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Aims

Bi-unicondylar arthroplasty (Bi-UKA) is a bone and anterior cruciate ligament (ACL)-preserving
alternative to total knee arthroplasty (TKA) when the patellofemoral joint is preserved. The aim of
this study is to investigate the clinical outcomes and biomechanics of Bi-UKA.

Methods

Bi-UKA subjects (n = 22) were measured on an instrumented treadmill, using standard gait
metrics, at top walking speeds. Age-, sex-, and BMI-matched healthy (n = 24) and primary
TKA (n = 22) subjects formed control groups. TKA subjects with preoperative patellofemo-
ral or tricompartmental arthritis or ACL dysfunction were excluded. The Oxford Knee Score
(OKS) and EuroQol five-dimension questionnaire (EQ-5D) were compared. Bi-UKA, then
TKA, were performed on eight fresh frozen cadaveric knees, to investigate knee extensor
efficiency under controlled laboratory conditions, using a repeated measures study design.

Results

Bi-UKA walked 20% faster than TKA (Bi-UKA mean top walking speed 6.7 km/h (SD 0.9), TKA
5.6 km/h (SD 0.7) , p < 0.001), exhibiting nearer-normal vertical ground reaction forces in
maximum weight acceptance and mid-stance, with longer step and stride lengths compared
to TKA (p < 0.048). Bi-UKA subjects reported higher OKS (p = 0.004) and EQ-5D (p < 0.001).
In vitro, Bi-UKA generated the same extensor moment as native knees at low flexion angles,
while reduced extensor moment was measured following TKA (p < 0.003). Conversely, at
higher flexion angles, the extensor moment of TKA was normal. Over the full range, the ex-
tensor mechanism was more efficient following Bi-UKA than TKA (p < 0.028).

Conclusion

Bi-UKA had more normal gait characteristics and improved patient-reported outcomes, com-
pared to matched TKA subjects. This can, in part, be explained by differences in extensor
efficiency.
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Article summary Strengths and limitations
What is the effect of bi-unicondylar arthro- Comprehensive investigation of Bi-UKA
plasty (Bi-UKA) on gait, patient-reported using a three pronged approach.
outcomes, and extensor biomechanics Repeated measures cadaveric study
compared to total knee arthroplasty (TKA). with minimal soft-tissue disruption and

tendon-loading in anatomical directions.

Key messages Limited by lack of preoperative data.

Bi-UKA restores a more normal gait than

TKA. Introduction

Patients are highly satisfied and report Total knee arthroplasty (TKA) remains the
excellent quality of life following Bi-UKA. ~ standard treatment for end-stage gonar-
Bi-UKA preserves extensor efﬁciency of throsis with a well-documented record of
the knee, particularly during gait. safety and efficacy.” Smaller procedures
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Fig. 1

Anterior-posterior and lateral radiographs of the left knee with bi-unicondylar arthroplasty in situ.

including unicompartmental knee arthroplasty (UKA) are
safer,2 but can appear less successful, in part, owing to
the paradoxical effect of differing thresholds for revision.?
For patients with a well-functioning UKA, the addition
of a second UKA for native compartment degeneration
is a less invasive option than conversion to TKA.** The
recently revised National Institute of Clinical Excellence
(NICE) guidelines highlight this issue, suggesting that
procedures following the primary arthroplasty be divided
into major and minor revisions.¢ Less commonly, patients
with concurrent medial and lateral tibiofemoral degener-
ation but a preserved patellofemoral joint and functional
anterior cruciate ligament (ACL) may be offered primary
bi-unicondylar arthroplasty (Bi-UKA), the combination
of medial with ipsilateral lateral UKA (Figure 1), as an
alternative to TKA, with excellent outcomes reported in
medium- and long-term studies.*”-"

Partial knee arthroplasty has been shown to offer
improved function over TKA using objective metrics such
as gait analysis, particularly in early stance, when the
quadriceps are active.'> This correlates with observed
differences in extensor biomechanics,' including
preserved efficiency, which may also influence activities
such as stair ascent and sit-to-stand.'s Similar benefits of
Bi-UKA, whether a primary or staged procedure, have not
been documented.

This study seeks to report the objective and subjec-
tive function of Bi-UKA, and determine whether any
differences are substantiated by biomechanical investi-
gation. The null hypotheses were thus that no difference
will be demonstrable between Bi-UKA, TKA, and native

knees in gait, patient-reported outcomes, or extensor
biomechanics.

