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Abstract

Background: We previously described that the anteroposterior (AP) axis of the tibia is approximately perpendicular
to the transverse axis of the anterior pelvic plane (APP) in the standing position in healthy subjects. The purpose of
this study was to investigate the rotational alignment between the APP and clinical epicondylar axis and the AP
axis of the tibia relative to pelvic coordination in the standing position in normal subjects and in women with
developmental dysplasia of the hip (DDH) to aid decision making for surgeons in the alignment of implants in total
hip or knee arthroplasty.

Methods: This study included 77 Japanese women. Twenty-nine in the DDH group underwent curved periacetabular
osteotomy; 48 women without lumbago and knee pain were included in the normal group. Femoral neck anteversion
(FNA), condylar twist angle, and knee rotation angle were measured in femoral coordination. The angle between the
femoral neck axis and clinical epicondylar axis (CEA) was measured, the transverse axis of the APP was also measured,
and the angle between the AP axis of the tibia and transverse axis of the APP was calculated.

Results: There was a moderate negative correlation between FNA and CEA relative to the APP. This finding indicated
a trend towards greater FNA leading to more internal rotation. Knee rotation angle (KRA) relative to the APP was
1.65°+ 5.58°% in the normal group and — 2.65° + 7.57° in the DDH group. This finding indicated that the tibia AP axis
was approximately perpendicular to the APP in the standing position both in the normal and DDH groups.

Conclusion: We found that the tibia AP axis was at approximately a right angle to the transverse axis of the APP in the
standing position in both the normal and DDH groups, while the KRA was different in the normal and DDH groups.
These findings may prove helpful for positional alignment investigations needed for implantation in total hip or knee
arthroplasty and gait analysis.
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Background

Spatial and geometrical malalignment between the femur
and tibia such as tibiofemoral abnormal rotation is consid-
ered to cause some pathologies in the lower extremities,
such as osteoarthritis of the knee and patellofemoral dis-
order including patellar dislocation, among others [1-7].
Moreover, Watanabe et al. [8] indicated that when pre-
operative rotational mismatch persisted, rotational mis-
match could still occur after total knee arthroplasty, even
if the components were placed in the correct position
relative to anatomical landmark. Therefore, it is important
to evaluate tibiofemoral rotation correctly.

Formerly, the alignment of the lower extremity was
commonly evaluated with two-dimensional (2D) plain X-
ray [7, 9, 10]. However, measurements with this 2D
method are affected by the position of the pelvis and lower
extremities of the subjects [11], and it is considered to
produce measurement error and lead to reduced accuracy
and reproducibility. Furthermore, the 2D method cannot
assess rotational alignment such as tibiofemoral rotation.

Several reports have described that the anteroposterior
(AP) axis of the tibia, which is defined by a line passing
through the middle of the posterior cruciate ligament
and the medial border of the patellar tendon attachment
(so-called Akagi’s line), is at almost a right angle to the
clinical epicondylar axis (CEA) [8, 12, 13].

We previously found that the CEA and the transverse
axis of the anterior pelvic plane (APP) are approximately
parallel in the standing position in healthy subjects [14].
Moreover, we also described that the AP axis of the tibia
is approximately perpendicular to the transverse axis of
the APP in the standing position in healthy subjects
[15]. It is generally known that the proximal femur is
more anteverted in patients with developmental dyspla-
sia of the hip (DDH) [16, 17]. Consequently, it is specu-
lated that the femur is more internally rotated during
standing and walking in individuals with DDH compared
to that in normal persons [18]. However, to our know-
ledge, no report has described the rotational alignment
between the anterior pelvic plane (APP) and anteropos-
terior (AP) axis of the tibia in patients with DDH.

The purpose of this study was to investigate the rota-
tional alignment between the APP and CEA, and the AP
axis of the tibia relative to pelvic coordination in the
standing position in normal subjects and women with
DDH to aid surgeons in decision making for the align-
ment of implants in total hip or knee arthroplasty, as
well as treatment for patellar dislocation and positional
alignment investigations such as gait analysis.

