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Abstract

Purpose The objective of this study was to evaluate the functional lower extremity alignment based on both position and
motion [functionally oriented alignment (FOA)] of the knee in healthy elderly, varus osteoarthritis (OA), and total knee
arthroplasty (TKA) subjects.

Methods This study evaluated 87 knees in 24 healthy elderly (72 +5 years), 39 varus OA (72 + 6 years), and 24 TKA
(75 +4 years) subjects. A 3D assessment system was used on 3D models and biplanar long-leg radiographs with the toe angle
reflecting gait direction, by applying a 3D-to-2D image registration technique. In the world coordinate system, the y-, z-, and
x-axes were defined as gait direction, gravity direction, and the cross product of y- and z-axes, respectively. The parameters
were: (a) coronal inclination, sagittal inclination, and transverse direction of the femur and tibia relative to the ground and
(b) the difference between the yz-plane of the world coordinate system (functional plane) and the yz-plane of the femoral or
tibial coordinate system (anatomical plane).

Results The femur had more medial and posterior inclination and the tibia had more lateral and anterior inclination in osteo-
arthritic knees as compared to healthy knees, and TKA knees had inclinations similar to healthy knees. Rotation was similar
or different in the anatomical and functional planes among the subjects with the healthy, knee OA, and TKA.

Conclusions The association between the anatomical and functional planes and the position of each bone relative to gravity
varied depending on the condition of the knees.

Level of Evidence: Level of 111

Keywords Functionally oriented alignment - Lower extremity alignment - Knee forward - Gait direction - Bone inclination -
Functional plane - Anatomical plane

1 Background
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Lower extremity alignment is a critical factor that explains
issues related to the onset and progression of knee osteo-
arthritis (OA) [1-5]. These factors are also important with
respect to clinical results and prosthesis longevity in total
knee arthroplasty (TKA) [6-8].

Lower extremity alignment is based on an anatomical
coordinate system [anatomically oriented alignment (AOA)]
[9-11] that defines the direction of anteroposterior plane,
vertical to the extension-flexion axis of the knee [12—14]
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as “knee forward” (Fig. 1). For example, in the femoral or
tibial coordinate system, the anteroposterior anatomical
plane, meaning “knee forward”, was generally defined as
the sagittal plane in the femoral or tibial coordinate systems,
respectively [15, 16]. At present, it remains unclear whether
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Fig. 1 Anatomical and func-
tional planes. The anteroposte-
rior plane (Y-Zf plane) vertical
to the extension-flexion axis

of the femur was defined as
“knee forward”. The difference
between the anatomical and
functional planes indicated the
difference between the “knee
forward” and the gait direction.
In this study, the anatomical
plane was defined as each of
the yz-plane of the femoral and
tibial coordinate system, respec-
tively. The functional plane was
the direction of the yz-plane of
the world coordinate system.
Yw, Yf, and Yt=y-axis of the
world, femoral, and tibial coor-
dinate system; Y-Zw, Y-Zf, and
Y-Zt=y-z plane of the world,
femoral, and tibial coordinate
system

Extension-flexion axis

“knee forward” is femoral or tibial anteroposterior anatomi-
cal plane in healthy knees.

For healthy knees, either the femoral or tibial anteropos-
terior anatomical plane assumingly corresponds to the gait
direction. However, in individuals with knee OA, anatomi-
cal plane may not correspond to the gait direction due to
torsional deformities of the bone and/or rotational mismatch
between the femur and tibia [17-19]. Previous reports docu-
mented the association of external rotation gait with osteo-
arthritic knees [20, 21], a possible example of discordance
between the anteroposterior anatomical plane and the gait
direction. As regards to TKA, the authors have occasion-
ally experienced inconsistency between the gait direction
and the anteroposterior axis of the implant, even when the
common X-ray in knee forward view is showing acceptable
implant position relative to the bone. The different relation-
ship between the two planes, compared to what has been
observed for healthy knees, may cause eccentricity and over-
loading at the knee joint ultimately leading to further pro-
gression of knee OA and the persistence of serious problems
after TKA [22, 23].

