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Abstract: The purpose of this study was to determine the distribution of functional knee phenotypes
in a non-osteoarthritic Asian population. The Stryker Orthopaedic Modeling and Analytics (SOMA)
database was searched for CT scans of the lower limb meeting the following inclusion criteria: patient
age at time of image >18 and <46 years, no signs of fractures and/or previous surgery and/or
degenerative changes, Asian ethnicity. A total of 80 CT scans of 40 patients were included (24 males,
16 females). The hip-knee-ankle angle (HKA), femoral mechanical angle (FMA) and tibial mechanical
angle (TMA) were measured. Based on these measurements, each limb was phenotyped according
to the previously introduced functional knee phenotype concept. All angles and phenotypes of
the present study were compared with previously published data of a non-osteoarthritic Caucasian
population (308 legs of 160 patients, 102 males, 58 females). Asian knees had a significantly lower
TMA (both genders p < 0.001) but a higher FMA (males p < 0.05, females p < 0.001) than Caucasian
knees but showed no difference in the HKA. Asian knees differed significantly with regard to femoral
and tibial phenotypes (p < 0.01), but not with regard to limb phenotypes. The high variability of all
coronal alignment parameters highlights the importance of a detailed analysis prior to TKA. Ethnical
differences underline the need for a more individualized approach in TKA.

Keywords: total knee arthroplasty; state-of the-art total knee arthroplasty; Asian; Caucasian; CT;
knee phenotypes; coronal alignment

1. Introduction

Several studies on total knee arthroplasty (TKA) suggested a connection between a
more individualized coronal alignment target and improved clinical outcome [1]. These
individualized approaches would require a profound knowledge of the variability of
coronal alignment between different patient populations, which unfortunately does not
yet exist [2,3]. Whereas gender differences in coronal alignment parameters have been
described extensively, ethnical differences remain rather unclear [4,5]. The few existing
studies were mainly focused on anthropometric parameters such as medial-lateral and/ or
anterior—posterior ratios and showed significant ethnical differences [6-8]. Consequently,
ethnical differences in coronal alignment parameters would seem natural. However, stud-
ies investigating ethnical differences in coronal alignment parameters are rare and their
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results inconclusive. Some studies reported a more valgus-aligned distal femur (FMA) in
Asian knees compared to Caucasian knees [9,10], while others did not find any significant
difference [11]. A similar picture evolves for alignment of the tibial joint line (TMA) and
the overall limb alignment (HKA).

Recently, Hirschmann et al. introduced the functional knee phenotype concept, which
is based on the alignment of non-osteoarthritic knees [12]. This concept allows a compre-
hensive and collective analysis of all coronal lower limb parameters [13,14] and reveals
overall differences as well as femoral and tibial alighment dissimilarities between genders.
However, this concept has only been applied to Caucasian knees and has not yet been
applied to evaluate ethnical differences in coronal alignment.

The purpose of this study was therefore (1) to apply the functional knee phenotype
concept to a non-osteoarthritic Asian population, and (2) to compare the distribution of
this population to an already published distribution of a non-osteoarthritic Caucasian
population. It was hypothesized that Asian and Caucasian knees do not differ regarding
their coronal alignment.

2. Materials and Methods

The SOMA database (Stryker Orthopaedic Modeling and Analytics database, Stryker,
Mahwah, NJ, USA) was searched for CT scans of the lower limb meeting the following in-
clusion criteria: patient age at time of image >18 and <46 years, no signs of fractures and /or
evidence of previous surgery and/or degenerative changes (osteoarthritis), patient of Asian
ethnicity. SOMA is a database containing over 3500 CT scans that have been segmented to
provide 3D models of more than 15,000 individual bones. Whilst the patients whose scans
are included in the database are anonymized, basic demographic information (age, gender
and ethnicity) is recorded for each. Scans were performed in several institutions around
the world and were only eligible for inclusion if the slices were less than 1.5 mm thick and
without motion artefacts. A total of 80 CT scans of 40 patients were included (24 males,
16 females). Mean age + standard deviation (SD) was 34 &+ 7 years in males and 33 + 7
in females. The following angles were measured and reported as mean + SD and range
(Figure 1): hip—knee-ankle angle (HKA, the angle is formed by the lines connecting the
centers of the femoral head, the knee and the talus), femoral mechanical angle (FMA, the
angle between the femoral mechanical axis and a tangent to the distal femoral condyles),
tibial mechanical angle (TMA, the angle between the tibial mechanical axis and a tangent to
the proximal tibial joint surface). For the sake of consistency, the medial angle was always
reported. Thus, an angle for FMA and TMA of less than 90° means varus, and an angle of
more than 90° means valgus.

