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Abstract

Purpose: This study aimed to assess phenotypic variation in the coronal
plane of knees with anteromedial osteoarthritis using the functional knee
phenotype classification, before and after treatment with medial unicom-
partmental knee arthroplasty (UKA).

Methods: The study comprised 1000 knees of 835 patients (45% females,
55% males, 90% Caucasian) who underwent medial UKA for anteromedial
osteoarthritis. Pre and postoperative alignment was evaluated through the
hip-knee-ankle angle (HKA), femoral mechanical angle (FMA), and tibial
mechanical angle (TMA). Knees were classified according to the functional
knee phenotype system which combines limb phenotype (HKA), and
femoral and tibial knee phenotypes (FMA and TMA, respectively).
Restoration of prearthritic coronal alignment following medial UKA was
evaluated by phenotype.

Results: Preoperatively, 76 distinct and 25 relevant (prevalence 21%)
functional knee phenotypes were identified, of which VAR xa6°VAREua3’.
NEUtya0° was the most common (9.4% of knees). The most prevalent limb
phenotype, VARLka6°, comprised 15 distinct knee phenotypes (FMA and
TMA combinations). Postoperatively, 58 distinct and 17 relevant functional
knee phenotypes were observed, of which VARLxa3°NEUEyaAO°NEUpA0°
had the highest prevalence at 18.3%. Knees with combined tibial and
femoral deformities were associated with a lower probability of restoration of
prearthritic coronal alignment following medial UKA, compared to knees
without extra-articular deformity, or knees with an isolated tibial or femoral
deformity.

Conclusion: Phenotype analysis using the functional knee phenotype
system demonstrated a wide diversity of coronal alignment phenotypes
among knees with anteromedial osteoarthritis in a predominantly Cauca-
sian population. Following medial UKA, a reduction from 25 preoperative
to 17 postoperative relevant phenotypes was observed. Consideration of

Abbreviations: FMA, femoral mechanical angle; HKA, hip-knee-ankle angle; MCL, medial collateral ligament; TMA, tibial mechanical angle; UKA,

unicompartmental knee arthroplasty.
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INTRODUCTION

Medial unicompartmental knee arthroplasty (UKA) is an
effective surgical treatment for isolated anteromedial
osteoarthritis (OA) of the knee [1]. However, the optimal
alignment targets for UKA remain undefined, and there
continues to be uncertainty about patient selection
criteria [2—4]. In order to optimise alignment strategies
and improve patient selection, a better understanding
of the phenotypic variability of medial OA-affected
knees would be of interest.

Recent studies have observed a broad variation
in coronal alignment and joint line orientation in
healthy and osteoarthritic knees [5—-8]. These findings
have underlined the shortcomings of the traditional
classification of neutral, varus or valgus alignment,
which disregards the phenotypes of femoral and tibial
alignment that can exist within these three categories.
Several novel classification systems, including the
functional knee phenotype classification [7], have been
put forth to comprehensively describe the relation
between the mechanical axis (i.e., limb phenotype)
and femoral and tibial joint line orientation (i.e., knee
phenotype) of the individual knee [7, 9, 10]. However,
most of these studies included both lateral and medial
compartment OA-affected knees, or healthy knees, and
focused on guidelines and implications for total knee
arthroplasty [7, 9-12].

Although knees affected by medial compartment
OA typically exhibit an anteromedial wear pattern and a
varus mechanical axis, the specific coronal plane
phenotypes within this group and their change during
medial UKA remain largely undefined. Furthermore, it
is currently unknown whether the type of phenotype
affects the ability to restore prearthritic coronal align-
ment during medial UKA, which has been shown to
have clinical implications [13, 14].

The objective of this study was to describe the
variability in coronal plane phenotypes of knees
with isolated anteromedial OA, before and after
treatment with medial UKA, using the functional knee
phenotype classification [7]. Based on the current
literature [7, 8, 12], and the concept of an individua-
lised alignment strategy for medial UKA [15], we
hypothesised a large pre and postoperative diversity
of coronal plane phenotypes.
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phenotypic variation can be of importance when aiming to restore
prearthritic coronal alignment during medial UKA.

Level of Evidence: Level lll, retrospective cohort study.

coronal alignment, knee phenotypes, prearthritic alignment, robotic-assisted surgery,
unicompartmental knee arthroplasty

METHODS
Study design

A single surgeon's arthroplasty registry (ADP) was
retrospectively reviewed. A total of 1000 consecutive
knees of 835 patients, who underwent robotic-arm
assisted medial UKA between January 2012 and July
2022 for anteromedial OA, were randomly selected.