Methods

Subjects

For this study, 77 Japanese women were enrolled be-
cause patients with DDH are reported to have a 9:1
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female dominance [19]. Twenty-nine patients (29 legs)
with bilateral DDH (mean age, 35.8 + 8.8 years) from our
institution who had undergone curved periacetabular
osteotomy [20] for the early treatment of osteoarthritis
of the hip joint due to acetabular dysplasia and whose
center-edge angle of the hip joint was < 25°, as evaluated
in the anteroposterior view on a plain radiograph of the
hip, were enrolled in the DDH group. Patients with
DDH who had previously undergone hip surgery or
those with Crowe stages 2—4 of subluxation or To6nnis
grades 2 and 3 of arthritic change according to plain ra-
diographs of the hip bilaterally were excluded from this
study. We also included 48 women (48 legs; mean age of
women, 54.0 + 10.8 years) without lumbago and knee
pain and without any abnormal findings of the knee and
spine on radiographic examination recruited from the
family of outpatients and medical staff in the normal
group. Computed tomography scans from all partici-
pants were examined to reconstruct a 3D bone model.
With regard to the DDH group, computed tomography
scans were examined before their operation to plan for
osteotomy. This study was performed with the approval
of the institutional research board of Niigata University
Medical and Dental Hospital and written informed con-
sent was obtained from the participants of the normal
group. With regard to DDH group, the need for in-
formed consent was waived because of the cross-
sectional nature of this study that did not provide an
intervention.

Radiographic examinations, including biplanar com-
puted radiography images, were performed in the stand-
ing position, where each subject adopted a relaxed
position with their knees fully extended and the toes
aligned to the shoulders. Computed tomography from
the pelvis to proximal tibia was also performed in the
supine position with the knees fully extended.

Measurements

We used ZedHip® software (Lexi, Tokyo, Japan) to create
three-dimensional (3D) digital bone models of the pelvis
and femur and accurately reconstruct the spatial rela-
tionship between them [15, 21, 22]. We adjusted the 3D
pelvis model to the APP [23], which contains both the
anterior superior iliac spines and the pubic symphysis,
which are the origin of this pelvis coordinate system. In
the ZedHip® system, when the pelvis was adjusted to the
APP, other bones such as the femur and tibia synchron-
ously moved according to the pelvis position. With re-
gard to the femoral coordinate system, the 3D model of
the femur was positioned with the retrocondylar plane,
which contains the bilateral posterior condyles and the
most posterior point of the greater trochanter [24]. The
femoral neck axis was defined as that in the method de-
scribed by Sugano et al. [25] and measured in the plane
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just below the femoral head. Femoral neck anteversion
(FNA) was measured as the angle between the femoral
neck axis as above and the posterior condylar axis
(PCA) (Fig. 1). Further, the CEA was defined as the line
connecting the most prominent point of the medial epi-
condyle and the lateral epicondylar prominence. The
condylar twist angle (CTA) was measured as the angle
connecting the CEA and PCA (positive values indicate
that the CEA is externally rotated relative to the PCA)
(Fig. 2) [18]. The determination of the CEA and meas-
urement of the CTA were also performed in the retro-
condylar plane. The line through the midpoint of the
lateral epicondylar prominence and the most prominent
point of the medial epicondyle, and the line perpendicu-
lar to the CEA was defined as the femoral AP axis. With
regard to the AP axis of the tibia, Akagi’s line [14] was
selected. The knee rotation angle (KRA) was measured
as the angle connecting the femoral AP axis and the AP
axis of the tibia, projected onto the horizontal plane of
the femoral coordinate system (Fig. 2). In the present
study, negative values were defined as the internal rota-
tion of the tibia relative to the femur and positive values
as the external rotation.