As such, use of AOA as the sole means of evaluation for
the lower extremity alignment is not sufficient; a means for
the evaluation of functional alignments based on both posi-
tion and motion [functionally oriented alignment (FOA)]
will be necessary for a full assessment of joint dysfunction.
When humans walk in a forward direction, the functional
plane defining the pelvis, hip, and knee joints coincides
[17, 18, 24]; extensor mechanism, such as the quadriceps
femoris, is assumingly maintained in the forward position
as the gait direction. In other words, the gait direction can
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reflect the function of the lower extremity, such as exten-
sor mechanism. As the toe angle can be related to the tibial
torsion, the toe angle itself may not necessarily coincide
with the gait direction; the gait direction is presumed to bet-
ter reflect the function of the lower extremity than the toe
angle. Therefore, in this study, FOA can be evaluated by a
coordinate system that defines the gait direction, not the toe
angle, as the “y-axis” and vertical direction to the ground as
the “z-axis”. The objectives of this study are: (a) to define
the new parameter “FOA”, (b) to evaluate FOA in elderly
subjects with healthy knees to generate reference data, (c)
to assess FOA in subjects with knee OA and those who have
undergone TKA, and (d) to compare FOA with AOA in each
subject. As far as clinical relevance is concerned, this study
would demonstrate the potential to identify one of the causes
of the onset and progression of knee OA and serious adverse
problems after TKA.

2 Materials and Methods

A total of 107 elderly Japanese volunteers with no knee
complaints and no history of joint disease or major injury
in the lower extremity were prospectively reviewed. Phy-
sicians assessed their general and lower extremity condi-
tions using physical tests and radiographs, and excluded
seven subjects with radiographic evidence of knee OA.
Of 100 healthy elderly patients (50 men, 50 women) with
grades 0—1 on the Kellgren-Lawrence (K-L) classification
[25] and no radiographic knee OA (K-L 0, 1), the healthy
volunteers were randomly selected [3, 17]. For the subjects
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with advanced knee OA (K-L grade 3 or 4), the subjects
with the preoperative TKA were randomly selected from
the database in our institute. In TKA, the patients with
the follow-up duration of over 1-year post-procedure were
randomly selected from the database in our institute.

In this study (Table 1), we evaluated 24 knees from
healthy elderly subjects (6 females and 6 males) with a
mean (£ SD) age of 72 + 5 years and mean body mass index
(BMI)of 21.4+1.2 kg/mz. We also evaluated 39 advanced
osteoarthritic varus knees (20 females and 2 males with 35
and 4 knees, respectively); this group had a mean age of
72 + 6 years and mean BMI of 25.8 + 3.6 kg/m>. We also
included 24 patients of postsurgical TKA (14 females and
1 male with 22 and 2 knees, respectively) with a mean age
of 75 +4 years and mean BMI of 25.9 +3.2 kg/m?; the
patients with history of TKA who were evaluated were at
least 1-year post-procedure. The K-L grades showed K-LO
(8 knees) or K-L.1 (16 knees) in healthy knees and K-L3
(4 knees) or K-L4 (35 knees) in knee OA, respectively.

All TKAs were performed using the Evolution® Medial
Pivot Knee system (MicroPort Orthopedics Inc., Arling-
ton, TN, USA) with cruciate substituting inserts. The sur-
gical procedure included resection of the posterior cruciate
ligament and the femoral distal surface was cut perpen-
dicularly to the mechanical axis in the coronal plane. The
sagittal alignment was adjusted to prevent anterior notch
in the femur and the rotational alignment of the femoral
component was set parallel to the surgical epicondylar axis
[19]. The tibial posterior slope was 3°; the proximal tibia
in the coronal plane was cut at 90° to the mechanical axis
of the tibia. The rotational position of the tibia was based
on the Akagi line [26]. The patella was not resurfaced and
lateral retinaculum release was not performed.

2.1 Outline of a Three-Dimensional Lower
Extremity Alignment Assessment System

The unique three-dimensional (3D) lower extremity align-
ment assessment system (Knee CAS; LEXI, Inc., Tokyo,
Japan) was used as earlier described [4, 5, 8-11, 15-19,
27-36] to evaluate FOA parameters. 3D digital models of

the femur and tibia were reconstructed from computerized
tomography (CT) images (Canon Aquilion 64 CT, Canon
Medical Systems, Tochigi, Japan) using 3D visualization
and modeling software (ZedView; LEXI Inc., Tokyo, Japan).
Biplanar radiographs of the entire lower extremity were
obtained in weight-bearing conditions. The subject stood
on the turn-stage, and the entire lower extremity was imaged
in the frontal and 60° oblique directions with computed radi-
ography. The 3D digital bone and component models were
projected on biplanar radiographs by a 3D-to-2D image reg-
istration technique (Fig. 2). All alignments and deformities
were calculated automatically. As regards to accuracy, our
previous study reported that median values of the absolute
error in estimating relative positions were within 0.5 mm
and 0.6° for the femur with respect to the tibia [27].

