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Abstract

Purpose To evaluate the rotational profile of the lower extremity using computed tomography (CT) in accordance with the
degree of varus deformity in medial condyle-affected knee joint osteoarthritis (OA).

Methods This retrospective study included 1036 patients (872 lower extremities) with end-stage knee OA. The coronal
alignment of the lower extremity was measured using standing anteroposterior radiography. The CT parameters of femoral
anteversion and tibial torsion were assessed in relation to the knee joint. The axes were the femoral neck axis; the distal
femoral axis, which was composed of the anterior trochlear axis, the clinical transepicondylar axis, and the posterior condylar
axis; the axis of the proximal tibial condyles; and the bimalleolar axis.

Results There was a tendency for increased external rotation of the knee joint parameters in relation to the hip and ankle
joints as varus deformity of the lower extremity increased. The relative external rotational deformity of the knee joint in
relation to the hip joint had a positive value with a good correlation. The relative external rotational deformity of the knee
joint in relation to the ankle joint also demonstrated a positive value with a good correlation.

Conclusion The distal femur and proximal tibia (knee joint) tended to rotate externally in relation to the hip and ankle joint,
respectively, as the degree of varus deformity increased. This study identified the relationship between lower extremity varus
deformity and rotational deformity of knee joints with OA.

Level of evidence III
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Introduction (TKA) [12, 28]. Rotational deformity of the lower limb is

an important concern because any rotational mismatch of

Rotational alignment of the femoral and tibial components
is essential for optimal patellar tracking, ligament balancing,
and the best functional outcome of total knee arthroplasty
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the femoral and tibial components may lead to an increased
rate of revision surgery and inferior clinical outcomes [17].
Femoral component malrotation may produce flexion insta-
bility, overstuffing, and patellofemoral maltracking [13],
while malrotation of the tibial plate may induce a change
in the knee kinematics that results in patellofemoral mal-
tracking and incongruencies with the femoral component
[27]. Knowledge of rotational deformities is also useful for
understanding the aggravating mechanism of osteoarthritis
(OA) of the knee joint.

The alignment deformity in knee OA has typically been
evaluated using plain radiographs of the hip-knee-ankle or
the tibiofemoral angle in the coronal plane. Although the
presence of an underlying rotational deformity (relative rota-
tional alignment between the distal femur and the proximal
tibia) in OA of the knee joint has been suggested [8, 15,
30], few quantitative data reports are available regarding the
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relationship of a deformity with an overall lower extremity
alignment, specifically the rotational capacity of the knee
joint relative to the hip and ankle joints [14, 24]. However,
identification of the rotational profile of the lower extremity
using plain radiography is challenging due to difficulty in
determining the relative positions of the femur neck, distal
femur, proximal tibia, and distal tibia. When measurements
can be attempted in knees with OA, this difficulty is com-
pounded because anatomic landmarks are usually affected
by arthritic changes. This evaluation may be better achieved
using three-dimensional imaging techniques, such as com-
puted tomography (CT). Although internal torsion of the
femur and external torsion of the tibia have been reported
in knees with OA [4, 6, 10, 19], the results obtained thus far
regarding the presence of rotational deformity in the tibi-
ofemoral joint are controversial [26, 37]. Increased external
rotation of the tibia has been reported, and there has not
been a significant difference in knees with OA [4, 6, 10, 19,
26, 37].

The purpose of this study was to evaluate the rotational
profile of the lower extremity using CT in accordance with
the degree of varus deformity in medial condyle-affected
OA of the knee. The rotational profile evaluation should
include the relative rotations of the hip, knee, and ankle

joints, respectively. The hypothesis was that the external
rotational deformity of the knee joint relative to the hip and
ankle joints would increase according to the severity of the
lower extremity varus deformity. This finding is important
in regard to preoperative radiographic planning for pros-
thetic positions and intraoperative surgical decision-making
to determine the appropriate prosthetic alignment as well as
the rotational alignment in TKA.

Materials and methods

This retrospective study included 1036 non-consecutive
patients (872 lower extremities; 456 male and 580 female
patients) with end-stage knee OA (Kellgren-Lawrence [18]
grades 3 and 4) who underwent TKA (Fig. 1). The study
period was between March 2006 and December 2019. The
average age at the time of surgery was 73 + 8 years. The
inclusion criteria were a medial compartment affected by
end-stage OA with varus deformity. The exclusion criteria
were lateral compartment OA, OA with valgus alignment,
post-traumatic OA, rheumatic arthritis including other
inflammatory arthritis types, and a post-infection state.
Patients with flexion contracture greater than 10° were also

Fig. 1 Patient disposition.
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excluded from the study as their inclusion could result in
altered reciprocal rotational position between the femur and
tibia [1]. All patients underwent preoperative standing full-
limb anteroposterior (AP) radiography and lower extrem-
ity axial CT. The demographics and past medical histories
of the patients were evaluated by reviewing their medical
records (Table 1).