Patients were eligible for study inclusion if they had
advanced anteromedial OA (Kellgren-Lawrence [KL]
grade 3-4 on anteroposterior [AP] weight-bearing views)
[16], an unaffected and asymptomatic lateral compart-
ment (KL grade <2), underwent robotic-arm assisted
primary medial UKA, and had complete radiographic
records (pre and postoperative long-leg radiographs).
Patients with a history of prior joint arthroplasty, or
femoral or tibial fractures on the operative side were
excluded from the study. Characteristics of the included
patients are presented in Table 1.

TABLE 1 Demographics (n=1000).
Variable Mean £ SD, or n (%)
Age (years) 63.4+9.2
Sex (female) 451 (45.1)
Race
Caucasian 899 (89.9)
Black or African American 27 (2.7)
Asian 16 (1.6)
Other 26 (2.6)
Unknown 32 (3.2)
Laterality OA (left) 508 (50.8)
Bilateral knee OA 330 (33.0)
KL grade medial compartment
KL grade 3 388 (38.8)
KL grade 4 612 (61.2)

Note: Demographics are presented as mean + standard deviation (SD), or in
numbers with the frequency in parentheses.

Abbreviations: KL, Kellgren-Lawrence grade; OA, osteoarthritis.
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The surgical indication for medial UKA was sympto-
matic isolated anteromedial OA, with a varus deformity
correctable to <10°, and fixed flexion deformity of <10°.
Patients with significant clinical or radiographic signs
of lateral compartment OA, degeneration of the lateral
patellar facet, anterior cruciate ligament deficiency with
clinical instability, previous medial collateral ligament
(MCL) surgery, or signs of inflammatory arthritis were
not deemed candidates for medial UKA.

Surgical technique

A cemented fixed-bearing medial only implant (Re-
storis MCK System, Mako Surgical Corp. [Stryker]) was
used in all cases. A robotic-arm assisted system (Mako
Surgical Corp. [Stryker]) was used for implant planning
and osseous resection. The detailed surgical technique
has previously been described [17]. The alignment
goal was to recreate prearthritic coronal alignment
(i.e., mechanical axis) by restoration of MCL tension
throughout the range of motion, aiming for a 1-2 mm
medial gap under valgus stress, with the implants and
polyethylene insert in place. This individualised align-
ment technique was restricted by neutral alignment,

Y FMA
AL HKA

7 —

XMA

FIGURE 1 Schematic representation of measurement of the hip-
knee-ankle angle (HKA), femoral mechanical angle (FMA), and tibial
mechanical angle (TMA).
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TABLE 2 Functional knee phenotype classification.

Parameter Direction  Type Range
HKA VARuka VARpka18°  16.5to 19.5°
Limb phenotype VAR{ka15° 13.5t0 16.5°
VARpka12°  10.5to 13.5°
VAR{Kka9® 7.5t0 10.5°
VARpka6° 451t07.5°
VARpka3® 1.5t0 4.5°
NEUpka NEUka0° -1.5t0 1.5°
VALpka VALpga3°® -1.5to -4.5°
FMA VAREmA VAREua12°  79.5 to 82.5°
Femoral phenotype VAREMA9® 82.5 to 85.5°
VAREmAB® 85.5 to 88.5°
VAREmA3® 88.5 to 91.5°
NEUgma NEUgma0° 91.5 to 94.5°
VALgma VALEuA3® 94.5 to 97.5°
VALEuaAB® 97.5 to 100.5°
TMA VARTMA VARTMA9°® 76.5 to 79.5°
Tibial phenotype VAR TMaAB° 79.5 to 82.5°
VARTMA3® 82.5 to 85.5°
NEUtma NEUTma0° 85.5 to 88.5°
VALtma VALtma3° 88.5 to 91.5°
VALTma VALTmaB° 91.5 to 94.5°

Note: The functional knee phenotype classification [7] consists of a
combination of three parameters, including the hip-knee-ankle angle (HKA),
the femoral mechanical angle (FMA), and the tibial mechanical angle (TMA).
The definition and corresponding range in degrees is given for each parameter.

Abbreviations: NEU, neutral; VAL, valgus; VAR, varus.

meaning that a neutral mechanical axis was pursued in
knees with estimated native valgus alignment, based
on MCL tension. Given the retrospective design of
this study, phenotypes were not considered during the
surgery.

