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Abstract

Purpose Studies regarding the best strategy to determine appropriate femoral component rotation during bilateral total knee
arthroplasty (TKA) in wind swept deformities (WSD) are very limited. The purpose of this study was (1) to evaluate whether
femoral rotational profiles differ between varus and valgus osteoarthritic knees in WSD and (2) to analyze the correlation
between femoral rotational profiles and coronal radiologic parameters.

Methods A total of 40 patients who were diagnosed with bilateral knee osteoarthritis with WSD between January 2010 and
December 2020 at a single institution were retrospectively reviewed. On axial computed tomography scans, femoral rotational
profile parameters such as the clinical transepicondylar axis (cTEA) and anterior—posterior (AP) axis were compared between
valgus and varus osteoarthritic knees. In standing full-limb AP radiographs, coronal radiographic parameters including hip—
knee—ankle angle (HKA), valgus correction angle (VCA), lateral distal femoral angle (LDFA), medial proximal tibial angle
(MPTA), and joint line convergence angle (JLCA) were measured in both knees. The correlation between the varus-valgus
cTEA difference, and differences in coronal radiologic parameters was analyzed.

Results In valgus osteoarthritic knees, cTEA was significantly increased compared to varus osteoarthritic knees by 1.5°
(valgus: 7.65° +1.82°, varus: 6.15°+1.58°, p<0.001). All coronal radiologic parameters, including HKA, LDFA, MPTA,
JLCA, and VCA, were significantly different between valgus and varus knees. In correlation analysis, the varus-valgus cTEA
difference was significantly correlated with LDFA (r=0.365, p=0.021), MPTA (r=0.442, p=0.004), and HKA differences
(r=0.693, p<0.001), with the HKA difference showing the strongest correlation with the cTEA difference.

Conclusion In bilateral knee osteoarthritis with WSD, valgus knees showed significantly increased cTEA compared to varus
knees, and the cTEA difference positively correlated with the HKA difference between valgus and varus knees. To determine
the optimal femoral component rotation during TKA in WSD, assessment of cTEA with pre-operative CT scans or careful
intra-operative measurement is recommended, especially in patients with large HKA difference.

Level of evidence III, Retrospective cohort study.
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Introduction

Windswept deformity (WSD) is defined by the presence of
varus deformity in one knee and valgus deformity in the
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TKAs [3, 8, 14, 21], and stressed the importance of individu-
alization of the valgus correction angles (VCAs) between
the two knees [19]. However, studies of femoral rotational
profiles in WSD are very limited.

It is known that the clinical transepicondylar axis (cCTEA)
can be rotated more externally in a valgus knee than in a
varus knee due to lateral condylar hypoplasia [12, 16, 17],
and that it correlates with coronal limb alignment [4]. How-
ever, considering that the right and left knees are viewed to
be morphologically similar in various aspects [5, 6, 10], it is
not clear whether varied cTEA can be observed in simulta-
neous varus and valgus deformities such as in WSD.

Therefore, the purpose of this study was to (1) evaluate
whether femoral rotational profiles differ between varus and
valgus osteoarthritic knees in WSD and (2) to determine the
correlation between femoral rotational profiles and coronal
radiologic parameters. It was hypothesized that valgus knees
in WSD would show more externally rotated cTEA than
varus knees, and that the cTEA difference would correlate
with the varus-valgus difference in hip—knee—ankle angle
(HKA).

Materials and methods
Study subjects

The data of 67 patients who were diagnosed with bilat-
eral knee osteoarthritis with WSD from January 2010 to
December 2020 in a single institution were retrospectively
reviewed. Patients who had undergone standing full-lower
limb anteroposterior (AP) radiographs read as ‘windswept
deformity’ or ‘varus and valgus’ were included. The inclu-
sion criteria were as follows: (1) HKA > 2° on the varus knee
and HKA < — 2° on the valgus knee [9] (varus alignment
was assigned a positive value), (2) presence of standing full-
lower limb radiographs taken with proper lower extremity
rotation (patella facing forward), (3) Kellgren-Lawrence
(KL)-grade IIT or IV, and 4) presence of computed tomog-
raphy (CT) knee scans. Of the 67 patients, 40 patients (80
knees) met this criterion (Fig. 1). The mean patient (37
women and three men) age was 73.15 years +7.13 years
(range 55-84 years). Patient demographic data and KL
grades for each knee are summarized in Table 1. There was
no difference in KL grades between varus and valgus knees.