2.2 Standing Position in Biplanar Radiographs

Biplanar radiographs of the entire lower extremity were
obtained in weight-bearing conditions with the right and
left toe angles, respectively, reflecting the gait direction. The
gait direction overall and the toe angle relative to the gait
direction is important for accurate measurement of FOA.
These measurements to determine the gait direction and toe
angles were performed using the following methodology
(Fig. 3): two pins were attached to the anterior and poste-
rior parts of the sole of the shoes worn by the test subjects
which created perforations in paper laid out on the floor
during free walking. The gait direction was determined
over three cycles of free gait via assessment of the direc-
tion of the perforations made by the anterior pin. The aver-
age toe angles were determined by the gait direction and
the direction of the perforations made by both the anterior
and posterior pins. In the cases with bilateral sides, the toe
angles were separately evaluated on the right and left sides
for each of the subjects as toe angles on the right and left
sides could differ in the same subject. The toe angles were
presented as the positive angles in external rotation relative
to the gait direction. The average + SD of the toe angles were
6.5 +4.5° (range, — 0.5-14.5°) in healthy knees, 1.9 +7.1°

Table 1 Demographic data

Variables, mean or proportions  Healthy (n=24) OA (n=39) TKA (n=24) p value
Mean 95%ClI Mean 95%CI Mean 95%CI

Age, years 70-74 72 70-74 75 73-77 <0.001*

BMI, kg/m? 214 209-21.8 258 24.6-27.0 259 24.5-27.3 0.032*

Toe angle (external rotation, +) 4.6-8.4 1.9 -0442 21 —1.3-5.5 0.025*

Sex (male:female), n 12:12 4:35 2:22 <0.001*

BMI Body mass index; Toe angle was defined as the positive values in external rotation relative to the gait

direction, n knees

*Significant difference =p < 0.05, n.s.=p > 0.05
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Fig.2 Biplanar X-ray images of the entire lower extremity and 3D-to-
2D image registration technique. Biplanar X-ray images of the entire
lower extremity were obtained under weight-bearing conditions. The

(range, — 17.6-20.0°) in knee OA, and 2.1 +8.1° (range,
— 10.0-25.2°) in TKA (Table 1).

2.3 Coordinate System

With respect to the world coordinate system, the y-axis was
defined as the gait direction, the z-axis was defined in the
direction of gravity, and the x-axis was defined as the cross-
product between the y- and z-axes. The anatomical femoral
and tibial coordinate systems were established in reference
to bony landmarks as defined earlier [15, 16] (Fig. 4).

2.4 Assessment Parameters

All the parameters used for the assessment of FOA were
evaluated using the world coordinate system in weight-
bearing conditions that include (Figs. 5, 6) (a) coronal
inclination, i.e., the inclination of the functional axes of the
femur and tibia with respect to the coronal plane; (b) sagittal
inclination, i.e., the inclination of the functional axes of the
femur and tibia with respect to the sagittal plane; (c) trans-
verse direction, i.e., the angle between the gait direction
and the surgical epicondylar axis of the femur or the Akagi
line of the tibia; (d) the coronal and sagittal alignments in
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3D digital bone and component models were projected on biplanar
X-ray images by a 3D-to-2D image registration technique

hip-knee-ankle angle (HKA) and rotational alignment in
FOA and AOA; and (e) the difference between the anatomi-
cal and functional planes in both the femur and tibia.

The coronal inclination was defined as follows: the
femoral functional axis is the line between the femoral
head and the origin point of the femoral coordinate sys-
tem. The tibial functional axis is the z-axis of the tibial
coordinate system. The femoral and tibial coronal inclina-
tion is defined as the angle of each functional axis rela-
tive to the z-axis of the world coordinate system in the
coronal plane, respectively (medial inclination: +). The
femoral and tibial sagittal inclination is defined as the
angle of each functional axis relative to the z-axis of the
world coordinate system in the sagittal plane, respectively
(anterior inclination: +). In the transverse plane, the surgi-
cal epicondylar axis is defined as the line connecting the
lateral epicondylar prominence and the lowest point of the
medial sulcus of the medial epicondyle. The Akagi line
is defined as the line between the center of the posterior
cruciate ligament attachment and medial edge of the tibial
tuberosity. The transverse direction is defined as: (a) the
angle of the surgical epicondylar axis relative to the x-axis
of the world coordinate system on the femoral side (this
angle means the same angle between the perpendicular
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Fig.3 Gait direction and toe
angle. The toe angle and gait
direction were determined using
the following methodology:

