations should be outlined in our study. First, this
study was an in vitro cadaveric study. Second, the robotic simu-
lator incorporates the physiological muscle forces of hamstrings
and quadriceps only indirectly and in a quasi-static manner when
simulating functional activities. Extrapolation of in vitro data to
the native functional knee remains difficult, causing a potential
discordance between in vitro test results and in vivo findings in
the literature. Nevertheless, more complex motions have been
assessed with the simulation of daily activities to mimic in vivo
assessment more closely. An efficient in vitro testing model is
highly desirable to study the influence of different implant types,
sizes, and positions within the same knee as this comparative data
cannot easily be achieved via in vivo methods. Third, the loads
applied to the tibia were not exactly the same as those acting in
normal knee during functional activities, and the quadriceps load
was constant when assessing patellar tracking. However, the ratio
between the load components was maintained, and the conditions
were the same before and after UKA implantation, enabling a
group comparison that isolates the effect of the surgical inter-
vention. Despite these limitations, our study was to our knowl-
edge the first assessing the restoration of the knee kinematics
with a medial morphometric fixed-bearing UKA using an
advanced robotic testing apparatus.
Figure 6. Average patellar tilt and medial-lateral shift throughout the arc of flexion before
standard deviations and are plotted unilaterally for clarity.
Conclusions

Medial morphometric fixed-bearing UKA accurately restores
knee kinematics, similar to a normal knee, as shown in compre-
hensive robotic in vitro assessments.
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