FNA, CEA, and PCA relative to the APP were also
measured in the standing position (APP-ENA, APP-
CEA, and APP-PCA, respectively) using HipCAS® soft-
ware (Lexi, Tokyo, Japan). The 3D digital bone models
were projected onto the biplanar computed radiography
images to match the contours of the 3D digital models
with the computed radiography images for rotations and
translations [15, 21, 22]. Kobayashi et al. [22] previously
described the accuracy of HipCAS® in creating a 3D
digital bone model that accurately reproduced the spatial
relationship between the pelvis and the femur, and calcu-
lated the various alignment parameters within 1° and
1 mm of accuracy. Therefore, projection error and mis-
alignment were estimated to be small in the current study.
APP-ENA, APP-CEA, and APP-PCA were the angles that
connected the FNA, CEA, and PCA projected onto the
transverse plane of the pelvis and the APP was the line
connecting both anterior superior iliac spines (Fig. 3).

Lastly, we calculated the estimated angle between the
APP and AP axis of the tibia from the KRA in femoral
coordination and APP-CEA with the formula: (AP axis
of the tibia relative to the APP transverse axis) = (APP-
CEA) - (KRA, the angle between the AP axis of the tibia
and the line perpendicular to the CEA), as in our previ-
ous study [18] (Fig. 4).

Statistical analysis

We used SPSS statistical software (SPSS version 24, Inc.,
Chicago, IL, USA) to analyze the data. Regarding the
FNA, CTA, KRA, APP-FNA, and APP-CEA, we used
Pearson coefficients to determine the correlation
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Fig. 1 Measurement of the FNA. FNA (asterisk) is the angle between
the femoral neck axis (a) and the PCA (b). FNA: femoral neck
anteversion, PCA: positive external rotation

coefficients. To evaluate variation, we calculated the
mean absolute difference (MAD), variability (standard
deviation), and intraobserver reliabilities with intraclass
correlation coefficients (ICCs) and a two-sided 95%
confidence interval. We measured intraobserver reliabil-
ity with two measurements by one observer at at least 1-
week intervals. Moreover, we also compared the
measurements to assess the interobserver reliability by a
single measurement with two observers. A p value < 0.05
was considered statistically significant.

Results

The details of the research subjects are demonstrated in
Table 1. The FNA and KRA was significantly larger in the
DDH group, while the CTA was almost the same (Table 2).
There was a moderate positive correlation between the
ENA and APP-FNA (regression equations: y = 0.32x + 5.57
in the normal group, y = 0.43x + 2.87 in the DDH group)
and a negative correlation between the FNA and APP-
CEA (regression equations: y = — 0.12x + 1.74 in the nor-
mal group, y = — 0.32x + 3.04 in the DDH group) (Table 3).
This finding indicated a trend towards a greater FNA lead-
ing to more internal rotation. We also found a moderate
positive correlation between the CTA and KRA in only
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Fig. 2 Measurement of the CTA and knee rotation angle. CTA (dagger) is the angle between the PCA (b) and the CEA (c). KRA (number sign) is
the angle between the tibial AP axis (d) and the line perpendicular to the femoral CEA (e). The solid lines represent the contour of the projected
femoral condyle onto the femoral horizontal plane. The dotted lines represent the contour of the projected tibial condyle onto the femoral

horizontal plane. CEA: clinical epicondylar axis, CTA: condylar twist angle, KRA: knee rotation angle, PCA: positive external rotation

the DDH group (regression equation: y =1.51x —9.57).
This finding indicated a trend towards greater CTA lead-
ing to more external rotation of tibia relative to the femur
in only the DDH group; there was no significant difference
the between normal and DDH groups.

The KRA relative to the APP was 1.65° +5.58° in the
normal group and -2.65°+7.57° in the DDH group
(Table 2). This finding indicated that the tibia AP axis
was approximately perpendicular to the APP in the
standing position.

Regarding validation, we obtained a high ICC for both
intraobserver and interobserver reliability (Table 4).

Discussion

In this current study, we evaluated the spatial relation-
ship between the tibia AP axis and APP during standing
in normal subjects and patients with DDH.