The coronal alignment of the lower extremity was meas-
ured using standing AP radiography of the lower extremities.
Digital radiography was performed using the DGR-C54J2B
(Samsung Electronics Co. Ltd, Suwon, South Korea) Digit-
alDiagnost Eleva (Philips Medical Systems, Best, The Neth-
erlands) unit. The distance between the patient and the tube
was 180 cm, and the image was obtained using radiation
amounts of 70-85 kVp for durations of 20-40 mAs and with
a 0.25-s exposure time. Three images of the lower extremi-
ties were obtained consecutively using a 14- X 17-inch grid
standard cassette from the hip joint to the foot level, and the
three images were automatically joined to form a composite
image within the digital radiography device. Standing AP
radiography of the lower extremities was performed with
the patients facing the radiographic tube; foot rotation was
held constant with a reference foot template on the platform
of the radiographic system. In addition, the appropriate knee
position, which was defined as a widened stance intended
to vertically align the ankle to the femoral heads with the
patella facing forward and half of the width of the fibular
head being overlapped by the tibial condyle, was confirmed
using a preview monitor before the final acquisition of the
radiographs [3].

All radiographs were digitally acquired using a picture
archiving and communication system viewer (INFINITT
PiviewSTAR; Infinitt Healthcare, Seoul, Korea). The lower
extremity alignment was determined using the mechanical
tibiofemoral angle (mTFA). This angle was defined as the
angle formed between the mechanical axis of the tibia and
that of the femur (Fig. 2). The mechanical axis of the femur
was defined as the line connecting the center of the femoral
head and the center of the femoral notch. The mechanical
axis of the tibia was defined as the line connecting the point

Fig.2 Mechanical tibiofemoral angle (mTFA). The mTFA was
defined as the angle formed between the mechanical axis of the tibia
(white line) and that of the femur (black line)

between the medial and lateral tibial spines and the center of
the tibial plafond. The mTFA was assigned a negative value
when the knee was in varus alignment. The participants
were divided into three groups according to the preopera-
tive mTFA varus deformity as follows: neutral (0°) to 5°,
between 5° and 10°, and more than 10° of varus deformity
[38].

The CT parameters of femoral anteversion and tibial tor-
sion were measured in relation to the knee joint. The lower
extremity axial CT scan was obtained using a 64-channel sin-
gle-source, dual-energy multidetector CT scan (SOMATOM
Definition Edge, Siemens Healthcare, Erlangen, Germany).

Table 1 Patient demographic

Parameters Mechanical varus alignment p value
data among groups
0<varus <5 (mild) 5 <varus < 10 (moderate) 10 <varus (severe)
Patient number 354 373 309 0.687
Sex (numbers) M: 162, F: 192 M: 179, F: 194 M: 115, F: 194 0.015
Age 73+2 715 74+3 0.581
Height (cm) 159 +4 160+7 158+5 0.087
Weight (kg) 62+4 64+6 65+5 0.127
BMI (kg/m?) 26.2+3.7 274452 259+5.0 0.467

Data are presented as means and standard deviations

M male, F female, BMI body mass index
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The image acquisition procedure was carried out for the
lower extremities while the patients were fixed with a sup-
porting sponge in a state of neutral rotation in a supine and
feet-first position with radiation levels of 120 kVp for an
effective mAs (20-35 mAs) duration and a 0.3-s rotation
time with a detector collimation of 64 0.6 mm in 1.0-mm
increments at a pitch of 0.8 with an 8—15-s scan time and
a 7.24-mGY volume CT dosage index. The axial images
were reconstructed into 1.0-mm thick sections taken through
the hip, knee, and ankle joints with both limbs in the same
position [2, 11].