Methods

Gait analysis. Previously published differences in fast
walking gait on the instrumented treadmill, comparing
UKA-M to TKA, demonstrated the UKA-M to be 37% faster
than TKAs (top walking speed UKA-M 7.9 km/h, TKA 5.76
km/h).” Assuming our TKA cohort would not differ sig-
nificantly from the TKA subjects in the previous study, we
anticipated that the Bi-UKA group may walk up to 15%
faster. Thus, to adequately detect differences with 80%
power and 95% confidence, 14 subjects per group were
required. The senior author’s (JPC) operating lists (2009
to 2019) identified patients who had undergone primary
(n =15) or staged (n = 43) Bi-UKA. We sought to include
every subject; however, of the primary Bi-UKA subjects,
six were excluded: one of whom had undergone revision
to tricompartmental arthroplasty (TCA) through the ad-
dition of a patellofemoral arthroplasty, one who had pre-
viously undergone ACL reconstruction, and two who had
previously had significant lower limb trauma, resulting in
post-traumatic OA and significant deformity (Figure 2).
From the staged group, one subject had undergone re-
vision of the tibial baseplate of the UKA-L from a mobile
bearing design to a fixed-bearing design, for recurrent
bearing dislocation. Another patient underwent conver-
sion to Bi-UKA 15 years after primary UKA-M, through
the addition of a UKA-L, but four years later sustained a
fracture of the UKA-M mobile bearing while playing ten-
nis. At the point of bearing replacement, the well-fixed
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‘ Bi-UKA ‘ ‘ Control Groups ‘
p— 2009 - 2019 Prospectively Collected

Assessed for Eligibility ‘ ‘ 3090 Knee Arthroplasty Procedures ‘ ‘ Gait Database
Primary Procedure Primary Bi-UKA UKA-M UKA-L TKA Healthy

v N=15 N =932 N =420 N =49 N =64

Staged conversion to Addition UKA-L Addition UKA-M
Bi-UKA N=29 N=14
Exclusion Criteria Exclusion Criteria
Subsequent Revision Surgery " 1 1 Measure d pre-re rgery 5
Previous significant lower limb trauma 2 o) 2 Ipsilateral hip replacement 2
ACL reconstruction in situ 1 Contralateral Knee Osteoarthritis. 9
Medically unfit 2 2 1 TArcicL:T';:zi::;mzf Osteoarthritis and/or 5
Died 2 1 Patellofemoral Osteoarthritis Pre-TKA 4
Aged > 85 years at time of study 9 1 Unsuitable demographics after matching 2 40
Unable to Consent 1
Invited but declined o | 2 1
Unable to contact 1 2
Total Exclusions | | 8 ‘ | 21 | ‘ 7 | 27 | ’ 40
Primary Bi-UKA Staged Bi-UKA
N=7 N=15
Bi-UKA TKA Healthy

Entered Study ‘ ‘ N=22 ‘ Entered Study ‘ ‘ N=22 ‘ ‘ N=24 ‘

Fig. 2

Pathway to entry into the clinical outcomes study. ACL, anterior cruciate ligament; Bi-UKA, bi-unicondylar arthroplasty; TKA, posterior cruciate-retaining total
knee arthroplasty; UKA-L, lateral unicompartmental arthroplasty; UKA-M, medial unicompartmental arthroplasty.

UKA-M had been in situ for 19 years. Four patients had
undergone Bi-UKA due to post-traumatic OA with signif-
icant deformity. All were excluded because it would be
difficult to accurately interpret gait differences. Five sub-
jects were excluded for medical conditions, including car-
diac and neurological conditions and current treatment
for cancer. In all, 36 subjects were excluded (Figure 2).
Therefore, 22 Bi-UKA subjects (seven primary, 15 staged)
were analyzed.
Matching. For nine years, arthroplasty subjects have been
prospectively measured on an instrumented treadmill
(Kistler Gaitway, Kistler Instrument Corporation, USA),
alongside healthy volunteers. Healthy controls (n = 24)
were matched for age, sex, and BMI (Figure 2, Table I).
All posterior cruciate-retaining TKA subjects (n = 49)
were identified and screened for preoperative radiological
evidence of ACL dysfunction and compartmental distri-
bution of arthritis, according to Kellgren and Lawrence
(KL) grade. Surgery had been performed by three senior
surgeons (JPC, DN, RS). Subjects were excluded if they
had anterior tibial translation > 7 mm, suggestive of ACL
dysfunction;'® tricompartmental OA or preoperative
evidence of patellofemoral OA KL > 1, regardless of the
pattern of wear in the tibiofemoral compartments. After
exclusions (Figure 2), 22 TKA controls entered the study.

Of these, six had KL grade = 2 bi-tibiofemoral osteo-
arthritis pre-surgery, while 16 had OA confined to the
medial (n = 12) or lateral (n = 4) compartment only.

Subgroup analysis was performed on the staged Bi-UKA

subjects (n = 15), although in order to do this, three TKA
subjects and four healthy subjects were excluded in order
to match the Bi-UKA demographics. Of the 19 TKAs that
remained, 12 had isolated medial OA, four had isolated
lateral OA, while three had medial and lateral tibiofem-
oral OA (Supplementary Table i).
Gait analysis and reporting of patient outcomes. Subjects
acclimatized to the treadmill during a two-minute 4 km/h
warm-up. Speeds were increased in 0.5 km/h increments,
with recordings at each speed, to their top walking speed:
their fastest comfortable walking speed or highest achiev-
able speed before running. No subjects used the safety
rail. The vertical component of ground reaction force,
and temporospatial measurements, were recorded by
two tandem force plates beneath the belt.