Fig. 1 Patient enrollment
flowchart

Subject :

Period of study : 2011.01.01-2020.12.31
Study design : Retrospective study

Patients who had taken standing full-lower limb anteroposterior radiographs,
which was read as ‘windswept deformity’ or ‘varus and valgus’ (67 patients)

HKA angle < 2° on varus knee
or

HKA angle < -2° on valgus knee

N=7)

Patella not forward facing in

standing full-lower limb radiograph

(N=3)

KL grade I or II

(N=8)

Without CT of knee

(N=9)

Study cohort
(40 patients)
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Table 1 Demographic data of

. . Demographic variable WSD

patients with WSD
No. of patient 40
Age (years) 73.15+7.13 (55-84)
Male (no, %) 3 (7.5%)
Female (no, %) 37 (92.5%)
Height (cm) 151.68+5.49 (136-164.8)
Weight (kg) 60.15+7.93 (45.70-85.20)

BMI (kg/m?)
Kellgren—-Lawrence grade

26.15+3.19 (19.91-35.14)
Varus knee (no. of knee)
II: 14 IV: 26

Valgus knee (no. of knee)
I 13 1V: 27

Data are presented as means and standard deviations

WSD windswept deformity; BMI body mass index

Radiographic studies

Knee CT scans were obtained using a standard 256-slice
multi-detector CT (Ingenuity CT elite, Philips Healthcare,
Best, The Netherlands) in a fully extended position. Standing
full-lower limb AP radiographs were obtained with patella
facing forward. To control the rotational position of the
AP radiograph, the foot rotation angle was held constant
with a reference foot template on the platform of our plane
radiographic system. All radiographic images were digi-
tally acquired and processed using a picture archiving and
communication system (PACS) with a minimum measuring
angle of 0.01° and length of 0.01 mm.

Radiographic parameters

To analyze the condylar twisting of distal femur, the cTEA,
defined as the line connecting the peak of both epicondyles,
was evaluated rather than surgical TEA. The AP axis was
defined as the line connecting the deepest part of the troch-
lear groove to the top of the femoral notch. The femoral
rotational profiles were evaluated by measuring the cTEA
angle (the angle between the cTEA and posterior condylar
axis [PCA]), AP axis angle (the angle between the line per-
pendicular to the AP axis and PCA), and lateral angle (the
angle between the cTEA and the AP axis) on the axial CT
images with the most prominent epicondyles [13] (Figs. 2E
and 3). External rotation (ER) was considered positive for
both TEA angles.

To analyze the geometry of the distal femur and deter-
mine whether lateral condylar hypoplasia was differentially
prominent between the varus and valgus sides in WSD, AP
dimensions of both the medial and lateral femoral condyles
were measured on axial CT scans [13] (Fig. 3). The AP
dimension of the anteromedial, anterolateral, posteromedial,
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and posterolateral condyles was defined as the distance from
the most anterior/posterior point of the respective condyle
to cTEA.

The coronal alignment was evaluated by measuring the
HKA, valgus correction angle (VCA), lateral distal femo-
ral angle (LDFA), medial proximal tibial angle (MPTA),
and joint line convergence angle (JLCA) in standing full-
lower limb AP radiographs. The HKA was defined as the
angle between the mechanical axis of the tibia and the femur
(Fig. 2A). A positive value was given to varus knees. VCA
was defined as the angle between the mechanical and ana-
tomical axes of the femur (Fig. 2A). LDFA was defined
as the lateral angle between the femoral mechanical axis
and the tangent of the distal femur (Fig. 2B). MPTA was
defined as the medial angle between the tibial mechanical
axis and the tangent of the proximal tibia (Fig. 2C). JLCA
was defined as the angle between a line tangential to the
distal femoral condyle and the tibial plateau (Fig. 2D). Varus
alignment was assigned a positive value.