All radiologic measurements were performed by the
authors (RU, JHY) who were familiar with the assessment of
the rotation profile of the lower extremities. The axes are the
femoral neck axis (A, Fig. 3a) [35]; the distal femoral axis
composed of the anterior trochlear axis (B1, Fig. 3b) [25],
clinical transepicondylar axis (clinical TEA, B2, Fig. 3c)
[39], and posterior condylar axis (B3, Fig. 3d); the axis of
the proximal tibial condyles (C, Fig. 3e) [22, 23]; and the
bimalleolar axis (D, Fig. 3f) [22, 23]. The relative rotational
profile was calculated by defining these angles in relation
to the horizontal base line. Internal torsion was assigned
a negative (—) sign, while external torsion was assigned a
positive (+) sign. Using these six angles, the next step was

Fig.3 Assessment of the
rotation profile of the lower
extremities (right limb). a
Femoral neck axis (A), b
anterior trochlear axis (B1),
clinical transepicondylar axis
(B2) and posterior condylar
axis (B3). ¢ The axis of the
proximal tibial condyles (C) and
d the bimalleolar axis (D). The
relative rotational profile was
calculated based on the defini-
tion of these angles in relation
to the horizontal base line

to calculate the femoral neck anteversion angle, tibial tor-
sion angle, and total limb rotation angle [34]. The degree
of femoral neck anteversion was calculated by subtracting
the distal femoral angles (anterior trochlear line, clinical
TEA, and the posterior condylar line) from the femoral neck
angle; the tibial torsion was determined by subtracting the
proximal tibial angle from the bimalleolar angle; and the
total limb rotation was calculated by simply subtracting the
degree of anteversion of the femoral neck from the tibial
torsion angle. These six angles were recorded and compared
for each patient and each limb. Measurement accuracy was
one decimal; all the measured values were rounded up or
down to full degrees. The protocol of the present study was
approved by the institutional review board of institution
(VHS 2020-0601). Informed consent was waived.

For statistical analysis, the mean values, standard devia-
tions, and 95% confidence intervals were calculated indi-
vidually for all measured angles for both preoperative mTFA
and lower extremity CT scans. A Kolmogorov—Smirnov
normality test was conducted for continuous variables to
evaluate the distribution of the data composition. To deter-
mine the statistical significance of the relationship between
the coronal alignment and the rotational profile of the
lower extremity, a Spearman correlation analysis was used.
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One-way analysis of variance was conducted to determine
the differences among the three groups. Interobserver and
intraobserver reliabilities of the methods used to measure
the radiographic parameters were assessed using intra-
class correlation coefficients (ICCs). The two observers
(RU, JHY) repeated the measurements twice with a 2-week
interval after the initial assessment to minimize the learning
effects. Sample size was calculated for a desired power of
80% and an « value of 0.05, and an estimated sample size
of 143 patients was required. All statistical analyses were
conducted using PASW statistics software package, version
24.0 (SPSS, Inc., Chicago, IL, USA). All statistical tests
were performed with a significance level of 0.05.

Results

The relative values of the femoral neck axis (A); the distal
femoral axis, comprising the anterior trochlear line (B1),
clinical TEA (B2), and posterior condylar line (B3); the
axis of the proximal tibial condyles (C); and the bimalleo-
lar axis (D), according to the mechanical varus deform-
ity of the lower extremity, are shown in Table 2. There
was a tendency for increased external rotation of the knee
joint parameters (B1, B2, B3, C) in relation to the hip
(A) and ankle joints (D) as varus deformity of the lower
extremity increased. The difference was more evident in
patients with a moderate-severe deformity than it was for
a mild-moderate deformity. Statistical significance was
found for the A-B3 (p=0.045), A—C (p =0.032), D-B2
(p=0.049), and D-C (p =0.041) values. The correlation
coefficient values between the mechanical tibiofemoral
angle and each relative value are presented in Table 3.

Table3 The correlation coefficient values between the mechanical
tibiofemoral angle and the relative values of femoral neck axis, the
distal femoral axis composed of anterior trochlear axis, clinical tran-
sepicondylar axis, posterior condylar axis, the axis of the proximal
tibial condyles and the bimalleolar axis

Parameters (relative angle) Correlation coefficient p value
A-B1 0.763 0.052
A-B2 0.821 0.032
A-B3 0.621 0.109
A-C 0.764 0.023
D-B1 0.598 0.178
D-B2 0.699 0.049
D-B3 0.712 0.038
D-C 0.763 0.021
A-D 0.035 0.456

Statistically significant p values are presented as bold numbers

A femoral neck axis, B/ distal femoral anterior trochlear axis, B2 clin-
ical transepicondylar axis, B3 posterior condylar axis, C axis of the
proximal tibial condyles, D bimalleolar axis

The relative external rotational deformity of the knee joint
in relation to the hip joint showed a positive value with
good correlation (A-B1, A-B2, A-B3, A-C). Statistical
significance was found in the A-B2 (p =0.032) and A-C
(p=0.023) values. In addition, the relative external rota-
tional deformity of the knee joint in relation to the ankle
joint also showed a positive value with good correlation
(D-B1, D-B2, D-B3, D-C). Statistical significance was
found for D-B2 (p =0.049), D-B3 (p =0.038), and D-C
(p=0.021) values. All ICC values of the intraobserver and
interobserver reliabilities were excellent (> 0.8; Table 4).