All measurements were conducted using algorithm-calculated constructions on a refer-
ence bone, which were then mapped to each chosen bone from the database. This resulted
in reproducible and consistent constructs for each specimen [15-18]. Previous accuracy
and reproducibility analysis estimated that this system allows automated measurement of
anatomical parameters in the proximal femur with a margin of error of less than 2 mm or
1° [19].

Based on these measurements, each limb was phenotyped according to the previously
introduced functional knee phenotype concept [12]. Table 1 shows the definition of these
phenotypes.



J. Pers. Med. 2022, 12, 121

30f10

HKA

Figure 1. This figure illustrates the measured angles: hip—knee—ankle angle (HKA, the angle is
formed by the lines connecting the centers of the femoral head, the knee and the talus), femoral
mechanical angle (FMA, the angle between the femoral mechanical axis and a tangent to the distal
femoral condyles), tibial mechanical angle (TMA, the angle between the tibial mechanical axis and a
tangent to the proximal tibia joint surface).

Table 1. Definitions for all phenotypes: limb phenotype (based on hip—knee—ankle angle (HKA)),
femoral phenotype (based on femoral mechanical angle (FMA)) and tibial phenotype (based on tibial

mechanical angle (TMA)).

Coronal Alignment

Average Value

VARpga9° 169.5° < HKA < 172.5° 171°
VARHKA VARpgA6° 172.5° < HKA < 175.5° 174°
HKA NEUpkA NEUpkA0° 178.5° < HKA < 181.5° 180°
VALpga3° 181.5° < HKA < 184.5° 183°
VALpka VALpgA6° 184.5° < HKA < 187.5° 186°
VALpiga9° 187.5° < HKA < 190.5° 189°
VARmA VARpMA6 85.5° < FMA < 88.5 87
FMA NEUpma NEUgpa0° 91.5° < FMA < 94.5° 93°
VAL VALppa3° 94.5° < FMA < 97.5° 96°
FMA VALppA6° 97.5° < FMA < 100.5° 99°
VARmA VARTMAG 79.5° < TMA < 82.5 81
T™MA NEUTMA NEUpa0° 85.5° < TMA < 88.5° 87°
VAL VAL1pa3° 88.5° < TMA < 91.5° 90°
TMA VALTpa6° 91.5° < TMA < 94.5° 93°

The first part (NEU = neutral, VAR = varus, VAL = valgus) defines the deviation direction of alignment. The
second subscripted part (e.g., HKA) states the measured angle. The last part (0°, 3° and 6°) shows the mean value
of the phenotypes, which represents the mean deviation of the phenotype from the overall mean value.
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The angles (HKA, FMA and TMA) and distribution among the phenotypes of the
present study were compared to Hirschmann et al.’s previously published angles and
distribution of a non-osteoarthritic Caucasian population [12-14]. This retrospective study
included 308 knees of 160 non-osteoarthritic patients who received a CT in accordance
with the Imperial Knee Protocol. The male-to-female patient ratio was 102:58, and the
mean age + standard deviation was 30 & 7 years (16—44). The same coronal alignment
parameters as seen in the present study were measured by one observer using a previously
validated, commercially used planning software that creates 3D models based on CT scans
(KneePLAN 3D, Symbios, Yverdon les Bains, Switzerland). For CE marking, the accuracy of
measurements including inter- and intra-observer reliability has been reported as excellent,
with measurement variability within 1°.

A professional and experienced statistician F.A (FA) performed all calculations using
IBM SPSS Statistics for Windows, version 26.0 (IBM Corp: Armonk, NY, USA). Descriptive
statistics such as means, standard deviations, medians, ranges and measures of variance
are presented. For independent samples, ¢-tests were used to compare group differences
as all angles were normally distributed. In some patients, both limbs were included in
the analysis, and thus the relevant N for ¢-tests was set to the number of patients instead
of number of limbs. Beckers et al. applied the phenotype system when investigating
the left-to-right symmetry of 250 non-osteoarthritic knees [20]. Symmetrical distribution
was found in 79% of the overall limb phenotype (HKA), and in only 59% of the limb
phenotype (FMA, TMA). This asymmetry supports the strategy to phenotype each limb
separately as performed in the present study. Phenotypes were compared with linear-by-
linear association tests for ordinal categories. Due to significantly different angles of male
and female legs and different proportions of male and female legs in the two groups, values
were reported separately for each sex. The statistical level of significance was two-sided
p <0.05.