To assess inter-observer reliability, two orthopedic sur-
geons independently measured the radiographic parameters.
For intra-observer reliability, radiologic parameters were re-
measured twice at 3-week intervals by each examiner. The
intra-class correlation (ICC) for both the inter-observer and
intra-observer reliability was > 0.8, indicating that the meas-
urements were highly reliable (Table 2).

Statistical analysis

The post hoc power analysis, using the cTEA as primary
outcome (varus knee, mean 6.15, SD 1.58; valgus knee,
mean 7.65, SD 1.82), yielded a statistical power of over
80% for our selected number of patients (G*Power 3.1.0).
Statistical analysis was performed using SPSS (version
26.0; IBM). Student’s 7 test was used to compare rotational
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Fig.2 Radiographic measure-
ments of rotational and coronal
parameters. A The hip—knee—
ankle (HKA) angle is the angle
between the mechanical axis
of the tibia and the femur.

The valgus correction angle
(VCA) is the angle between
the mechanical and anatomical
axes of the femur. B The lateral
distal femoral angle (LDFA)

is defined as the lateral angle
between the femoral mechani-
cal axis and the tangent of the
distal femur. C The medial
proximal tibial angle (MPTA)
is the medial angle between the
tibial mechanical axis and the
tangent of the proximal tibia.
D The joint line convergence
angle (JLCA) is the angle
between a line tangential to the
distal femoral condyle and the
tibial plateau. E cTEA angle

is the angle between the cTEA
and PCA

profiles, AP condylar dimensions, and coronal radiologic
parameters between varus and valgus osteoarthritic knees
in WSD. Pearson’s correlation analysis was used to analyze
the correlation between differences in femoral rotational
alignments (cTEA), and differences in coronal alignments
(HKA, LDFA, and MPTA). The Chi-square test was used
to evaluate the severity of osteoarthritis in both knee joints.
The level of significance was set at p <0.05.

Results

In valgus knees, the cTEA angle was significantly increased
compared to varus knees by 1.5° [valgus: 7.65° + 1.82°(range
4.02°-12.15°), varus: 6.15°+1.58° (range 3.51°-9.53°),
p <0.001]. Except for the cTEA angle, other rotational

profiles and the AP dimensions of the femoral condyle were
not significantly different between the varus and valgus sides
(Table 3).

In coronal alignment, valgus knees showed significantly
decreased VCA (varus: 6.15.+1.05°, valgus: 5.13°+1.16°,
p<0.001), and LDFA (varus: 87.91. +2.35°, valgus:
85.55+2.39°, p<0.001) compared to varus knees. On the
other hand, varus knees showed significantly increased
JLCA (varus: 4.52°+2.42°, valgus: — 1.65 +3.40°,
p <0.001), and decreased MPTA (varus: 85.42 +2.87°,
valgus: 89.13 +2.24°, p <0.001) compared to valgus knees
(Table 4).

In correlation analysis, the cTEA difference between
valgus and varus knees was significantly related to the
LDFA difference (r=0.365, p=0.021), MPTA difference
(r=0.442, p=0.004), and HKA difference (r=0.693,
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Fig.3 Morphometric analysis of distal femur using axial knee CT
scan. AP dimension of the anteromedial (*a), anterolateral (*b), pos-
teromedial (*c), and posterolateral (*d) condyles was defined as the
distance from the most anterior/posterior point of the respective con-
dyle to the cTEA

p<0.001). The greater the difference in coronal deforma-
tion between the varus and valgus knees, the greater the
difference in rotational alignment. Furthermore, the HKA
difference showed the strongest correlation with the cTEA
difference (Table 5; Fig. 4). The following linear correlation
equation was determined between the two variables: cTEA
difference® =0.16 x (HKA difference®) — 0.61 (Fig. 5).
Based on this equation, a 10° increase in the HKA difference
results in a 1.5° increase in the cTEA difference.