Table 2 The relative values of

: . Relative angle Mechanical varus alignment p value

femoral neck axis, the distal

femoral axis composed of 0<varus<5 (mild) S5<varus< 10 10 <varus (severe)

anterior trochlear axis, clinical (moderate)

transepicondylar axis, posterior

condylar axis, the axis of the Patient number 354 373 309 0.687

proximal tibial condyles and the A-B1 30.1+7.3 28.2+8.9 253+9.1 0.089

bimalleolar axis according to A-B2 27.6+5.5 26.7+4.9 243455 0.141

the mechanical varus deformity

of lower extremity A-B3 29.3+10.2 28.9+7.8 26.3+8.3 0.045
A-C 26.4+59 20.1+5.1 10.8+6.8 0.032
D-BI 29.3+8.4 26.1+7.9 24.7+8.6 0.236
D-B2 25.7+6.0 253+53 225+4.4 0.049
D-B3 273+7.6 27.4+6.9 249+8.1 0.068
D-C 24.7+4.8 18.5+5.3 10.1+£6.0 0.041
A-D 3.1+£73 45+83 3.9+10.1 0.146

Data are presented as means and standard deviations. Statistically significant p values are presented as bold

numbers

A femoral neck axis, BI distal femoral anterior trochlear axis, B2 clinical transepicondylar axis, B3 poste-
rior condylar axis, C axis of the proximal tibial condyles, D bimalleolar axis
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Table 4 Intraclass correlation coefficient of inter-observer and intra-
observer error of measurement

Inter-observer Intra-observer

Observer 1 Observer 2
mTFA 0.812 0.843 0.805
A 0.878 0.893 0.888
Bl 0.923 0.935 0.941
B2 0.915 0.934 0.903
B3 0.952 0.913 0.909
C 0.845 0.847 0.821
D 0.823 0.831 0.802

Single measure intraclass correlation, model: two-way random, type:
absolute agreement definition, confidence interval: 95%

mTFA mechanical tibiofemoral angle, A femoral neck axis, B/ dis-
tal femoral anterior trochlear axis, B2 clinical transepicondylar axis,
B3 posterior condylar axis, C axis of the proximal tibial condyles, D
bimalleolar axis

Discussion

The most important findings of the present study were that
varus deformity of knee joint OA was associated with sig-
nificant rotational deformity. The distal femur tended to
rotate externally in relation to the hip joint as the degree
of varus deformity increased. Likewise, the proximal tibia
tended to rotate externally in relation to the ankle joint as
the degree of varus deformity increased. The amount of rota-
tional deformity was more evident between moderate and
severe deformities than it was between mild and moderate
deformities of the lower extremity (Table 2). The relative
external rotational deformity of the knee joint from either
the hip and/or the ankle joint had a positive correlation with
varus deformity of the lower extremity.

Regarding the surgical aspect of TKA, the anatomic
landmarks of the distal femur (femoral epicondyles) and the
proximal tibia (tibial tuberosity) are used intraoperatively to
determine the position of the femoral and tibial components
of TKA [32]. An important clinical implication is that the
landmarks of each bone are the intrinsic cause of rotational
mismatch following TKA. In TKA, tibial torsion indicates
angular change from the proximal tibia and the distal tibia,
while the knee joint characterizes the rotation of the tibia
from the femoral bone. Both these factors can affect the rota-
tional alignment of the tibial component [19]. While the
femoral TEA is considered the functional flexion—extension
axis of the knee joint [7], it is also widely accepted as the
reference axis of the femoral component. Therefore, for the
best TKA performance, the tibia’s rotational reference axis
should correspond to the femoral TEA. However, tibial tor-
sion in OA frequently occurs in the proximal tibia [37], and
any relative variation in knee rotation changes with varus
deformity [9]. The problem is that this risk proportionally

increases as varus deformity increases, as was also demon-
strated in this study. Therefore, surgeons who perform TKA
should be aware of these considerations and must check for
rotational mismatch between the components.