two pins were attached to the
anterior and posterior parts of
the sole of the shoes worn by
the test subjects which created
perforations in paper laid out on
the floor during free walking.
The gait direction was deter-
mined over three cycles of free
gait via assessment of the direc-
tion of the perforations made
by the anterior pin. The average
toe angle was determined by the
gait direction and the direction
of the perforations made by
both the anterior and posterior
pins. Biplanar radiographs of
the entire lower extremity were
obtained under weight-bearing
conditions with the toe angle
reflecting gait direction

line to the surgical epicondylar axis and the y-axis of the
world coordinate system) and (b) the angle of Akagi line
relative to the y-axis of the world coordinate system on the
tibial side, respectively (external rotation: +). The coro-
nal alignment in HKA was defined as the angle between
the functional axes of the femur and tibia in the coronal
plane of the world coordinate system (larger: varus). The
sagittal alignment in HKA is defined as the angle between
the functional axes of the femur and tibia in the sagittal
plane of the world coordinate system (flexion: —). The
rotational alignment is defined as the angle between the
surgical epicondylar axis and the Akagi line in the world
coordinate system (the tibial rotation relative to the femur;
tibial external rotation: +). In AOA, each of alignment is
evaluated in the femoral coordinate system.

The difference between the anatomical and functional
planes in the femur is defined as the angle of the x-axis
in the femoral coordinate system relative to the x-axis in
the world coordinate system (external rotation: +). In the
tibia, the two plane difference is defined as the angle of the
y-axis in the tibial coordinate system relative to the y-axis
in the world coordinate system (external rotation: +).

Toe angle

Gait direction

As a simple interpretation of these parameters, the coro-
nal and sagittal inclination represents the inclination of
each bone relative to the ground, and the rotational param-
eters represent the rotational deviation of each bone with
respect to the gait direction in FOA. Overall, the difference
between the anatomical and functional planes reveals the
deviation between “knee forward” and the gait direction.
In this study, the anatomical plane is defined as the yz-
plane in each of the femoral and tibial coordinate systems,
respectively. The functional plane is the direction of the
yz-plane in the world coordinate system.

This study was performed using a protocol approved by
the institutional review board of our institution.

2.5 Statistical Analysis

Normality of the data was examined by using the Shap-
iro—Wilk test. The differences in these parameters among
three groups (healthy, OA, and TKA) were statistically
examined using the one-way analysis of variance with the
post-hoc test (Tukey) when the data had a normal distri-
bution, or the Kruskal-Wallis test with the post-hoc test
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Fig.4 Anatomical coordinate system of the femoral and tibial coor-
dinate system. In the femur, the geometric center axis was defined as
the femoral x-axis (positive to the right) and the origin was defined as
the midpoint between the centers of these posterior condylar spheres.
The femoral z-axis was defined as the line perpendicular to the x-axis
in a plane formed by the x-axis and a line connecting the femoral
origin and the center of the femoral head (positive superiorly). The
femoral y-axis was defined as the cross product of the z-axis and
x-axis (positive anteriorly). For the tibia, the z-axis was defined by
a line connecting the midpoint of the tibial eminences and those of
the medial and lateral top of the talar dome (positive in the superior
direction). The tibial y-axis (positive in the anterior direction) was
the line perpendicular to the z-axis from the mediolateral center of
the tibial insertion of the posterior cruciate ligament. The tibial x-axis
was the cross-product of the z- and y-axes (positive to the right)

Fig.5 Assessment parameters
of the inclination of each bone
and the lower leg alignment in
FOA. Xw, Yw, and Zw =each
axis of the world coordinate sys- N
tem, F: medial femoral = medial F- Medial
inclination, F: lateral =femo- ’
ral lateral inclination, 7

medial =tibial medial inclina-
tion, T lateral =tibial lateral
inclination, F: anterior=femo-
ral anterior inclination, F:
posterior=tfemoral posterior
inclination, T anterior=tibial
anterior inclination, 7" poste-
rior =tibial posterior inclination
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(Bonferroni) when the data did not have a normal distribu-
tion. For comparison between AOA and FOA for the same
subjects, the paired t-test was used when the data had a
normal distribution and equal variance, and the Wilcoxon
signed-rank test was used when the data had no normal dis-
tribution. The proportion of data on the basis of sex was
evaluated by the Chi-square test. In all tests, the level of
statistical significance was set at a p-value <0.05. Statisti-
cal analyses were performed using SPSS, version 26 (SPSS,
Inc., Chicago, IL, USA). For the sample size calculation (a
error =0.05, 1-p error=0.80), a total number of 69 knees
were required; this study included a total of 87 knees and
was thus a sufficient sample size.