Oxford Knee Scores (OKS) and EuroQol-5D 5L five-
dimension five-level (EQ-5D-5 L) scores were collected
at the time of treadmill testing which, for Bi-UKA, were
median 17 months (interquartile range (IQR) 8 to 33)
following surgery, while for TKA were median 24 months
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Table 1. Bi-unicondylar arthroplasty compared to matched healthy controls and total knee arthroplasty subjects: demographic details and gait characteristics
at top walking speeds, Oxford Knee Score, and EuroQol five-level five-dimension questionnaire.

Subject Healthy Bi-UKA TKA
Number of knees 24 22 22
Sex, M:F 14:10 14:8 12:10
Mean age, yrs 63 (8) 68 (13) 67 (10)
Mean BMI, kg/m? (SD) 27 (5) 28 (5) 27 (4)
Mean height, cm (SD) 173 (10) 174 (8) 174 (11)
Mean months post-surgery (SD) 23 (20)* 52 (51)*
Median months post-surgery (IQR) 17 (8 to 33) 24 (16 to 76)
Mean top walking speed, km/h (SD) 7.4 (0.7) 6.7 (0.9)*1 5.6 (0.7)*1
Mean Hof speed, H (SD) 0.7 (0.1) 0.7 (0.1)*t 0.6 (0.1)*t
Mean weight acceptance rate, BW/s (SD) 10.8 (3.5) 10.5 (4.0) 7.9 (3.8)
Mean maximum weight acceptance force, BW (SD) 1.6 (0.2) 1.4 (0.1)*t 1.3 (0.2)*t
Mean mid-stance force, BW (SD) 0.5(0.1) 0.6 (0.1)*t 0.7 (0.1)* 1
Mean push-off force, BW (SD) 1.0 (0.2) 1.0 (0.1) 1.0 (0.1)
Mean push-off rate, BW/s (SD) 4.3 (1.0) 4.0 (0.8) 3.8(0.9)
Mean step length, cm (SD) 85 (10) 82 (8)* 73 (7)*t
Mean stride length, cm (SD) 170 (20) 163 (15)* 150 (16)*t
Mean step width, cm (SD) 13(3) 14 (3) 13(3)
Mean cadence, step/min (SD) 60 (5) 57 (6)* 52 (5)*t
Mean impulse, BW/s (SD) 385 (21) 377 (23) 380 (29)
Mean double support time, s (SD) 0.28 (0.1) 0.29 (0.1)* 0.34 (0.1)*t
Mean gait cycle time, s (SD) 2.0(0.2) 2.1 (0.2)* 2.3 (0.2)*t
Mean contact time, s (SD) 1.3(0.1) 1.4 (0.1)* 1.5 (0.1)*F
Mean OKS (SD) 40.9 (7.1)* 36.0 (5.3)*
Median OKS (IQR) 42 (38 to 47)* 38 (31 to 39)*
Mean EQ-5D (SD) 0.91 (0.1)* 0.80 (0.1)"
Median EQ-5D (IQR) 0.94 (0.88 to 0.95)* 0.83 (0.74 to
0.89)*

*Significant difference between implant groups (Demographics: RMANOVA, Gait: Mann—-Whitney U test, significance p < 0.05 with Bonferroni

correction).

tSignificant difference implant versus healthy control (Mann-Whitney U test, significance p < 0.05 with Bonferroni correction).
Bi-UKA, bi-unicondylar arthroplasty; BW, normalized to body weight; EQ-5D, EuroQol five-dimension questionnaire; IQR, interquartile range;
OKS, Oxford Knee Score; RMANOVA, repeated measures analysis of variance; SD, standard deviation; TKA, total knee arthroplasty.

Table 1. Quadriceps, iliotibial band, and hamstring tendon loading weights
and direction of pull relative to femoral shaft axis used for extensor moment
testing.

Direction of load relative to
femoral shaft axis

Load,
Tendon(s) Anteroposterior Mediolateral N
Rectus femoris and vastus  0° Anterior 0° Lateral 61.25
intermedius
Vastus medialis longus 0° Anterior 15° Medial 24.5
Vastus medialis obliquus ~ 44° Posterior 47° Medial 15.75
Vastus lateralis longus 0° Anterior 14° Lateral 57.75
Vastus lateralis obliquus 33° Posterior 35° Lateral 15.75
lliotibial band 6° Posterior 0° Lateral 30
Semimembranosus and 0° Posterior 0° Medial 10
semitendinosus
Long and short head of 0° Posterior 0° Lateral 10

biceps femoris

(IQR 16 to 76) following surgery (p = 0.709, Pearson chi-
squared test, Table I).