Rotational mismatch can be minimized by aligning the
tibial component according to the femoral component rota-
tion. The prosthetic design may play an important role in
this aspect. There are also more concerns of rotational mala-
lignment in constrained than in unconstrained prosthesis
designs. A conforming and/or mobile tibial bearing surface
may be advantageous because of self-aligning characteris-
tics and could compensate for any femoro-tibial rotational
mismatch [20, 21]. Furthermore, some of the tibial compo-
nent designs have too asymmetric, a base plate geometry to
provide more tibial plateau coverage. Maximal tibial bone
coverage with proper rotational alignment of the tibial com-
ponent may be competing concerns. However, proper rota-
tional positioning of the tibial component has been shown
to be a more important factor for long-term TKA function
[16]. Until now, it has been difficult to draw conclusions
because only a few clinical studies have assessed the rela-
tionship between rotational alignment and complications
such as patellar maltracking, polyethylene wear, and revi-
sion for different component designs. Future studies should
focus on this aspect.

No consensus on the relationship between the coronal align-
ment and the degree of femoral anteversion is currently avail-
able. Puthumanapully et al. [29] observed a reduced femoral
anteversion of the lower extremity in participants with varus
knee OA than in the controls who had normal alignment. In
their study, a reduced femoral anteversion was detected in
varus knees (9.4 +5°) compared with the normal controls
(15.7 £5°). The authors measured the degree of femoral ante-
version using the posterior condylar axis. In another study,
Takai et al. [33] assessed the femorotibial angle using CT to
determine the torsional alignment of the lower limb in OA. The
torsion of the leg was measured as the inclination between the
dorsal tangent to the femoral condyles and the line between the
malleoli. Reikeras and Hoiseth [31] used the same method to
assess the torsion of the leg in a normal adult population. Yagi
et al. [37] also measured knee joint rotation angles in patients
with medial, unicompartmental OA and compared them with
a control group of healthy individuals. They reported that
there was no significant difference between the two groups
and that the range of the measured angle in the healthy indi-
viduals ranged from 9° of internal rotation to 26° of external
rotation. Liodaski et al. [22] used the femoral neck-malleolar
angle to measure lower-limb torsional deformities. In their
study, the average knee joint rotation angle was 2.4 +6.4°,
while the mean neck-malleolar angle was 13.2+10.2°. Most
of the aforementioned studies have major drawbacks in inter-
preting the rotational alignment of the lower extremity. The
CT analysis should include the hip (femoral neck axis) and
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ankle (bimalleolar axis) joints together with the knee joint.
A few studies only included the knee joint CT to analyze the
rotational alignment of the lower extremity. Furthermore, the
measured angles should be assessed as the relative angle rather
than the absolute values. For example, the rotational range of
the knee joint should be expressed as the relative angle from
either the hip and/or the ankle joint.

The results of this study may also provide some useful
information to help determine the pathogenesis of OA of the
knee. It has been hypothesized that cartilage degeneration
begins in the anteromedial aspect of the proximal tibia and
then progresses posteromedially [36]. The tendency for the
tibia to rotate externally in relation to the ankle joint may
partly support this hypothesis. The exact pathomechanism of
the underlying rotational deformity has not been identified in
the previous literature, although impingement of the anterior
cruciate ligament (ACL) and the subsequent insufficiency
may be important. Future additional studies are needed to
establish the role of the ACL in the development of OA in
the knee joint and the rotational deformity.

This study had several limitations. First, it included only
Asian patients with a female predominance. Therefore, a
possible racial disparity in anatomic torsional deformity
may have been present [5]. For drawing a definitive conclu-
sion, large populations from other regional areas should be
included. Second, this study assessed the rotational profile
of the lower extremity using CT, which is a static method
rather than a dynamic modality. Soft tissue conditions that
can affect the dynamic alignment of the lower extremity
(e.g., gait pattern) were therefore not reflected in this study.
Third, standing AP radiography of the lower extremities was
correlated with the rotational axes of CT studies, which are
scanned with patients in a supine position. The deformities
and rotational aspects may differ with weight-bearing con-
ditions. Lastly, this study lacked clinical results. A clinical
analysis of different prostheses selected according to the
specific types of deformities should be further analyzed to
determine the clinical meaning of this study’s findings.

This study investigated the relationship between lower
extremity varus deformity and rotational deformity of knee
joints with OA. Since the knee joint tends to rotate exter-
nally with an increased severity of genu varum deformity,
the conventional technique of radiographic preoperative
TKA planning may cause significant error. Advanced tech-
nology such as the navigation systems or the robotic-assisted
TKA surgery should be considered.

Conclusion
The distal femur and proximal tibia (knee joint) tended

to rotate externally in relation to the hip and ankle joints,
respectively, as the degree of varus deformity increased.

@ Springer

This finding is important in regard to preoperative planning
and intraoperative surgical decision-making to determine
the appropriate specific prosthetic alignment as well as the
rotational alignment in TKA.
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