3 Results

A comparison of FOA of osteoarthritic with healthy knees
is shown in Tables 2 and 3. In knee OA, we found that the
femur was subjected to more medial inclination (p <0.001)
and the tibia to more lateral inclination in the coronal plane
(»p=0.003). In the sagittal plane, the femur revealed more
posterior inclination (p =0.014) and the tibia revealed more
anterior inclination (p <0.001) in knee OA. In the transverse
plane, the tibia revealed similar directionality (p =0.945),
whereas the femur exhibited more external rotation in knee
OA (p=0.005).

Comparing measurements of TKA to the other condi-
tions (Tables 2 and 3), it was found that both femur and
tibia in TKA were aligned more vertically with respect

F: Lateral F: Posterior F: Anterior

T: Lateral
T: Posterior T: Anterior

Yw
~
Sw

\) Internal

\
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Fig.6 Parameters of the differ-
ence angle between the anatom-
ical plane and functional plane
in each of the femur and tibia.
Xw, Yw, and Zw =each axis of
the world coordinate system;
Xf, Yf, and Zf=each axis of the
femoral coordinate system; Xz,
Yt, and Zt=each axis of the
tibial coordinate system
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Table 2 Comparison of the alignment among the groups in one-way ANOVA

Variables Healthy (n=24) OA (n=39) TKA (n=24) p value
Mean 95%CI Mean 95%CI Mean 95%CI
Femoral coronal inclination (medial inclination: +), © —-1.6 —-24t0-09 2.5 14t035 —-13 2.1to-0.5 <0.001*
Tibial coronal inclination (medial inclination: +), © -50 —-58t0-42 -77 -90to-63-42 —-5.6to—2.7 <0.001*
Femoral sagittal inclination (anterior inclination: +), ° 4.6 3.1-6.2 1.2 —-05t029 35 1.6-5.3 0.013*
Tibial sagittal inclination (anterior inclination: +), ° 4.3 3.4-53 8.6 7.1-10.1 23 0.6-4.0 <0.001*
Femoral transverse direction (external rotation: +), ° -6.8 —-10.8-—-29 1.5 —-1343 5.5 1.6-9.3 <0.001*
Tibial transverse direction (external rotation: +), © -04 -33-24 03 -28-33 7.5 4.3-10.7 0.001*
FOA: coronal alignment in HKA (larger: varus), ° 183.5 182.6-184.4 190.3 188.3-192.2 1823 181.5-183.1 <0.001*
FOA: sagittal alignment in HKA (flexion: -), ° 0.3 -1.9-25 -74 -102—46 12 - 1.6-4.0 <0.001%*
FOA: rotational alignment (larger: tibial internal rotation), © 83.4  80.2-87.0 91.3 88.5-93.9 88.0 85.4-90.6 0.001*
AOA: coronal alignment in HKA (larger: varus), ° 182.8 181.8-183.7 190.5 188.3-192.7 1822 181.3-183.1 <0.001*
AOA: sagittal alignment in HKA (flexion: -), © 0.9 -1.5-33 -72 -99—44 10 -1.8-3.9 <0.001%*
AOA: rotational alignment (larger: tibial internal rotation), ° 84.4  80.9-87.9 92.1 88.0-96.1 86.2 83.6-88.9 <0.001%*
Femoral difference between the anatomical and functional -91 -128—-55 -—-16 —-46-14 4.1 0.1-8.1 <0.001*
planes (external rotation: +), °
Tibial difference between the anatomical and functional 3.5 0.8-6.2 33 -0.6-73 8.9 5.3-12.5 0.072

planes (external rotation: +), °

HKA Hip-knee-ankle angle, FOA functionally oriented alignment, AOA anatomically oriented alignment
*Significant difference=p <0.05, n.s.=p>0.05

to the ground than knee OA (femoral coronal inclination,  tibial sagittal inclination, p=0.467). In the transverse plane,
p <0.001; tibial coronal inclination, p <0.001; tibial sagit- the tibia was more externally rotated in TKA than that in
tal inclination, p < 0.001); findings from TKA were statisti- other conditions (healthy vs. TKA, p=0.004; OA vs. TKA,
cally indistinguishable from those in the healthy controls =~ p=0.003). The femoral transverse direction in TKA was
(femoral coronal inclination, p =0.890; tibial coronal incli- similar to that in knee OA (p=0.559) but was different from
nation, p =0.385; femoral sagittal inclination, p =0.663; that in the healthy subjects (p <0.001).
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Table 3 Post-hoc test in one-
way ANOVA