Radiographic evaluation

Routine weight-bearing long-leg AP radiographs
were used for assessment of coronal alignment. Radio-
graphs were obtained preoperatively and 6 weeks
postoperatively. According to a standardised protocol,
patients were instructed to stand with their feet together
as close as possible while having their knees in full
extension, their patellae aligned with the X-ray beam,
and their bodyweight evenly distributed over both limbs.

The hip-knee-ankle angle (HKA) was defined as the
angle between the mechanical axes of the femur and
tibia (Figure 1). The lateral femoral angle (LDFA) was
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measured as the lateral angle between the mechanical
femoral axis and joint line of the distal femur. The
femoral mechanical angle (FMA; Figure 1) was
derived from the LDFA (FMA = 180°-mLDFA). The tibial
mechanical angle (TMA) was defined as the medial
angle of the mechanical tibial axis and proximal tibial
joint line (Figure 1). Measurements were taken by one
observer (GVB) and independently repeated by a
second observer (LVR) on a random sample
(n=100). Angles were measured to the tenth of a
degree. Inter-observer reliability was analysed through
interclass correlation coefficients (ICC), using a two-
way mixed-model with absolute agreement. ICC
among observers was 0.97 (95% confidence interval
[CI] 0.96-0.98) for HKA, 0.89 (95% CI, 0.82—-0.93) for
FMA, and 0.90 (95% CI, 0.85-0.93) for TMA.

Functional knee phenotype classification

Knees were classified according to the functional
knee phenotype system, introduced by Hirschmann
et al. [7]. The system integrates three coronal alignment
parameters, including limb phenotype (HKA) and femoral
and tibial knee phenotype (FMA and TMA, respectively)

1
|
|
|
|
|
1
|
|
|
|
|
|
|
|
|
|
|
|

PHENOTYPIC DIVERSITY OF ANTEROMEDIAL OSTEOARTHRITIS

into a “functional knee phenotype.” Each phenotype
covers a range of £1.5° from the baseline value for that
specific parameter, derived from previously reported
means of healthy individuals (HKA: 0°; FMA: 93°; TMA:
87°) [7]. The classification first describes the direction
of alignment (i.e., neutral, varus, or valgus), with the
respective parameter subsequently indicated in subscript
(i.,e., HKA, FMA, TMA). The mean deviation from
the phenotype-specific baseline value is indicated in
increments of 3° (e.g., VARuka3°, VARuka6° etc.). For
example, the functional knee phenotype of a patient
with a neutral HKA, neutral FMA, and neutral TMA would
be NEUpka0°NEUEaAO°NEUTA0°. Table 2 displays the
definition and range of each phenotype.

Restoration of prearthritic coronal
alignment

Prearthritic (i.e., native) coronal alignment was esti-
mated using the arithmetic hip-knee-ankle angle (aHKA)
[15, 18]. Restoration of prearthritic coronal alignment
following medial UKA was classified according to a
previously reported system [13] as prearthritically
aligned (Group 1, Figure 2a), overcorrection from the

(c)

FIGURE 2 Classification of prearthritic alignment restoration following medial unicompartmental knee arthroplasty [13]. The continuous blue line
indicates the postoperative mechanical axis (i.e., hip-knee-ankle angle [HKA]). The margins of +2.0° of estimated prearthritic alignment (i.e., arithmetic
hip-knee-ankle angle [aHKA) are indicated by the dashed lines. (a) Prearthritically aligned knee (Group 1), defined by a postoperative HKA within +2.
0° of its aHKA. (b) Non-prearthritically aligned knee with overcorrection from its prearthritic alignment (Group 2), defined by a postoperative HKA of >2.
0° smaller than its aHKA. (c) Non-prearthritically aligned knee with under correction of its prearthritic alignment (Group 3), defined by a postoperative
HKA of >2.0° larger than its aHKA (Group 3). Image reproduced from original work with permission of Bayoumi et al. [13].
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prearthritic coronal alignment (Group 2, Figure 2b), or
under correction from the prearthritic coronal alignment
(Group 3, Figure 2c). One-hundred fifty-nine knees
(15.9%) with an estimated prearthritic coronal alignment
in valgus (aHKA <-1°) were excluded from this specific
analysis, as those knees were typically neutralised
during medial UKA and no attempt was made to restore
prearthritic coronal alignment.