Discussion

The two important findings of this study were that 1) bilat-
eral knee osteoarthritis with WSD is associated with a sig-
nificantly increased cTEA in valgus knees compared to varus
knees, and 2) the cTEA difference positively correlates with
the varus—valgus HKA difference.

In this study, femoral condylar orientation, as assessed
by cTEA, was characterized by more ER in valgus knees
with WSD, corresponding well to previous studies that
reported increased cTEA with lateral condylar hypoplasia
in valgus knees [4, 13]. However, in contrast to these stud-
ies, definite hypoplasia of the lateral femoral condyle was
not observed in our study. The relatively smaller differ-
ence in the cTEA (1.5°), and AP dimensions (0.15 mm)
between valgus and varus knees, compared to that of
Matsuda et al. (cTEA difference: 5.0°, AP dimension dif-
ference: 2.8 mm), can explain this finding. These results
indicate that the increase in the cTEA of the valgus osteo-
arthritic knee in WSD can be related to the degenerative
wear of the posterior condyles rather than hypoplasia of
the lateral femoral condyle. Nevertheless, the different
femoral rotational profiles between the valgus and varus
sides should be considered carefully to achieve optimal
femoral component rotation during bilateral TKA.

In WSD, coronal alignments were also significantly dif-
ferent between varus and valgus osteoarthritic knees. The
decreased LDFA in valgus knees, and decreased MPTA in
varus knees can be explained by different phenotypes of dis-
tal femur and proximal tibia or different degrees of condylar
erosion. The increased VCA of varus knees (6.15+1.05°)
compared to valgus knees (5.13 +1.16°) in this study are in
agreement with the results of Mulaji et al. [19], that reported
a VCA of 6.4 +1.6° in varus knees, and of 5.4 +2° in valgus
knees. To achieve an accurate distal femoral cut in WSD,
individualized cutting strategy such as digital planning,

Table 2 Intra-observer and
inter-observer reliability of

Intra-observer reliability

radiographic measurements

@ Springer

HKA angle (°)
VCA (°)
LDFA (°)
MPTA (°)
JLCA (°)
cTEA angle (°)

0.954 (0.913-0.976)
0.983 (0.968-0.991)
0.993 (0.986-0.996)
0.983 (0.967-0.991)
0.998 (0.997-0.999)
0.993 (0.987-0.996)

Inter-observer reliability p value

0.946 (0.898-0.972) <0.001
0.854 (0.725-0.923) <0.001
0.978 (0.959-0.989) <0.001
0.957 (0.918-0.977) <0.001
0.973 (0.948-0.986) <0.001
0.968 (0.939-0.983) <0.001

HKA angle hip—knee—ankle angle; VCA valgus correction angle; LDFA lateral distal femoral angle; MPTA
medial proximal tibial angle; JLCA joint line convergence angle; ¢cTEA angle clinical transepicondylar axis

angle
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Table 3 Rotation profile and AP dimension of femoral condyle in WSD
Parameter Varus arthritic knee Valgus arthritis knee p value
Rotation profile
cTEA angle (°) 6.15+1.58° (3.51~9.53) 7.65+1.82 (4.02~12.15) <0.001
Angle between a line perpendicular to the AP 7.29+3.46 (0.32~13.34) 8.07+3.74 (2.01~14.12) 0.338
axis and PCA (°)
Angle between AP axis and cTEA (°) 89.03+3.19 (82.91~95.32) 89.19+3.39 (83.81~97.01) 0.828
AP dimension of femoral condyle
Anterior medial condyle (mm) 30.27 £6.64 (15.34~40.57) 30.10+6.76 (13.52~42.31) 0.949
Anterior lateral condyle (mm) 36.84 +8.10 (20.73 ~51.35) 37.50+7.89 (19.82~50.45) 0.762
Posterior medial condyle (mm) 28.51+6.51 (15.32~39.67) 28.69+6.71 (14.42~40.56) 0.904
Posterior lateral condyle (mm) 22.63+4.94 (12.60~31.52) 22.48 +5.52 (10.85~30.65) 0.907
Data are presented as means, standard deviations, and range
¢TEA angle clinical transepicondylar axis angle; AP anteroposterior; PCA posterior condylar axis
Tab.Ie 4 Cqmp arison of . Varus arthritic knee Valgus arthritic knee p value
radiographic parameters in
WSD HKA angle (°) 7.58+3.47 (2.11~21.32) —525+3.16 (— 11.62~—2.17) <0.001
VCA (°) 6.15+1.05 (4.01~8.16) 5.13+1.16 (2.91~7.83) <0.001
LDFA (°) 87.91+2.35 (83.52~94.57) 85.55+2.39(79.13~90.83) <0.001
MPTA (°) 85.42+2.87 (76.53~91.02) 89.13+2.24 (84.55~95.02) <0.001
JLCA (°) 4524242 (- 1.71~9.01) — 1.65+3.40 (— 9.82~4.43) <0.001
cTEA angle (°) 6.15+1.58° (3.51~9.53) 7.65+1.82 (4.02~12.15) <0.001