We found that the mean value of the KRA was 2.06° in
the normal group. This value is similar to that obtained in
previous reports for normal participants [14—16]. Con-
versely, in patients with DDH, the KRA was 8.88°, indicat-
ing that the tibia AP axis was not nearly at a right angle to
the CEA; instead, it was externally rotated relative to it.
Nevertheless, the KRA relative to the APP was almost per-
pendicular to the APP in the standing position in both

Fig. 3 Measurement of the APP-FNA, APP-PCA, and APP-CEA. APP-FNA (white circle), APP-CEA (white square), and APP-PCA (white star) were
defined as the angles connecting the FNA (a), PCA (b), and CEA (c), respectively, to the transverse axis APP (f). APP: anterior pelvic plane, CEA:
clinical epicondylar axis, FNA: femoral neck anteversion, PCA: positive external rotation




Imai et al. Journal of Orthopaedic Surgery and Research (2018) 13:105

Page 5 of 7

/

—_— ——

Fig. 4 Calculation of the estimated AP axis of the tibia and the APP transverse axis. We calculated the estimated angle between the AP axis of
the tibia (d) and the perpendicular line to the APP (g) from the KRA (number sign) and APP-CEA (white square) with the formula: (AP axis of the
tibia relative to the APP transverse axis (white triangle)) = (APP-CEA) — (KRA). The solid lines represent the contour of the projected femoral
condyle onto the femoral horizontal plane. The dotted lines represent the contour of the projected tibial condyle onto the femoral horizontal
plane. AP: anteroposterior, APP: anterior pelvic plane, CEA: clinical epicondylar axis, KRA: knee rotation angle

groups (1.65° in the normal group and - 2.65° in the DDH
group).

Parikh et al. previously described that the medial rota-
tion of the femur attributed to increased femoral ante-
version leads to increased compensatory lateral rotation
of the tibia, resulting in abnormal patellofemoral loads,
and increased compression of the lateral patella facet
and tension of the medial patellofemoral ligament; these
biomechanical alterations consequently caused a ten-
dency for anterior knee pain and/or lateral subluxation
of the patella [26]. In patients with DDH, the femur is
generally more anteverted and tibia is externally rotated
relative to the femur; therefore, anterior knee pain and/
or lateral subluxation of the patella may be more likely
to occur than in normal persons. Moreover, surgeons
should be mindful of mistracking, subluxation, and/or
dislocation of patella in patients with DDH who undergo
total knee arthroplasty.

We previously described that the CEA, considered as
the functional flexion-extension axis of the knee [27, 28],

Table 1 Baseline characteristics of the participants
DDH group (n=29)

Normal group (n = 48)

Age (years) 540 + 10.8%** 35.8 + 8.8***
Body height (cm) 1536 +58 1594 + 68
Body weight (kg) 526+76 555+ 75
BMI (kg/m?) 23+27 219+ 29

Values are mean + standard deviation
BMI body mass index
*p < 0.05, **p < 0.01, ***p < 0.001

was approximately parallel to the transverse axis of the
APP plane in the standing position in normal subjects
[14]. Moreover, we also reported that the AP axis of tibia
was at approximately a right angle to the transverse axis
of the APP plane in the standing position in normal sub-
jects [18]. In our current study, we found that the tibia AP
axis was approximately perpendicular to the APP, while
the KRA was significantly larger in the DDH group. These
results in our studies may be important to integrate these
two axes with regard to not only the anatomical reference,
but also the kinesiology. They may also prove helpful to
decide the alignment of implants in total hip or knee
arthroplasty, treatment for patellar dislocation, and pos-
itional alignment investigation such as gait analysis. How-
ever, further examination is required with regard to knee
motion in patients with DDH because rotation between

Table 2 Measurement of anatomical and positional angles
DDH group (n=29)

Normal group (n =48)

FNA (deg) 17.10 £ 9.16*** 28,60 £ 12.69**
CTA (deg) 724 +1.89 737 =209

KRA (deg) 1.98 + 6.86*** 8.88 £ 7.02%**
APP-FNA (deg) 10.73 £ 821% 16.71 £ 10.59%
APP-CEA (deg) —062 £ 4.24* —521 £ 855%
APP-tibia AP axis (deg) 1.65 £ 558% —265 %757

Values are mean + standard deviation

AP anteroposterior, APP anterior pelvic plane, APP-CEA clinical epicondylar axis
relative to the APP, APP-FNA FNA relative to the APP, CTA condylar twist angle,
FNA femoral neck anteversion, KRA knee rotation angle