Statistical analysis

Prevalence of pre and postoperative phenotypes were
calculated and presented in numbers and frequencies
for the total sample and by sex. The Shapiro-Wilk test
was used to test continuous variables for a normal
distribution. Independent t-tests or Mann-Whitney U
tests were conducted to compare parametric and
nonparametric continuous data between sexes, respec-
tively. Correlations were analysed using Pearson's
correlation coefficient for parametric data and Spear-
man's rank correlation coefficient for nonparametric
data. Discrete variables were compared using Chi-
square test or Fisher's exact test when appropriate. Post
hoc power analysis was performed using G*Power 3.1
[19], yielding high power (0.99) for the observed
differences in prevalence of deformity location between
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males and females, and proportions of knees with
restored prearthritic coronal alignment between sub-
groups with extra-articular deformities. The level of
significance was set at 0.05 for all tests. All analyses
were performed in R version 4.1.2. (R Foundation for
Statistical Computing).

Ethical aspects

Institutional Review Board approval from the Institu-
tional Review Board of the Hospital for Special Surgery
(#2022-1401) was obtained prior to the start of the
study. Given the retrospective nature of this study,
patient consent was not applicable.

RESULTS
Functional knee phenotypes

Preoperatively, 76 functional knee phenotypes were
identified. Fifty-one phenotypes had a prevalence of
<1%. Hence, the 25 phenotypes with a prevalence of
21% were considered relevant. The most common
preoperative functional phenotype was VARpjka6°
VAREMaA3’NEUTMaAO° (9.4%; Table 3). Independent of

TABLE 3 The five most common pre and postoperative functional knee phenotypes.

Rank Functional knee phenotype
Preoperatively
1 VAR ka8° VAREMA3® NEUTAO°
2 VARpka6° NEUgpma0° NEUTpa0°
3 VARpka3° NEUgma0° NEUTpa0°
4 VARpka9° NEUgya0® VARTMAS®
5 VAR ka6° NEUgma0° VARTAS®
p value?®
Total
Following medial UKA
1 VAR ka3° NEUgpya0° NEUTpa0°
2 NEUpka0° NEUgma0° NEUTya0°
3 NEUka0° VALEmA3® NEUTwa0°
4 VARpka3° NEUgya0° VART\A3®
5 NEUpka0° NEUgmaO® VALTMAS3®
p value®
Total

Total Male Female
n=1000 n=>549 n=451
n (%)
94 (9.4) 51 (9.3) 43 (9.5)
93 (9.3) 54 (9.8) 39 (8.6)
91 (9.1) 49 (8.9) 42 (9.3)
74 (7.4) 49 (8.9) 25 (5.5)
64 (6.4) 42 (7.7) 22 (4.9)
0.324
416 (41.6) 245 (44.6) 171 (37.9)
183 (18.3) 97 (17.7) 86 (19.1)
98 (9.8) 60 (10.9) 38 (8.4)
69 (6.9) 37 (6.7) 32 (7.1)
68 (6.8) 42 (7.7) 26 (5.8)
58 (5.8) 24 (4.4) 34 (7.5)
0.114
705 (47.6) 260 (47.4) 216 (47.9)

Note: Top five most common functional phenotypes of knees with advanced isolated anteromedial osteoarthritis, prior to and following medial unicompartmental knee
arthroplasty (UKA) are presented in numbers with the frequency in parentheses. The prevalence of each functional knee phenotype is given for the total cohort and by sex.

Abbreviations: FMA, femoral mechanical angle; HKA, hip-knee-ankle angle; NEU, neutral; TMA, tibial mechanical angle; VAL, valgus; VAR, varus.

@Comparison of prevalence of functional knee phenotypes by sex.
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TABLE 4 Distribution of preoperative femoral and tibial phenotypes.

FMA
VARgma12° VAREnmA9° VARgmA6° VARgmA3® NEUgma0° VALgma3° VALgma6° Total

T™A
VARma6°  — 15 (1.5) 32 (3.2) 10 (1.0) — 59 (5.9)
VARTA3° 23 (2.3) 135 (135) 167 (16.7) 30 (3.0)

NEU7ya0° 21 (2.1) _ 35 (3.5)

VAL7ya3° 8(0.8) 46 (4.6) 46 (4.6) 7(0.7) 110 (11.0)
VALwab°  — — 3 (3.0) 4 (0.6)