p values Healthy vs OA OA vs TKA Healthy vs TKA
Femoral coronal inclination <0.001* <0.001* 0.890
Tibial coronal inclination 0.003* <0.001* 0.385
Femoral sagittal inclination 0.014* 0.140 0.663
Tibial sagittal inclination 0.001* <0.001* 0.467
Femoral transverse direction 0.005%* 0.559 <0.001*
Tibial transeverse direction 0.945 0.003* 0.004*
FOA: coronal alignment in HKA <0.001* <0.001* 0.735
FOA: sagittal alignment in HKA <0.001* <0.001* 1.000
FOA: rotational alignment 0.001* 0.230 0.122
AOA: coronal alignment in HKA <0.001* <0.001* 1.000
AOA: sagittal alignment in HKA <0.001* <0.001* 0.997
AOA: rotational alignment 0.001* 0.013* 1.000
Femoral difference between the anatomi- 0.006* 0.049%* <0.001*
cal and functional planes
Tibial difference between the anatomical 0.997 0.081 0.147

and functional planes

HKA Hip-knee-ankle angle, FOA functionally oriented alignment, AOA anatomically oriented alignment

*Significant difference=p <0.05, n.s.=p>0.05

Table 4 Comparison between FOA and AOA

p values Healthy OA TKA
Coronal alignment in HKA 0.006* 0.194 0.648
Sagittal alignment in HKA 0.001* 0.230 0.269
Rotational alignment 0.119 0.001* 0.021*

HKA Hip-knee-ankle angle, FOA functionally oriented alignment,
AOA anatomically oriented alignment

*Significant difference=p <0.05, n.s.=p>0.05

Regarding the difference between the anatomical and
functional planes (Tables 2 and 3), the tibia revealed similar
directionality, when compared healthy with osteoarthritic
knees (p =0.997), whereas the femur showed the larger
deviation in the two planes for osteoarthritic knees than that
for healthy knees. In TKA, the anatomical plane revealed
a higher degree of external rotation relative to functional
plane of the femur, compared to values determined for both
healthy and osteoarthritic knees (healthy vs. TKA, p <0.001;
OA vs. TKA, p=0.049). For the tibia, TKA exhibited trend
of the more external rotation in the anatomical plane rela-
tive to the functional plane than healthy and osteoarthritic
knees, without the statistical differences (healthy vs. TKA,
p=0.147; OA vs. TKA, p=0.081).

The comparisons between AOA and FOA demonstrated
the differences in a part of data (coronal alignment: healthy,
p=0.006; sagittal alignment: healthy, p=0.001; and rota-
tional alignment: OA, p=0.001; TKA, p=0.021) (Table 4).
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4 Discussion

The most important finding presented in this study is that the
anatomical planes of the femur and tibia are either similar
to or different from the functional planes, depending on the
current condition of the subjects (i.e., healthy, knee OA, or
TKA). The position of each bone relative to the direction of
gravity also differed depending on the patients’ diagnosis
and surgical history. In addition, a part of FOA was different
from AOA, in particular, for rotational alignment in knee
OA and TKA.

To the best of our knowledge, this is the first study to
assess FOA in weight-bearing conditions. One of the pri-
mary benefits of the FOA measurement is the possibility
of evaluating alignment in the functional plane that reflects
the direction of the toe during walking. Likewise, the use of
FOA methods permit an evaluation of the inclination of each
bone in the lower extremity relative to the direction of grav-
ity which is not possible using AOA methodology. The use
of FOA to evaluate the position of each bone relative to grav-
ity and the differences between the functional and anatomic
planes, provide critical information regarding pathology and
kinematics in various disease states.