Cadaveric model. Extensor moment and efficiency were
investigated, in vitro, using a repeated measures study
design. Eight fresh-frozen knees (mid-femur to mid-tibia)
from four Caucasian donors (two females, two males)
aged between 61 and 66 years, mean BMI 24.5 kg/
m? (standard deviation (SD) 3.88) at death, were used.
Specimens had no visible joint surface erosion, misalign-
ment, trauma, or systemic disease known to impact on
bone health. All underwent CT-based 3D operative plan-
ning (Embody Orthopaedic, UK) to match the Oxford
Partial Knee System (Zimmer-Biomet, USA).

Dissected specimens were mounted into an extension
rig in accordance with a previously published protocol.™
In short: the iliotibial band, quadriceps, and hamstring
tendons were loaded with a total of 225 N in physio-
logical directions (Table II)." Resulting knee extension
caused a tibial intramedullary rod to push against a
restraining bar, equipped with a calibrated full-bridge
strain gauge circuit (Figure 3). Three measurements were
taken at each 10° increment of knee extension from 110°
to 0°. Efficiency was defined as the ratio of energy output
during extension after each arthroplasty to that of the
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Fig. 3

Knee extension rig with mounted cadaveric knee: a) front oblique view and b) aerial view, showing dissected tendons, from left to right. VMO, vastus medialis
obliquus; VML, vastus medialis longus; Ham., semimembranosus and semitendinosus; RF/VI, rectus femoris with vastus intermedius; Ham., short and long
head of biceps femoris; ITB, iliotibial band; VLL, vastus lateralis longus; VLO, vastus lateralis obliquus.

Bi—KA

Fig. 4

Native

Operative states for cadaveric testing. In the native and bi-unicondylar
arthroplasty (Bi-UKA) states, the anterior cruciate ligament is intact and the
patellofemoral joint is preserved; a transpatellar approach with longitudinal
tendon split of rectus femoris, vastus intermedius, and the patellar tendon
has been used to prevent disruption to the medial and lateral parapatellar
tendons. TKA, total knee arthroplasty.

native knee, calculated as the integral of the measured
extensor moments over a chosen range. Five ranges of
extension were examined that correspond to typical arcs
of knee flexion for activities of daily living:? the full exper-
imental range (110° to 0°), quadriceps active gait range
(30° to 0°),%' stair ascent (40° to 10°),% slope descent (80°
to 10°),?* and sit-to-stand (100° to 0°).

Specimens were tested in the native state; then
following Bi-UKA, then again after conversion to TKA
(Figure 4). Bi-UKA consisted of a mobile bearing medial
UKA and a fixed-bearing lateral UKA (Oxford Partial Knee
System, Zimmer-Biomet). Conversion to TKA involved
careful removal of Bi-UKA implants, preserving bone
stock. Bone cuts for posterior cruciate-retaining TKA
(NexGen CR-Flex Zimmer-Biomet) were then performed.
Testing order could not be randomized, due to progres-
sive procedure invasiveness. We took steps to mitigate
against bone loss, which may have influenced the TKA
bone cuts following removal of the Bi-UKA implants.
Previous studies from our group have demonstrated that
only minimal cementing, without pressurization or bony
penetration, is needed to fix the prosthesis to withstand

the experimental loading and facilitate bone-sparing revi-
sion.’'>2 During removal, a fine saw blade was used at
the cement-bone interface. The bone bed was visually
inspected both after removal of the implants (Supple-
mentary Figure a) and after the TKA bone cuts (Supple-
mentary Figure b). The maximum thickness polyethylene
bearing required to balance the TKA were 12 mm (n = 2)
with the remaining six knees requiring a 10 mm bearing.
Significant bone loss would have necessitated much
thicker bearings. Finally, pilot tests were conducted,
whereby three knees were tested first in the native state
and then after TKA with no intermediate Bi-UKA step.
The extension moment trajectories of these three ‘TKA-
only’ knees fell within the 95% confidence interval of the
whole sample. Further, repeated testing over 16 hours,
including over-night refrigeration at 4 °C, indicated that
TKA was not disadvantaged by being last due to protocol
length. Here, all subsequent TKA tests demonstrated
similar extension moment and joint kinematic trajec-
tories, in terms of both magnitude and shape, to those
measured immediately after TKA.?

Statistical analysis. Gait data were normalized for body
weight (BW) and leg length (Hof Scaling).? Repeated
strides were averaged in MatlLab (Mathworks, R2018,
USA) and then analyzed in SPSS (Version 27, IBM, USA)
using Kruskal-Wallis one-way analyses of variance with
independent variable of implant state (three groups:
healthy, Bi-UKA, and TKA). Post hoc Mann-Whitney U
tests with Bonferroni correction (a = 0.05) were used
when differences across tests were found.

OKS and EQ-5D for Bi-UKA and TKA were compared
using the Mann-Whitney U test, according to overall
score (a = 0.05). Descriptive analysis by individual ques-
tion was undertaken to determine if there were specific
areas where the arthroplasty types differed.