3. Results
3.1. Basic Alignment Parameters

Table 2 shows the mean values £ SDs and the ranges found in the female and male
populations. Females showed significantly higher HKA and FMA values than males. Asian
knees had a significantly lower TMA (both genders p < 0.001) but a higher FMA (males
p < 0.05, females p < 0.001).

Table 2. Mean HKA, FMA and TMA values with standard deviations (SDs) and ranges for female
and male knees.

Asian Caucasian ! p-Value *
Angle N Mean + SD Range N Mean + SD Range
HKA 178.5° £2.0°  173.7-182.9° 179.2° £2.8°  172.6-184.9° 0.15
Male TMA  48/24 84.1° +14° 81.1-86.7° 195/102 86.7° £2.3° 81.3-94.6° <0.001
FMA 94.1° £ 2.0° 87.5-97.4° 93.1° £2.1° 87.9-100.0° 0.03
HKA 180.5° £ 2.8° 174-185.3° 180.5° £2.7°  172.9-187.1° 0.99
Female TMA  32/16 84.2° +2.7° 77.5-89° 113/58 88.0° £2.3° 82.3-94.0° <0.001
FMA 96.6° + 1.6° 93.7-99.8° 93.8° £ 1.8° 90.1-98.1° <0.001
HKA 0.02 <0.007
Mal(e f’jélieg‘ale TMA 0.90 0.001
b FMA <0.001 0.03

! Previously published values [2,13]. * p-values were calculated on the basis of number of patients.

3.2. Phenotypes

The distribution of the male and female populations among limb, femoral and tibial
phenotypes is shown in Figures 2—4.
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Asian and Caucasian knees differed significantly with regard to their femoral pheno-
types (Premales < 0.001, pmates < 0.01) and tibial phenotypes (p < 0.001), but not with regard
to their limb phenotypes.

Femoral phenotypes confirmed a more valgus-aligned femoral joint line in Asian
compared to Caucasian knees: 52% of the male Asian knees had the phenotype VALppa3°,
which was only present in 22% of the male Caucasian knees. This percentage was similar in
female knees (56% vs. 28% in VALgMa3?). VALEMA6° was only present in 2% of the female
Caucasian population, but in 31% of the female Asian knees.

The distribution of the tibial phenotypes reflects a more varus-aligned tibial joint line
in Asian knees compared to Caucasian knees: VART\A3° was present in 63% of the male
Asian knees and only in 24% of the male Caucasian knees. VARTp26° was only found in
1% of the female Caucasian knees, but in 31% of the female Asian knees.

Limb phenotypes

0.60
0.50
0.40
0.30
0.20
0.10 I
I i
VAR 9 VAR 6 VAR 3 VAL 3 VAL 6 VAL 9
M Asian Male Caucasian Male  m Asian Female Caucasian Female

Figure 2. Proportion of male and female limb phenotypes of the present Asian population compared
to a previously published Caucasian population [13].

Femoral phenotypes
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Figure 3. Proportion of male and female femoral phenotypes of the present Asian population
compared to a previously published Caucasian population [14].
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Figure 4. Proportion of male and female tibial phenotypes of the present Asian population compared

to a previously published Caucasian population [14].

Combining the femoral and tibial phenotypes of the patients with the knee phenotypes

showed that VALgpa3° + VART\MA3® was most common (Table 3). This knee phenotype
was found in 29% of the male and 22% of the female Asian knees, but in less than 10% of
the Caucasian knees. In male Caucasian knees, the most common knee phenotype was
NEUpMA3° + NEUTMA3® (26%), which was only seen in 6% of the male Asian knees. In
female Caucasian knees, the most common knee phenotype was NEUgya3° + VALTp43°
(28%), which was only seen in 3% of the female Asian knees.

Table 3. The distribution of female (above) and male (below) populations among the different knee

phenotypes of the Asian group.