Note: The distribution of combinations of femoral and tibial phenotypes (i.e., knee phenotype) of knees with advanced anteromedial osteoarthritis is presented in
numbers with the frequencies in parentheses. The heatmap represents the prevalence of each combination (green indicates the highest and red the lowest prevalence).
Abbreviations: FMA, femoral mechanical angle; NEU, neutral; TMA, tibial mechanical angle; VAL, valgus; VAR, varus.
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FIGURE 3 Distribution of knee phenotypes (i.e., combination of femoral and tibial phenotype) in relation to the observed limb phenotypes of
knees with advanced isolated medial compartment osteoarthritis. (a) Preoperative distribution. (b) Distribution following medial
unicompartmental knee arthroplasty.
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HKA, the most prevalent preoperative combination of
femoral and tibial phenotypes (i.e., knee phenotype)
was NEUgya0°NEUa0° (Table 4). Following medial
UKA, a total of 58 functional knee phenotypes were
identified. Forty-one postoperative phenotypes had a
prevalence of <1%. Hence, 17 postoperative pheno-
types were considered relevant. The most prevalent
postoperative functional knee phenotype was VARpka
3°NEUgmaO°NEUTA0° (18.3%).

The five most frequently observed pre and
postoperative functional knee phenotypes are presented
in Table 3. An overview of all observed functional knee
phenotypes is available online as Supporting Information
in Appendix Table A1. Sex-based analysis demonstrated
differences in mean values of pre and postoperative
coronal alignment parameters between males and
females (Appendix Table A2), however, there was no
sex-related variation in distribution of the five most
common functional knee phenotypes (Table 3).

Distribution of limb phenotypes

Preoperatively, limb phenotypes VAR ka6° (33.8%) and
VAR{ka9® (27.5%) were most frequently observed
and included 15 distinct knee phenotypes each
(Figure 3a). Postoperatively, limb phenotypes VARpka3°
(47.1%), and NEUpka0° (31.4%), were most common and
these included 14 and 17 knee phenotypes, respectively
(Figure 3b). Figure 3 demonstrates a similar distribution
between sexes of pre and postoperative knee phenotypes,
in relation to the observed limb phenotypes.
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Location of the extra-articular deformity

Among knees with limb phenotype VARpka3°, nearly
half (48.4%) had no extra-articular deformity (Table 5).
Limb phenotypes VARpka6° and VARpka9° were
observed more frequently in combination with isolated
tibial or femoral deformities, while more severe varus
limb phenotypes more often exhibited a combined tibial
and femoral deformity. Similar patterns were observed
when analysed by age, without overall differences
between age groups (p=0.970; Appendix Table A3).
Females more frequently had an isolated femoral
deformity (p=0.3; Table 6).

Restoration of prearthritic coronal
alignment

Rates of prearthritically aligned knees following medial
UKA were comparable among the five most common
preoperative functional knee phenotypes (Appendix
Table A4). Significant variations were observed in rates
of prearthritically aligned knees when analysed by
location of the preoperative deformity (Table 7).
Post hoc pairwise comparison demonstrated a smaller
overall proportion of prearthritically aligned knees
among knees with a combined deformity compared
to knees without extra-articular deformity (p=0.002),
isolated tibial deformity (p <0.001), or isolated femoral
deformity (p=0.01). The magnitude of restoration of
prearthritic coronal alignment was weakly correlated
with preoperative TMA (correlation coefficient, 0.30,

TABLE 5 Distribution of location of the deformity in varus limb phenotypes.

Total VARka3° VAR ka6° VARka9° VARuka12° VARuka15°
(n=952) (n=188) (n=338) (n=275) (n=125) (n=26)
Location of deformity Definition n (%)
No extra-art. deformity NEUgma - NEUtma 213 (22.3) 91 (48.4) 93 (27.5) 29 (10.5) — —
Tibial deformity NEUgma -VARTvA 199 (20.9) 16 (8.5) 65 (19.2) 88 (32.0) 26 (20.8) 4 (15.4)
NEUgma -VALTMA 30 (3.1) 19 (10.1) 11 (3.3) — — —
Total 229 (24.0) 35 (18.6) 76 (22.5) 88 (32.0) 26 (20.8) 4 (15.4)
Femoral deformity VARgma - NEUtya 206 (21.6) 11 (5.9) 99 (29.3) 72 (26.2) 22 (17.6) 2 (7.7)
VALgya - NEUtya 27 (2.8) 17 (9.0) 9 (2.7) 1(0.4) — —
Total 233 (24.4) 28 (14.9) 108 (32.0) 73 (26.5) 22 (17.6) 2 (7.7)
Combined deformity VAREgma -VAR A 174 (8.2) — 19 (5.6) 64 (23.3) 71 (56.8) 20 (76.9)
VAREma - VALTmA 58 (6.1) 19 (10.1) 23 (6.8) 12 (4.4) 4 (3.2) —
VALgma - VALTva 5 (0.5) 5(2.7) — — — —
VALgma - VARTVA 40 (4.2) 10 (5.3) 19 (5.6) 9 (3.3) 2 (1.6) —
Total 277 (29.0) 34 (18.1) 61 (18.0) 85 (30.9) 77 (61.6) 20 (76.9)