Using FOA methodology we found that, when compared
with healthy knees, osteoarthritic knees have femur with more
medial inclination, tibia with more lateral inclination in the
coronal plane, and varus alignment as observed in the coronal
alignment of the HKA. These results indicate that all bones in
the lower extremity contributed to the varus alignment. In pre-
vious studies [4, 5], varus alignment of the advanced knee OA
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correlated with the degree of inclination of the medial com-
partment of the proximal tibia (MCT). Under weight-bearing
conditions, the inclination of MCT was aligned parallel to the
ground. With increasing degrees of varus misalignment, the
moment arm for the gravitational force vector is increased,
resulting in a significantly higher adduction moment than that
in a normal knee [37]; the knee adduction moment gradually
forces the tibia into the varus alignment [38, 39]. At the hip
joint, increased internal hip abduction moment during walking
was associated with a reduced likelihood of medial tibiofem-
oral progression of OA [40]. In addition to knee adduction
moment, hip abduction moment is also affected in advanced
knee OA, resulting in more medial and lateral inclination of
the femur and tibia, respectively.

With respect to sagittal alignment, the femur revealed
more posterior inclination and the tibia revealed more ante-
rior inclination in knee OA compared to the healthy controls.
These results suggested that knee OA is associated with flex-
ion contracture and the inclination of each bone is associ-
ated with an increase in knee flexion. An earlier study [32]
reported that the larger posterior tibial slope was associated
with higher knee flexion (sagittal alignment) in the standing
position; it is likely that posterior tibial slope and sagittal
alignment influence one another. As such, when humans
stand upright and experience the gravitational force, the
articular surface of the tibia should be parallel to the ground
to permit efficient load-bearing [32]. The sagittal alignment
of the knee has been clearly described as a compensatory
mechanism for maintaining horizontal gaze. The primary
aim of these efforts is to maintain the center of gravity cen-
trally positioned over the feet [41] and to preserve a horizon-
tal gaze [42]. The femoral angle is significantly associated
with pelvic tilt which results in the aforementioned knee
flexion [43]. Taken together, knee flexion in advanced OA
is most likely the result of complicated connections among
the compensatory mechanisms due to spinopelvic deformity,
body constitution, neurological factors, and the impact of
force generated by the tibial posterior slope, among others
[32,41-43].

The healthy and osteoarthritic knees showed similar rota-
tional directions when comparing the functional plane and
tibial anatomical plane, although we detected a large rota-
tional deviation between the two planes in the femur. When
humans walk in a forward direction, the functional planes
defining the pelvis, hip, and knee joints should coincide [17,
18, 24]; extensor mechanisms, such as quadriceps femoris,
should be maintained in the forward position during walk-
ing; the anatomical and functional planes of the tibia will
then coincide. However, as shown here, the femur in OA
patients demonstrated different associations between the two
planes. Healthy knees exhibit the “screw-home” movement
and demonstrate maximum internal rotation in association
with terminal knee extension [33, 35, 36]. Osteoarthritic

knees have various deformities, including the limited hip
internal rotation (external rotation contracture), femoral
neck anteversion, torsion in the femoral diaphysis, femoro-
tibial rotational mismatch [17-20], and flexion contracture
[20, 32]. On a particular note, the limited hip internal rota-
tion and the flexion contracture, as the knee joint externally
rotates as knee flexes, is probably influenced [35, 36]. As
shown in this study, osteoarthritic knees demonstrated a
greater degree of external rotation in a comparison between
the anatomical and functional planes in the femur than did
the knees of healthy subjects. From the viewpoint of the
knee joint, the anatomical plane would ideally coincide with
the functional plane during walking. The tibia showed a sim-
ilar position between the anatomical and functional planes in
healthy and osteoarthritic knees. The results presented here
suggest that, in both healthy and advanced osteoarthritic
knees, mechanisms promoting the coincidence between the
gait direction and bony anatomical plane were functioning
in the tibia, not in the femur.