The three cadaveric intrastate repeats were averaged
in MatlLab then analyzed in SPSS. Data were verified
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Fig. 5

Vertical ground reaction force normalized for body weight during stance phase of gait for subjects with a bi-unicondylar arthroplasty (bi-UKA) compared
to primary posterior cruciate-retaining total knee arthroplasty (TKA). Normal range for age-, sex-, and BMI-matched healthy subjects is shown with 95%

confidence intervals.
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Fig. 6

Median step length and stride length for all bi-unicondylar arthroplasty (Bi-UKA) subjects compared to matched healthy subjects and posterior cruciate-
retaining total knee arthroplasty (TKA) subjects. Black line represents the median score, with individual points for each subject shown. Bi-UKA group
differentiates subjects by subgroup: primary Bi-UKA (green) and staged Bi-UKA (dark purple).

normal (Shapiro-Wilk) and then analyzed with repeated
measures analysis of variance (RMANOVA, a = 0.05): 1)
two-way RMANOVA of extension moment with indepen-
dent variables implant state (native, Bi-UKA, and TKA) and
flexion angle (110° to 0° in 10° increments), and 2) one-
way RMANOVAs of work done with independent variable
implant state, for the full range of flexion angles (110° to
0°), and for the activity subset flexion angles.

Post hoc paired t-tests with Bonferroni correction
were applied when differences across tests were found.
Adjusted p-values, multiplied by the appropriate Bonfer-
roni correction value in SPSS, were reported. A p-value <
0.05 was considered statistically significant.

Results

Gait analysis. The groups were well-matched (Table I)
in terms of sex (p = 0.827, chi-squared test), age at time
of treadmill assessment (p = 0.217, ANOVA), BMI (p =
0.786, ANOVA), height (p = 0.933, ANOVA), and median
months between surgery and gait analysis (p = 0.289), al-
though they differed in terms of mean months (p = 0.018,
ANOVA). The same was true for the subgroup matching
(Supplementary Table i). Healthy subjects walked at 7.4
km/h (SD 0. 7), while the Bi-UKA and TKA groups were
slower (Table 1); however, Bi-UKA walked at 6.7 km/h
(SD 0.9), 20% faster than TKA (5.6 km/h (SD 0.7), p <
0.001). Both arthroplasty groups had reduced maximum
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Fig. 7

Oxford Knee Score and EuroQol five-dimension five-level (EQ-5D-5L) scores for bi-unicondylar arthroplasty (Bi-UKA) and posterior cruciate-retaining total knee
arthroplasty (TKA). Black line represents the median score, with individual points for each subject shown. Bi-UKA group differentiates subjects by subgroup:

primary bi-UKA (green) and staged bi-UKA (dark purple).

Table 11I. Oxford Knee Scores between bi-unicondylar arthroplasty and total knee arthroplasty groups by overall score, where 48 is the best possible
outcome, and by individual question. Each question has a maximum score of 4 for best outcome, and all values are presented as means (standard deviations).

Category Bi-UKA TKA p-value*
Overall OKS 40.9 (7.1) 36 (5.3) 0.004
Q1. How would you describe the pain you usually have from your knee? 2.9 (1.0) 2.5(1.2) 0.380
Q2. Have you had any trouble with washing and drying yourself (all over) because of your knee? 3.8 (0.5) 3.8(0.4) 0.494
Q3. Have you had any trouble getting in or out of the car or using public transport because of your 3.4(0.7) 2.7 (0.9) 0.008
knee?

Q4. For how long have you been able to walk before pain from your knee becomes severe? 3.6 (0.8) 3.4 (0.8) 0.165
Q5. How painful has it been for you to stand up from a chair because of your knee? 3.3(0.8) 2.7 (0.9) 0.027
Q6. Have you been limping when walking because of your knee? 3.3(0.9) 29(1.0) 0.176
Q7. Could you kneel down and get up again afterwards? 2.5(1.2) 1.7 (1.0) 0.031
Q8. Have you been troubled by pain from your knee in bed at night? 3.5(0.8) 3.0 (1.0) 0.178
Q9. How much has pain from your knee interfered with your usual work? 3.6 (0.7) 3.4 (0.9) 0.401
Q10. Have you felt that your knee may suddenly 'give way' or let you down? 3.6 (0.8) 3.1 (0.8) 0.008
Q11. Could you do the household shopping on your own? 3.8 (0.6) 3.6 (1.0) 0.685
Q12. Could you walk down one flight of stairs? 3.5(0.7) 3.0(0.8) 0.011

*Mann-Whitney U test.