Note: Distribution of location of the deformity in varus limb phenotypes is presented in numbers with the frequencies in parentheses.
Abbreviations: FMA, femoral mechanical angle; HKA, hip-knee-ankle angle; NEU, neutral; TMA, tibial mechanical angle; VAL, valgus; VAR, varus.
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TABLE 6 Distribution of the location of the deformity in varus limb phenotypes by sex.

Location of Total VARka3° VARka6°
deformity Definition Male Female p value Male Female p value Male Female p value
No extra-art. NEUgma - NEUtya 112 (21.2) 101 (23.9) 0.319 49 (58.3) 42 (40.0) 0.01* 54 (29.3) 39 (25.3) 0.409
deformity
Tibial deformity NEUgma - VARTya 130 (24.6) 69 (16.3) 7 (8.3) 9 (8.7) 43 (23.4) 22 (14.3)
NEUgma - VALTmA 9(1.7) 21 (5.0) 6 (7.1) 13 (12.5) 3(1.6) 8 (5.2)
Total 139 (26.3) 90 (21.3) 0.073 13 (15.5) 22 (21.2) 0.320 46 (25.0) 30 (19.5) 0.226
Femoral deformity VARgma - NEUtma 108 (20.4) 98 (23.2) 3(3.6) 8(7.7) 53 (28.8) 46 (29.9)
VALgma - NEUtyia 7(1.3) 20 (4.7) 3(3.6) 14 (13.5) 4 (2.2) 5(3.2)
Total 115 (21.7) 118 (27.9) 0.03* 6 (7.1) 22 (21.2) 0.01* 57 (31.0) 51 (33.1) 0.674
Combined deformity VARgma - VARtma 113 (21.4) 61 (14.4) — — 9 (4.9) 10 (6.5)
VARgwma - VALtva 24 (4.5) 34 (8.0) 9(10.7) 10 (9.6) 7 (3.8) 16 (10.4)
VALgma - VALTyA 2 (0.4) 3(0.7) 2 (24) 3(2.9) — —
VALgma - VARTvA 24 (4.5) 16 (3.8) 5 (6.0) 5 (4.8) 11 (6.0) 8(5.2)
Total 163 (30.8) 114 (27.0) 0.192 16 (19.0) 18 (17.3) 0.758 27 (14.7) 34 (22.1) 0.070
VARka9° VARuka12° VARyka15°
Location deformity Definition Male Female p value Male Female p value Male Female p value
No extra-art. deformity NEUgya - NEUtya 9 (5.6) 20 (17.7) 0.001* — — n/a — — n/a
Tibial deformity NEUgua - VARTma 61 (37.7) 27 (23.9) 16 (19.3) 10 (23.8) 3(18.8) 1 (10.0)
NEUpua - VALTnA  — — — — — —
Total 61 (37.7) 27 (23.9) 0.02* 16 (19.3) 10(23.8) 0.555 3 (18.8) 1 (10.0) 0.667
Femoral deformity VAREmA - NEUtma 38 (23.5) 32 (30.1) 12 (14.5) 10 (23.8) 2 (12.5) —
VALgma - NEUtya  — 1(0.9) — — — —
Total 38 (23.5) 33 (31.0) 0.164 12 (14.5) 10(23.8) 0.194 2 (12.5) — n/a
Combined deformity VARgma - VARTMA 42 (25.9) 22 (19.5) 51 (61.4) 20 (47.6) 11 (68.8) 9 (90.0)
VAREmA - VALTma 6 (3.7) 6 (5.3) 2 (24) 2 (4.8) — =
VALgma - VALtma — — — = — —
VALgma - VARTMA 6 (3.7) 3(2.7) 2 (2.4) — — —
Total 54 (33.3) 31(27.4) 0.297 55(63.3) 22 (52.4) 0.131 11 (68.8) 9 (90.0) 0.211

Note: Distribution of the location of the deformity in varus limb phenotypes by sex is presented in numbers with the frequencies in parentheses.
Abbreviations: FMA, femoral mechanical angle; HKA, hip-knee-ankle angle; n/a, not applicable; NEU, neutral; TMA, tibial mechanical angle; VAL, valgus;

VAR, varus.
*Indicates statistical significance.

p <0.001; Figure 4), and FMA (correlation coefficient,
0.26, p<0.001; Figure 5).