Data are presented as means, standard deviations, and range

HKA angle hip—knee—ankle angle; VCA valgus correction angle; LDFA lateral distal femoral angle; MPTA
medial proximal tibial angle; JLCA joint line convergence angle; cTEA angle clinical transepicondylar axis

angle

Table5 The correlation between difference of femoral rotational
alignment and coronal alignment

HKA difference = LDFA difference MPTA difference
©) ©) )
cTEA dif- 0.693 0.365 0.442
ference
©)
(p<0.001) (p=0.021) (»=0.004)

HKA hip—knee—ankle; LDFA lateral distal femoral angle; MPTA
medial proximal tibial angle; cTEA angle clinical transepicondylar
axis angle

navigation TKA, and patient specific instrumentation can
be helpful.

The other important finding of this study was that cTEA
differences positively correlated with HKA differences
between varus and valgus osteoarthritic knees with WSD.
Based on our linear correlation equation, a 10° increase in
the HKA difference results in a 1.5° increase in the cTEA
difference. Further studies are necessary to validate this rela-
tionship prior to clinical application of this equation. Thus,
the HKA difference in the coronal plane can be a useful indi-
cator of a cTEA difference, suggesting that the information
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Valgus knee
cTEA : 7.52°

Varus knee
cTEA : 3.52°

Fig.4 Different femoral rotational profiles between varus-, and val-
gus- arthritic knees in windswept deformity. *HKA (valgus arthritic
knee: — 12.63° varus arthritic knee: 13.83°). *cTEA angle was sig-
nificantly increased in the valgus arthritic knee (7.52°) compared to
the varus arthritic knee (3.52°)
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obtained from coronal radiologic parameters on plain radi-
ography can decrease the need for costly additional imaging,
including knee CT or MRIL

This study has some limitations. First, the retrospective
study design and relatively small number of subjects make
the study susceptible to unknown selection bias. Considering
that the mean HKA of valgus knee was — 5.25° in this study,
our findings need to be prospectively validated for more severe
valgus deformities. Second, in this study rotational profiles
were measured with 2D axial CT scan that has been reported
to be less accurate than 3D CT scan [7]. However, based on
the ICC values of over 0.8, the accuracy of 2D CT is con-
sidered acceptable. Third, femoral rotational profiles were
evaluated using axial knee CT scans, which cannot accurately
reflect cartilage status. Therefore, the actual value of the intra-
operative varus—valgus cTEA difference may have been under-
estimated. Nevertheless, the fact that asymmetry of femoral
rotational profiles in WSD should be considered appropriately
to achieve optimal rotational alignment after TKA is a mean-
ingful message.

Conclusion

In bilateral knee osteoarthritis with WSD, valgus knees
showed significantly increased cTEA compared to varus
knees, and the cTEA difference positively correlated with
the HKA difference between valgus and varus knees. To
determine the optimal femoral component rotation during

15.0 200 250 300

HKA difference(®)

Fig.5 Linear correlation equation between difference of HKA and cTEA angles in WSD. *cTEA difference® =0.16 X (HKA difference®) — 0.61
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TKA in WSD, assessment of cTEA with pre-operative CT
scans or careful intra-operative measurement is recom-
mended, especially in patients with large HKA difference.
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