Bi-UKA, bi-unicondylar arthroplasty; OKS, Oxford Knee Score; TKA, total knee arthroplasty.

weight acceptance force compared to healthy subjects,
but also differed from each other, with Bi-UKA closer to
the healthy range (Table I, Figure 5, healthy vs Bi-UKA,
p < 0.018; healthy vs TKA, p < 0.001; Bi-UKA vs TKA, p <
0.02). Similarly, Bi-UKA and TKA had higher mid-stance
forces compared to healthy subjects (healthy vs Bi-UKA, p
=0.003, healthy vs TKA, p < 0.001), but Bi-UKA was again
closer to the healthy range (Table I, Figure 5, Bi-UKA vs
TKA, p < 0.009). Compared to TKA, Bi-UKA subjects had
9 cm (12%) longer step lengths (p = 0.003), 13 cm (9%)
longer stride lengths (Figure 6, p = 0.048), and nearer-
normal cadence, contact, double support, and gait cy-
cle times (all p < 0.01). When analyzed by subgroup

(Supplementary Table i), the staged Bi-UKA subjects, hav-
ing undergone a minimum of two ipsilateral arthroplasty
procedures, continue to be 18% faster (p = 0.006) and,
compared to matched primary TKA subjects, preserve
nearer-normal weight acceptance (p = 0.033), maximum
weight-acceptance force (p = 0.021), mid-stance force (p
= 0.048), cadence (p = 0.018), and double support, gait
cycle, and contact times (all p < 0.018).

Patient-reported outcome measures. OKS and EQ-5D
scores were analyzed for all arthroplasty subjects. Median
OKS was four points higher for Bi-UKA (Bi-UKA 42 (IQR 38
to 47), TKA 38 (IQR 31 to 39), p = 0.004, Mann-Whitney
U test, Table I, Figure 7). Bi-UKA scored equal to or higher
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Table IV. EuroQol five-dimension scores between bi-unicondylar
arthroplasty and total knee arthroplasty groups by overall score and by
individual domain. The best possible outcome for the overall score is 1. Each
domain is graded 1 to 5 where 1 is the best overall outcome. Values are
presented as means (standard deviations).

Category Bi-UKA TKA p-value*
Overall EQ-5D 0.91 (0.1) 0.80 (0.1) < 0.001
Mobility 1.4 (0.7) 2.2(0.8) 0.001
Self-care 1.2(0.5) 1.4 (0.6) 0.177
Usual activities 1.4 (0.6) 2.1(0.9) 0.004
Pain 1.9 (0.7) 2.5(0.6) 0.007
Anxiety 1.2(0.5) 1.4 (0.7) 0.460

*Mann-Whitney U test.
Bi-UKA, bi-unicondylar arthroplasty; EQ-5D, EuroQol five-dimension
questionnaire; TKA, total knee arthroplasty.
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Fig. 8

Static flexion angles against mean extension moment (Nm) for native knees,
bi-unicondylar arthroplasty (Bi-UKA) and total knee arthroplasty (TKA); 95%
confidence intervals with a shaded yellow area for the native knee and bars
for implanted knees. Italicized letters indicate pairwise statistical differences
(p < 0.05). BT, Bi-UKA versus TKA; NB, native versus Bi-UKA; NT, native versus
TKA.

than TKA for all questions (Table IIl), with differences no-
ticed particularly in sit-to-stand movements (Q3 3.4 vs
2.8, p =0.008), Q5 (3.3 vs 2.7, p = 0.027), kneeling (Q7
2.5vs 1.7, p=0.031), stability (Q10 3.6 vs 3.0, p = 0.008),
and stair descent (Q12 3.5 vs 3.0, p = 0.011, Table IlI),
although the OKS has not been validated for these indi-
vidual questions.

Bi-UKA subjects reported a median EQ-5D score of

0.94 (IQR 0.88 to 0.95), compared with TKA 0.80 (IQR
0.74 to 0.89, p < 0.001, Table I, Figure 7). Bi-UKA scores
were closer to 1 (highest quality of life) in all domains,
compared to TKA (Table IV).
Cadaveric model. In vitro, mean extension moment for
the native knees (n = 8) peaked at 20°, at 5.0 Nm (SD 0.3)
(Figure 8) notably decreasing toward terminal extension
(1.5 Nm (SD 0.6)) and towards a minimum of 2.4 Nm (SD
0.1) at 70° flexion before increasing once again in deep
flexion 3.6 Nm (SD 0.4) at 110°. The effects of implant
state on extensor moment depended on knee flexion an-
gle (p < 0.001, two-way RMANOVA, Figure 8).
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Fig. 9

Mean with 95% confidence interval work output by the extending knee over
different ranges of motion for bi-unicondylar arthroplasty (Bi-UKA) and total
knee arthroplasty (TKA) as a percentage of the native knee work output.
Data for gait (30° to 0°), stair ascent (40° to 10°), uphill slope walking (80°
to 10°), sit-to-stand (100° to 0°), and full (110° to 0°) ranges of knee flexion
are shown. The asterisks (*) indicate data statistically different from the
native knee, and brackets indicate differences between the arthroplasties
(paired t-tests p < 0.05).