DISCUSSION

The most important findings of this study were that
phenotype analysis of 1000 knees with isolated ante-
romedial OA demonstrated a high diversity of functional
knee phenotypes in a predominantly Caucasian study
population. Preoperatively, 25 relevant functional knee

phenotypes were identified. Following treatment with
medial UKA, a reduction in diversity was observed,
including 17 relevant postoperative functional knee
phenotypes. Knees with combined tibial and femoral
deformities were overall less frequently restored to their
prearthritic coronal alignment following medial UKA.
Up until recently, there was a lack of literature
evaluating the diversity of coronal phenotypes in knees
with anteromedial OA [8]. The current study demon-
strated a wide variation of functional knee phenotypes
among knees with this type of OA, identifying 76 distinct
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TABLE 7 Probability of restoring prearthritic coronal alignment following medial unicompartmental knee arthroplasty based on location of

the deformity.

Prearthritically aligned

Non-prearthritically aligned

Group 1 Group 2 Group 3
Within 2.0° of >2.0° overcorrected >2.0° under corrected
prearthritic coronal from the prearthritic from the prearthritic
Location of alignment coronal alignment coronal alignment
Deformity Definition No. knees® n (%) n (%) n (%)
No extra-art. NEUgma - NEUrya 172 128 (74.4) 5(2.9) 39 (22.7)
deformity
Tibial deformity NEUgma - VARTMA 199 149 (74.9) 27 (13.6) 23 (11.6)
NEUgma - VALtma 0 — — —
Total 199 149 (74.9) 27 (13.6) 23 (11.6)
Femoral deformity VARgma - NEUtya 209 148 (70.8) 34 (16.3) 27 (12.9)
VALgma - NEUtya 0 — — —
Total 209 148 (70.8) 34 (16.3) 27 (12.9)
Combined deformity VARgmA - VARTmA 176 94 (53.4) 75 (42.6) 7 (4.0)
VARgma - VALTvA 46 36 (78.2) 3 (6.5) 7 (15.2)
VALgya - VALTvA 0 — — —
VALgva - VARTvA 39 26 (66.7) 4 (10.3) 9 (23.1)
Total 261 156 (59.8) 82 (31.4) 23 (8.8)
p value® 0.001°

Note: The probability of restoring prearthritic coronal alignment is given for the five most prevalent preoperative functional knee phenotypes. The distribution is

presented in numbers with the frequencies in parentheses.

Abbreviations: FMA, femoral mechanical angle; HKA, hip-knee-ankle angle; NEU, neutral; TMA, tibial mechanical angle; VAL, valgus; VAR, varus.
A total of 159 knees with an estimated prearthritic coronal alignment in valgus were excluded from this analysis.
®Comparison of overall proportions of knees restored to their prearthritic coronal alignment (within +2.0°) by location of the deformity (total numbers in bold).

CIndicates statistical significance.

phenotypes in total, as opposed to 43 different
phenotypes previously observed in a non-OA population
[7]. The most common phenotype represented only
9.4% of all knees, and the five most prevalent
phenotypes comprised 41.6% of all included knees.
The range of functional knee phenotypes, as well as the
variety of knee phenotypes within each limb phenotype
group (Figure 3a), further underline the level of
phenotypic heterogeneity that can exists among knees
with anteromedial OA, even among those with a similar
mechanical axis.

While the clinical relevance of this multitude of
phenotypes remains to be further explored, one can
argue that certain phenotypes may be less suitable for
UKA treatment, or, may require a different alignment
strategy in order achieve favourable outcomes. It has
recently been demonstrated that restoration of prear-
thritic alignment during medial UKA may lead to
improved outcomes [13, 14]. The current study showed
similar rates of knees restored to their prearthritic
coronal alignment among the most prevalent functional
knee phenotypes. However, knees with combined
femoral and tibial deformities were overall less

frequently restored to their prearthritic coronal align-
ment, compared to knees without deformity, or isolated
femoral or tibial deformity. This finding is consistent
with the weak correlation between prearthritic align-
ment restoration and the magnitude of preoperative
TMA and FMA, suggesting that TMA or FMA outliers
alone do not necessarily influence restoration of
prearthritic coronal alignment. Hence, a better under-
standing of phenotypic variability of anteromedial OA
may aid to optimise candidate selection and alignment
strategies, but further research into the correlation
between phenotypes and postoperative performance is
warranted to elucidate which alignment technique is
best suited for which phenotype.