Females Plf:r‘:)‘t’;;les VAR 9 VAR 6 VAR 3 NEU VAL 3 VAL 6 VAL 9
ph;r;gi;lpes Ranges 825°-855°  855-88.5°  885-91.5°  915-945°  945-975°  975-100.5°  100.5-102.5°
VAR 9 79.5-82.5° 1(3%)
VAR 6 82.5-85.5° 2 (6%) 6 (19%) 2 (6%)
VAR 3 85.5-88.5° 7 (22%) 4 (13%)
NEU 88.5-91.5° 1(3%) 4 (13%) 4 (13%)
VAL 3 91.5-94.5° 1(3%)
VAL 6 94.5-97.5°
VAL 9 97.5-100.5°
Males P::r‘:)‘:;‘:es VAR 9 VAR 6 VAR 3 NEU VAL 3 VAL 6 VAL 9
phgigi;lpes Ranges 825-855°  855-88.5°  88.5-91.5°  91.5-945°  945-97.5°  975-1005°  100.5-102.5°
VAR 9 79.5-82.5°
VAR 6 82.5-85.5° 3 (6%) 3 (6%)
VAR 3 85.5-88.5° 2 (4%) 1(2%) 13 (27%) 14 (29%)
NEU 88.5-91.5° 1 (2%) 3 (6%) 8 (17%)
VAL 3 91.5-94.5°
VAL 6 94.5-97.5°
VAL 9 97.5-100.5°
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The most common functional knee phenotype in Asian knees was NEUpga0° +
VALRpMA3® + VARTMA3C in both genders (male: 19%, and female: 25%), but this only ac-
counted for less than 3% each of the male and female Caucasian knees. In Caucasian knees,
the most common functional knee phenotype was NEUpxs0° + NEUpMa3° + NEUTMA3®
in both genders (male: 19%, and female: 18%), but this only accounted for 4% of the male
Asian knees, while it accounted for none of the female Asian knees.

4. Discussion

The most important findings of the present study are the following;:

First, the study hypothesis was rejected as the tibial and femoral coronal joint line
orientation of Asian knees significantly differed from that of Caucasian knees. Male and
female Asian knees had a more varus-aligned tibial joint line (2.6° and 3.8°) and a more
valgus-aligned femoral joint line (1° and 2.8°) than their Caucasian counterparts.

The increased valgus alignment of the distal femur in Asian knees was first described
by Harvey et al. (FMA = 96°) using short leg films [9]. Zeng et al. confirmed these findings
using 3D-reconstructed CT scans, although the valgus alignment was lower than in the
present study (FMA = 93.8° in males, and 94.4° in females) [10]. On the contrary, the increase
in the varus alignment of the tibial joint line in Asian knees is less supported in the literature,
with just one study using weight-bearing radiographs. Tang et al. investigated the TMA in
50 healthy volunteers from South China and found an increased varus alignment (TMA in
males 85.1°, TMA in females 84.6°) compared to studies on Caucasian knees [21].

Secondly, ethnical differences between non-osteoarthritic Asians and Caucasians were
not observed for overall limb alignment. The HKA was slightly in varus in male knees
and slightly in valgus in female knees in both ethnicities. These findings are in line
with previously published findings using non-weight-bearing imaging modalities [13,22].
Nevertheless, comparing the overall limb alignment of weight-bearing imaging (LLR) with
non-weight-bearing imaging (CT/MRI) is difficult, as the effect of laxity, for example, might
increase the HKA in a weight-bearing position. However, the FMA and TMA rely solely
on bony landmarks of one bone, and therefore neither parameter should be influenced by
weight bearing. Nevertheless, rotation and flexion of the knee make 2D imaging modalities
less reliable than 3D evaluation [23,24]. Reviewing the current literature revealed a lack
of knowledge of the coronal alignment of non-osteoarthritic Asian knees in 3D, as most
studies used radiographs [9,11,21,25-30] (n = 9), one study used MRI [22] and only one
study reconstructed CT scans in 3D [10].

Our results clearly support findings of recent studies that show classifying the coronal
knee alignment only by the HKA in varus, valgus or neutral is short sighted [12]. Assessing
only HKA would be misleading, as no difference in HKA was found, although there are
coronal alignment differences between Asian and Caucasian knees.