The addition of Bi-UKA made little difference at
terminal extension 1.7 Nm (SD 0.6; two-way RMANOVA
p = 1.000) or 20° 4.8 Nm (SD 0.6; p = 0.356). Between
40° and 100°, Bi-UKA extensor moments were lower than
native (two-way RMANOVA, all p < 0.05), with minimum
moment of 1.65 Nm (SD 0.2) at 70° (Bi-UKA vs native
31% reduction, p = 0.024, two-way RMANOVA). Bi-UKA
extensor moments were within the normal range at
100° (native 2.9 Nm (SD 0.3), Bi-UKA 2.7 Nm (SD 0.3);
p = 1.000, two-way RMANOVA) and 110° flexion (Bi-UKA
4.3 Nm (SD 0.4), 19% increase vs native p = 0.080, two-
way RMANOVA).

TKA had a highly significant impact on extensor
moment at 10° (2.3 Nm (SD 0.2), vs native, two-way
RMANOVA p < 0.001, vs Bi-UKA p = 0.002), 20° (3.0 Nm
(SD 0.2) 40% reduction vs native two-way RMANOVA p
< 0.001, 38% reduction vs Bi-UKA, p < 0.001), and 30°
(3.1 Nm (SD 0.1) vs native two-way RMANOVA p < 0.001,
vs Bi-UKA p < 0.001). At 40° both Bi-UKA and TKA were
reduced compared to the normal range (TKA 3.2 Nm (SD
0.2) vs native two-way RMANOVA p < 0.001, vs Bi-UKA p
=0.063). From 50° to 110°, TKA extensor moments were
within the native range (two-way RMANOVA, all p > 0.05)
recording a minimum moment of 2.34 Nm (SD 0.2) at
70° and a near native moment at 110° (3.6 (SD 0.2), p =
1.000, two-way RMANOVA).

Extensor efficiency. Over the full flexion range (Figure 9),
TKA were less efficient than Bi-UKA (one-way RMANOVA
all p < 0.03) and native knees (21% reduction, p < 0.001,
one-way RMANOVA). Bi-UKA demonstrated near-normal
efficiency in the gait range (30° to 0°, 2% reduction, p
= 1.000), while TKA was less efficient than native (42%
reduction, p = 0.001, one-way RMANOVA) and Bi-UKA (p
= 0.001, one-way RMANOVA). In the stair ascent range
(40° to 10°) Bi-UKA was near native (4% reduction, p =
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0.402, one-way RMANOVA) while TKA lost 37% efficiency
(p < 0.001, one-way RMANOVA). Both arthroplasty states
were less efficient than native for the slope ascent (80°
to 10°, p < 0.007, one-way RMANOVA) and sit-to-stand
(100° to 0°) ranges (p < 0.0026, one-way RMANOVA);
however, TKA was least efficient (p < 0.0 32 vs Bi-UKA,
one-way RMANOVA Figure 9).

Discussion

Improved function following Bi-UKA compared to TKA
was measured across three domains: gait, patient-
reported outcomes, and in vitro, overturning the null
hypotheses. In vivo, Bi-UKA restored nearer-normal
weight-acceptance and mid-stance forces, when the
quadriceps are active.’ This may be explained by differ-
ences observed in extensor function in vitro: extensor
efficiency was greatly reduced following TKA over the
quadriceps active gait range compared to both Bi-UKA
and the native knee. Although important for all activities,
extensor efficiency is particularly relevant for daily activ-
ities with a high number of cycles, including stair ascent
and fast walking,'>" where Bi-UKA presently outper-
formed TKA. This study suggests that TKA patients may
expend significantly more energy to achieve the same
function during these activities, corroborating findings
of others, who have shown abnormal flexion-extension
moments following TKA, attributing this to reduced
quadriceps effectiveness.'?* This finding was supported
by the patient-reported outcomes.

Arthroplasty performance can be measured reliably
on the instrumented treadmill, particularly during fast
walking.™®'7# With every 0.1 m/s increase in top walking
speed, life expectancy improves significantly,’” making
the reported difference in top walking speed mean-
ingful. During flexion, TKA demonstrates paradoxical
anterior-posterior translation, limiting mid-swing flexion,
and reducing stride length and walking speed.? Bi-UKA
is more anterior-posterior stable, which may explain
observed differences in step and stride length.* This
study supports the findings of Banks et al’® regarding
the gait and kinematics of four Bi-UKA subjects, and one
subject with a TKA femoral component but medial and
lateral tibial unicompartmental components, compared
to contralateral healthy knees, UKA, and TKA. Bi-UKA
patients demonstrated higher knee flexion from heel-
strike to mid-stance than TKA patients, but similar flexion
in late stance through swing phase.?®