Consistent with the current observations, previous
literature has reported a wide variability of phenotypes
among healthy and OA-affected knees [7, 8, 11, 12]. To
our knowledge, one other study [8] has described
functional knee phenotypes of medial OA. Huan et al.
[8] identified a large variation of functional knee
phenotypes in a Japanese population, which appeared
to be greater compared to the present study. Their five
most common functional knee phenotypes represented
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FIGURE 4 Relation between preoperative tibial mechanical angle (TMA) and the magnitude of restoration of prearthritic alignment (i.e.,
difference between arithmetic hip-knee-ankle angle [aHKA] and postoperative mechanical alignment [HKA]) following medial unicompartmental
knee arthroplasty (correlation coefficient: 0.30, R?=0.09; p <0.001). The dashed blue lines represent the boundaries of restoration of

postoperative HKA within £2.0° of prearthritic alignment.

21.8% of all 879 knees, as opposed to 41.6% in the
current study. Phenotypic differences seemed mainly
characterised by more severe varus limb phenotypes
(range, NEUpka0° to VARHka24°), and larger propor-
tions of knees with a varus femur (56.8% vs. 44.6% in
the present study), and varus tibia (76.0% vs. 41.5% in
the present study), implicating a higher prevalence of
extra-articular deformities in the Japanese population
with anteromedial OA [8]. Additionally, the unequal sex
distribution in their cohort [8], (80% females) may have
further contributed to differences compared to the
current study. In line with these observations, a recent
systematic review reported a wide geographic variation
in coronal knee phenotypes of healthy and arthritic
knees [20]. These findings further emphasise the
importance of considering ethnic differences in under-
standing knee phenotypic variation at the population
level.

To that end, this study also examined phenotypic
variation by sex. Despite differences in mean values of
radiographic parameters, the distribution of functional
knee phenotypes was similar between sexes. Never-
theless, the five most prevalent phenotypes covered a
lower proportion of the female population (37.9% of

knees) compared to the male population (44.6% of
knees), suggesting a higher degree of phenotypic
variation among female knees. Furthermore, there
was a higher prevalence of isolated femoral deformities
among females compared males. Although the present
study did not assess the clinical impact of sex-related
phenotype differences, it has previously been sug-
gested that anatomical variations may contribute to
divergent outcomes between males and females
following medial UKA, and these may therefore be
important to consider [21-26].

This study recognises several limitations. First,
the study and phenotype system did not address
sagittal plane alignment, which may be a major
variable in the overall alignment of the individual
knee. Second, radiographic evaluation was per-
formed using weight-bearing AP radiographs, and
any pre or postoperative flexion deficits may have
influenced our observations. However, weight-
bearing radiographs may more accurately reflect the
patient's functional position compared to evaluation in
supine position. Third, the study population consisted
primarily of Caucasian patients and results may
therefore not be generalisable to other ethnic groups.
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FIGURE 5 Relation between preoperative femoral mechanical angle (FMA) and the magnitude of restoration of prearthritic alignment (i.e.,
difference between arithmetic hip-knee-ankle angle [aHKA] and postoperative mechanical alignment [HKA]) following medial unicompartmental
knee arthroplasty (correlation coefficient: 0.26, R?=0.07; p<0.001). The dashed blue lines represent the boundaries of restoration of

postoperative HKA within £2.0° of estimated prearthritic alignment.

Fourth, estimation of prearthritic coronal alignment
was based on a methodology with limitations of its
own [18] and may deviate from the actual predisease
alignment. Fifth, associations between functional
knee phenotypes and clinical outcomes were not
assessed, leaving the clinical relevance of functional
knee phenotypes and implications for UKA candidacy
yet to be further established. Nonetheless, data of
this study, which delineates the phenotypic variation
among knees with a specific form of OA using a
combination of coronal alignment parameters, may
provide a first step towards a more personalised
approach in knee arthroplasty.

CONCLUSION

Phenotype analysis using the functional knee pheno-
type system demonstrated a wide diversity of coronal
alignment phenotypes among knees with anteromedial
OA in a predominantly Caucasian population. Follow-
ing treatment with medial UKA, a reduction from 25
preoperative to 17 relevant postoperative phenotypes
was observed. Consideration of phenotypic variation

can be of importance when aiming to restore prear-
thritic coronal alignment during medial UKA.
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