Coronal and sagittal inclination in TKA, compared to
those with knee OA, included the femur and tibia aligned
more vertically to the ground, and limb alignment after
TKA reverted more closely to the healthy state. TKA could
realize joint line’s parallel phenomenon relative to gravity
by the component position perpendicular to the mechani-
cal axis. In the transverse plane, the femur in TKA knees
rotated more externally, relative to the gait direction than
that in healthy knees, while it was not significantly different
between TKA and OA. Subjects with knee OA have shown
extra-articular deformities such as limited hip internal rota-
tion [17-20]. In gait, most subjects with advanced knee OA
demonstrated the toe out gait due to the limited hip internal
rotation (external rotation contracture) in this study [17].
Although TKA has the potential to correct rotational align-
ment of the lower extremity [8, 19], results of this study
(femoral external rotation in FOA) indicate that TKA could
not perfectly correct the overall alignment in the transverse
plane with the extra-articular deformities in knee OA. The
tibia in TKA knees rotated more externally, relative to the
gait direction in the transverse plane than that in healthy
and osteoarthritic knees. The residual postoperative femo-
ral external rotation due to the uncorrectable extra-articular
femoral deformities (e.g., hip external rotation) [17-20] and
structural constraint between the component and insert in
the medial pivot implants might contribute to tibial exter-
nal rotation in FOA; tibial transverse direction is likely to
be determined by femoral transverse direction after arthro-
plasties. In TKA, mechanisms promoting the coincidence
between the gait direction and the bony anatomical plane
are assumed to mainly function in the femur by the implant
constraint and the extra-articular femoral deformities. This
study showed that the femoral rotational position in TKA
was of importance. The implant used was medial pivot
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type inducing “medial pivot motion” to provide stability in
the anterior and posterior directions [44, 45]. The authors
applied the three-dimensional preoperative planning and the
unique jig, reproducing its planning for highly accurate sur-
gery [46]. Especially, the femoral rotational alignment, as a
reference of the surgical epicondylar axis, can be shown as
high accuracy by using the jig [46]. However, as the extra-
articular deformities could not be corrected in TKA, the
surgeons, at least, should pay attention to achieve femoral
rotational position as accurate as possible. Besides, since
the constraint of the femoral implant forces determine the
tibial rotation, the rotational mismatch between the femoral
and tibial implants [22, 23] should be minimized to avoid
serious adverse effects.

This study proved that a part of FOA was different from
AOA, especially, in rotational alignment in knee OA and
TKA. Although the differences were not large, but they may
explain eccentricity and overloading at the knee joint, lead-
ing to the onset and progression of knee OA and persistence
of serious problems even after TKA [22, 23]. If the AOA and
FOA methodologies are presented by a common X-ray, the
radiographs in the knee forward view and natural standing
position view may correspond to AOA and FOA, respec-
tively. In actual clinical setting, the two X-rays might have
the potential to solve clinical problems. The differences in
the radiographs can suggest several possible reasons such as
the bony deformity (e.g., torsional deformity), the rotational
change between the bones, and the technical error in TKA.
For example, even if the X-ray in the knee forward view
(AOA) is within the acceptance range, it may not mean the
acceptable alignment for the function of the lower extremity
(FOA), which means discordance between the gait direction
and the anteroposterior axis of the implant, possibly causing
eccentricity and overloading on the implants.

There were several limitations in this study. Firstly, the
images analyzed were not of a single leg in walking posi-
tion, but of both legs standing in a static position. While the
single-leg standing position may better reflect the posture
during walking, but the elderly subjects were not able to
maintain this position during biplanar radiography, and any
movement during the procedure would reduce the accuracy
of the images. Secondly, this study could not perfectly assess
the lower extremity alignment in the stance phase during
gait. Ideally, the dynamic assessment, such as a motion cap-
ture system, is the best way to investigate the alignment in
the gait, but the dynamic assessment cannot ensure enough
accuracy to identify the rotational parameters. The method in
the present study could ensure adequate accuracy within the
range of one degree for the rotational parameters and could
clarify one of the alignments at a certain moment during the
stance phase. Thirdly, the demographic data (age, BMI, toe
angle, and sex) had differences among the groups, which
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might lead to the bias, but the differences in age and BMI
were not large. Also, a part of the data was collected from
both the knees (right and left sides) of the same subjects and
was not independent. However, since independently evalu-
ated the right and left sides for toe angles directly affect-
ing the lower extremity alignment, the confounding effects
caused by pairs of knees were minimized. Regarding sex,
most subjects with knee OA and TKA were females. Since
the male and female data is assumed to have different results,
further study is required to investigate the data with no dif-
ferences in the background factors, such as sex.

5 Conclusions

This is the first study to define the FOA and to examine
bones of lower extremities under weight-bearing conditions
for healthy, knee OA, and TKA subjects. The association
between the anatomical and functional planes, and the posi-
tion of each bone relative to the direction of gravity in FOA
were different, depending on the current condition of sub-
jects. This study suggests that, in both healthy and advanced
osteoarthritic knees, mechanisms promoting the coincidence
between gait direction and bony anatomical plane function
in tibia, not femur. In TKA knees, these mechanisms mainly
function in femur by the implant constraints and extra-artic-
ular femoral deformities. Additionally, the AOA and FOA
methodology showed the partial differences, implying that
the differences in the position during radiography could help
to solve the clinical problems. For clinical relevance, the
FOA concept may potentially clarify one of the causative
factors of the onset and progression of knee OA and serious
adverse problems after TKA.
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