The application of the “functional knee phenotype” concept thereby better represents
the individual coronal knee alignment. Phenotyping the knee allows a different perspective
on the individual knee anatomy and enables a more profound discussion about ethnical
differences [12]. The results of the present study not only reveal that Asian knees have a
highly variable joint line orientation of the femur and tibia, but also that their combination
(knee phenotypes) in relation to the overall alignment is unique and different compared
to Caucasian knees. Asians and Caucasians with the same HKA have different tibial and
femoral joint line orientations regardless of overall alignment (varus/valgus/neutral).

Ethnical differences of the femoral and tibial phenotypes might play an important
role for the knee surgeon planning for TKA. Mechanical alignment aims to place the
femoral and tibial components perpendicular to their mechanical axis [31]. For a long
time, it was accepted that the distal femoral joint line is in 3° valgus and the tibial joint
line is in 3° varus [32]. Although this might approximately be the case for the average
population, severe individual deviations have been reported for Caucasian knees [14]. As
a consequence, aiming for a mechanical alignment in TKA results in severe changes in
collateral ligament strains and the envelope of laxity in many knees [33]. The present study
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shows that non-osteoarthritic Asian knees have an increased deviation from neutral in the
femur and the tibia (FMA and TMA = 90°) compared to Caucasian knees. Accordingly,
mechanical realignment changes the coronal alignment in Asian knees more strongly.
Similarly, the concept of anatomical alignment has been developed on the basis of Caucasian
knees, and its applicability for Asian knees is questionable as well [34]. The aim of the
anatomical realignment strategy is to align the lower limb neutrally (HKA = 180° + 1.5°)
and to anatomically restore the 3° valgus in the femoral joint line (FMA of 87°) and the 3°
varus in the tibial joint line (TMA of 87°). Likewise, the present study demonstrates that
the native joint line orientation is different in Asian knees. Consequently, despite aiming to
restore the natural joint line orientation, anatomical alignment would significantly change
the anatomy in most Asian knees.

Whereas mechanical alignment and anatomical alignment follow a systematic, more
dogmatic approach, the recently introduced kinematic alignment aims for an individualized
alignment strategy [35]. The postoperative alignment of patients treated using this concept
mimics the native coronal knee alignment of the individual knee because the pre-arthritic
femoral and tibial distal joint lines are restored [36]. This alignment strategy considers the
individual anatomy of a patient and thereby offers an approach to diminish ethnical-related
differences in coronal alignment [37].

In summary, the high variability of all coronal alignment parameters and ethnical
differences in FMA and TMA highlights the importance of a detailed coronal alignment
analysis prior to TKA. The functional knee phenotype concept should be applied in order
to obtain a more comprehensive understanding of the individual coronal knee alignment.

The present study has a considerable number of limitations: First, the data were
derived from a database (SOMA) with only limited patient information. Although we know
that most of the patients come from China, Singapore or Taiwan, the exact origin of each
patient is unknown. Previous studies suggested differences in alignment parameters within
the Asian ethnicity (e.g., between Indian and Japanese patients) which could have biased
our analysis [22,27]. Furthermore, the effect of the patient’s height on coronal alignment
was not investigated, as height data were not provided by the database. It would have
been interesting to compare the alignment parameters to the same ranges of height in both
populations. The study on Caucasian knees published by Hirschmann et al. likewise did not
provide any data on patients” height. However, one study by Nayak et al. suggested patient
height had no effect on coronal knee alignment. They investigated 966 limbs of 493 Indian
patients (56.05% females, and 42.96% males) on long-leg radiographs and did not find
any significant association of patient height with the alignment of the limb (p < 0.05) [38].
The sample size was small (48 male knees and 32 female knees). Phenotyping 40 male
knees revealed 17 different functional knee phenotypes, and phenotyping 32 female knees
revealed 15 different functional knee phenotypes. Hirschmann et al. found 35 different
functional knee phenotypes in 195 males and 26 different functional knee phenotypes in
113 females. This suggests that the number of different functional knee phenotypes would
increase when investigating a larger population. However, this is currently the largest
dataset of 3D-reconstructed CT scans in a non-osteoarthritic Asian population investigating
coronal knee alignment using the phenotype concept.

5. Conclusions

The high variability of all coronal alignment parameters highlights the importance
of a detailed analysis prior to TKA. Ethnical differences underline the need for a more
individualized approach in TKA.
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