*p <0.05, **p < 0.01, ***p < 0.001
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Table 3 Correlation coefficient between each parameter in the normal and DDH groups

FNA (deg) CTA (deg) KRA (deqg) APP-FNA (deg) APP-CEA (deq) APP-tibia AP axis (deg)
FNA (deg) 0.085 0.130 0421* —0.352*% -0.009
0.365 0.319 0433* —-0451% -0.176
CTA (deg) -021 0.142 0.176 0.096
0.505* 0.205 —-0.042 0338
KRA (deg) 0.086 -0218 -0214
0.107 —-0.181 0.266*
APP-FNA (deg) —0.396*% -0.077
0410* 0.226
APP-CEA (deg) 0.048
0.375%

Upper row: normal group; lower row: DDH group

AP anteroposterior, APP anterior pelvic plane, APP-CEA clinical epicondylar axis relative to APP, APP-FNA FNA relative to APP, CTA condylar twist angle,

FNA femoral neck anteversion, KRA knee rotation angle
*p < 0.05

the tibia and femur during flexion and extension are the
same in normal persons and patients with DDH.

The current study has several limitations. First, only a
few subjects and only middle age people were enrolled
in the normal group. Therefore, we cannot perform a
power analysis. Second, the KRA was examined in the
supine position, while the APP-FNA and APP-CEA were
examined in the standing position. However, according
to several reports, the difference in KRA between the su-
pine and standing positions appears negligible [15, 16].
Kozanek et al. stated that the KRA was approximately 3°
at contralateral toe-off, and nearly 0° from ipsilateral
heel-rise to contralateral heel-strike, respectively, during
the stance phase of treadmill gait [29]. Third, there was
a difference in the plane of the measurement; the KRA
was examined in femoral coordination, while the APP-
ENA and APP-CEA were examined in pelvis coordin-
ation. Chen et al. reported that the tibia was internally
rotated approximately 3° relative to the femur when the
knee was flexed from 0° to 8° [30]. We preliminarily
measured the femur in the 5° flexion and 3° adduction
relative to the APP in the standing position on average

Table 4 Intra- and interobserver reliabilities of each parameter

Intraobserver reliability
MAD + SD ICC

Interobserver reliability
MAD + SD ICC

FNA (deg) 1.28 £ 145 0.908 1.55+1.82 0.858
CTA (deg) 064 + 048 0.936 0.79 + 057 0918
KRA(deg) 147 £1.72 0.861 187 £ 1.84 0.829
APP-FNA (deg) 157 £1.86 0818 178 £ 193 0.806
APP-CEA (deg) 0.73 + 052 0.937 0.86 + 0.77 0914
APP-tibia AP axis (deg) 1.24 +0.92 0.868 1.58 + 134 0.857

AP anteroposterior, APP anterior pelvic plane, APP-CEA clinical epicondylar axis
relative to the APP, APP-FNA FNA relative to the APP, CTA condylar twist angle,
FNA femoral neck anteversion, ICC interclass correlation coefficient, KRA knee
rotation angle, MAD mean absolute difference, SD standard deviation

and our computer simulation found that, with the lower
extremity in this position, the expected difference of the
angle was not more than 0.5°. Therefore, we believe that
the position of the lower extremity did not affect the re-
sults of this study. Fourth, we examined only women in
this study, because patients with DDH are reported to
have a 9:1 female dominance [19]. In our institution, pa-
tients with DDH who had undergone curved periacetab-
ular osteotomy were less than 15 in number over
8 years. Similar examination is required in male subjects
in the future.

Conclusions

We found that the tibia AP axis was at approximately a
right angle to the transverse axis of the APP in the
standing position in both the normal and DDH groups,
while the KRA was 8.88° in the DDH group. From our
results, we believe that the femur is adjusted such that
the anteroposterior axis of the tibia is approximately at a
right angle to the anterior pelvic plane in the standing
position not only in normal persons, but also in patients
with hip dysplasia. These findings may prove helpful to
decide the alignment of implants in total hip or knee
arthroplasty, treatment for patellar dislocation, and pos-
itional alignment investigations such as gait analysis.
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