Bi-UKA patients reported higher OKS and EQ-5D
scores than TKA. The OKS is said to have a minimal
important difference (MID) of five points.? The present
study found a mean difference in OKS of 4.9, hence
conclusions beyond noninferiority compared to TKA
are limited except to say that both arthroplasty groups
were satisfied, but there appears to be a stiatistical advan-
tage of Bi-UKA over TKA, which warrants an adequately
powered study to determine if clinically relevant. The TKA
patient-reported outcomes in this study reflected those of

larger studies, including TOPKAT.?°-3* Confalonieri et al**
reported higher satisfaction and functional scores with
Bi-UKA compared to TKA, aligning with present findings.
Although the OKS is not validated according to individual
questions, the differences in relation to alighting a vehicle,
rising from a chair, stair ascent, and kneeling are note-
worthy, and support the concept that Bi-UKA preserves
isokinetic quadriceps strength,' further reinforced by the
cadaveric data. ACL preservation in Bi-UKA may, in part,
explain differences in stability.

The ability to independently orientate each UKA to the
native compartmental anatomy is a strength of Bi-UKA.
However, this freedom increases technical difficulty and
opportunity for error, which may limit widespread adop-
tion. Patients in the gait study underwent surgery with
standard instrumentation, performed by JPC, an expert
knee arthroplasty surgeon with a highly specialized
partial knee arthroplasty practice. In vitro, procedures
were performed by AJG, a skilled but not expert surgeon,
again with conventional instumentation. Compared to
TKA, Bi-UKA, implanted with robotic assistance, better
maintains native kinematics while restoring coronal
joint line obliquity and constitutional alignment.®® It is
conceivable that robotics might reduce the technical
demands of Bi-UKA, improve alignment accuracy, and
support surgeons willing to use the procedure in appro-
priate patients.36-38

This study has limitations: the clinical element is
small, patients were not randomized, and there is a lack
of preoperative data. TKA subjects were drawn retro-
spectively from a database, meaning that the timing of
measurement on the instrumented treadmill varied, with
some subjects measured relatively early in their recovery
phase, while others had undergone surgery much longer
ago. The TKA group were further from surgery, meaning
that they likely had had more opportunity to recover and
rehabilitate.3>% If so, the effect would favour the TKA
group, meaning thatfalse positives are less likely, strength-
ening the conclusions of this work. This study used the
OKS and EQ-5D since these are broad and capture trends
across a wide spectrum of joint pathologies. However,
a ceiling effect is visible in the Bi-UKA dataset (Figure 5),
suggesting that future research may benefit from other
scores less susceptible to ceiling effects.

The arthroplasty subjects were not propensity
matched, nor were their patterns of disease. However,
only TKA subjects with one- or two-compartmentarthritis,
without evidence of ACL dysfunction on preoperative
radiographs, were included, while those with tricompart-
mental disease or anterior tibial translation > 7 mm were
excluded, in an attempt to exclude TKA subjects who may
have been ineligible for Bi-UKA. All TKA subjects included
in this study would have been considered appropriate
for isolated medial/lateral UKA, or Bi-UKA by JPC, the
senior surgical author. Out of 22 TKA patients, 16 (73%)
had only single tibiofemoral compartment arthritis pre-
arthroplasty. The inclusion of single-compartment OA
patients in the TKA group was necessary to power the
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study, but perhaps disadvantaged the Bi-UKA group,
since all had bi-tibiofemoral arthritis. Further, all TKA
subjects had undergone only one procedure, whereas 15
of 22 (68%) Bi-UKA patients had undergone two separate
arthroplasty procedures, which many would consider
another disadvantage for the Bi-UKA group.

The subgroup analysis demonstrates objective benefits
of staged Bi-UKA compared to primary TKA, preserving
the well-functioning primary PKA, rather than removing
it and converting to TKA. This second procedure would
be classified a PR2a revision, according to the Revision
Partial Knee Classification (RPKC) system,* making it a
minor revision, in line with the recommendations made
by NICE.¢

The gait and cadaveric methodologies complement
each other. The cadaveric model allowed within-specimen
repeated measures analyses, eliminating confounding
factors including anatomical variance or quadriceps
deficiency, only varying implant state. However, this
model cannot account for postoperative rehabilitation,
nor does it replicate true in vivo loading or kinematics,
which are inherently captured by gait measurements. In
vivo, muscle forces vary dynamically, an order of magni-
tude higher than in the cadaveric experiment. Loading in
physiological directions was prioritized over magnitude,
so efficiency data were normalized to the native knee,
accounting for load reduction. Increasing procedure
invasiveness made randomization of testing order impos-
sible. However, pilot data found no difference in extensor
moment trend, or any deleterious effect of repeated
testing. Analysis of kneeling and other complex knee
movement was not possible during the current study, but
may be advantageous in order to determine differences
between Bi-UKA and TKA among higher-functioning
patients.

In summary, benefits for Bi-UKA are reported in gait
and patient-reported outcomes, substantiated by advan-
tageous in vitro biomechanics. These data support the
concept that staged Bi-UKA is an acceptable alternative
to conversion to TKA, or rarely, as a primary procedure.
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